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Insights into Genetic Parameters for Yield Improvement in Brassica species 

Abstract 
Brassica spp. is a major oilseed group in India, valued for its adaptability to semi-arid environments and high economic returns. The present investigation was conducted during the Rabi, 2024 at ZARS, Morena, RVSKVV, Gwalior to assess the extent of genetic variability, heritability, genetic advance and the interrelationship among different agronomical traits amongst seventy-three Brassica genotypes. The experiment was laid out in a Randomized Block Design with two replications to evaluate 16 quantitative traits. Analysis of variance revealed highly significant differences among genotypes for all traits, indicating presence of substantial genetic variability. Traits such as seed yield per plant, numbers of siliquae per plant, biological yield and numbers of seeds per plant exhibited high genotypic and phenotypic coefficients of variation, higher heritability and genetic advance, signifying predominance of additive gene action and effectiveness of direct selection. Correlation analysis revealed strong positive associations of seed yield with biological yield, numbers of seeds per plant, 1000-seed weight and numbers of seeds per siliquae. Path coefficient analysis further confirmed the direct and positive contributions of these traits toward seed yield at both genotypic and phenotypic levels, whereas traits like days to flowering and maturity exhibited strong negative direct effects. These findings highlight the potential of early-flowering, high biomass, and high seed-bearing genotype (s) as promising candidates for yield improvement in Brassica breeding programmes.
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1. Introduction 
[bookmark: _Hlk203127826][bookmark: _Hlk203127930]Brassica spp, is an important oilseed crop of India. It exhibits superior drought tolerance and shattering resistance making it well-suited for semi-arid, rainfed conditions (Singh et al., 2022a; Shrivastava et al., 2023a; Nair, 2024; Tripathi et al., 2025). Although largely self-pollinated, natural outcrossing rates range from 11 to 24% (Chauhan et al., 2008; Barfa et al., 2017; Shyam & Tripathi, 2019; Shrivastav et al., 2023b). As a cool-season C3 crop, it grows best in temperatures between 6°C and 27°C on well-drained, neutral pH soils, requiring 240–400 mm of water (Bhanu et al., 2019; Baghel et al., 2020; Hatta et al., 2023; Shrivastava et al., 2023c). Mustard seeds contain 28–32% oil and 28–36% protein, with a favourable fatty acid profile that includes oleic, linoleic, linolenic and erucic acids (Sharif et al., 2017; Shyam et al., 2020; Pippal et al., 2022). Globally, rapeseed-mustard covers 42.58 million hectares with 88.34 million tonnes production in 2023–24, of which India accounts for 17.19% area and 8.54% production. India's mustard output reached 131.4 lakh tonnes in 2023–24, up from 126.43 lakh tonnes in 2022–23, with an average yield of 1443 kg/ha. Major producing states include Rajasthan, Uttar Pradesh, Haryana, West Bengal, and Madhya Pradesh, the latter contributing 13.28% to national production. In Madhya Pradesh, the Chambal and Gwalior divisions are key mustard-growing regions, accounting for 68.14% of the area and 75.42% of the state’s total production (Indiastat.com, 2025).
[bookmark: _Hlk203128149][bookmark: _Hlk204978502]Despite its economic importance, the average productivity of mustard remains suboptimal due to a range of biotic and abiotic stresses, and the narrow genetic base of cultivated varieties (Yadav et al., 2029; Rajpoot et al., 2020; Shrivastava et al., 2023d; Shrivastava et al., 2023e). Enhancing yield and its component traits through genetic improvement remains a primary breeding objective (Shyam et al., 2021a; Shyam et al., 2021b). Yield in mustard, being a complex polygenic trait, is influenced by several interrelated morphological and physiological characters (Shyam et al., 2021c; Shyam et al., 2021d; Shrivastav et al., 2024). Therefore, dissecting the genetic variability, heritability, and the nature of associations among yield components is crucial for formulating efficient selection strategies (Tripathi et al., 2015; Rajpoot et al., 2022; Valiyaveettil et al., 2023; Jain et al., 2024a; Jain et al., 2024b; Anushree et al., 2025).
