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Abstract 
Brassica species is a vital oilseed crop group in India, contributing significantly to edible oil production owing to its adaptability to diverse agro-climatic conditions. Despite its economic importance, productivity remains constrained by an array of biotic and abiotic stresses, emphasizing the need for genetic improvement through the identification of diverse and high-yielding genotypes. The present investigation was undertaken during the Rabi 2024 at the Research Farm, ZARS, Morena, RVSKVV, Gwalior, MP, to assess the genetic divergence among 73 Brassica genotypes employing Mahalanobis D² statistics and Principal Component Analysis (PCA). The experiment was laid out in a randomized block design with two replications, and observations were recorded on 16 quantitative traits. Mahalanobis D² analysis revealed the formation of six distinct clusters, indicated presence of considerable genetic variability among the genotypes. Cluster III exhibited the highest seed yield (24.83g), biological yield (52.53 g) and harvest index (47.96%), while cluster IV displayed early flowering and maturity. The highest inter-cluster distance (203.42) was recorded between clusters III and IV, suggested their potential use in hybridization to exploit heterosis. The first four principal components contributed 78.60% of the total variation, with PC1 alone accounting for 37.64%, primarily influenced by yield and phenological traits in PCA analysis. The study identified diverse genotypes such as Banarasi Rai, GSC-7, Giriraj, RH-406, PC-6 and China Cabbage, which can serve as potential parents in breeding programmes aimed to enhance yield and stress tolerance.
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1. Introduction 
Brassica species is a key oilseed crop group in India, contributing over 80% to national rapeseed–mustard production and offering advantages such as drought tolerance, shattering resistance and adaptability to semi-arid, rainfed and marginal lands (Nair, 2024; Tripathi et al., 2025). It is widely grown in cereal-based systems, especially by small and marginal farmers, owing to its short growth cycle and low input requirements (Chauhan et al., 2008; Tripathi et al., 2015; Barfa et al., 2017). Mustard seeds are rich in oil (28–32%) and protein (28–36%) with a favourable fatty acid profile, making them valuable for both human consumption and livestock feed (Sharif et al., 2017; Shyam & Tripathi, 2019; Rajpoot et al., 2020; Shyam et al., 2020). In 2023–24, India accounted for 17.19% of global rapeseed–mustard area and 8.54% of production (Indiastat.com, 2025). Despite its economic and nutritional significance, mustard yields are hindered by an array of biotic and abiotic stresses, like white rust, Alternaria blight and Sclerotinia stem rot etc. (Yadav et al., 2019; Baghel et al., 2020; Verma et al., 2021; Rajpoot et al., 2022; Avtar et al., 2025). Indian mustard thrives best in cool-season climates, with an optimal temperature range of 6°C to 27°C, and performs well on well-drained loamy soils with a neutral pH. Its water requirement is relatively low (240–400 mm), allowing successful cultivation even in water-scarce regions (Pippal et al., 2022; Shrivastava et al., 2023a). The crop’s ability to fit into diverse cropping systems, including double and inter-cropping arrangements, enhances land-use efficiency and contributes to sustainable agricultural practices (Bhanu et al., 2019; Shyam et al., 2021a; Hatta et al., 2023; Shrivastav et al., 2023b). Moreover, the de-oiled seed cake is a rich source of protein and micronutrients, widely used in animal husbandry (Shyam et al., 2021b; Shrivastava et al., 2023c). In addition to its agronomic and economic roles, it contributes to soil health improvement by enhancing organic matter content and acting as a cover crop to reduce erosion (Shyam et al., 2021c; Shrivastava et al., 2023d; Choudhary et al., 2024; Vichare & Morya, 2024).
With increasing demand for edible oils and the need for self-sufficiency mustard has become central to national food security and the rural economy (Shyam et al., 2021d; Shrivastava et al., 2023e). However, its productivity is constrained by narrow genetic bases in existing varieties and frequent climatic adversities such as terminal heat stress and irregular rainfall (Shyam et al., 2022a; Valiyaveettil et al., 2023; Shrivastav et al., 2024; Tripathi et al., 2025). Enhancing mustard productivity through genetic improvement requires a thorough understanding of the extent and nature of genetic variability present in available germplasm (Shyam et al., 2022b; Shyam et al., 2022c). Precise selection of genetically diverse and agronomically superior genotypes is essential for the success of any breeding programme aimed at improving complex traits such as seed yield, earliness, and plant architecture (Shyam et al., 2022d; Salgotra & Chauhan, 2023; Sharma et al., 2023; Mishra et al., 2024). Therefore, genetic enhancement through identification of diverse and high-performing genotypes employing multivariate tools is essential for developing resilient, high-yielding cultivars suited to varied agro-climatic conditions (Tripathi et al., 2015; Yadav et al., 2023; Jain et al., 2024a; Paliwal et al., 2024).
Multivariate statistical techniques such as Mahalanobis’ D² statistics (Mahalanobis, 1928) and Principal Component Analysis (PCA) (Massey,1965; Jolliffe, 1986) offer powerful tools for assessing genetic divergence and identifying key traits contributing to overall phenotypic variability (Jain et al., 2024b; Gautam et al., 2025). Mahalanobis’ D² analysis enables the classification of genotypes into clusters based on multiple traits, facilitating the identification of genetically divergent parents for hybridization. PCA, on the other hand, reduces the dimensionality of complex data by transforming original correlated variables into a smaller number of uncorrelated components, thereby revealing the major sources of variation (Bisoriya et al., 2025; Mishra et al., 2025). In the present study, seventy-three Brassica genotypes were evaluated for sixteen agro-morphological and yield-related traits to assess the magnitude of genetic divergence and to identify promising genotype (s) based on multivariate analyses. The aim was to group the genotypes into homogeneous clusters, determine the contribution of individual traits to genetic variability, and identify potential parents for future breeding efforts targeting yield enhancement and early maturity.
2. Material & Methods 
2.1 Experimental site
The field experiment was carried out during the Rabi 2024 at the Research Farm, Zonal Agricultural Research Station, Morena, RVSKVV, Gwalior, Madhya Pradesh, India. The site is located at 26.5°N latitude and 78.0°E longitude, with an altitude of 177 meters above mean sea level, and lies in a semi-arid subtropical climate. This agro-climatic zone, characterized by cool and dry winters, offers favourable conditions for the successful cultivation of Brassica species. The soil at the experimental site is medium-black in texture, well-drained, levelled, and free from waterlogging providing ideal edaphic conditions for mustard crop growth. During the crop season (October 2024 to March 2025), agrometeorological data from the ZARS observatory indicated that maximum temperatures ranged from 19.8°C to 34.0°C and minimum temperatures from 5.9°C to 19.7°C. Morning relative humidity varied between 57.1% and 90.4%, while evening humidity ranged from 43.5% to 71.2%. Sporadic light rainfall, primarily in December and January, was recorded between 0.4 mm and 2.1 mm, supporting crop development without excessive moisture stress.
2.2 Experimental details
The field experiment was conducted to assess the genetic divergence among seventy-three Brassica genotypes (Table 1) employing multivariate analysis based on sixteen quantitative traits. The experiment was laid out in a Randomized Block Design (RBD) with two replications to improve the precision of the results. Each genotype was sown in a well-prepared plot with row-to-row and plant-to-plant spacings of 30 cm and 10 cm, respectively, ensuring optimal plant growth, uniform disease incidence and ease of data collection. Uniform agronomic practices including fertilization, irrigation and plant protection measures were followed across all plots throughout the crop growth period to minimize non-genetic variation and maintain consistency in management.
Table 1 List of genotypes with their parentage/source
	[bookmark: _Hlk204500810]S. No.
	Genotypes 
	   Parentage/Source
	S. No.
	    Genotypes
	  Parentage/Source 

