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Abstract
Knowledge of genetic variation and how yield-related characteristics are inherited forms the foundation for crop improvement programs in Indian mustard (Brassica juncea L.). This study was conducted to examine variability parameters, heritability estimates, and expected genetic gains for seed yield and associated characteristics. The experimental material comprised ten parental genotypes and their forty-five F₁ hybrids evaluated across fifteen quantitative traits using a randomized block design with three replications. Analysis of variance demonstrated highly significant differences among genotypes for all characteristics under study, confirming the presence of considerable genetic diversity within the material. High phenotypic and genotypic coefficient of variation values (>20%) were recorded for biological yield per plant, seed yield per plant, harvest index, siliquae number per plant, and primary and secondary branch numbers. These findings point to substantial opportunities for improvement through phenotypic selection. Moderate GCV and PCV values characterized plant height, leaf area index, test weight, and flowering duration traits. The minimal differences observed between phenotypic and genotypic coefficients across most characteristics suggested limited environmental interference in their expression. Traits including siliquae number per plant, plant height, harvest index, seed yield per plant, biological yield per plant, and main raceme length exhibited high heritability combined with high genetic advance (as percentage of mean). This pattern indicates predominance of additive gene effects and supports the efficacy of direct selection methods. Oil content, while showing high heritability, demonstrated low genetic advance, suggesting non-additive gene effects may be involved. The results collectively indicate that selection focused on key yield determinants can substantially improve seed yield and productivity in Indian mustard breeding initiatives.
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1. Introduction,
Oilseed crops occupy a vital position within India's agricultural economy, contributing significantly to both food security and farmer livelihoods. Among these, rapeseed-mustard, particularly Brassica juncea, commands special attention due to its extensive adaptability across diverse agro-climatic zones and substantial economic relevance. Following soybean, it represents the second most important edible oilseed crop nationally, making considerable contributions to domestic vegetable oil production and rural income generation (Kumar et al. 2025). Despite this importance, productivity levels of oilseed crops across India continue to hover at relatively modest and unpredictable levels. This situation underscores the necessity for sustained genetic enhancement through systematically designed breeding programs.
Current cultivation statistics indicate that rapeseed-mustard occupies approximately 9.0 million hectares annually, producing between 12 and 13 million tonnes with average productivity ranging from 1.4 to 1.5 tonnes per hectare (Directorate of Economics and Statistics, Government of India-2023). These figures, however, remain substantially below the achievable yield potential exceeding 2.0 tonnes per hectare under improved varieties combined with optimal management practices. This productivity gap highlights existing limitations within the genetic base and reinforces the urgency for targeted breeding interventions. Recent research highlights the importance of genetic analysis and heterosis breeding to enhance seed yield and associated traits in Indian mustard (Rout et al., 2025.)
Three fundamental parameters—genetic variability, heritability, and genetic advance, serve as essential tools for evaluating and improving breeding efficiency in Indian mustard programs. Sufficient genetic diversity among genotypes for yield and its component characteristics creates opportunities for effective selection and hybridization work. When genotypic coefficient of variation registers high values alongside minimal divergence between phenotypic and genotypic variation, environmental influence is considered limited, thereby strengthening selection reliability. Studies in Indian mustard have demonstrated the presence of substantial variability for yield and yield-related traits, indicating significant opportunities for effective selection and crop improvement (Aragi et al., 2023)
Heritability estimates help breeders understand the proportion of phenotypic variation governed by genetic factors, thereby guiding selection efficiency. When heritability is considered along with genetic advance, it provides valuable information about gene action. High heritability coupled with high genetic advance generally suggests additive gene effects and the effectiveness of selection for trait improvement (Choudhary et al., 2025). 