Understanding the genetic architecture of quantitative traits helps in identifying key contributors to seed yield and facilitates the development of superior genotypes. Parameters such as the phenotypic and genotypic coefficients of variation (PCV and GCV), heritability in the broad sense, and genetic advance provide valuable insights into the extent of variability and its transmission to progeny (Sharma et al., 2023; Yadav et al., 2023; Paliwal et al., 2024). Furthermore, correlation (Miller et al., 1958) and path coefficient analyses (Wright, 1921) aid in distinguishing between direct and indirect effects of various traits on seed yield (Mishra et al., 2024; Jhariya et al., 2025; Gautam et al., 2025; Bishoriya et al., 2025; Mishra et al., 2025). In this context, the present investigation was undertaken to evaluate seventy-three mustard genotypes for a comprehensive set of 16 agronomical characters. The objective was to assess genetic variability, determine heritability and expected genetic advance, analyse trait associations, and identify key contributors to yield performance employing advanced biometric tools and techniques. 
2. Materials & Method 
2.1 Experimental site
The field experiment was carried out during the Rabi, 2024-25 at the Research Farm, Zonal Agricultural Research Station, Morena, Rajmata Vijayraje Scinda Agricultural University, Gwalior, Madhya Pradesh, India. Geographically, the experimental site is positioned at 26.5°N latitude and 78.0°E longitude, with an elevation of 177 meters above mean sea level (MSL). The location falls within a semi-arid subtropical climatic zone, typified by cool and dry winter conditions that are highly favourable for the cultivation of Brassica crops. The soil at the site is classified as medium-black in texture, with a level of topography and efficient natural drainage, devoid of any waterlogging. These soil characteristics provided a suitable edaphic environment for optimal growth and development of mustard plants. Agrometeorological data obtained from the ZARS, Morena observatory during the crop growth period since October 2024 to March 2025 demonstrated that maximum temperatures ranged between 19.8°C and 34.0°C, while minimum temperatures fluctuated between 5.9°C and 19.7°C. Relative humidity during the morning hours ranged between 57.1% to 90.4%, and from 43.5% to 71.2% in the evening. Moreover, the region received occasional light rainfall, differed between 0.4 mm to 2.1 mm, predominantly during December and January.
2.2 Experimental details 
The present field experiment was undertaken during the Rabi 2024–25 to evaluate genetic diversity among seventy-three mustard (Brassica spp.) genotypes (Table 1) based on 16 quantitative traits. The experimental layout followed a Randomized Block Design (RBD) with two replications to facilitate the precision of the investigation and to account environmental heterogeneity. Each genotype was sown in a well-prepared plot with inter-row and intra-row spacings of 30 cm and 10 cm respectively to facilitate optimal plant growth, uniform disease expression and ease of data collection. Standard agronomical practices including fertilization, irrigation and plant protection measures were applied uniformly across all plots throughout the crop growth period to ensure consistent management and minimize non-genetic variation.
Table 1 List of genotypes with their parentage/source
	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 competitive plants per genotype at the time of maturity, with the exception of phenological traits such as 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 evaluated included 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 (%). Statistical analysis was performed to estimate phenotypic and genotypic coefficients of variation (PCV and GCV), broad-sense heritability and genetic advance as a percentage of the mean. Additionally, correlation and path coefficient analysis were carried out to assess the nature and magnitude of associations among traits and their direct and indirect effects on seed yield. All statistical computations were performed using OPSTAT and Agri-Analyzer software packages.
3. Results & Discussion 
3.1 Heritability, Coefficient of variation & Genetic advance 
Analysis of variance in  respect to seventy three genotypes of Brassica spp. revealed existence of significant differences (Table 2) among the material employed in the present investigation for all the sixteen characters investigated including days to flower initiation, days to 50% flowering, days to pod initiation, days to maturity, plant height (cm), number (s) of primary branches and secondary branches per plant, length of main raceme (cm), number(s) of siliquae on main raceme, number(s) of siliquae per plant, number(s) of  seed per siliquae, number (s) of seed per plant, Test Weight  (g), 1000-seed weight, seed yield per plant (g), harvest index (%) and biological yield (g) indicating presence of  highly significant variation among the genotypes.
Table 2 Analysis of variance for different agronomical traits
	Trait
	Replication
(DF =1)
	Entries (DF=72)
	Error (DF=72)
	SEM (±)
	CD (%)
	CV (%)

