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Generation Mean Analysis of Yield and Yield Component Traits in Indian Mustard (Brassica juncea L. Czern. & Coss.) 

Abstract
Understanding the genetic basis of seed yield and component traits is essential for developing efficient breeding strategies in Indian mustard (Brassica juncea L. Czern. & Coss.), where yield is governed by multiple genes and their interactions. The present study was undertaken to estimate the nature and magnitude of gene effects controlling seed yield and component traits in the cross PYR 2021-5 × PYR 2021-6 using generation mean analysis. Six basic generations (P1, P2, F1, F2, BC1 and BC2) were evaluated in a Compact Family Block Design with three replications during the Rabi 2025-26 season. Sixteen quantitative traits were recorded and genetic parameters were estimated using scaling tests, joint scaling analysis and Hayman's six-parameter model. Scaling tests revealed epistasis for all traits except siliqua length, while joint scaling analysis showed that fourteen traits required four-, five-, or six-parameter digenic interaction models, highlighting the importance of epistatic interactions in their inheritance. Significant additive and dominance effects were detected for most traits, with additive × additive and dominance × dominance interactions contributing substantially to their inheritance. Duplicate epistasis was observed for ten economically important traits, including seed yield per plant, thousand-seed weight and oil content, indicating complex inheritance. The findings demonstrate that both additive and non-additive gene effects govern yield and component traits, suggesting that delayed selection combined with pedigree breeding or recurrent selection may be effective for developing improved mustard genotypes.
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1. Introduction
The increasing demand for edible oils, coupled with the limited scope for expanding cultivated land, has intensified the need to improve the productivity and quality of oilseed crops through efficient breeding strategies (Chao et al., 2023). Among the major oilseed crops, Indian mustard (Brassica juncea L. Czern. & Coss.) occupies a prominent position owing to its wide adaptability and diverse uses in food, feed and industry. Despite sustained breeding efforts, the average productivity of Indian mustard remains below its attainable potential. This is largely because seed yield is a complex trait governed by multiple genetic and environmental factors and expressed through several polygenically inherited component traits (Saroj et al., 2021). This makes direct selection for yield less efficient than selection based on its component traits. Evidence from contrasting thermal environments further indicates that genotype-specific responses can alter phenological, physiological and yield-related traits in Indian mustard, emphasising the importance of interpreting genetic performance within the relevant environmental context (Amita et al., 2024).
Understanding the genetic basis of yield and component traits is therefore fundamental to developing effective breeding strategies. The relative contributions of additive, dominance, and epistatic gene effects determine the efficiency of selection, the breeding method to be adopted and the generation in which selection is likely to be most effective (Falconer & Mackay, 1996; Mather & Jinks, 1982). Generation mean analysis (GMA) is a widely used biometrical approach for partitioning the genetic effects controlling quantitative traits. The method uses the means of six basic generations (P1, P2, F1, F2, BC1 and BC2) to estimate additive, dominance and digenic epistatic effects while simultaneously testing the adequacy of the additive-dominance model through scaling tests. In addition to estimating genetic parameters, the approach also helps determine whether the additive-dominance model adequately explains the inheritance of a trait or whether epistatic interactions should be considered. Previous studies in Indian mustard have demonstrated that both additive and non-additive gene effects contribute to the inheritance of seed yield and component traits, with duplicate epistasis frequently reported for several economically important traits (Prajapati et al., 2014; Pathak et al., 2024). However, the type and magnitude of gene action expressed are known to vary with the parental combination and genetic background under study, which means that estimates from one cross cannot simply be extended to another.  Generation-based analyses in Indian mustard have similarly shown that additive, dominance and epistatic effects can jointly influence yield and related traits, further supporting cross-specific evaluation of gene action (Singh et al., 2023). Recent morphological, multi-trait and molecular investigations also indicate that improvement of seed yield and associated traits depends on coordinated selection among component traits and on resolving the genetic basis of key characters such as seed weight (Saha et al., 2024; Yang et al., 2024; Kumar et al., 2025).
