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GENETIC ANALYSIS OF SEED YIELD AND COMPONENT TRAITS THROUGH LINE × TESTER ANALYSIS IN LINSEED





ABSTRACT 

	Aims: To identify the best general and specific combiners for seed yield and its associated traits and to determine the nature of gene action governing these traits in linseed (Linum usitatissimum L.) through Line × Tester analysis.
Study design:  Line × tester mating design.
Place and Duration of Study: Oilseeds Research Station, Latur, under Vasantrao Naik Marathwada Krishi Vidyapeeth (VNMKV), Parbhani, Maharashtra, India, during Rabi 2025–26.
Methodology: Forty-two F₁ hybrids developed by using seven lines and six testers, along with their parents and a standard check, were evaluated for ten quantitative traits. Combining ability analysis was performed to estimate general combining ability (GCA), specific combining ability (SCA), and the nature of gene action.
Results: Analysis of variance revealed highly significant differences among the genotypes of experimental material for all ten traits, indicating substantial genetic variability. Significant variances due to lines, testers, and line × tester interactions suggested the involvement of both additive and non-additive gene effects. RLC-206 and NL-421 were identified as good general combiners, while SLS-145 was the best combining tester for seed yield. The crosses RLC-148 × RLC-198, RLC-206 × RLC-213, and RL-18123 × SLS-156 exhibited high positive SCA effects for seed yield per plant. SCA variance exceeded GCA variance for all traits, indicating the predominance of non-additive gene action.
Conclusion: The superior parents and cross combinations identified in the present investigation provide valuable genetic resources for the development of high-yielding linseed cultivars. The predominance of non-additive gene action for all the traits studied suggests that breeding approaches such as heterosis breeding, recurrent selection, or biparental mating followed by selection etc. would be effective for the genetic improvement of seed yield and its component traits in linseed.
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1. INTRODUCTION 
Linum usitatissimum L. (2n = 30), commonly known as linseed or flax, is one of the oldest domesticated oilseed crops cultivated worldwide for its dual purpose as a source of edible oil and natural fibre. The crop possesses considerable nutritional, industrial, and economic significance owing to its wide range of applications. Linseed seeds contain approximately 35–45% oil and are among the richest plant sources of α-linolenic acid (ALA), lignans, dietary fibre, proteins, and several bioactive compounds that contribute to human health and nutrition. Besides its nutritional importance, linseed oil is extensively utilized in the manufacture of paints, varnishes, printing inks, linoleum, cosmetics, and pharmaceutical products because of its excellent drying properties, while flax fibre is valued in the textile industry for its exceptional strength and durability. These diverse food, industrial, and nutraceutical applications have established linseed as an economically important crop with increasing importance in sustainable agriculture and value-added product development (Oomah, 2001). 
Despite its nutritional and industrial importance, the productivity of linseed remains considerably below its attainable yield potential in many producing countries, including India. Although India is one of the major producers of linseed, the crop is predominantly cultivated under rainfed and marginal production environments where erratic rainfall, suboptimal crop management practices, limited adoption of improved cultivars, and biotic and abiotic stresses constrain productivity. Significant yield improvement can be achieved through the development of high-yielding cultivars with improved oil quality, enhanced resistance to biotic and abiotic stresses, and wider adaptability, together with the adoption of improved production technologies. Since seed yield and oil content are complex quantitative traits governed by multiple yield component traits and their interactions with environmental factors, their genetic improvement requires a comprehensive understanding of the underlying genetic architecture and the identification of superior breeding materials. Consequently, the exploitation of genetically diverse parental lines and the implementation of appropriate breeding strategies remain fundamental for improving seed yield, oil quality, and the overall productivity of linseed (Rathnakumar and Ambati, 2023; Kaur et al., 2024).
The success of any crop improvement programme largely depends on the availability and effective utilization of genetic variability present within the breeding material. In linseed, economically important traits such as seed yield, oil content, flowering time, maturity, plant height, number of branches, capsules per plant, seeds per capsule, and 1000-seed weight are quantitatively inherited and are substantially influenced by genotype × environment interactions, making direct phenotypic selection less efficient. Therefore, the identification and utilization of genetically diverse parents possessing desirable agronomic and quality attributes are essential for broadening the genetic base and improving breeding efficiency. Several studies conducted under Indian conditions have reported considerable genetic variability, high heritability, and substantial genetic advance for yield and yield-contributing traits in linseed, indicating ample scope for genetic improvement through effective selection and hybridization. These findings highlight the importance of systematic evaluation of diverse genetic resources for identifying superior parents and developing improved breeding populations with enhanced seed yield and oil quality (Tewari and Singh, 2018; Rathnakumar and Ambati, 2023; Choudhary et al., 2023). 