	Days to flower initiation
	0.02
	355.24**
	0.47
	0.48
	1.36
	1.56

	Days to 50% flowering
	0.33
	361.81**
	0.46
	0.48
	1.35
	1.25

	Days to pod initiation
	0.06
	345.34**
	0.53
	0.52
	1.46
	1.21

	Days to maturity
	0.82
	79.35**
	0.29
	0.38
	1.07
	0.39

	Plant height
	9.94
	105.73**
	3.10
	1.25
	3.51
	0.96

	Numbers of primary branches per plant
	0.47
	7.85**
	0.30
	0.39
	1.1
	6.52

	Numbers of secondary branches per plant
	0.09
	33.45**
	0.68
	0.6
	1.69
	5.03

	Length of main raceme (cm)
	1.70
	298.16**
	3.68
	1.37
	3.87
	3.36

	Numbers of siliquae/main raceme
	1.36
	139.37**
	0.89
	0.67
	1.88
	2.88

	Numbers of siliquae/plant
	1.34
	168.94**
	4.21
	1.45
	4.09
	0.78

	Numbers of seeds/siliquae
	1.07
	20.85**
	0.53
	0.51
	1.45
	5.00

	Numbers of seeds per plant
	2.60
	283.52**
	1.30
	0.46
	1.29
	5.01

	1000-seed weight (g)
	0.10
	1.69**
	0.03
	0.12
	0.33
	3.48

	Yield/plant 
	1.34
	401.39**
	3.46
	1.31
	3.71
	4.87

	Harvest Index (%)
	0.08
	268.30**
	1.91
	0.98
	2.76
	3.26

	Seed yield/plant (g/plant)
	0.10
	102.78**
	0.62
	0.57
	1.6
	5.06


The analysis of variability, heritability and genetic advance as a percentage of the mean revealed presence of substantial genetic diversity among the seventy-three genotypes for all the traits under investigation (Table 3). The close correspondence between genotypic coefficient of variation (GCV) and phenotypic coefficient of variation (PCV) across all the traits indicates a minimal influence of the environment, signifying that the observed variability is largely governed by genetic factors. Similar findings have also been addressed by Maurya et al., (2018), Saroj et al. (2021), Gupta et al.  (2023) and Rout et al. (2025).
Among the phenological traits, days to flower initiation, days to 50% flowering and days to pod initiation exhibited high heritability (99.74%, 99.75%, and 99.69%, respectively) along with moderately high genetic advance as a percentage of the mean (50.50%, 38.74%, and 32.78%, correspondingly). This recommends that these traits are predominantly controlled by additive gene action and may respond effectively via direct selection. In contrast, days to maturity displayed relatively low variability (GCV = 4.57%, PCV = 4.58%) and low genetic advance (9.37%), indicating limited scope for improvement through selection. Similar findings have also been addressed by Akkenapally & Chetariya, (2022), Verma et al. (2023) and Kumar et al. (2023).
Morphological and yield-contributing traits such as numbers of secondary branches per plant, numbers of siliquae per plant, biological yield per plant and seed yield per plant displayed high GCV (33.42%, 34.84%, 36.94%, and 44.90%, respectively) and PCV (34.10%, 34.84%, 37.26%, and 45.17%, respectively), coupled with higher heritability estimates (96.04%, 99.95%, 98.29% and 98.81%, respectively) and substantial genetic advance (55.47%, 59.74%, 63.44% and 79.94%, correspondingly). These findings recommended that these characters are under strong genetic control with considerable additive genetic variance, making them ideal targets for selection in mustard improvement programmes (Gadi et al., 2020; Choudhary et al., 2025; Mehta et al., 2025).
Traits such as harvest index and numbers of siliquae on the main raceme also exhibited high heritability (98.58% and 98.73%, respectively) along with appreciable genetic advance (43.69% and 39.97%), reflecting their reliability in selection strategies. Similarly, 1000-seed weight and main raceme length had moderately high GCV and PCV values along with higher heritability (96.82% and 97.56%) and genetic advance (26.93% and 30.74%), suggesting potential for effectiveness of selection.
Comparable investigations have also been reported by Akabari & Niranjana (2015), Gadi et al. (2020), Sharma et al. (2024) and Choudhary et al. (2025). Overall, the high heritability estimates combined with higher genetic advance for most of the traits indicated that these characters are governed by additive gene action and can be effectively improved through phenotypic selection. Traits such as seed yield per plant, numbers of siliquae per plant and biomass yield per plant emerged as promising selection indices for mustard yield enhancement owing to their high genetic variability and transmission potential (Rout et al., 2019; Priyanka & Pandey, 2021; Kaur et al., 2022; Meena & Bishnoi, 2023; Gain et al., 2024).
Table 3 Determining the variability, heritability and expected genetic advance
	Observations
	Coefficient of Variation
	h² (bs) 
	Gen. Adv. as % of Mean 5%

	
	GCV
	PCV
	
	