	1.
	Pusa Bold
	Varuna x BIC1780
	37.
	PC-6
	Acquired from ZARS, Morena, RVSKVV, Gwalior

	2.
	Varuna 
	Selection from Varansi Local
	38.
	RP-9
	Acquired from ZARS, Morena, RVSKVV, Gwalior

	3.
	Rohini
	Selection from natural population of Varuna
	39.
	Kiran
	Acquired from ZARS, Morena, RVSKVV, Gwalior

	4.
	Kranti
	Selection from Varuna
	40.
	JTC-1
	Acquired from ZARS, Morena, RVSKVV, Gwalior

	5.
	Krishna 
	GBPUAT, Pantnagar
	41.
	JM-1
	Pusa Bold X L 6

	6.
	Maya 
	Varuna x KRV 11
	42.
	JM-2
	Mutant of RL9

	7.
	Vardan
	Derived through biparental mating involving Varuna Keshari, CSU 10 and
IB 1775, IB 1786& IB 1866
	43.
	JM-3
	Varuna x YRT 3

	8.
	Vasundhara 
	RH 839 x RH 30
	44.
	RVM-1
	ZARS, Morena, RVSKVV, Gwalior

	9.
	Swarna Jyoti
	Selection from germplasm line RC1670
	45.
	RVM-2
	Selection from Chambal growing region

	10.
	Pusa Jagannath 
	Varuna x Synthetic juncea
	46.
	RVM-3
	ZARS, Morena, RVSKVV, Gwalior

	11.
	Pusa Mahak
	Acquired from IIRMR, Bhartpur
	47.
	PM-25
	Sej-8 x Pusa Jagannath

	12.
	Pusa Jai Kisan
	Somaclone of Varuna
	48.
	PM-26
	VEJ Open x Pusa Agrani

	13.
	Albeli
	Acquired from ZARS, Morena, RVSKVV, Gwalior
	49.
	PM-27
	Derived from the cross [(Divya x Pusa Bold) x (PR 666EPS) x PR 704EPS-2xB85)]