The cross was developed from two yellow-seeded breeding lines. Yellow-seeded genotypes of Brassica juncea have generally been associated with higher oil content and improved meal quality than brown-seeded types (Vera et al., 1979; Rahman & McVetty, 2011), making them valuable parental material for quality improvement. However, information on the inheritance of yield and yield-related traits in this genetic background remains limited. Nevertheless, the relative contributions of additive, dominance and digenic epistatic effects to yield and yield-related traits in the yellow-seeded cross PYR 2021-5 × PYR 2021-6 remain insufficiently characterised. Given this background, the present study was undertaken to estimate the nature and magnitude of additive, dominance and epistatic gene effects governing seed yield and yield-related traits in the Indian mustard cross PYR 2021-5 × PYR 2021-6 using generation mean analysis. The findings of the present study are expected to provide insights into the genetic architecture of these traits and facilitate the development of appropriate breeding strategies for Indian mustard improvement.
2. Material and Methods
2.1 Plant Material and Experimental Design
The field experiment was conducted using six generations (P1, P2, F1, F2, BC1 and BC2) derived from the cross PYR 2021-5 × PYR 2021-6 of Indian mustard (Brassica juncea L. Czern. & Coss.) at the Norman E. Borlaug Crop Research Centre, GBPUA&T, Pantnagar, Uttarakhand. The development of the experimental material and advancement of generations are presented in Figure 1. The six generations were evaluated during the Rabi 2025–26 season in a Compact Family Block Design (CFBD) with three replications. The non-segregating generations (P1, P2 and F1) were planted in single rows, whereas the segregating generations (F2, BC1 and BC2) were grown in 12, 10 and 10 rows, respectively. Each row measured 3 m in length with a spacing of 30 cm between rows and 10 cm between plants. Recommended agronomic and plant protection practices were followed uniformly throughout the crop season to ensure healthy crop growth.
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Fig. 1. Crossing scheme showing development of six basic generations (P1, P2, F1, F2, BC1 and BC2) from the cross PYR 2021-5 × PYR 2021-6
Observations were recorded on sixteen quantitative traits, viz. days to flowering initiation (DFI), days to 50% flowering (DF), days to flowering senescence (DFS), days to maturity (DM), plant height (PH, cm), main raceme length (MRL, cm), number of primary branches per plant (NPB), number of secondary branches per plant (NSB), number of siliquae on the main raceme (SMR), siliqua length (SL, cm), number of seeds per siliqua (NSPS), siliqua density (SD), seed yield per plant (SYP, g), thousand-seed weight (TSW, g), protein content (PC, %) and oil content (OC, %). Observations on flowering and maturity were recorded on a plot basis, whereas data for the remaining traits were recorded from five randomly selected plants in each replication of the non-segregating generations (P1, P2 and F1) and twenty-five randomly selected plants in each replication of the segregating generations (F2, BC1 and BC2).
2.2 Statistical Analysis
Generation mean analysis was carried out using the means of the six basic generations to assess the genetic control of the studied traits. Initially, the adequacy of the additive-dominance model was examined using the four scaling tests (A, B, C and D) proposed by Mather (1949) and further described by Mather and Jinks (1982). The scaling tests were computed as:
A = 2B̅1 - P̅1 - F̅1
B = 2B̅2 - P̅2 - F̅1
C = 4F̅2 - 2F̅1 - P̅1 - P̅2
D = 2F̅2 - B̅1 - B̅2
where P̅1, P̅2, F̅1, F̅2, B̅1 and B̅2 are the mean values of six basic generations, with B̅1 and B̅2 representing the backcross generations BC1 and BC2, respectively. The significance of each scale was tested using Student's t-test after estimating the corresponding standard errors. Significant deviations of any scaling test from zero indicated the inadequacy of the additive-dominance model and suggested the involvement of non-allelic interactions. 
For traits exhibiting significant epistatic interactions, genetic parameters were estimated using the six-parameter model proposed by Hayman (1958). The six-parameter model estimates the overall mean [m], additive [d], dominance [h], additive × additive [i], additive × dominance [j] and dominance × dominance [l] gene effects, which were calculated as follows:
[m] = F̅2
[d] = B̅1 - B̅2
[h] = F̅1 - 4F̅2 - (1/2) P̅1 - (1/2) P̅2 + 2B̅1 + 2B̅2
[i] = 2B̅1 + 2B̅2 - 4F̅2
[j] = B̅1 - (1/2) P̅1 - B̅2 + (1/2) P̅2
[l] = P̅1 + P̅2 + 2F̅1 + 4F̅2 - 4B̅1 - 4B̅2
where P̅1, P̅2, F̅1, F̅2, B̅1 and B̅2 denote generation means, with B̅1 and B̅2 representing the backcross generations BC1 and BC2, respectively. The significance of individual genetic parameters was evaluated using Student's t-test, and the nature of epistasis was interpreted based on the significance and direction of the interaction effects following Mather and Jinks (1982). The joint scaling test proposed by Cavalli (1952) was subsequently employed to determine the most appropriate genetic model for each trait. Model adequacy was assessed using the chi-square (χ²) goodness-of-fit test and parameter estimates were obtained from the best-fitting model. Depending on the significance of the estimated genetic parameters, the best-fitting model comprised two, three, four, five, or six parameters. Within the additive-dominance framework, the fitted model could contain either two or three parameters depending on whether the dominance effect (h) was retained after model selection. Four-, five-, and six-parameter models additionally included one or more epistatic interaction components ([i], [j] and/or [l]) together with the main gene effects. All generation mean analyses were performed using STPRGEN software.