	Days to flower initiation
	30.38
	30.42
	99.74
	50.50

	Days to 50% flowering
	24.66
	24.70
	99.75
	38.74

	Days to pod initiation
	21.77
	21.81
	99.69
	32.78

	Days to maturity
	4.57
	4.58
	99.28
	9.37

	Plant height (cm)
	12.42
	12.46
	99.41
	13.52

	Numbers of primary branches
	30.13
	31.31
	92.60
	47.73

	Numbers of secondary branches
	33.42
	34.10
	96.04
	55.47

	Length of main raceme (cm)
	21.01
	21.27
	97.56
	30.74

	Numbers of siliquae /main raceme
	25.39
	25.55
	98.73
	39.97

	Numbers of siliquae/plant
	34.84
	34.84
	99.95
	59.74

	Numbers of seeds / siliquae
	21.97
	22.54
	95.07
	32.14

	Numbers of seeds per plant
	18.54
	19.75
	93.87
	40.65

	1000 -seed weight (g)
	19.21
	19.52
	96.82
	26.93

	Biological yield
	36.94
	37.26
	98.29
	63.44

	Harvest index (%)
	27.23
	27.42
	98.58
	43.69

	Seed yield/plant 
	44.90
	45.17
	98.81
	79.94


3.2 Correlation analysis 
Correlation analysis at both genotypic and phenotypic levels (Table 4, Table 5, Fig. 1, Fig. 2) revealed significant associations among several yield-contributing traits, provided valuable insights for indirect selection strategies in mustard breeding.
At the genotypic level, seed yield per plant (SY) exhibited strong and positive correlations with numbers of seeds per plant (r = 0.7775), biological yield per plant (r = 0.7107), 1000-seed weight (r = 0.4622) and numbers of seeds per siliquae (r = 0.3813). These associations suggested that improvement in these traits could lead to significant gains in seed yield. Similarly, positive and significant correlations were observed between biological yield and numbers of seeds per plant (r = 0.5854) and 1000-seed weight (r = 0.1892). The strong correlation between numbers of seeds per plant and siliquae per plant (r = 0.9147) further highlights the role of reproductive phases in determination of yield. Among vegetative traits, numbers of primary branches (PB) showed a significant positive correlation with numbers of secondary branches (r = 0.7385) and harvest index (r = 0.4125), indicated their contribution to sink strength and yield efficiency. However, length of main raceme (LMR) had a moderate positive association with numbers of siliquae on the main raceme (r = 0.6631) and a weak but significant association with seed yield (r = 0.1479), suggesting a moderate influence of inflorescence architecture on yield potential. Negative and significant correlations were observed between days to flowering and seed yield, harvest index, biological yield and 1000-seed weight, demonstrating that early flowering genotypes tend to perform better in terms of yield and resource use efficiency. Moreover, the negative correlation of DFI and DFF with length of main raceme, numbers of siliquae on main raceme, and numbers of siliquae per plant suggested that early flowering genotypes tend to favour better reproductive trait expression (Gupta et al., 2018; Patel et al., 2019; Meena et al., 2020; Pandey et al., 2020; Gadi et al., 2025).
The phenotypic correlations followed trends similar to their genotypic counterparts. Remarkably, seed yield per plant was positively and significantly associated with biological yield (r = 0.7123), numbers of seeds per plant (r = 0.7693), 1000-seed weight (r = 0.4516), and number of seeds per siliquae (r = 0.3786) at the phenotypic level as well. This confirms the potential of these traits as reliable indicators for yield improvement under field conditions. The strong genotypic and phenotypic correlations among yield and its component traits suggested that simultaneous selection for biological yield, numbers of seeds per plant, seed size and siliquae-bearing capacity would be effective in enhancing overall productivity in mustard. Moreover, the negative correlations between days to flowering and key yield attributes emphasized the importance of earliness as a desirable trait under the prevailing agro-climatic conditions (Rauf et al., 2018; Saroj et al., 2021; Mandal et al., 2022; Dwivedi et al., 2023; Ali et al., 2025). Similar studies have also been reported by Devi (2018), Singh et al. (2022b), Singh et al. (2022c) and Singh et al. (2025).
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Fig. 1 Genotypic correlation heat map for different traits 
Table 4 Estimation of correlation coefficient at genotypic levels among 16 characters 
	Trait
	DFI
	DFF
	DPI
	DM
	PH
	PB
	SB
	LMR
	SMR
	S/PL
	S/SL
	SD/PL
	TW
	BY
	HI
	SY

	DFI
	1
	0.9871**
	0.9871**
	0.761**
	0.1511
	0.6503**
	0.3727**
	-0.3134**
	-0.4872**
	-0.1689
	-0.0402
	-0.1552
	-0.6611**
	0.1080
	-0.7008**
	-0.3874**

	DFF
	
	1.0000
	0.9980**
	0.7437**
	0.1262
	0.6002**
	0.3458**
	-0.2832*
	-0.4729**
	-0.1997
	-0.0458
	-0.1913
	-0.6655**
	0.0633
	-0.6985**
	-0.4274**

	DPI
	
	
	1.0000
	0.7517**
	0.1311
	0.6068**
	0.3527**
	-0.2944*
	-0.4873**
	-0.1968
	-0.0462
	-0.1863
	-0.6618**
	0.0608
	-0.7004**
	-0.4282**

	DM
	
	
	
	1.0000
	0.2762
	0.5578**
	0.3767**
	-0.2214
	-0.3489**
	0.0690
	-0.3041**
	0.0154
	-0.4413**
	0.2190
	-0.5461**
	-0.1791

	PH
	
	
	
	
	1.0000
	0.1750
	0.0361
	-0.0655
	-0.0453
	0.0249
	-0.2216
	-0.0183
	0.1060
	0.1467
	-0.1046
	0.0313

	PB
	
	
	
	
	
	1.0000
	0.7385**
	-0.5609**
	-0.5087**
	0.1726
	0.0417
	0.2052
	-0.4075**
	0.4125**
	-0.4831**
	0.0107

	SB
	
	
	
	
	
	
	1.0000
	-0.367**
	-0.3486**
	0.4547**
	0.0101
	0.4787**
	-0.1653
	0.4231**
	-0.1473
	0.275*

	LMR
	
	
	
	
	
	
	
	1.0000
	0.6631**
	0.0874
	-0.0724
	0.0770
	0.1167
	-0.0492
	0.2587*
	0.1479

	SMR
	
	
	
	
	
	
	
