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Abstract

This study aimed to investigate the gene action governing the expression of various traits in bread wheat through generation mean analysis. For this purpose, six generations (P₁, P₂, F₁, F₂, BC₁, and BC₂) from five diverse crosses — Cross I (HD 2967 × PBW 343), Cross II (DBW 296 × DBW 327), Cross III (UP 2338 × NP 200), Cross IV (MACS 6478 × DBW 327), and Cross V (UP 2338 × UP 2847)  were evaluated. The findings showed that the estimated mean effects (m) for all traits across all crosses were highly significant, indicating quantitative inheritance. Epistatic interactions were observed for all eight traits studied, and in general, the dominance effects (h) were greater than the additive effects (d), suggesting the importance of non-additive gene action. The presence of digenic interactions further supported the complex inheritance of these traits. Early generation selection may be advantageous. For grain yield and most other traits, dominance gene effects were more prominent than additive effects. Across all five crosses, traits exhibited large negative dominance × dominance interactions and high positive additive × additive interactions. Therefore, in wheat breeding, selection for improving grain yield and related traits should be deferred to later generations, as additive × dominance gene effects were less significant.
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INTRODUCTION 
Generation mean analysis is a quantitative biometric technique that employs phenotypic data from a large number of plants across fundamental breeding generations—namely, parental, filial, backcross, and segregating populations. As emphasized by Kearsey and Pooni (1996), this method is valuable in plant breeding for estimating key genetic effects, including additive, dominance, and epistatic interactions (additive × additive, additive × dominance, and dominance × dominance) that influence the inheritance of quantitative traits. It provides insights into parental performance in hybrid combinations and helps assess the hybrid's potential for heterosis exploitation or pedigree selection, as supported by Sharma et al. (2002).
Grain yield in wheat is a complex, polygenic trait affected by both genetic and environmental factors. Improving grain yield can be effectively pursued through indirect selection for yield-contributing traits. A comprehensive understanding of the inheritance of such quantitative traits, along with heritability estimates of grain yield and its components, is essential for developing an efficient breeding strategy.
Given that both grain yield and quality in bread wheat are complex and globally prioritized breeding targets, the parental lines selected in this study were chosen to align with these objectives. Data derived from multiple generations typically offer more reliable genetic estimates than those from a single generation. The A, B, C, and D scaling tests confirm that additive, dominance, and epistatic gene effects significantly influence yield and its components. Previous studies, including Sharma et al. (2002), have shown that both additive and dominance effects play critical roles in the inheritance of many wheat traits. Cavalli (1952) further noted that the accuracy of gene effect estimation improves with the inclusion of more segregating generations and larger plant populations.
Beyond estimating gene effects, plant breeders are also concerned with the proportion of genetic variation and its heritability, since breeding success is largely dependent on additive genetic variance and environmental stability. Analyzing gene action helps clarify the relative importance of different genetic effects and reveals the mechanisms underlying heterosis. Understanding heterosis levels and inbreeding depression is essential for choosing the most appropriate breeding strategy. The successful exploitation of heterosis remains one of the major achievements in plant breeding. In self-pollinated crops like wheat, the direction and extent of heterosis largely determine its practical utility. Therefore, this study aimed to evaluate the degree of heterosis, inbreeding depression, and the nature of gene action governing grain yield and selected agronomic traits in five wheat crosses.
MATERIALS AND METHODS
The present study was conducted during the Rabi seasons of 2021–22 and 2023–24 at the Research Field of the AICRP on Wheat and Barley, JNKVV, College of Agriculture, Tikamgarh, Madhya Pradesh, India. A randomized block design with three replications was employed. For the genetic analysis of quantitative traits, five crosses were developed from eight elite and genetically diverse wheat lines (Triticum aestivum L.). The parental lines selected for creating the experimental material included eight homozygous and genetically distinct varieties: HD 2967 PBW 343, DBW 296, DBW 327, UP 2338  NP 200, MACS 6478 , DBW 327, UP 2338 , UP 2847. The experimental material comprised the parents (P₁ and P₂), their F₁ and F₂ generations, and the backcrosses to each parent (BC₁ and BC₂) for each of the five crosses: Cross I (HD 2967 × PBW 343), Cross II (DBW 296 × DBW 327), Cross III (UP 2338 × NP 200), Cross IV (MACS 6478 × DBW 327), and Cross V (UP 2338 × UP 2847). The selected parental lines were grown in a crossing nursery to produce the desired F₁ combinations. Harvested seeds from each parent and their F₁ hybrids were stored separately for sowing in the subsequent season.
During the Rabi season, hybrid seeds (F₁) from the five cross combinations were sown to produce the backcrosses (BC₁, BC₂) and F₂ generations. Additionally, fresh F₁ seeds were generated to ensure six generations were available for analysis. The F₁ populations were planted in two rows, F₂ generations in six rows, and each backcross (BC₁ and BC₂) in four rows, with each row 3 meters long and spaced 25 cm apart. The experiment was laid out on black soil with a pH of 7.5–7.8 in a compact family block design with three replications. Five plants were randomly selected from each parent and F₁ generation, while 20 plants each were sampled from the backcrosses and F₂ generations in each replication before flowering. Data were recorded for ten plants from non-segregating generations and 30 plants from segregating generations for eight traits: days to 50% flowering, number of tillers per plant, plant height (cm), days to maturity, 0protein content (%), amylose content (%), test weight (g), and grain yield per plant (g).