3. Results and Discussion
3.1 Adequacy of the Genetic Model and Scaling Tests
The estimates of the scaling tests (A, B, C and D) for yield and its component traits in the cross PYR 2021-5 × PYR 2021-6 are presented in Table 1. The significance of one or more scales indicates the involvement of epistasis, whereas non-significant values suggest that the additive-dominance model is adequate for describing the inheritance of the trait.
Table 1. Estimates of scaling tests for yield and its component traits in Indian mustard (Brassica juncea L. Czern. & Coss.) cross PYR 2021-5 × PYR 2021-6
	Trait
	Scale A
	Scale B
	Scale C
	Scale D

	DFI
	-0.33 ± 0.82
	1.67 ± 0.82*
	4.00 ± 2.45
	2.33 ± 1.89

	DF
	0.33 ± 0.82
	1.33 ± 0.82
	6.33 ± 1.56**
	-1.67 ± 1.67

	DFS
	-0.33 ± 0.82
	-1.33 ± 0.94
	9.67 ± 1.63**
	14.00 ± 1.56**

	DM
	2.00 ± 0.94*
	-1.67 ± 0.94
	17.67 ± 1.83**
	-0.67 ± 1.67

	PH
	3.62 ± 1.39**
	4.93 ± 0.77**
	18.39 ± 1.39**
	21.82 ± 1.13**

	MRL
	11.71 ± 0.71**
	14.30 ± 0.34**
	17.71 ± 0.71**
	14.24 ± 1.65**

	NPB
	0.07 ± 0.14
	0.39 ± 0.13**
	-1.77 ± 0.15**
	-1.12 ± 0.11**

	NSB
	0.74 ± 0.25**
	0.35 ± 0.46
	-4.67 ± 0.90**
	-2.88 ± 0.46**

	SMR
	-3.69 ± 0.86**
	0.02 ± 0.70
	-26.80 ± 1.87**
	-11.56 ± 0.94**

	SL
	0.00 ± 0.19
	0.14 ± 0.38
	0.01 ± 0.29
	-0.07 ± 0.22

	NSPS
	0.14 ± 0.37
	-1.40 ± 0.31**
	2.03 ± 0.80*
	1.64 ± 0.31**

	SD
	0.33 ± 0.02**
	0.29 ± 0.02**
	1.20 ± 0.07**
	0.29 ± 0.03**

	 SYP
	4.27 ± 0.86**
	0.90 ± 0.50
	-7.69 ± 1.53**
	-6.43 ± 0.77**

	TSW
	0.20 ± 0.27
	0.25 ± 0.23
	-0.51 ± 0.26
	-0.48 ± 0.13**

	PC
	1.86 ± 0.69**
	6.47 ± 0.68**
	14.28 ± 0.90**
	2.97 ± 0.48**

	OC
	-2.76 ± 0.34**
	-2.64 ± 0.64**
	-7.80 ± 1.57**
	-1.20 ± 0.83


* and ** indicate significance at P ≤ 0.05 and P ≤ 0.01, respectively. DFI = Days to flowering initiation; DF = Days to 50% flowering; DFS = Days to flower senescence; DM = Days to 75% maturity; PH = Plant height (cm); MRL = Main raceme length (cm); NPB = Number of primary branches per plant; NSB = Number of secondary branches per plant; SMR = Number of siliquae on the main raceme; SL = Siliqua length (cm); NSPS = Number of seeds per siliqua; SD = Siliqua density; SYP = Seed yield per plant (g); TSW = Thousand-seed weight (g); PC = Protein content (%); OC = Oil content (%)
Among the sixteen traits studied, only SL exhibited non-significant estimates for all four scales (A, B, C and D), indicating the absence of epistasis and suggesting that the additive-dominance model was adequate for this trait. In contrast, the remaining traits exhibited significant values for one or more scales, indicating the presence of non-allelic interactions and a more complex genetic control. Among the yield component traits, SMR exhibited significant A, C and D scales, whereas NSPS showed significant B, C and D scales. SD displayed highly significant estimates for all four scales, suggesting strong epistatic control. SYP exhibited significant A, C and D scales, indicating the involvement of epistatic interactions. Likewise, TSW showed a significant D scale despite non-significant A, B and C scales, suggesting the presence of epistasis. The quality trait PC recorded significant values for all four scales, while OC showed significant negative estimates for the A, B, and C scales, while the D scale remained non-significant.