Therefore, integrated assessment combining genetic variability, heritability estimates, and genetic advance calculations provides a robust foundation for identifying superior genotypes and formulating effective breeding strategies aimed at enhancing Indian mustard productivity across diverse growing conditions (Meena et al., 2024). 
Despite these advances, many investigations are limited to single-season or single-location evaluations, which may not adequately capture genotype × environment interactions affecting trait expression and yield stability. In addition, most studies rely largely on conventional biometrical approaches, leaving considerable scope for integrating modern genomic and high-throughput phenotyping tools to enhance selection accuracy. Future research should therefore prioritize multi-environment testing, wider germplasm utilization, and the application of molecular breeding, genomic selection, and trait-based ideotype development. Such an integrated approach combining classical quantitative genetics with advanced genomic tools will be essential for developing climate-resilient, high-yielding, and resource-efficient mustard cultivars capable of meeting the growing demand for edible oil under changing agro-ecological conditions.
Against this background, the present investigation was conducted to assess the level of genetic variability among Indian mustard genotypes for seed yield and its associated traits. The study also aimed to estimate genotypic and phenotypic coefficients of variation, determine heritability and genetic advance, and identify key characters that can be effectively utilized in selection programmes for developing high-yielding mustard varieties.
2. Materials and Methods
2.1 Plant Material and Crossing Scheme
The experimental material originated from crosses developed using ten genetically diverse parental lines: Swarna, TERIGZ05, IC-491262, IC-491403, IC-491520, IC-491560, IC-520764, IC-521378, IC-546946, and Divya. The parental materials were collected from NBPGR, New Delhi. Hybridization followed a half-diallel mating design excluding reciprocals during the Rabi season of 2023–2024. The complete study included 55 genotypes comprising 45 F₁ hybrids together with the 10 parental lines.
2.2 Field Experimentation
Field evaluation took place during the Rabi 2024–2025 season at the agricultural research farm of CCRD College, Muzaffarnagar. The experiment employed a randomized block design with three replications. Each genotype was planted in individual rows measuring 5 meters in length. Row spacing measured 45 cm, while plant-to-plant spacing was maintained at 15 cm through thinning operations. Standard agronomic practices appropriate for the crop were uniformly applied throughout the growing season. Soil texture across the experimental area ranged from sandy loam to loam types.
2.3 Trait Measurement
Data collection focused on five randomly selected plants from each genotype within every replication. Fifteen quantitative traits were recorded including: days to first flowering (DF1), days to 50% flowering (DF2), days to maturity (DM), number of primary branches per plant (NPB), number of secondary branches per plant (NSB), plant height (PH), length of main raceme (LMR), leaf area index (LAI), number of siliquae per plant (NSP), number of seeds per siliqua (NSS), thousand seed weight (TSW), biological yield per plant (BYP), seed yield per plant (SYP), harvest index (HI), and oil content (OC).
2.4 Statistical Procedures
All recorded observations were statistically analysed to quantify the magnitude of variation and to estimate genetic parameters for the studied characters. The mean values of individual genotypes were first computed and subjected to analysis using established biometrical techniques.
2.4.1 Procedure for Analysis of variance
Analysis of variance (ANOVA) was conducted following procedures described by Panse and Sukhatme (1967) to test treatment differences. To determine whether the genotypes differed significantly for the traits under study, an analysis of variance was carried out for the randomized block design. The total variability observed in the experiment was partitioned into variation due to genotypes, replications and experimental error. The significance of treatment differences was tested using the F-test at appropriate probability levels. This procedure helped establish whether the observed variation among genotypes was real and not the result of random environmental fluctuations.
2.4.2 Procedure for estimation of variance components
Components of variance were derived from the mean squares obtained from ANOVA. Environmental variance was represented by the error mean square, while genotypic variance was obtained by adjusting the treatment mean square for error and number of replications. Phenotypic variance was then estimated as the sum of genotypic and environmental variances. These components formed the basis for further genetic parameter estimation.
2.4.3 Procedure for estimating genotypic and phenotypic coefficients of variation