	
	1.0000
	0.1881
	-0.1392
	0.1139
	0.1599
	0.0380
	0.2804*
	0.2146

	S/PL
	
	
	
	
	
	
	
	
	
	1.0000
	-0.3552**
	0.9147**
	0.2082
	0.5792**
	0.3585**
	0.7504**

	S/SL
	
	
	
	
	
	
	
	
	
	
	1.0000
	-0.0019
	-0.0038
	-0.0977
	0.0487
	-0.0441

	SD/PL
	
	
	
	
	
	
	
	
	
	
	
	1.0000
	0.1892
	0.5854**
	0.3813**
	0.7775**

	TW
	
	
	
	
	
	
	
	
	
	
	
	
	1.0000
	0.1184
	0.5554**
	0.4622**

	BY
	
	
	
	
	
	
	
	
	
	
	
	
	
	1.0000
	-0.1469
	0.7107**

	HI
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	1.0000
	0.5596**

	SY
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	1.0000


[bookmark: _Hlk204960962]Abbreviations: DFI= Days to flower initiation, DFF= Days to 50% flowering, DPI= Days to pod initiation, DM= Days to maturity, PH=  Plant height (cm), PB= Numbers of primary branches/ plant, SB= Numbers of secondary branches/ plant, LMR= Length of main raceme (cm), SMR= Numbers of siliquae on main raceme, S/PL= Numbers of seeds per plant,  S/SL= Numbers of seeds per siliquae, SD/PL= Numbers of seeds per plant , TW= 1000-seed weight (g)  BY= Biological yield, HI= Harvest index, SY= Seed yield per plant (g/plant)
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Fig. 2 Phenotypic correlation heatmap for different traits 
Table 5 Estimation of correlation coefficient at phenotypic levels among 16 characters 
	Trait
	DFI
	DFF
	DPI
	DM
	PH
	PB
	SB
	LMR
	SMR
	S/PL
	S/SL
	SD/PL
	TW
	BY
	HI
	SY

	DFI
	1.0000
	0.9847 **
	0.9847 **
	0.757 **
	0.1504
	0.6235 **
	0.3656 **
	-0.3069 **
	-0.4833 **
	-0.1685 *
	-0.0375
	-0.1540
	-0.6496 **
	0.1068
	-0.695 **
	-0.3847 **

	DFF
	
	1.0000
	0.9956 **
	0.741 **
	0.1258
	0.579 **
	0.3377 **
	-0.2793 **
	-0.4702 **
	-0.1996 *
	-0.0453
	-0.1902 *
	-0.6522 **
	0.0630
	-0.6937 **
	-0.4246 **

	DPI
	
	
	1.0000
	0.7462 **
	0.1312
	0.5842 **
	0.3459 **
	-0.2903 **
	-0.483 **
	-0.1968 *
	-0.0481
	-0.187 *
	-0.649 **
	0.0613
	-0.6948 **
	-0.4239 **

	DM
	
	
	
	1.0000
	0.2746 **
	0.5358 **
	0.3682 **
	-0.2177 **
	-0.3454 **
	0.0691
	-0.2917 **
	0.0171
	-0.4311 **
	0.2156 **
	-0.5397 **
	-0.1779 *

	PH
	
	
	
	
	1.0000
	0.1693 *
	0.0354
	-0.0646
	-0.0446
	0.0244
	-0.2175 **
	-0.0197
	0.1057
	0.1450
	-0.1035
	0.0321

	PB
	
	
	
	
	
	1.0000
	0.7085 **
	-0.5325 **
	-0.4857 **
	0.1652 *
	0.0377
	0.194 *
	-0.3744 **
	0.3915 **
	-0.4602 **
	0.0063

	SB
	
	
	
	
	
	
	1.0000
	-0.3558 **
	-0.337 **
	0.4457 **
	0.0090
	0.4679 **
	-0.1622
	0.4088 **
	-0.1388
	0.2659 **

	LMR
	
	
	
	
	
	
	
	1.0000
	0.6524 **
	0.0869
	-0.0626
	0.0804
	0.1172
	-0.0488
	0.2557 **
	0.1458

	SMR
	
	
	
	
	
	
	
	
	1.0000
	0.1865 *
	-0.1330
	0.1114
	0.1585
	0.0340
	0.2781 **
	0.2099 *

	S/PL
	
	
	
	
	
	
	
	
	
	1.0000
	-0.3456 **
	0.9119 **
	0.2047 *
	0.5743 **
	0.3561 **
	0.7459 **

	S/SL
	
	
	
	
	
	
	
	
	
	
	1.0000
	0.0099
	-0.0089
	-0.0911
	0.0490
	-0.0407

	SD/PL
	
	
	
	
	
	
	
	
	
	
	
	1.0000
	0.1831 *
	0.5771 **
	0.3786 **
	0.7693 **

	TW
	
	
	
	
	
	
	
	
	
	
	
	
	1.0000
	0.1159
	0.541 **
	0.4516 **

	BY
	
	
	
	
	
	
	
	
	
	
	
	
	