Although the scaling tests provide useful preliminary evidence regarding the presence of epistasis, they are not sufficient to determine the most appropriate genetic model. Therefore, the adequacy of the additive-dominance model was further evaluated through joint scaling analysis, and the best-fitting genetic models are presented in Table 2. The joint scaling test indicated that DFI was adequately explained by a three-parameter additive-dominance model ([m], [d], and [h]), whereas SL was adequately explained by a reduced two-parameter additive-dominance model involving only the mean and additive effects. Among the digenic interaction models, DF, PH, SD, SYP, and OC were adequately explained by four-parameter models. DFS, NPB, NSB, TSW, and PC required five-parameter models, whereas DM, MRL, SMR, and NSPS were best explained by six-parameter models. The predominance of higher-order parameter models indicates that the inheritance of these traits was governed by different combinations of additive, dominance and epistatic effects. It is important to note that the parameter model reflects the minimum number of genetic parameters required to adequately explain the observed generation means and should not be interpreted as the number of generations required for effective selection.
The present findings are consistent with earlier reports in Indian mustard, where Prajapati et al. (2014) and Pathak et al. (2024) reported that the inheritance of most yield and component traits could not be adequately explained by the additive-dominance model and was better explained by digenic interaction models. Likewise, Patel et al. (2026) also reported that thousand-seed weight in Indian mustard was governed by additive, dominance and additive × additive gene effects. These findings emphasise that the expression of quantitative traits is highly dependent on the genetic background of the parental lines. A detailed interpretation of the individual gene effects estimated for each trait is presented in the following section.
3.2 Estimates of gene effects and breeding implications
The estimates of genetic parameters obtained from best-fitting models are presented in Table 2. The significance and magnitude of these parameters differed among the studied traits, indicating that no single genetic mechanism controlled all traits. The mean effect was retained in the best-fitting models for most of the studied traits and was significant wherever estimated, reflecting the contribution of the overall genetic background to trait expression. However, for SYP, the reduced four-parameter model provided the best fit and, therefore, the mean effect was not retained in the final model. These results indicate that the genetic architecture of the studied traits differed considerably, emphasising the importance of selecting the most appropriate genetic model before interpreting individual gene effects. Similar observations have been reported by Philanim et al. (2019), Askander (2020), Pathak et al. (2024) and Makwana et al. (2026) who also reported that the best-fitting models varied among traits depending on the underlying pattern of gene action.