	14.
	Sej-2
	Derived from a cross of B. juncea to an amphidiploid
	50.
	PM-28
	SEJ8 × Pusa Jagannath

	15.
	Shraddha
	Acquired from ZARS, Morena, RVSKVV, Gwalior
	51.
	PM-30
	Bio 902, X ZEM 1

	16.
	DMH 1
	CMS based hybrid
	52.
	Pusa Vijay
	Synthetic Brassica juncea x VSL

	17.
	L – 4
	Canada
	53.
	PDZM-31
	Acquired from IIRMR, Bharatpur

	18.
	L – 6
	Canada
	54.
	NPJ-253
	Acquired from IIRMR, Bhartpur

	19.
	JMWR-908-1
	ZARS, Morena, RVSKVV, Gwalior
	55.
	JMM-927
	ZARS, Morena, RVSKVV, Gwalior

	20.
	RGN-73
	RGN8 x Pusa Bold
	56.
	JMM-991
	ZARS, Morena, RVSKVV, Gwalior

	21.
	NRC-HB-101
	BL4 x Pusa Bold
	57.
	RMM-10-1-1
	ZARS, Morena, RVSKVV, Gwalior

	22.
	NRC-HB-506
	MJA 05 x MJR 1
	58.
	RMM-12-1-18
	ZARS, Morena, RVSKVV, Gwalior

	23.
	DRMR-1165-40
	ICAR-IIRMR Bharatpur
	59.
	RMM-12-2-18
	ZARS, Morena, RVSKVV, Gwalior

	24.
	RH-406
	 CCS HAU, Hisar
	60.
	RMM-12-3-18
	ZARS, Morena, RVSKVV, Gwalior

	25.
	RH-725
	CCSHAU, Hisar
	61.
	JMWR-945-2-2-75k
	ZARS, Morena, RVSKVV, Gwalior

	26.
	RH-749
	RH-781 xRH-9617
	62.
	Bio-Y-SR
	Acquired from IIRMR, Bharatpur

	27.
	NRCDR-2
	MDOC43 x NBPGR36
	63.
	JMTA-06-1
	Acquired from IIRMR, Bharatpur

	28.
	Giriraj
	ICAR-IIRMR Bharatpur
	64.
	Banarasi Rai
	Acquired from IIRMR, Bharatpur

	29.
	RB-50
	Laxmi X RH-9617
	65.
	Pro-Agro-5232
	Crystal Crop Protection Ltd. 

	30.
	YSH-401
	ICAR-IIRMR Bharatpur
	66.
	Pro-Agro-5235
	Crystal Crop Protection Ltd. 

	31.
	NC-1
	ICAR-IIRMR Bharatpur
	67.
	Pioneer 44-S-36
	Exmark Company

	32.
	China Cabbage
	Acquired from IIRMR, Bharatpur
	68.
	NMH 90M 01
	Nuziveedu Seeds, an Indian Agricultural Company

	33.
	GSL-1
	Punjab Agricultural University, Ludhiana
	69.
	Brijraj
	Acquired from IIRMR, Bharatpur

	34.
	GSC-6
	Punjab Agricultural University, Ludhiana
	70.
	Radhika
	Acquired from IIRMR, Bharatpur

	35.
	GSC-7
	Punjab Agricultural University, Ludhiana
	71.
	RMM - 19-06
	ZARS, Morena, RVSKVV, Gwalior

	36.
	PC-5 
	Acquired from ZARS, Morena, RVSKVV, Gwalior
	72.
	RMM - 19-12
	ZARS, Morena, RVSKVV, Gwalior

	
	