The data were first subjected to analysis of variance at the College of Agriculture Tikamgarh,Madhya Pradesh. Genetic analysis was performed using the six-parameter model (Hayman, 1958), following the scaling tests proposed by Hayman and Mather (1955). A significant result in any of the four scaling tests indicates the presence of non-allelic gene interactions and the inadequacy of the simple additive–dominance model
RESULTS AND DISCUSSION
The analysis of variance (ANOVA) revealed highly significant differences among generations for all traits across the five wheat crosses, indicating substantial genetic variability in the material studied (Table 1). Such significant variation confirms the suitability of the material for detailed genetic analysis. To assess the adequacy of the additive–dominance model and detect possible epistatic interactions, generation mean analysis with scaling tests was performed following the method of Mather and Jinks (1982).
The results of the four scaling tests (A, B, C, and D) demonstrated that epistatic gene interactions were prevalent in most crosses and traits. In Cross I (HD 2967 × PBW 343), all four scaling tests were significant for all traits except grain yield, where test A was non-significant. Cross II (DBW 296 × DBW 327),  exhibited significant results for all tests in traits such as plant height, days to maturity, number of tillers per plant, amylose content, test weight, and grain yield. Tests B, C, and D were significant for days to heading, while tests C and D were significant for spike length. Similar trends were observed in Cross III (UP 2338 × NP 200), where most tests were significant across key traits. Cross IV (MACS 6478 × DBW 327), and Cross V (UP 2338 × UP 2847) also showed significant scaling tests for major yield-related traits. These findings align with Mahpara et al. (2017), who reported similar results in wheat.
Estimates of the six genetic parameters (mean [m], additive [d], dominance [h], additive × additive [i], additive × dominance [j], and dominance × dominance [l]) are summarized in Table 2. Additive gene effects were generally positive and significant for days to heading, plant height, number of tillers per plant, and grain yield across most crosses. For example, Cross V showed strong additive effects for these traits. Dominance effects were also significant and positive for traits such as number of tillers per plant, protein content, test weight, and grain yield, consistent with Sharma et al. (2002) and Hasabnis and Kulkarni (2004).
The magnitude of dominance effects often exceeded that of additive effects, indicating the predominance of non-additive gene action in the inheritance of these traits. Significant additive × additive interactions were observed for days to heading, plant height, protein content, test weight, and grain yield, highlighting the importance of this component of epistasis. Additive × dominance interactions significantly influenced several traits, including the number of tillers per plant in Cross I, amylose content in Crosses II and III, test weight in Cross II, and grain yield in Crosses I, IV, and V. Dominance × dominance interactions were particularly notable for days to heading across all crosses and for plant height and days to maturity in specific crosses.
Overall, the prevalence of significant epistatic effects suggests that a simple additive–dominance model is insufficient and that a more complex digenic epistatic model better explains the inheritance patterns observed. These results are consistent with earlier reports by Raikwar (2019), Singh and Singh (1992), and Novoselovic et al. (2004).
Complementary epistasis was detected for certain traits, such as plant height in Crosses II and IV, days to maturity in Cross III, amylose content and test weight in Cross IV, and grain yield in Cross I. This suggests the potential for high heterosis where complementary gene interactions occur. Conversely, the frequent occurrence of duplicate epistasis across traits indicates that dominance effects may reduce variability in segregating generations, potentially complicating selection. Kumar et al. (2010) noted that opposing signs of h and l can cancel each other’s effects, leading to lower heterosis levels.
The predominance of dominance and duplicate gene effects for most traits suggests that selection for these traits should be delayed until later generations to allow dominant effects to diminish and additive effects to stabilize, thereby enhancing selection efficiency. These findings are in agreement with conclusions by Menon and Sharma (1995), Novoselovic et al. (2004), and Hussain et al. (2011). Moreover, as Snape (1987) highlighted, additive effects may be underestimated due to the distribution of alleles among parents, while dominance effects may be bidirectional.
In summary, the present generation mean analysis confirms that yield and its component traits in bread wheat are largely governed by non-additive gene action, with significant contributions from epistatic interactions. These insights underscore the need for careful generation-wise selection strategies and cross-specific breeding approaches to harness the available genetic variation effectively. A deeper understanding of the genetic control of traits such as days to heading, plant height, yield, and quality parameters will support the development of high-yielding, resilient wheat cultivars.
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Table 1: Analysis of variance for five crosses and their six generations in bread wheat
	Source
	df
	Mean Sum of Square