Table 2.  Estimates of genetic parameters under the adequate genetic model with respective χ² value and type of epistasis for yield and its component traits in PYR 2021-5 × PYR 2021-6
	Trait
	Model
	[m]
	[d]
	[h]
	[i]
	[j]
	[l]
	χ²
	Type of epistasis

	DFI
	AD (3PM)
	46.47 ± 0.22**
	-1.20 ± 0.21**
	-2.53 ± 0.40**
	--
	--
	--
	0.68
	-

	DF
	DI (4PM)
	57.00 ± 0.69**
	-0.60 ± 0.21*
	-5.78 ± 0.93**
	-2.89 ± 0.75*
	--
	--
	2.40
	-

	DFS
	DI (5PM)
	127.42 ± 1.66**
	1.33 ± 0.27**
	-26.58 ± 4.02**
	-11.33 ± 1.63**
	--
	12.83 ± 2.49**
	0.75
	Duplicate

	DM
	DI (6PM)
	156.17 ± 1.65**
	1.50 ± 0.24**
	-36.17 ± 3.99**
	-17.33 ± 1.63**
	3.67 ± 1.05**
	17.00 ± 2.62**
	--
	Duplicate

	PH
	DI (4PM)
	185.93 ± 0.57**
	-9.57 ± 0.33**
	-8.20 ± 0.81**
	-9.36 ± 0.66**
	--
	--
	0.74
	-

	MRL
	DI (6PM)
	58.38 ± 0.97**
	4.48 ± 0.33**
	39.68 ± 2.90**
	8.30 ± 0.91*
	-2.59 ± 1.12
	-34.32 ± 1.95**
	--
	Duplicate

	NPB
	DI (5PM)
	4.74 ± 0.22**
	0.43 ± 0.03**
	5.23 ± 0.60**
	2.26 ± 0.22**
	--
	-2.75 ± 0.39**
	2.93
	Duplicate

	NSB
	DI (5PM)
	7.20 ± 0.86*
	0.85 ± 0.09**
	15.17 ± 1.83**
	6.04 ± 0.85*
	--
	-7.40 ± 1.04**
	0.71
	Duplicate

	SMR
	DI (6PM)
	27.73 ± 1.90**
	4.42 ± 0.23**
	41.41 ± 4.33**
	23.13 ± 1.89**
	-3.72 ± 0.99*
	-19.46 ± 2.57**
	--
	Duplicate

	SL
	AD (2PM)
	4.59 ± 0.03**
	0.19 ± 0.06*
	--
	--
	--
	--
	2.40
	-

	NSPS
	DI (6PM)
	16.01 ± 0.63**
	-1.01 ± 0.13*
	-8.02 ± 1.40**
	-3.29 ± 0.62*
	1.53 ± 0.34**
	4.55 ± 0.90**
	--
	Duplicate

	SD
	DI (4PM)
	1.92 ± 0.03**
	-0.02 ± 0.01*
	-0.63 ± 0.03**
	-0.61 ± 0.03**
	--
	--
	3.96
	-

	SYP
	DI (4PM)
	--
	--
	40.85 ± 0.72**
	14.59 ± 0.19**
	3.84 ± 0.73**
	-20.43 ± 0.85**
	1.55
	Duplicate