	
	73.
	RMWR - 09-01
	ZARS, Morena, RVSKVV, Gwalior




2.3 Statistical analysis
Observations were recorded on five randomly selected, healthy and competitive plants per genotype at the time of maturity, except for phenological traits including days to initial flowering, days to 50% flowering, days to pod initiation and days to maturity which were recorded on a plot basis. The quantitative traits assessed viz., plant height (cm), numbers of primary and secondary branches per plant, main raceme length (cm), numbers of siliquae on main raceme, numbers of siliquae per plant, numbers of seeds per siliquae, numbers of seeds per plant, 1000-seed weight (g), biological yield per plant (g), seed yield per plant (g) and harvest index (%). To investigate the patterns of genetic diversity and identify major contributing traits, multivariate analyses were conducted using Principal Component Analysis (PCA) and Mahalanobis’ D² statistics. All statistical computations were performed using the OPSTAT and Agri-Analyzer software packages. 
3. Results & Discussion 
3.1 Mahalanobis D2 statistics 
The genetic divergence among seventy-three Brassica genotypes was assessed employing Mahalanobis’ D² statistics, which grouped the genotypes into six distinct clusters following Tocher’s method (Table 2; Fig. 1). Cluster I was the largest, comprising 36 genotypes, indicating a high level of genetic similarity among its members. While clusters III, II and V contained 15, 10 and 9 genotypes respectively, suggesting presence of moderate diversity. In contrast, cluster IV included only 2 genotypes, while cluster VI consisted of a single genotype (China Cabbage), signifying maximum divergence. The presence of genotypes in distinct clusters highlights existence of substantial genetic variability within the evaluated genotypes, offering a wide scope for selection and hybridization. As earlier described by Singh et al. (2014) and Singh et al. (2022).
Table 2 Distribution of 73 genotypes of mustard genotypes by Tocher’s method
	Cluster No.
	Name of Varieties
	No. of varieties

	I
	Shraddha, L- 6, RVM-1, RB-50, Pro-Agro-5235, RGN-73, Pro-Agro-5232, NMH 90M 01, Pusa Mahak, Radhika, Brijraj, DRM-1165-40, JMWR-908-1, Swarna Jyoti, Pusa Jagannath, JM-1, Pusa Vijay, Bio-Y-SR, RVM-2, JMWR-945-2-2-75k, PM-27, JMM-991,NRCDR-2, RH-725, JM-3, NPJ-253, Kranti, PDZM-31, PM-25, RMM-12-2-18, RH-749, RMM-10-1-1, Albeli, Varuna, NRC-HB-101, Vardan
	
36

	II
	Rohini, RVM-3, PM-30, Krishna, JM-2, PM-26, RMM-12-1-18, JMM–927, RMM-12-3-18, GSC-6
	10

	III
	DMH 1, RMM- 19- 12, Maya, Vasundhara, NRC-HB-506, RMWR - 09-01, Giriraj, RMM -19-06, PM-28, Pusa Bold, Sej-2, Pusa Jai Kisan, L-4, Pioneer 44-S-36, RH-406 
	15

	IV
	YSH-401, NC-1
	2

	V
	PC-5, PC-6, RP-9, Kiran, GSC-7, GSL-1, JTC-1, Banarasi rai, JMTA-06-1
	9

	VI
	China Cabbage
	1


The analysis of cluster means revealed incidence of significant variability among clusters for most of the studied traits (Table 3). Cluster IV was found to be the earliest maturing group, with the lowest mean values for days to initial flowering (32.25), 50% flowering (43.25), pod initiation (48.75), and maturity (122.25). This indicates its potential use in breeding programmes aimed to develop early-maturing varieties. Cluster I recorded the tallest plants (188.04 cm), while cluster V exhibited the highest numbers of primary (9.79) and secondary branches per plant (16.93), suggesting its suitability for improving plant architecture and branching pattern. Cluster III outperformed all other clusters in terms of seed yield per plant (24.83 g), biological yield (52.53 g), numbers of seeds per plant (399.57) and harvest index (47.96%), marking it as the most promising group for yield improvement. Previously Bhandari & Singh, (2023) and Anushree et al. (2025) have also been found similar results.


Fig. 1 Distribution of genotypes in different clusters by Tocher Method 

Table 3 Cluster mean for 16 different quantitative traits 
	Cluster
	Days to flower
initiation
	Days to 50% flowering
	Days to pod initiation
	Days to maturity
	Plant height (cm)
	Numbers of primary branches/plant
	Numbers of secondary branches/plant
	Length of main raceme (cm)

	Cluster I
	39.11
	49.79
	55.68
	136.58
	188.04
	5.88
	10.92
	59.98

	Cluster II
	42.00
	53.65
	59.60
	135.60
	183.58
	5.14
	8.33
	56.18

	Cluster III
	38.20
	48.23
	54.30
	136.77
	183.50
	6.76
	14.75
	60.82

	Cluster IV
	32.25
	43.25
	48.75
	122.25
	135.68
	6.55
	12.65
	52.20

	Cluster V
	76.39
	86.78
	91.94
	149.56
	 183.02
	9.79
	16.93
	45.18

	Cluster VI
	47.50
	58.50
	62.50
	136.50
	179.40
	5.40
	7.35
	71.70

	
	
	
	
	
	
	
	
	

	
	Numbers of siliquae on main raceme
	Numbers of Seed per Plant
	Numbers of seed per siliquae
	Numbers of seeds per plant
	1000-Seed weight (g)
	Biological yield
	Harvest index (%)
	Seed yield per plant (g/plant)