	1.0000
	-0.1486
	0.7123 **

	HI
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	1.0000
	0.5531 **

	SY
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	1.0000


Abbreviations: DFI= Days to flower initiation, DFF= Days to 50% flowering, DPI= Days to pod initiation, DM= Days to maturity, PH=  Plant height (cm), PB= Numbers of primary branches/ plant, SB= Numbers of secondary branches/ plant, LMR= Length of main raceme (cm), SMR= Numbers of siliquae on main raceme, S/PL= Numbers of seeds per plant,  S/SL= Numbers of seeds per siliquae, SD/PL= Numbers of seeds per plant , TW= 1000-seed weight (g)  BY= Biological yield, HI= Harvest index, SY= Seed yield per plant (g/plant)

3.3 Path coefficient analysis
The path coefficient analysis provided a deeper understanding of the direct and indirect contributions of 16 agronomical and yield-related traits to seed yield per plant assessed at both genotypic and phenotypic levels and presented in Table 6 and Table 7. This analysis is particularly valuable for identifying the most influential traits for selection in breeding programmes.
At the genotypic level, the numbers of seeds per plant exhibited the highest positive direct effect (0.7504) on seed yield, suggesting it is the most critical trait for yield enhancement. This was closely tracked by biological yield per plant (0.7107) and harvest index (0.5596), both showed strong positive direct effects. The 1000-seed weight (0.4622) also contributed positively and significantly to seed yield through its direct effect. These findings are consistent with the genotypic correlations observed earlier, reinforcing that traits such as numbers of seeds per plant, biomass, seed weight, and harvest index are primary determinants of yield performance in mustard (Kumar et al., 2016; Gupta et al., 2022; Rathore, 2023; Katare et al., 2025). On the other hand, days to pod initiation (-0.4282), days to 50% flowering (-0.4274), and days to initial flowering (-0.3874) exhibited strong negative direct effects on seed yield. These negative effects suggested that earlier flowering and pod initiation contribute positively to seed yield, likely by enhancing the reproductive phase under specific environmental conditions. The negative impact of late flowering traits may be attributed to unfavourable conditions during seed development in late maturing genotypes (Devi & Sharma, 2017; Kumar et al., 2018; Srivastava et al., 2025).
At the phenotypic level, a similar trend was also observed. The numbers of seeds per plant (0.7459) and biological yield (0.7123) demonstrated the strongest positive direct effects on seed yield. Other traits with substantial direct effects included harvest index (0.5531) and 1000-seed weight (0.4516), confirming their importance in phenotypic expression of yield. These traits should therefore be given high priority while performing selection strategies on the phenotypic basis. Traits such as numbers of secondary branches (0.2659), numbers of siliquae on main raceme (0.2099), and length of main raceme (0.1458) had moderate direct effects, while plant height (0.0321) and numbers of primary branches (0.0063) showed negligible direct contributions. However, some of these traits exerted notable indirect effects via other yield components, indicating their potential role in enhancing seed yield through interaction with more influential traits.
As at the genotypic level, days to flowering and maturity traits remarkably days to pod initiation (-0.4239), days to 50% flowering (-0.4246), and days to initial flowering (-0.3847) exhibited significant negative direct effects at the phenotypic level as well. These results emphasized the value of earliness as a desirable characteristic for yield improvement, likely aiding in efficient resource use and escape from terminal stresses. Overall, the path analysis underscores the critical role of seeds per plant, biological yield, 1000-seed weight, and harvest index in determining seed yield at both genotypically and phenotypically levels (Ram et al., 2021; Sareen et al., 2023; Mahmood et al., 2025). Selection for these traits, especially in early-flowering genotypes, would likely result in substantial genetic gains in seed yield. Additionally, traits with high indirect effects through these key characters may also be useful in indirect selection approaches (Akanksha et al., 2020; Sowmya et al., 2024; Pillai & Walia, 2024).
Table 6 Path coefficient analysis showing the direct and indirect effect of 16 characters on the seed yield at genotypic level 
	Trait
	DFI
	DFF
	DPI
	DM
	PH
	PB
	SB
	LMR
	SMR
	S/PL
	S/SL
	SD/PL
	TW
	BY
	HI
	SY

	DFI
	0.2317
	-0.5571
	0.2902
	0.0146
	-0.0014
	-0.0425
	0.0189
	-0.0091
	0.0152
	-0.0036
	-0.0003
	-0.0095
	0.0103
	0.0813
	-0.4261
	-0.3874 **

	DFF
	0.2287
	-0.5643
	0.2934
	0.0143
	-0.0011
	-0.0393
	0.0176
	-0.0082
	0.0147
	-0.0042
	-0.0004
	-0.0117
	0.0104
	0.0476
	-0.4248
	-0.4274 **

	DPI
	0.2287
	-0.5632
	0.2940
	0.0144
	-0.0012
	-0.0397
	0.0179
	-0.0086
	0.0152
	-0.0042
	-0.0004
	-0.0114
	0.0104
	0.0457
	-0.4259
	-0.4282 **