	TSW
	DI (5PM)
	3.10 ± 0.28**
	0.23 ± 0.08*
	2.49 ± 0.83*
	0.97 ± 0.25*
	--
	-1.43 ± 0.56*
	0.28
	Duplicate

	PC
	DI (5PM)
	29.06 ± 0.42**
	1.57 ± 0.17**
	-5.31 ± 0.67**
	-7.06 ± 0.45**
	-4.61 ± 0.86**
	--
	1.76
	-

	OC
	DI (4PM)
	43.21 ± 0.16**
	-0.95 ± 0.15**
	-4.29 ± 0.66**
	--
	--
	5.71 ± 0.58**
	2.12
	Duplicate


AD = Additive-Dominance model; DI = Digenic interaction model; PM = Parameter model; [m] = Overall mean; [d] = Additive effect; [h] = Dominance effect; [i] = Additive × additive interaction; [j] = Additive × dominance interaction; [l] = Dominance × dominance interaction; χ² = Chi-square goodness-of-fit. χ² values are not applicable to saturated six-parameter models. "--" indicates that the corresponding genetic parameter was not retained in the best-fitting model and therefore was not estimated. * and ** indicate significance at P ≤ 0.05 and P ≤ 0.01, respectively. DFI = Days to flowering initiation; DF = Days to 50% flowering; DFS = Days to flower senescence; DM = Days to 75% maturity; PH = Plant height (cm); MRL = Main raceme length (cm); NPB = Number of primary branches per plant; NSB = Number of secondary branches per plant; SMR = Number of siliquae on the main raceme; SL = Siliqua length (cm); NSPS = Number of seeds per siliqua; SD = Siliqua density; SYP = Seed yield per plant (g); TSW = Thousand-seed weight (g); PC = Protein content (%); OC = Oil content (%)