	Cluster I
	33.72
	256.18
	14.05
	3582.71
	5.00
	34.17
	45.96
	15.66

	Cluster II
	32.04
	145.44
	14.41
	2078.73
	4.73
	25.86
	39.90
	9.66

	Cluster III
	37.52
	399.57
	13.37
	5369.88
	5.11
	52.53
	47.96
	24.83

	Cluster IV
	30.15
	101.40
	30.95
	3089.18
	4.93
	28.45
	48.21
	14.03

	Cluster V
	20.06
	242.04
	14.87
	3621.05
	3.28
	43.09
	24.18
	10.20

	Cluster VI
	54.70
	145.65
	12.95
	2050.28
	3.55
	66.20
	7.58
	5.03


Among the inter-cluster distances (Table 4), the maximum divergence was observed between cluster III and cluster IV (203.42), followed by cluster III and cluster V (149.73), indicating that genotypes from these clusters are genetically distant and may be utilized in hybridization programmes to exploit heterosis and obtain transgressive segregants. Moderate distances were also noted between cluster I and cluster III (106.62) and between cluster I and cluster V (115.16). On the other hand, the minimum inter-cluster distance was evident between cluster IV and cluster I (120.41), indicating closer genetic affinity. Intra-cluster distances were comparatively lower, with cluster VI showing zero distance due to the presence of a single genotype. Similar investigations have also been conducted by Gupta et al. (2021), Saikrishna et al. (2021) and Chauhan et al. (2023).
Table 4 Inter and intra-cluster distance 
	Cluster
	Cluster I
	Cluster II
	Cluster III
	Cluster IV
	Cluster V
	Cluster VI

	Cluster I
	49.32
	84.94
	106.62
	120.41
	115.16
	100.25

	Cluster II
	
	41.65
	172.50
	74.26
	129.94
	75.52

	Cluster III
	
	
	53.12
	203.42
	149.73
	174.04

	Cluster IV
	
	
	
	19.78
	175.82
	116.09

	Cluster V
	
	
	
	
	72.13
	128.16

	Cluster VI
	
	
	
	
	
	0.00



The trait-wise contribution to total genetic divergence exposed that the numbers of siliquae per plant was the most influential character, contributing 69.06% to the total divergence (Table 5). This highlights its pivotal role in differentiating the genotypes and its relevance in selection for seed yield enhancement. Other important contributors included days to flower initiation (13.66%) and plant height (7.15%). Traits such as numbers of primary and secondary branches, days to pod initiation and numbers of seeds per siliquae contributed negligibly, suggesting limited variability or discriminatory power among the studied genotypes for these traits.  Verma et al. (2015), Gadi et al. (2020), Malviya et al. (2021), Bhandari & Singh (2023), Chauhan et al. (2023) and Padra et al. (2024) have also demonstrated similar findings.
Table 5 Individual character's percentage contribution to genetic divergence
	Source
	Contribution %