Coefficient of variation estimation followed Burton's (1952) methodology to assess variability extent within the experimental material. To understand the relative extent of variability, genotypic and phenotypic coefficients of variation were calculated by expressing the square root of respective variance components as a percentage of the trait mean. These measures provide a standardized comparison of variability across different characters.
2.4.4 Procedure for estimating heritability (broad sense)
Broad-sense heritability calculations used Hanson's (1982) approach to determine genetic variance proportions within total phenotypic variance expressed as a percentage. This parameter indicates the proportion of observable variation that is inherited and therefore useful for selection.
2.4.5. Procedure for estimating genetic advance
Genetic advance and genetic advance as percentage of mean were computed following Johnson et al. (1955) to evaluate expected selection responses.The expected progress from selection was assessed by estimating genetic advance using the phenotypic standard deviation, heritability and the selection differential corresponding to a 5% selection intensity. Genetic advance was further expressed as a percentage of the mean to facilitate comparison among traits.
Together, these statistical measures provided a comprehensive understanding of the nature and extent of variability, the inheritance pattern of traits, and the likely effectiveness of selection for improving seed yield and related characters in Indian mustard.
3. Results and Discussion
[bookmark: _GoBack]3.1 Variation Among Genotypes
Analysis of variance performed across all fifteen characteristics revealed highly significant differences among treatments for every trait examined which were depicted in Table 1. This finding confirms substantial genetic variability exists within the experimental material comprising parental lines and their hybrid combinations.
Seed yield, representing a complex quantitative characteristic influenced by multiple component traits, displayed considerable variation that creates opportunities for effective selection and recombination breeding strategies. Phenological traits including days to first flowering, days to 50% flowering, and days to maturity showed significant variation, suggesting possibilities exist for identifying genotypes suited to varied agro-climatic conditions. The importance of variability in phenological traits for crop adaptation has also been emphasized by Bind et al. (2014) and Yadava et al. (2011)
Plant height differences together with branching pattern variations indicate scope exists for modifying plant architecture to improve photosynthetic efficiency and yield potential. 
Yield-contributing characteristics including siliquae number per plant, seeds per siliqua, and thousand seed weight similarly demonstrated wide variability, suggesting indirect selection focused on these components could effectively improve seed yield. According to reports from the Indian Council of Agricultural Research (2022), yield in mustard is primarily governed by these component traits, and improvement in these characters often leads to cumulative gains in seed productivity.
 Oil content differences among genotypes highlight opportunities for simultaneous improvement of both productivity and quality characteristics. Non-significant replication effects across all traits confirmed experimental conditions remained consistent and reliable throughout the study period. Variation in oil content among genotypes also suggests the possibility of improving both productivity and quality simultaneously. Earlier studies have reported that oil content exhibits sufficient genetic variability for improvement through breeding (Meena et al., 2024).
3.2 Variability Parameters
Genetic variability within breeding populations serves as essential prerequisite for successful genotype selection. Variability parameters estimated in this study revealed important patterns regarding trait expression and selection potential. The findings related to variability parameters were shown in Table 2 and Figure 1
High phenotypic and genotypic coefficient of variation values exceeding 20% characterized biological yield per plant (41.10%, 41.79%), seed yield per plant (35.81%, 36.32%), harvest index (23.85%, 24.08%), siliquae number per plant (21.93%, 21.94%), secondary branch number (20.64%, 21.44%), and primary branch number (20.24%, 22.18%). These elevated values indicate considerable selection scope exists for improving these characteristics.
Moderate variability estimates ranging from 10-20% were recorded for leaf area index (19.13%, 19.86%), thousand seed weight (18.82%, 19.8%), plant height (13.19%, 13.21%), days to 50% flowering (10.51%, 10.66%), days to first flowering (10.37%, 10.53%), and main raceme length (10.5%, 10.65%). Remaining traits exhibited relatively limited variability below 10%.