	DM
	0.1763
	-0.4197
	0.2210
	0.0192
	-0.0025
	-0.0365
	0.0191
	-0.0064
	0.0109
	0.0015
	-0.0025
	0.0009
	0.0069
	0.1648
	-0.3321
	-0.1791

	PH
	0.0350
	-0.0712
	0.0386
	0.0053
	-0.0090
	-0.0114
	0.0018
	-0.0019
	0.0014
	0.0005
	-0.0018
	-0.0011
	-0.0017
	0.1104
	-0.0636
	0.0313

	PB
	0.1507
	-0.3387
	0.1784
	0.0107
	-0.0016
	-0.0654
	0.0375
	-0.0163
	0.0159
	0.0037
	0.0003
	0.0126
	0.0064
	0.3104
	-0.2938
	0.0107

	SB
	0.0863
	-0.1951
	0.1037
	0.0072
	-0.0003
	-0.0483
	0.0508
	-0.0107
	0.0109
	0.0097
	0.0001
	0.0294
	0.0026
	0.3184
	-0.0896
	0.275 *

	LMR
	-0.0726
	0.1599
	-0.0865
	-0.0043
	0.0006
	0.0367
	-0.0186
	0.0291
	-0.0207
	0.0019
	-0.0006
	0.0047
	-0.0018
	-0.0371
	0.1573
	0.1479

	SMR
	-0.1129
	0.2669
	-0.1433
	-0.0067
	0.0004
	0.0333
	-0.0177
	0.0193
	-0.0312
	0.0040
	-0.0011
	0.0070
	-0.0025
	0.0286
	0.1705
	0.2146

	S/PL
	-0.0391
	0.1127
	-0.0579
	0.0013
	-0.0002
	-0.0113
	0.0231
	0.0025
	-0.0059
	0.0213
	-0.0029
	0.0562
	-0.0033
	0.4358
	0.2180
	0.7504 **

	S/SL
	-0.0093
	0.0259
	-0.0136
	-0.0058
	0.0020
	-0.0027
	0.0005
	-0.0021
	0.0043
	-0.0076
	0.0082
	-0.0001
	0.0001
	-0.0735
	0.0296
	-0.0441

	SD/PL
	-0.0360
	0.1079
	-0.0548
	0.0003
	0.0002
	-0.0134
	0.0243
	0.0022
	-0.0035
	0.0194
	0.0000
	0.0614
	-0.0030
	0.4405
	0.2318
	0.7775 **

	TW
	-0.1532
	0.3755
	-0.1946
	-0.0085
	-0.0010
	0.0267
	-0.0084
	0.0034
	-0.0050
	0.0044
	0.0000
	0.0116
	-0.0156
	0.0891
	0.3377
	0.4622 **

	BY
	0.0250
	-0.0357
	0.0179
	0.0042
	-0.0013
	-0.0270
	0.0215
	-0.0014
	-0.0012
	0.0123
	-0.0008
	0.0359
	-0.0019
	0.7525
	-0.0893
	0.7107 **

	HI
	-0.1623
	0.3942
	-0.2059
	-0.0105
	0.0009
	0.0316
	-0.0075
	0.0075
	-0.0087
	0.0076
	0.0004
	0.0234
	-0.0087
	-0.1106
	0.6081
	0.5596 **


Abbreviations: DFI= Days to flower initiation, DFF= Days to 50% flowering, DPI= Days to pod initiation, DM= Days to maturity, PH=  Plant height (cm), PB= Numbers of primary branches/ plant, SB= Numbers of secondary branches/ plant, LMR= Length of main raceme (cm), SMR= Numbers of siliquae on main raceme, S/PL= Numbers of seeds per plant,  S/SL= Numbers of seeds per siliquae, SD/PL= Numbers of seeds per plant, TW= 1000-seed weight (g)  BY= Biological yield, HI= Harvest index, SY= Seed yield per plant (g/plant)
Table 7 Path coefficient analysis showing the direct and indirect effect of 16 characters on the seed yield at phenotypic level 
	Trait
	 DFI
	DFF
	 DPI
	 DM
	PH
	 PB
	SB
	 LMR
	SMR
	S/PL
	 S/SL
	SD/PL
	TW
	BY
	HI
	SY

	 DFI
	0.1504
	-0.3396
	0.1440
	0.4297
	-0.0013
	-0.0299
	0.0124
	-0.0088
	0.0165
	-0.0034
	-0.0002
	-0.0116
	0.0051
	0.0799
	-0.4127
	-0.3847 **

	DFF
	0.1481
	-0.3448
	0.1456
	0.0140
	-0.0011
	-0.0278
	0.0114
	-0.0080
	0.0161
	-0.0040
	-0.0002
	-0.0143
	0.0051
	0.0471
	-0.4119
	-0.4246 **

	DPI
	0.1481
	-0.3433
	0.1463
	0.0141
	-0.0011
	-0.0280
	0.0117
	-0.0083
	0.0165
	-0.0039
	-0.0002
	-0.0141
	0.0051
	0.0459
	-0.4126
	-0.4239 **