The identification of genetically diverse parents alone is not sufficient for the development of superior cultivars unless their breeding potential is adequately assessed. In this context, combining ability analysis has emerged as one of the most reliable biometrical approaches for evaluating the genetic potential of parental genotypes and identifying superior hybrid combinations for crop improvement. The concepts of general combining ability (GCA) and specific combining ability (SCA), proposed by Sprague and Tatum (1942), provide valuable information on the relative importance of additive and non-additive gene effects governing quantitative traits. General combining ability reflects the average performance of a parent in hybrid combinations and is primarily associated with additive gene action, whereas specific combining ability represents the performance of individual cross combinations and is largely attributed to dominance and epistatic interactions. Such information is indispensable for selecting suitable parents, identifying promising cross combinations, and formulating efficient breeding strategies for the genetic improvement of complex quantitative traits (Sprague and Tatum, 1942; Falconer and Mackay, 1996). Among the available mating designs, the Line × Tester analysis proposed by Kempthorne (1957) has been widely employed in self-pollinated crops because it provides reliable estimates of GCA and SCA while requiring comparatively fewer crosses. Recent investigations in linseed have further demonstrated the effectiveness of the Line × Tester approach in identifying superior combiners and promising hybrid combinations for seed yield and its component traits, thereby facilitating the formulation of efficient breeding strategies for varietal improvement (Kulkarni et al., 2024; Rathnakumar and Ambati, 2023).
Despite the considerable progress achieved in linseed breeding, the expression of combining ability and the nature of gene action governing economically important traits are highly influenced by the genetic constitution of parental lines and the environments in which they are evaluated. Therefore, continuous assessment of newly developed breeding materials is essential for identifying superior general combiners, promising hybrid combinations, and appropriate breeding strategies for the genetic improvement of seed yield, oil content, and their associated component traits. The present investigation was therefore undertaken to estimate the general and specific combining ability of diverse linseed parents and their hybrids, elucidate the nature of gene action governing seed yield, oil content, and related agronomic traits, and identify superior parents and promising cross combinations using the Line × Tester mating design for their potential utilization in future linseed improvement programmes (Kempthorne, 1957; Kulkarni et al., 2024).
2. material and methods 
2.1 Experimental site and plant material
The present investigation was conducted during the rabi season of 2025–26 at the Oilseeds Research Station, Latur, Vasantrao Naik Marathwada Krishi Vidyapeeth (VNMKV), Parbhani, Maharashtra, India. The experimental site is geographically located at 18°24′ N latitude and 76°36′ E longitude, at an altitude of 633.85 m above mean sea level. The region falls under the semi-arid tropical agro-climatic zone and receives an average annual rainfall of approximately 870 mm, most of which is concentrated during the southwest monsoon season. The experimental field consisted of deep black (Vertisol) soil characterized by high clay content, good moisture-holding capacity, and suitability for linseed cultivation.
The experimental material comprised 13 parental genotypes, consisting of seven lines (female parents), namely NL-421, NL-409, RL-18123, DLV-9, BLS-2023R-20, RLC-148, and RLC-206, and six testers (male parents), viz., RLC-213, SLS-156, SLS-145, SLS-157, BLS-2023R-19, and RLC-198, obtained from the Oilseeds Research Station, Latur.
2.2 Crossing programme and experimental design
A Line × Tester mating design proposed by Kempthorne (1957) was employed to generate 42 F₁ hybrids by crossing each line with every tester. The parental lines were grown during the preceding rabi season to produce hybrid seed. Flower buds of the female parents were emasculated during the evening prior to anthesis and pollinated the following morning using freshly collected pollen from the respective male parents. The pollinated flowers were tagged, and mature F₁ seeds were harvested for evaluation.
The field experiment comprised 56 treatments, including 13 parents, 42 F₁ hybrids, and one standard check cultivar (LSL-93). The experiment was laid out in a Randomized Block Design (RBD) with two replications during the rabi season of 2025–26. Each genotype was grown in a single 3.0 m row with a spacing of 30 × 10 cm. Sowing was carried out on 15 November 2025, and a recommended fertilizer dose of 60:30:30 kg N:P₂O₅:K₂O ha⁻¹ was applied at sowing. Standard agronomic and plant protection practices were followed throughout the crop-growing period.
2.3 Recording of observations
Observations were recorded on five randomly selected competitive plants from each genotype in each replication for all quantitative traits, except days to 50% flowering and days to maturity, which were recorded on a plot basis. Data were collected for days to 50% flowering, days to maturity, plant height (cm), number of branches per plant, number of capsules per plant, number of seeds per capsule, 1000-seed weight (g), seed yield per plant (g), harvest index (%), and oil content (%). Oil content was estimated using nuclear magnetic resonance (NMR).
2.4 Statistical analysis
The experimental data were subjected to analysis of variance (ANOVA) for a Randomized Block Design (RBD) to assess the significance of genotypic differences following the procedure described by Panse and Sukhatme (1954). Combining ability analysis was performed using the Line × Tester method proposed by Kempthorne (1957) to estimate the general combining ability (GCA) and specific combining ability (SCA) effects of the parental genotypes and their hybrids. The corresponding variance components were estimated to determine the relative importance of additive and non-additive gene action for the studied traits. All statistical analyses were carried out using R software (version 4.6.0).
3. results and discussion
Analysis of Variance (ANOVA). 
The analysis of variance revealed highly significant (P ≤ .01) differences among treatments for all ten quantitative traits studied (Table 1), indicating the presence of substantial genetic variability among the experimental material. The significant treatment mean squares suggest adequate diversity among the parents, hybrids, and the standard check, providing a reliable basis for further combining ability analysis. The observed variability indicates considerable scope for the selection of superior genotypes and the exploitation of desirable genetic effects in linseed improvement programmes. Similar findings have been reported by Kumar et al. (2016), Upadhyay et al. (2019) and Shinde et al. (2022).
Table 1. Analysis of variance for parents and hybrids for ten quantitative characters in linseed (Linum usitatissimum L.)
	Sr. No.
	Character
	Replication
(df = 1)
	Treatment
(df = 54)
	Error
(df = 54)