	
	
	Days to heading 
	Plant height (cm)
	Days to maturity
	Number of effective tillers per plant
	Protein content (%)
	Amylose content (%)
	Test weight (g)
	Grain yield per plant (g)

	Cross I (HD 2967 × PBW 343)

	Replication
	2
	1.95
	7.88
	1.95
	4.08
	0.83
	2.93
	0.90
	0.75

	Generation
	5
	75.45**
	128.45**
	99.14**
	7.54**
	7.55**
	166.42**
	31.65**
	5256.94**

	Error
	10
	1.45
	3.87
	1.68
	0.80
	0.75
	4.95
	1.42
	0.12

	Cross II (DBW 296 × DBW 327)

	Replication
	2
	1.99
	9.86
	1.94
	0.94
	1.08
	0.37
	1.95
	0.72

	Generation
	5
	37.99*
	79.85**
	40.89**
	7.68**
	8.23**
	33.86**
	21.74**
	2896.73**

	Error
	10
	2.57
	6.75
	1.43
	1.55
	1.48
	1.77
	1.97
	1.88

	Cross III (UP 2338 × NP 200)

	Replication
	2
	1.99
	9.95
	1.99
	0.95
	0.95
	3.86
	2.18
	1.27

	Generation
	5
	43.26**
	79.74**
	40.78**
	7.78**
	7.13**
	76.62**
	17.63**
	3245.96**

	Error
	10
	2.95
	6.99
	0.86
	0.93
	0.75
	2.95
	0.78
	0.75

	Cross IV (MACS 6478 × DBW 327)

	Replication
	2
	1.62
	1.35
	2.43
	1.51
	1.26
	27.42
	2.42
	1.75

	Generation
	5
	33.55**
	58.33**
	42.62**
	14.53**
	8.44**
	27.56**
	187.43**
	2324.82**

	Error
	10
	5.93
	1.09
	1.04
	1.38
	0.64
	2.86
	4.02
	1.32

	Cross V (UP 2338 × UP 2847)

	Replication
	2
	1.38
	2.42
	2.19
	0.84
	1.32
	28.99
	2.62
	1.75

	Generation
	5
	31.55**
	86.43**
	49.95**
	11.54**
	5.98**
	33.54**
	198.95**
	1455.62**

	Error
	10
	4.93
	0.95
	0.82
	1.28
	0.39
	1.86
	2.95
	0.75












Table 2: The results of scaling tests and estimates of gene effects in the five crosses of bread wheat
	Cross
	Scaling test
	Tree parameter model
	Chi2
	Six parameter model
	Gene Actions

	
	A
	B
	C
	D
	M
	D
	H
	X2
	m
	d
	h
	i
	j
	l
	

	Days to heading

	I
	4.65**
	-1.39**
	-46.45**
	-27.65**
	98.54**
	7.32**
	6.36**
	305.63**
	77.89**
	6.12**
	88.45**
	46.11**
	4.12
	-46.12**
	D

	II
	2-1.36
	-14.72**
	-27.21**
	-2.32**
	124.25**
	6.63**
	6.23**
	8.45**
	112.65**
	2.65**
	-8.35**
	4.12**
	8.32
	13.31**
	D

	III
	35.23**
	1.55**
	-52.12**
	-39.51**
	105.35**
	26.62**
	-6.96**
	2531.45**
	55.32**
	23.64**
	129.68**
	69.65**
	7.23
	-80.14**
	D