The additive gene effect represents the cumulative average effect of alleles transmitted from parents to their progenies and is considered the most exploitable component of genetic variation because it can be fixed through selection. In the present study, significant additive effects were reported for DFI, DF, DFS, DM, PH, MRL, NPB, NSB, SMR, SL, NSPS, SD, TSW, PC and OC, whereas additive effects were not retained in the best-fitting model for SYP. The direction of additive effects, however, varied among traits, reflecting the differential contribution of parental alleles.
Positive additive effects were observed for traits such as DFS, DM, MRL, NPB, NSB, SMR, SL, TSW and PC, indicating that favourable alleles from the parents contributed to increasing the expression of these traits. Since additive effects are heritable and readily fixable through selection, these characters offer good prospects for genetic improvement through pedigree breeding or progeny selection. Similar findings have been reported by Manjunath et al. (2017), who observed significant additive effects for primary branches, secondary branches and oil content. In contrast, negative additive effects were observed for DFI, DF, PH, NSPS, SD and OC. The interpretation of negative additive effects depends on the breeding objective rather than on the sign itself. For phenological traits such as flowering and maturity, negative additive effects indicate the contribution of favourable alleles towards reduced duration, which is desirable for developing early-maturing cultivars. Similarly, negative additive effects for plant height may be advantageous where moderately shorter plants are preferred because of their improved lodging resistance and harvestability. Therefore, the sign of the additive effect should always be interpreted in relation to the desired breeding objective rather than being considered favourable or unfavourable in isolation.
Although additive effects were important for several characters, the magnitude of the dominance effect exceeded that of additive effects for many traits, indicating that non-additive gene action also contributed substantially to their inheritance. Positive dominance effects were recorded for MRL, NPB, NSB, SMR, SYP and TSW, suggesting that dominant alleles increased the expression of these characters. Among these, SYP exhibited a particularly large positive dominance effect, indicating that dominance played a greater role than additive effects in determining yield performance in the present cross.  Negative dominance effects were observed for DFI, DF, DFS, DM, PH, NSPS, SD, PC and OC. For maturity-related traits, negative dominance effects suggest that dominant alleles favoured reduced crop duration, which may be beneficial for breeding early-maturing varieties suitable for diverse production environments. However, for quality traits such as protein and oil content, the biological significance of negative dominance effects depends on the interaction with additive and epistatic components and therefore should not be interpreted independently. The simultaneous occurrence of significant additive and dominance effects for several characters indicates that both fixable and non-fixable components contributed to their inheritance.
The relative importance of additive and dominance effects observed in the present study agrees well with earlier reports in Indian mustard. Margam and Chakraborty (2024) demonstrated the involvement of both additive and non-additive gene effects for most yield-related traits, with non-additive effects predominating for various traits. Likewise, Rout et al. (2025) reported that specific combining ability variances were higher than general combining ability variances for most traits, indicating the importance of non-additive gene action in the inheritance of seed yield and related traits. Similarly, Singh et al. (2022), Mandal et al. (2023) and Ram et al. (2023) demonstrated that both additive and non-additive genetic components influence the inheritance of yield and related traits in Indian mustard, although their relative contributions vary with the parental combination. Collectively, these findings indicate that the genetic architecture of quantitative traits in mustard is highly cross-dependent and that breeding strategies should be formulated based on the prevailing type of gene action in the population under investigation rather than assuming a uniform pattern of inheritance.
Among the three interaction components, additive × additive gene effects were significant for a majority of the studied traits, including DF, DFS, DM, PH, MRL, NPB, NSB, SMR, NSPS, SD, SYP, TSW and PC. Positive additive × additive effects were recorded for MRL, NPB, NSB, SMR, SYP and TSW, whereas negative estimates were observed for DFS, DM, PH, NSPS, SD and PC. Additive × additive interaction is considered the most useful form of epistasis because it is largely fixable through selection. Consequently, these traits are expected to respond favourably to selection after favourable gene combinations become fixed. The additive × dominance interaction was comparatively less frequent than the other interaction components and was observed only for DM, SMR, NSPS, SYP and PC. Among these traits, positive estimates were observed for DM, NSPS and SYP, whereas SMR and PC exhibited negative estimates. The relatively limited occurrence of significant [j] effects suggests that additive × dominance interactions contributed to the inheritance of only a few characters in the present cross. Since additive × dominance interactions involve the interaction between homozygous and heterozygous loci, they are generally less stable across generations and cannot be fixed as efficiently as additive × additive effects. Consequently, their contribution is more relevant during the early segregating generations than in advanced inbred lines. Similar observations were reported by Akanksha et al. (2017) and Philanim et al. (2019), who also found additive × dominance interaction to be significant for only a limited number of traits in Indian mustard.