The narrow differences observed between phenotypic and genotypic coefficient values across most characteristics indicate environmental factors exerted minimal influence while genetic components played predominant roles in trait expression. This pattern supports the effectiveness of phenotypic performance as selection criterion. Similar findings have been documented by Chaudhary et al. (2023), Prajapati et al. (2025), and Tiwari et al. (2025).
These variability parameter results highlight key traits suitable for selection and establish strong foundation for improving seed yield and related characteristics in Indian mustard breeding programs.
3.3 Heritability and Expected Genetic Gains
Broad-sense heritability estimates together with genetic advance values and genetic advance expressed as percentage of mean were calculated for all characteristics under study. Heritability estimates ranged from moderate to very high levels (76.28% to 99.93%), confirming genetic factors predominantly governed most traits. Heritability values were presented in Table 2 and Fig 2. High heritability exceeding 75% characterized important traits including siliquae number per plant (99.93%), plant height (99.65%), harvest index (98.12%), main raceme length (97.24%), seed yield per plant (97.22%), days to 50% flowering (97.09%), days to first flowering (96.95%), biological yield per plant (96.69%), days to maturity (94.42%), leaf area index (92.83%), secondary branch number per plant (92.66%), test weight (90.33%), primary branch number per plant (83.28%), oil content (77.28%), and seeds per siliqua (76.28%). Similar findings have been reported by Meena and Bishnoi (2023) and Anita et al. (2024), who emphasized the role of additive gene effects in the inheritance of yield traits in Indian mustard.
Genetic advance expressed as percentage of mean varied considerably among traits, indicating differences in expected selection responses. High genetic advance exceeding 20% was recorded for biological yield per plant, seed yield per plant, harvest index, siliquae number per plant, secondary branch number per plant, primary branch number per plant, leaf area index, test weight, plant height, main raceme length, and flowering-related traits. Moderate genetic advance (10-20%) characterized seeds per siliqua, while remaining traits showed relatively low values below 10%.
The combination of high heritability together with substantial genetic advance observed for siliquae number per plant, plant height, harvest index, main raceme length, seed yield per plant, flowering traits, biological yield, and branching characteristics suggests additive gene action predominates for these traits. This pattern indicates these characteristics can be effectively improved through direct phenotypic selection. Earlier investigations by Gadi et al. (2020), Gupta et al. (2025), Prajapati et al. (2025), Choudhary et al. (2025), and Perween et al. (2024) similarly reported high heritability accompanied by high genetic advance for seed yield and its component traits.
Characteristics displaying high heritability but comparatively limited genetic advance, exemplified by oil content, likely involve non-additive gene effects. For such traits, simple selection approaches may prove less effective; while breeding strategies such as heterosis breeding or hybrid development may offer greater promise. These findings align with previous research indicating yield and related traits are largely controlled by additive genetic effects, making selection a viable strategy for genetic improvement in Indian mustard.
4. Conclusions
This investigation demonstrated substantial genetic variability exists among the parental lines and F₁ hybrids of Indian mustard for all characteristics studied, indicating considerable potential for genetic enhancement through selection and hybridization approaches. The relatively minor differences observed between phenotypic and genotypic coefficient values across most characteristics suggested environmental factors had limited influence on trait expression.
Key yield-contributing traits including siliquae number per plant, plant height, harvest index, seed yield per plant, biological yield, and branching characteristics exhibited high heritability combined with substantial genetic advance. This pattern confirms additive gene action predominates for these traits and validates the effectiveness of direct selection for their improvement.
Conversely, traits such as oil content demonstrated high heritability but limited genetic advance, suggesting non-additive gene effects may be involved and alternative breeding approaches including heterosis breeding may be required. The study collectively emphasizes that selection focused on yield-contributing characteristics can be effectively employed to enhance Indian mustard productivity, while traits governed by non-additive gene action may necessitate hybrid breeding approaches for continued improvement.
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Table 1: Analysis of variance for 15 characters in Indian mustard
	Source of variation
	Df
	DF1
	DF2
	DM
	NPB
	NSB
	PH 
	LMR 
	LAI
	NSP
	NSS
	TSW
	BYP 
	SYP 
	HI 
	OC 