	DM
	0.1138
	-0.2555
	0.1091
	0.0189
	-0.0024
	-0.0257
	0.0125
	-0.0062
	0.0118
	0.0014
	-0.0011
	0.0013
	0.0034
	0.1613
	-0.3205
	-0.1779 *

	PH
	0.0226
	-0.0434
	0.0192
	0.0052
	-0.0087
	-0.0081
	0.0012
	-0.0018
	0.0015
	0.0005
	-0.0008
	-0.0015
	-0.0008
	0.1085
	-0.0615
	0.0321

	PB
	0.0938
	-0.1997
	0.0855
	0.0101
	-0.0015
	-0.0480
	0.0240
	-0.0152
	0.0166
	0.0033
	0.0001
	0.0146
	0.0029
	0.2930
	-0.2733
	0.0063

	SB
	0.0550
	-0.1165
	0.0506
	0.0070
	-0.0003
	-0.0340
	0.0338
	-0.0102
	0.0115
	0.0089
	0.0000
	0.0352
	0.0013
	0.3059
	-0.0824
	0.2659 **

	LMR
	-0.0462
	0.0963
	-0.0425
	-0.0041
	0.0006
	0.0255
	-0.0120
	0.0285
	-0.0223
	0.0017
	-0.0002
	0.0061
	-0.0009
	-0.0365
	0.1518
	0.1458

	SMR
	-0.0727
	0.1621
	-0.0707
	-0.0065
	0.0004
	0.0233
	-0.0114
	0.0186
	-0.0342
	0.0037
	-0.0005
	0.0084
	-0.0012
	0.0254
	0.1651
	0.2099 *

	S/PL
	-0.0253
	0.0688
	-0.0288
	0.0013
	-0.0002
	-0.0079
	0.0151
	0.0025
	-0.0064
	0.0200
	-0.0013
	0.0686
	-0.0016
	0.4297
	0.2115
	0.7459 **

	S/SL
	-0.0056
	0.0156
	-0.0070
	-0.0055
	0.0019
	-0.0018
	0.0003
	-0.0018
	0.0046
	-0.0069
	0.0039
	0.0007
	0.0001
	-0.0682
	0.0291
	-0.0407

	SD/PL
	-0.0232
	0.0656
	-0.0274
	0.0003
	0.0002
	-0.0093
	0.0158
	0.0023
	-0.0038
	0.0182
	0.0000
	0.0752
	-0.0014
	0.4318
	0.2248
	0.7693 **

	TW
	-0.0977
	0.2249
	-0.0949
	-0.0081
	-0.0009
	0.0180
	-0.0055
	0.0033
	-0.0054
	0.0041
	0.0000
	0.0138
	-0.0078
	0.0867
	0.3213
	0.4516 **

	BY
	0.0161
	-0.0217
	0.0090
	0.0041
	-0.0013
	-0.0188
	0.0138
	-0.0014
	-0.0012
	0.0115
	-0.0004
	0.0434
	-0.0009
	0.7483
	-0.0882
	0.7123 **

	HI
	-0.1045
	0.2392
	-0.1016
	-0.0102
	0.0009
	0.0221
	-0.0047
	0.0073
	-0.0095
	0.0071
	0.0002
	0.0285
	-0.0042
	-0.1112
	0.5938
	0.5531 **


Abbreviations: DFI= Days to flower initiation, DFF= Days to 50% flowering, DPI= Days to pod initiation, DM= Days to maturity, PH=  Plant height (cm), PB= Numbers of primary branches/ plant, SB= Numbers of secondary branches/ plant, LMR= Length of main raceme (cm), SMR= Numbers of siliquae on main raceme, S/PL= Numbers of seeds per plant,  S/SL= Numbers of seeds per siliquae, SD/PL= Numbers of seeds per plant , TW= 1000-seed weight (g)  BY= Biological yield, HI= Harvest index, SY= Seed yield per plant (g/plant)
Conclusion 
The present investigation exposed considerable genetic variability among Brassica genotypes for several agronomical and yield attributing traits. High estimates of heritability, along with considerable genetic advance and high genotypic and phenotypic coefficients of variation for traits such as seed yield per plant, biological yield, numbers of siliquae per plant and numbers of seeds per siliquae, suggested that these traits are predominantly governed by additive gene action and can be effectively improved through simple selection strategies. The positive associations of these traits with seed yield further emphasized their role in yield enhancement. In contrast, traits like days to flowering and maturity displayed negative associations with seed yield, demonstrating that early-maturing genotypes may offer a yield advantage under rainfed or moisture-limited circumstances. These verdicts have practical implications for farmers, especially in semi-arid and rainfed regions, as the identified traits and genotypes can serve as reliable indicators for selecting high-yielding, early-maturing and resource-efficient Brassica varieties. Adoption of such improved varieties can enhance mustard productivity, contribute to the stability of oilseed production systems and support the livelihood security of mustard-growing communities.
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