In contrast, dominance × dominance interaction emerged as one of the most influential epistatic components in the present investigation. Significant dominance × dominance effects were observed for DFS, DM, MRL, NPB, NSB, SMR, NSPS, SYP, TSW and OC, demonstrating the contribution of dominance × dominance interaction to the inheritance of these characters. Positive dominance × dominance effects were recorded for DFS, DM, NSPS and OC, whereas negative estimates were observed for MRL, NPB, NSB, SMR, SYP and TSW. The occurrence of significant dominance × dominance effects for several economically important traits indicates that interactions between dominant alleles at different loci contributed substantially to their phenotypic expression. Similar findings have been reported by Prajapati et al. (2014), Chaudhary et al. (2021) and Pathak et al. (2024), who also highlighted the important contribution of dominance × dominance interaction in governing yield and related traits in Indian mustard. Similar evidence from other Brassica species further supports the predominance of non-additive gene action for yield and associated traits (Afrose et al., 2019; Ijaz et al., 2021; Liton et al., 2020).
The relative magnitude of the interaction components further indicated that different traits were influenced by different combinations of epistatic effects. SMR and SYP exhibited significant estimates for all three interaction components ([i], [j] and [l]), suggesting that their inheritance was particularly complex. Such traits are influenced simultaneously by fixable and non-fixable gene interactions, making their improvement through direct early-generation selection comparatively difficult. Conversely, traits showing only one or two significant interaction components may respond more readily once favourable gene combinations are stabilised. These observations emphasise that the genetic architecture of quantitative traits varies considerably even within the same cross and therefore each trait requires an independent breeding strategy.
The goodness-of-fit of the selected genetic models was confirmed by the low and non-significant χ² values obtained for the respective traits, indicating that the fitted models adequately explained the observed generation means. The nature of epistasis was inferred from the relative signs of the dominance and dominance × dominance gene effects as described by Mather and Jinks (1982). Opposite signs of [h] and [l] indicate duplicate epistasis, whereas similar signs indicate complementary epistasis. In the present study, duplicate epistasis was observed for DFS, DM, MRL, NPB, NSB, SMR, NSPS, SYP, TSW and OC, while complementary epistasis was not detected for any of the studied traits. The predominance of duplicate epistasis suggests that dominant alleles at different loci produced similar phenotypic effects, thereby masking the expression of favourable gene combinations in segregating generations. Consequently, the efficiency of direct selection during early generations is reduced because desirable recombinants are less likely to be recovered.
The present findings are in close agreement with earlier reports in Indian mustard. Prajapati et al. (2014) reported duplicate epistasis for most yield-contributing traits and identified dominance × dominance interaction as the major epistatic component influencing seed yield, seeds per siliqua and thousand-seed weight. Likewise, Philanim et al. (2019) observed that interaction effects played an important role in the inheritance of most agronomic traits, with duplicate epistasis occurring for several economically important characters. Chaudhary et al. (2021) also reported significant dominance × dominance interactions and duplicate epistasis for the majority of yield and quality traits, whereas Pathak et al. (2024) demonstrated that interaction effects substantially influenced the inheritance of siliquae on the main raceme, seeds per siliqua, seed yield and oil-related traits. The consistency of these studies with the present investigation indicates that duplicate epistasis is a common feature governing the inheritance of complex quantitative traits in Indian mustard.
The observed pattern of gene action has important implications for breeding. Traits governed predominantly by additive effects can be effectively improved through selection because additive genetic variance is fixable. In contrast, traits exhibiting substantial dominance effects together with duplicate epistasis, particularly MRL, SMR, NSPS, SYP and OC, are expected to respond less efficiently to selection in the early segregating generations owing to the masking effects of interacting genes. Therefore, selection for these traits is likely to be more effective in advanced generations after sufficient recombination and homozygosity have been achieved. Breeding approaches such as pedigree selection, biparental mating, and recurrent selection may further enhance the recovery of desirable recombinants by increasing opportunities for favourable gene combinations to become fixed. 
Conclusion
The inheritance of seed yield and most yield-component traits in the Indian mustard cross PYR 2021-5 × PYR 2021-6 involved additive, dominance and epistatic gene effects. Scaling tests and joint scaling analysis showed that the additive-dominance model was inadequate for most traits, confirming the importance of non-allelic interactions. Significant additive effects for several characters indicate that genetic improvement through selection is feasible after sufficient homozygosity has been achieved. However, the substantial dominance effects and duplicate epistasis detected for seed yield per plant, thousand-seed weight, oil content and several related traits may reduce the effectiveness of direct selection in early segregating generations. Selection should therefore be delayed until favourable combinations have undergone adequate recombination and fixation. Pedigree breeding, biparental mating and recurrent selection may assist in recovering desirable recombinants and accumulating favourable alleles. Overall, the findings demonstrate that breeding decisions for this yellow-seeded genetic background should be trait-specific and based on the relative contribution of fixable and non-fixable gene effects.
Limitations
This study was based on a single cross, PYR 2021-5 × PYR 2021-6, and the results should not be generalised to all Indian mustard populations. The experiment was conducted during one season at one location, so genotype × environment interaction was not assessed. The study used generation mean analysis based on phenotypic means and did not include molecular-marker validation. Further multi-environment studies involving additional crosses are needed to confirm the breeding implications.Top of Form
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