	IV
	4.14**
	1.85
	-22.32**
	-8.35**
	100.12**
	4.87**
	5.73**
	8.32**
	97.69**
	3.87**
	37.21**
	24.36**
	7.02
	-25.36**
	D

	V
	4.65**
	2.25**
	-24.36**
	-7.23**
	105.12**
	5.76**
	6.32**
	9.69**
	98.32*
	4.12**
	38.54**
	25.32**
	8.34
	-26.35**
	D

	Plant height (cm)

	I
	-5.65**
	7.32**
	-15.12**
	-8.32**
	98.31**
	12.01**
	-8.45**
	112.14**
	-9.64**
	78.023**
	9.02**
	37.12**
	16.13
	-6.25
	D

	II
	-7.32**
	-10.45**
	-37.45**
	-9.13**
	97.32**
	6.43**
	-9.36**
	1.08
	-9.23**
	78.32**
	7.14**
	17.32**
	17.78
	1.12
	C

	III
	17.23**
	-16.63**
	-7.82**
	-3.88**
	86.15**
	3.32**
	2.94**
	78.41**
	-4.12**
	99.45**
	-6.12**
	15.14**
	5.55
	14.52
	D

	IV
	13.31**
	-15.12**
	-1.22**
	-2.79**
	88.73**
	3.75**
	1.22**
	96.61**
	-6.08**
	81.12**
	2.26**
	16.12**
	7.74
	4.58
	C

	V
	15.24**
	12.85**
	3.29**
	2.28**
	89.23**
	4.32**
	2.51**
	96.71**
	-5.02**
	88.12**
	3.12**
	17.32**
	8.82
	5.69
	C

	Days to maturity

	I
	-6.32**
	-15.21**
	-45.02**
	-15.32**
	165.63**
	7.13**
	1.89
	10.35**
	135.32**
	6.34**
	34.12**
	35.63**
	5.65**
	-4.24**
	D

	II
	-2.68**
	-16.65**
	-29.68**
	-4.45**
	158.74**
	7.45**
	22.34**
	1.28
	155.13**
	-1.43**
	-0.42
	9.96****
	8.96**
	13.32**
	D

	III
	6.63**
	-15.63**
	-20.23**
	-5.22**
	172.56**
	2.25**
	-0.68
	5.83
	150.69**
	-0.58
	14.55**
	20.12**
	20.12
	2.24
	C

	IV
	2.02**
	-20.31**
	-25.12**
	-1.22**
	186.63**
	4.87**
	-5.78**
	39.55**
	158.96**
	-3.22**
	-14.55**
	2.45**
	20.23
	28.96**
	D

	V
	4.62**
	-14.36**
	-25.31**
	-2.32**
	199.23**
	5.56**
	6.38**
	40.35**
	166.32**
	4.28**
	-15.83**
	3.31**
	22.34**
	29.34**
	D

	Number of effective tillers per plant

	I
	4.02**
	-2.58**
	-9.69**
	-6.36**
	23.21**
	2.56**
	2.05**
	345.47**
	5.32**
	2.02**
	32.01**
	10.23**
	2.41**
	-12.08**
	D

	II
	4.12**
	-2.27**
	-9.45**
	-6.36**
	22.35**
	2.78**
	3.08**
	238.34**
	6.65**
	2.68**
	30.23**
	9.88**
	1.99
	-13.02**
	D

	III
	2.02
	-2.89**
	-4.21**
	-2.21**
	24.21**
	2.32**
	3.01**
	1.25
	22.45**
	2.02**
	5.35**
	2.18
	1.22
	-0.35**
	D

	IV
	4.15**
	-5.36**
	-4.14**
	-2.32**
	24.63**
	4.45**
	4.08**
	38.14**
	21.65**
	3.65**
	10.65**
	4.11**
	4.33**
	-3.28**
	D

	V
	3.36**
	-6.63**
	-3.13**
	-3.12**
	25.32**
	2.24**
	3.08**
	37.12**
	23.21**
	4.08**
	11.12**
	5.73**
	3.31**
	-4.21**
	D

	Protein content (%)

	I
	3.51**
	-2.78**
	-9.36**
	6.45**
	12.08**
	1.33**
	0.99**
	138.35**
	5.36**
	1.11**
	11.43**
	9.62**
	3.51**
	-10.73**
	D

	II
	-1.32**
	4.55**
	-20.45**
	-5.01**
	13.55**
	1.55**
	-0.55
	26.36**
	6.98**
	1.49**
	10.52**
	7.55**
	2.68**
	-3.35**
	D