	1
	Days to 50 per cent flowering
	1.286
	18.794**
	2.449

	2
	Days to maturity
	0.08
	11.941**
	3.589

	3
	Plant height (cm)
	7.718
	129.425**
	14.785

	4
	No. of branches per plant
	0.001
	0.740**
	0.04

	5
	No. of capsule per plant
	4.321
	290.221**
	7.497

	6
	No. seeds per capsule
	0.206
	1.463**
	0.249

	7
	1000 Seed weight (g)
	0.091
	2.736**
	0.321

	8
	Seed yield per plant (g)
	0.006
	1.444**
	0.059

	9
	Harvest index (%)
	0.067
	53.444**
	4.044

	10
	Oil content (%)
	0.004
	11.288**
	0.527


 Significant at the 5% probability level; ** Significant at the 1% probability level. 

General Combining Ability (GCA) Effects
The estimates of general combining ability (GCA) effects of the seven lines and six testers are presented in Table 2. Significant variation in GCA effects among the parents indicated the presence of appreciable additive genetic variation for several quantitative traits.
For earliness, negative GCA effects were considered desirable. Among the lines, NL-409, NL-421, and RL-18123 exhibited significant negative GCA effects for days to 50% flowering, while RLC-213 was identified as the best general combiner among the testers for both days to 50% flowering and days to maturity owing to its significant negative GCA effects. For plant height, NL-421, DLV-9, and BLS-2023R-20 among the lines and RLC-213, SLS-156, and SLS-145 among the testers recorded significant negative GCA effects, indicating their suitability for developing relatively shorter plant types.
Among the yield-attributing traits, RLC-206 emerged as an excellent general combiner by exhibiting significant positive GCA effects for number of branches per plant, number of capsules per plant, number of seeds per capsule, 1000-seed weight, and seed yield per plant. NL-421 also proved to be a desirable general combiner owing to its significant positive GCA effects for number of capsules per plant, seed yield per plant, harvest index, and oil content. NL-409 showed desirable GCA effects for number of capsules per plant and 1000-seed weight, whereas RLC-148 exhibited favourable GCA effects for plant height, number of capsules per plant, and number of seeds per capsule. Among the testers, SLS-156 was identified as a good general combiner for number of branches per plant, number of capsules per plant, 1000-seed weight, and harvest index, whereas SLS-145 expressed significant positive GCA effects for number of branches per plant and seed yield per plant.
For oil content, NL-421, RL-18123, and RLC-206 among the lines and BLS-2023R-19 among the testers exhibited significant positive GCA effects, indicating their potential as donor parents for improving oil content. Overall, RLC-206 and NL-421 among the lines, together with RLC-213 and SLS-156 among the testers, were identified as the most promising general combiners because of their desirable GCA effects for several economically important traits. Similar findings have been reported by Kumar et al. (2016), Singh and Tewari (2016), Rathva et al. (2023), and Bezil et al. (2025).
 3.3 Specific Combining Ability (SCA) Effects
The estimates of specific combining ability (SCA) effects of the 42 crosses for ten quantitative traits are presented in Table 3. Significant variation in SCA effects among the hybrids indicated the importance of non-additive gene action in the inheritance of the studied characters. Crosses exhibiting significant desirable SCA effects for one or more traits may therefore be considered valuable breeding material for the development of superior segregants and future hybridization programmes.