	REP
	2
	1.32
	4.62
	25.22
	0.52
	0.18
	38.34
	6.65
	0.10
	3.89
	0.83
	0.06
	3.07
	1.23
	1.12
	0.81

	Treat
	54
	74.32**
	134.93**
	111.20**
	8.92**
	31.20**
	1897.28**
	140.56**
	1.72**
	8129.41**
	6.56**
	2.84**
	2067.33**
	110.34**
	136.24**
	5.47**

	Error
	108
	0.83
	1.33
	2.17
	0.56
	0.80
	2.14
	1.33
	0.05
	1.91
	0.62
	0.10
	23.56
	1.06
	0.86
	0.55


*, ** significant at 5% and 1% level, respectively
Table 2: Mean, range, genetic variance, phenotypic variance, heritability, genetic advance and coefficient of variation (PCV & GCV), for 15 characters in Indian mustard.
	S.N.
	Traits
	Mean
	Min
	Max
	Var (g)
	Var (p)
	Heritability %
	GA
	GA % mean
	GCV%
	PCV%

	1.
	Days to First flowering
	49.25
	37.33
	59.67
	26.06
	26.88
	96.95
	10.35
	21.02
	10.37
	10.53

	2.
	Days to 50% flowering
	63.35
	47.67
	76.00
	44.31
	45.63
	97.09
	13.51
	21.33
	10.51
	10.66

	3.
	Days to maturity
	134.98
	124.00
	153.00
	36.94
	39.13
	94.42
	12.17
	9.01
	4.50
	4.63

	4.
	Number of primary branches per plant
	8.17
	4.68
	12.34
	2.74
	3.29
	83.28
	3.11
	38.05
	20.24
	22.18

	5.
	Number of secondary branches per plant
	15.29
	8.13
	22.69
	9.96
	10.75
	92.66
	6.26
	40.93
	20.64
	21.44

	6.
	Plant height (cm)
	188.87
	144.50
	245.63
	620.38
	622.53
	99.65
	51.22
	27.12
	13.19
	13.21

	7.
	Length of main raceme (cm)
	64.65
	48.59
	82.58
	46.11
	47.42
	97.24
	13.79
	21.34
	10.50
	10.65

	8.
	Leaf area index 
	4.03
	2.44
	5.60
	0.59
	0.64
	92.83
	1.53
	37.97
	19.13
	19.86

	9.
	Number of siliquae per plant
	239.85
	110.51
	419.25
	2767.50
	2769.37
	99.93
	108.33
	45.17
	21.93
	21.94

	10.
	Number of seeds per siliqua
	15.29
	12.14
	18.32
	1.95
	2.56
	76.28
	2.51
	16.44
	9.13
	10.46

	11.
	Test weight (g)
	5.04
	3.27
	6.73
	0.90
	0.99
	90.33
	1.86
	36.85
	18.82
	19.80

	12.
	Harvest index (%)
	27.94
	12.20
	37.48
	44.41
	45.26
	98.12
	13.60
	48.67
	23.85
	24.08

	13.
	Oil content (%)
	35.97
	32.48
	40.10
	1.83
	2.37
	77.28
	2.45
	6.82
	3.77
	4.28

	14.
	Biological yield (g/plant)
	63.30
	19.39
	192.05
	676.81
	699.95
	96.69
	52.70
	83.25
	41.10
	41.79

	15.
	Seed yield (g/plant)
	17.00
	5.94
	33.26
	37.08
	38.14
	97.22
	12.37
	72.74
	35.81
	36.32







Figure:01. Comparision of PCV & GCV for different yield and yield contributing  traits , showing higher PCV than GCV across all characters.
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Figure:02. Heritability (%) of 15 yield and yield contributing traits , indicating generally high heritability across most traits.
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