	III
	3.32**
	-2.42**
	-7.64**
	5.52**
	15.32**
	1.64**
	0..80**
	338.97**
	6.69**
	1.66**
	14.62**
	9.55**
	3.41**
	-10.75**
	D

	IV
	-1.32*
	4.68**
	-20.45**
	-4.42**
	13.99**
	1.99**
	0.88**
	21.14**
	8.96**
	1.88**
	10.21**
	7.16**
	1.65
	-3.48**
	D

	V
	2.45**
	-3.32**
	-8.87**
	-3.32**
	14.51**
	1.75**
	-0.66
	19.32**
	7.39**
	1.66**
	9.50**
	6.78**
	2.54**
	-5.69**
	D

	Amylose content (%)

	I
	4.38**
	-19.89**
	32.89**
	-7.96**
	45.25**
	4.65**
	2.24**
	13.38**
	29.96**
	4.12**
	9.36**
	8.56**
	4.82**
	-5.12**
	D

	II
	4.53**
	-15.98**
	-34.36**
	2.65**
	46.63**
	5.65**
	4.26**
	135.87**
	48.68**
	3.65**
	-10.32**
	-6.36**
	7.86**
	9.62
	D

	III
	3.76**
	-15.35**
	44.23**
	-17.36**
	44.35**
	5.63**
	2.28**
	155.24**
	14.24**
	2.45
	6.81**
	5.84**
	8.66**
	-4.56**
	D

	IV
	4.86**
	-6.58**
	-38.63**
	10.85**
	49.69**
	3.08
	1.88
	1.75
	70.74**
	4.21**
	9.72**
	7.78**
	4.34**
	-7.90**
	C

	V
	4.88**
	10.53**
	34.89**
	12.65**
	41.24**
	5.65**
	5.89**
	2.64**
	60.36**
	3.45**
	-7.93**
	-6.94**
	-3.62
	-6.99**
	C

	Test weight (g)

	I
	8.78**
	-8.39**
	-15.56**
	7.34**
	38.47**
	6.63**
	5.36**
	4.08.21**
	38.12**
	2.89**
	42.45**
	22.32**
	8.36
	-22.32**
	D

	II
	7.35**
	-8.58**
	-17.78**
	-9.96**
	38.12**
	2.08**
	5.65**
	886.14**
	32.35**
	2.87**
	46.45**
	26.32**
	8.68**
	-28.63**
	D

	III
	8.12**
	-10.15**
	-17. **31
	-7.47**
	40.12**
	2.36**
	2.25**
	556.32**
	39.12**
	-2.65**
	35.12**
	22.8**7
	8.96
	-10.36**
	D

	IV
	4.08**
	-32.12**
	-41.26**
	-9.96**
	42.21**
	10.25**
	-2.12**
	42.24**
	38.18**
	5.83**
	25.63**
	28**.96
	28.36**
	7.85**
	C

	V
	3.35**
	-29.32**
	-39. 12**
	-10.45*
	39.96**
	1.55**
	5.31**
	742.12**
	42.14**
	6.81**
	24.23**
	27**.32
	33.14**
	6.92**
	C

	Grain yield per plant (g)

	I
	3.02**
	-4.08**
	8.63**
	-4.12**
	16.32
	3.32
	4.12**
	58.23
	13.23**
	1.40
	14.86**
	7.78**
	4.12**
	7.35**
	C

	II
	4.06**
	5.53**
	7.48**
	-3.65**
	18.85**
	3.45**
	4.02**
	13.14**
	15.32**
	1.12**
	8.78**
	5.78**
	5.56**
	-5.14**
	D

	III
	5.23**
	4.55**
	-6.32**
	-3.32**
	17.35**
	4.12**
	5.01**
	26.32**
	14.25**
	2.13**
	9.69**
	5.36**
	5.12
	-5.08**
	D

	IV
	5.12**
	4.66**
	-5.66**
	-3.32**
	17.32**
	3.35*
	4.24**
	17.45**
	14.14**
	2.22**
	8.34**
	5.31**
	5.36
	-5.05**
	D

	V
	4.21**
	-3.95**
	-3.45**
	-4.36**
	18.14**
	4.21**
	3.48**
	18.34**
	13.31**
	1.86**
	11.65**
	6.6**3
	7.45**
	-7.12**
	D


*, ** Significant at 5% and 1%, respectively. D=Duplicate gene action ; C=Complementary gene action 