For earliness, significant negative SCA effects were considered desirable. The crosses RLC-148 × SLS-156, NL-421 × BLS-2023R-19, BLS-2023R-20 × SLS-145, and DLV-9 × RLC-213 exhibited desirable negative SCA effects for days to 50% flowering and/or days to maturity. For plant height, RL-18123 × RLC-213, NL-409 × SLS-145, BLS-2023R-20 × RLC-213, and RLC-206 × SLS-157 recorded significant negative SCA effects, indicating their potential for developing relatively shorter plant types.
Among the yield-contributing traits, RL-18123 × SLS-156, NL-421 × SLS-156, RLC-206 × SLS-145, RLC-148 × RLC-198, RLC-206 × RLC-213, DLV-9 × BLS-2023R-19, and BLS-2023R-20 × RLC-198 exhibited significant positive SCA effects for seed yield per plant. Likewise, RLC-148 × RLC-198, RL-18123 × SLS-156, RL-18123 × RLC-213, NL-421 × BLS-2023R-19, and NL-421 × SLS-156 showed desirable positive SCA effects for number of capsules per plant, while BLS-2023R-20 × RLC-198, RL-18123 × SLS-157, NL-421 × RLC-213, and RLC-148 × SLS-157 recorded favourable SCA effects for number of seeds per capsule. Significant positive SCA effects for 1000-seed weight were observed in RLC-206 × BLS-2023R-19, BLS-2023R-20 × BLS-2023R-19, RL-18123 × RLC-198, and NL-409 × RLC-213.
For oil content, BLS-2023R-20 × BLS-2023R-19, DLV-9 × BLS-2023R-19, NL-421 × SLS-157, RL-18123 × SLS-156, RLC-206 × RLC-198, RLC-148 × SLS-145, and NL-421 × SLS-145 exhibited significant positive SCA effects, indicating their potential for improving seed quality. Overall, RLC-148 × RLC-198, RL-18123 × SLS-156, RLC-206 × RLC-213, RLC-206 × SLS-145, and BLS-2023R-20 × RLC-198 emerged as the most promising cross combinations because of their desirable SCA effects for seed yield and several associated traits. Similar findings have been reported by Ahmad et al. (2021), Bhateria et al. (2006), Rathva et al. (2023), and Wadikar et al. (2019), who also identified superior specific combiners and emphasized the importance of non-additive gene action in the inheritance of seed yield and related traits in linseed.
3.4 Nature of Gene Action
The estimates of general combining ability (σ²GCA) and specific combining ability (σ²SCA) variances, their ratio (σ²GCA/σ²SCA), and the corresponding nature of gene action for ten quantitative traits are presented in Table 4.The relative magnitude of GCA and SCA variances revealed the genetic control governing the inheritance of the studied characters. The σ²GCA/σ²SCA ratio was less than unity for all the traits, indicating the predominance of non-additive gene action in their inheritance.
Non-additive gene action was observed for days to 50 per cent flowering (0.1401), days to maturity (0.0187), plant height (0.1395), number of branches per plant (-0.0068), number of capsules per plant (0.0145), number of seeds per capsule (-0.0005), 1000-seed weight (0.0198), seed yield per plant (-0.0096), harvest index (0.0067), and oil content (-0.0051). The predominance of σ²SCA over σ²GCA for all the traits suggested that dominance and epistatic gene effects played a major role in the expression of these characters.The predominance of non-additive gene action indicates that direct selection in early segregating gene rations may be less effective for the improvement of these traits. Therefore, breeding approaches aimed at exploiting non-additive genetic effects, such as hybridization followed by selection in advanced generations or recurrent selection, may be more effective for the genetic improvement of linseed. Similar findings were reported by Bhateria et al. (2006), Kumar et al. (2016), and Wadikar et al. (2019), who also observed the predominance of non-additive gene action governing seed yield and its component traits in linseed.