	Days to flower initiation
	13.66%

	Days to 50% Flowering
	1.14%

	Days to pod initiation
	0.04%

	Days to maturity
	2.93%

	Plant height
	7.15%

	Numbers of primary branches/plant
	0.00%

	Numbers of secondary branches/plant
	0.00%

	Length of main raceme (cm)
	0.80%

	Numbers of siliquae /main raceme
	0.95%

	Numbers of siliquae/plant
	69.06%

	Numbers of seeds / siliquae
	0.04%

	Numbers of seeds per plant
	0.46%

	1000- seed weight (g)
	0.91%

	Biological yield/plant (g/plant)
	1.07%

	Harvest index (%)
	0.46%

	Seed yield/plant (g/plant)
	1.33%

	Total
	100.00%


The results from Mahalanobis D² analysis clearly demonstrated the presence of substantial genetic divergence among the genotypes. Genotypes grouped in highly divergent clusters, particularly clusters III, IV and V may serve as potential parents and may be used in hybridization programmes to develop high-yielding and diverse mustard cultivars. The findings also emphasize the importance of the numbers of siliquae per plant as a key selection criterion for improving yield potential in mustard breeding as earlier advocated by Doddabhimappa et al. (2010), Gadi et al. (2020) and Singh et al. (2020).
3.2 Principal Component Analysis 
Principal Component Analysis (PCA) was employed to determine the contribution of various yield and yield-related traits to the total variation among seventy-three Brassica genotypes. The analysis revealed that the first four principal components (PCs) had eigenvalues greater than one and together accounted for a cumulative 78.595% of the total phenotypic variation (Table 6), indicating that they captured most of the diversity present in the dataset. PC1 contributed 37.641% of the total variation and was primarily influenced by traits such as days to flower initiation, days to 50% flowering and plant height, indicating that these traits are key contributors to the overall variability in the germplasm. PC2 explained an additional 23.161%, highlighting variation due to traits like days to 50% flowering and numbers of siliquae-related components. PC3 accounted for 10.137% of the total variation, mostly associated with days to pod initiation and seed yield components. PC4 contributed 7.656% to the variability and was associated with days to maturity and harvest index. The decreasing trend of eigenvalues from PC1 to PC16, with the last components contributing negligible variance (less than 1%), suggested that much of the genetic variability can be effectively explained by the first few components. This justifies the use of only the top principal components for selecting diverse genotypes in breeding programmes, as they capture the most influential traits contributing to yield and adaptability. As earlier advocated by Rao et al. (2017), Avtar et al. (2017), Yadav et al. (2021) and Chand et al.(2023).
Table 6 Principal components of yield and its related traits 
	Traits
	Principal Component
	Standard deviation
	Proportion of Variance
	Cumulative Proportion

	Days to flower initiation
	PC1
	2.4541
	37.641
	37.641

	Days to 50% flowering
	PC2
	1.9251
	23.161
	60.802

	Days to pod initiation
	PC3
	1.2736
	10.137
	70.94

	Days to maturity
	PC4
	1.1068
	7.656
	78.595

	Plant height
	PC5
	0.9326
	5.435
	84.031

	Numbers of primary branches/plant
	PC6
	0.8159
	4.16
	88.191

	Numbers of secondary branches/plant
	PC7
	0.7406
	3.428
	91.619

	Length of main raceme (cm)
	PC8
	0.6216
	2.415
	94.034

	Numbers of siliquae /main raceme
	PC9
	0.5184
	1.68
	95.714

	Numbers of siliquae/plant
	PC10
	0.4969
	1.543
	97.257

	Numbers of seeds / siliquae
	PC11
	0.4798
	1.439
	98.696

	Numbers of seeds per plant
	PC12
	0.3945
	0.973
	99.669

	1000 -seed weight (g)
	PC13
	0.1434
	0.129
	99.797

	Biological yield/plant (g/plant)
	PC14
	0.1271
	0.101
	99.898

	Harvest index (%)
	PC15
	0.1158
	0.084
	99.982

	Seed yield/plant (g/plant)
	PC16
	0.0536
	0.018
	100


Scree plot explained the percentage of variance associated with each principal component obtained by drawing a graph between eigen values and principal component numbers (Fig. 2). PC1 showed 37.64% variability with eigen value 2.45 which then declined gradually in other principal components. Semi curve line is obtained which after fifth PC tended to straight with little variance observed in each PC. From the graph, it is clear that the maximum variation was observed in PC1 in comparison to other four PCs. 
[image: ]
Fig. 2 Scree plot laid between eigenvalue and principal components
Based on the PCA scores (Table 7), several genotypes were identified as promising contributors under different principal components (Table 8). For instance, Banarasi Rai, JTC-1, Kiran, PC-6 and RP-9 were among the top-performing genotypes under PC1, suggesting that they possess favourable combinations of early flowering and plant height traits. Under PC2, genotypes such as Pioneer 44-S-36, Sej-2, RH-406, Giriraj and L-4 were notable, reflecting variation in traits related to reproductive development and raceme length. PC3 revealed genotypes like China Cabbage, GSC-7, GSC-6, RMM-10-1-1 and RMM-12-2-18 as top scorers, indicating their significance in terms of pod initiation, seed yield and branching traits. Meanwhile, PC4 highlighted YSH-401, NC-1, JMTA-06-1 and Banarasi Rai as promising genotypes, largely due to their influence on maturity duration, biomass accumulation and harvest efficiency. Remarkably, China Cabbage featured prominently in both PC1 and PC3, indicating its genetic uniqueness and broad contribution to trait variability. Similarly, GSC-7 appeared in three different PCs (PC2, PC3, and PC4), underscoring its overall stability and adaptability across multiple traits. Avtar et al.  (2017), Duppalla et al. (2018), Chakraborty et al. (2021), Godara et al. (2022), Kumar et al. (2024) and Yadav et al. (2025) have also been found similar results. Overall, the PCA effectively distinguished genotypes based on key agronomical traits and identified elite entries that could serve as valuable parents in breeding programmes. The results suggested that genotypes such as Banarasi Rai, GSC-7, Giriraj, PC-6, RH-406 and China Cabbage possess a high degree of genetic divergence and agronomic potential and may be exploited in crossing programmes to harness transgressive segregation and trait enhancement. These findings also reinforce the significance of multivariate approaches in identifying genetically diverse and agronomically superior genotypes for future varietal improvement in Brassica species (Saleem et al., 2017; Godara et al., 2022; Ghosh et al., 2023; Md Mahmudul et al., 2023; Yadav et al., 2025).
Table 7. List of PCA scores of the Brassica genotypes having positive >1.0 values in each PCs
	S. No.
	PC1
	PC2
	PC3
	PC4

	1
	-1.7781
	2.8382
	-1.1079
	0.516

	2
	-1.74
	1.112
	-0.0058
	-0.1438

	3
	-0.4587
	-1.8844
	-0.9664
	-0.775

	4
	-0.0469
	-1.4803
	-0.2345
	-0.8536

	5
	0.8147
	-2.0064
	-0.755
	-0.8983

	6
	-1.2435
	0.502
	0.4259
	0.4224

	7
	-0.6547
	0.8718
	-1.1323
	0.2058

	8
	-0.2814
	0.8263
	1.0162
	0.3312

	9
	-0.9795
	0.1938
	0.3867
	-1.7979

	10
	-0.6457
	0.274
	-1.3057
	-0.9538

	11
	-0.4046
	0.714
	-0.3388
	-0.8052

	12
	-1.9161
	1.9092
	0.1549
	-0.6986

	13
	-1.8553
	1.2407
	-0.4462
	0.545

	14
	-2.5659
	5.1328
	-0.0695
	0.4878

	15
	-0.6428
	0.2875
	-1.2908
	-0.6803

	16
	-1.2798
	1.3506
	0.7143
	0.1354

	17
	-1.4704
	3.3036
	0.2603
	0.6376

	18
	-0.221
	-0.2538
	-1.5669
	-1.2193

	19
	-0.9605
	0.1342
	0.3136
	-0.084

	20
	-2.0625
	-0.3307
	-0.6613
	0.9216

	21
	-2.2137
	1.9526
	-1.3136
	0.4821

	22
	-1.2456
	3.0854
	-0.0162
	-0.5572

	23
	-1.7014
	0.2079
	-1.0251
	-0.4488

	24
	-1.5595
	3.5708
	-0.3913
	0.3463

	25
	-1.0273
	-1.1419
	0.506
	-0.2604

	26
	-0.5821
	-1.5051
	0.8988
	-2.61

	27
	0.0619
	-0.8862
	0.2253
	-0.1797

	28
	-1.7568
	3.3994
	1.3143
	1.229

	29
	-0.6244
	0.0744
	0.383
	-0.3416

	30
	-2.1939
	-2.3118
	-5.0646
	2.9348

	31
	-1.2426
	-2.1542
	-4.4172
	2.6574

	32
	1.0079
	-2.174
	2.924
	1.2381

	33
	4.825
	-1.8618
	0.2046
	0.3794

	34
	1.8382
	-3.168
	2.0311
	1.7601

	35
	3.2896
	0.1495
	2.4553
	3.0175

	36
	6.3316
	1.8383
	-0.8479
	-0.4565

	37
	6.8522
	1.9657
	-1.5055
	0.6863

	38
	5.0205
	0.5159
	-0.0924
	-0.5608

	39
	7.6484
	3.0509
	-0.5149
	-1.5761

	40
	8.2178
	1.0889
	-1.1475
	-1.5433

	41
	0.6989
	0.3867
	-1.7177
	-1.9138

	42
	-0.0557
	-2.5964
	-0.1768
	-1.5941

	43
	-0.9871
	-0.5978
	-0.8167
	-0.8708

	44
	-0.9893
	-0.4489
	-0.3892
	-0.5133

	45
	-0.6985
	0.0848
	0.6478
	0.6926

	46
	0.0098
	-1.7285
	-0.4508
	-0.2149

	47
	-0.5681
	-1.6929
	-0.3592
	0.8318

	48
	0.8131
	-1.0357
	-0.8699
	-1.0281

	49
	-1.2919
	-1.9946
	0.7998
	-0.355

	50
	-1.6715
	1.4014
	0.7307
	1.076

	51
	-0.6715
	-2.7524
	-0.6388
	-1.5839

	52
	-0.8048
	-1.5139
	1.1038
	0.2064

	53
	-0.9991
	-2.7726
	-0.1107
	1.127

	54
	-1.4465
	-0.9152
	-0.8446
	-0.94

	55
	-0.6788
	-3.5279
	-0.3183
	-0.3197

	56
	-0.1318
	-1.6471
	1.518
	0.4129

	57
	-0.502
	-0.8166
	2.3996
	0.8571

	58
	-0.3354
	-2.6579
	1.2015
	-0.0305

	59
	1.1076
	-1.3669
	1.561
	0.2102

	60
	-1.2666
	-2.9326
	-0.0281
	0.1398

	61
	-0.8258
	-0.9698
	1.4031
	-0.868

	62
	0.3963
	-0.3108
	1.3335
	-1.2717

	63
	1.5816
	0.0096
	-0.2873
	2.4137

	64
	8.2655
	-0.1938
	0.2091
	2.3487

	65
	-1.2178
	-0.0921
	0.7944
	-0.3241

	66
	-1.2279
	-0.4916
	0.4527
	0.0544

	67
	-1.4021
	5.387
	0.5004
	0.3336

	68
	-0.6249
	0.0431
	0.2242
	0.4093

	69
	-0.6099
	-0.4108
	0.943
	-0.4749

	70
	-1.8272
	0.7494
	1.2888
	-0.336

	71
	-1.5337
	1.9587
	0.7331
	-0.2118

	72
	-0.824
	0.7711
	0.532
	0.6241

	73
	-0.2343
	2.2436
	0.6348
	-0.3767


Table 8 Promising genotypes on the basis of scores of principal components 
	PC1
	PC2
	PC3
	PC4

	Banarasi rai
	Pioneer 44-S 36
	China Cabbage 
	GSC-7

	JTC-1
	 Sej-2
	GSC-7 
	 YSH-401

	Kiran
	RH-406
	RMM-10-1-1 
	NC-1

	PC-6
	Giriraj
	GSC-6 
	 JMTA-06-1

	PC-5
	L-4
	RMM-12-2-18
	 Banarasi Rai

	RP-9
	NRC-HB-506
	JMM-991 
	 GSC-6

	GSL-1
	Kiran
	JMWR-945-2-2-75 k
	 China Cabbage

	GSC-7
	Pusa Bold
	Bio-Y-SR 
	 Giriraj

	GSC-6
	RMWR - 09- 01
	Giriraj 
	 PDZM-31

	JMTA-06-1
	PC-6
	Radhika 
	 PM-28

	 RMM-12-2-18
	RMM -19-06
	RMM-12-1-18 
	 RGN-73

	China Cabbage
	NRC-HB-101
	Pusa Vijay 
	 RMM-10-1-1

	 Krishna
	Pusa Jai Kisan
	Vasundhara 
	PM 25

	 PM-26
	PC-5
	Brijraj 
	RVM 2

	JM-1
	PM-28
	RH-749 
	PC-6

	 Bio-Y-SR
	DMH 1
	PM-27 
	 L-4

	 NRCDR-2
	Albeli
	Pro-Agro-5232 
	 RMM-19-12

	 RVM 3
	Varuna
	RMM-19-06 
	 Albeli

	 
	JTC-1
	PM-28 
	 Pusa Bold

	 
	Vardan
	DMH 1 
	 Sej-2

	 
	Vasundhara
	RVM 2 
	 NRC-HB-101

	 
	RMM -19-12
	RMWR - 09- 01
	Maya

	 
	Radhika
	RMM -19-12 
	JMM-991

	 
	Pusa Mahak
	RH-725
	NMH 90 M 01

	 
	RP-9
	Pioneer 44-S-36 
	GSL-1

	 
	Maya
	Pro-Agro-5235 
	RH-406

	 
	JM-1
	Maya
	Pioneer 44-S-36

	 
	 Shraddha 
	Swarna Jyoti 
	Vasundhara

	 
	Pusa Jagannath
	RB-50 
	RMM-12-2-18

	 
	DRM-1165-40
	JMWR-908-1 
	Pusa Vijay

	 
	Swarna Jyoti
	L-4 
	Vardan

	 
	 GSC-7
	NRCDR-2 
	RMM-12-3-18

	 
	JMWR-908-1
	NMH 90 M 01 
	DMH 1

	 
	 RVM 2
	Banarasi Rai 
	Pro-Agro-5235

	 
	RB-50
	GSL-1 
	 

	 
	 NMH 90 M 01
	Pusa Jai Kisan 
	 

	 
	JMTA-06-1
	 
	 


Conclusion 
The present investigation successfully demonstrated significant genetic divergence among Brassica genotypes using Mahalanobis D² statistics and Principal Component Analysis (PCA). The identification of genotypes distributed across distinct clusters indicates the presence of a broad genetic base, which is essential for initiating effective hybridization programmes. Traits such as biological yield, plant height, numbers of siliquae per plant and seed yield per plant emerged as key contributors to genetic variability and should be prioritized in selection strategies. Crosses between genotypes from highly divergent clusters, such as Cluster IV and cluster VI are likely to produce desirable heterotic combinations and enhance genetic gain. This study underscores the utility of multivariate approaches in identifying genetically diverse, agronomically superior and potentially stress-tolerant genotypes of Brassica species, thereby offering a strategic framework for mustard improvement programmes aimed to enhance productivity, resilience and sustainability in diverse agro-ecological circumstances.
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