	Parents
	DFF
	DM
	PH
	NBP
	NCP
	NSPC
	TSW
	SYP
	HI
	OC

	Lines

	NL-421
	-1.04**
	-0.46
	-2.95**
	-0.12*
	3.37**
	0.28
	-0.32
	0.33**
	2.67**
	0.60**

	NL-409
	-1.20**
	-0.63
	-0.05
	0.06
	4.45**
	0.11
	0.85**
	0.10
	0.52
	-0.68**

	RL-18123
	-0.87*
	-0.55
	2.01*
	0.16**
	-0.53
	-0.81**
	-0.65**
	-0.12*
	-0.80
	0.54*

	DLV-9
	0.05
	-0.05
	-7.92**
	-0.00
	-8.38**
	0.01
	-0.15
	-0.31**
	1.62**
	-0.15

	BLS-2023R-20
	0.71*
	0.20
	-5.49**
	-0.22**
	-3.61**
	-0.32*
	-0.24
	-0.67**
	1.00
	-0.60**

	RLC-148
	0.80*
	0.70
	9.18**
	-0.05
	1.92*
	0.41*
	-0.15
	-0.15**
	-2.27**
	-0.15

	RLC-206
	1.55**
	0.79
	5.23**
	0.18**
	2.79**
	0.33*
	0.68**
	0.83**
	-2.73**
	0.45*

	Testers

	RLC-213
	-2.42**
	-2.36**
	-3.79**
	-0.02
	-3.09**
	-0.11
	0.50**
	-0.44**
	2.12**
	0.09

	SLS-156
	-0.85*
	0.07
	-4.78**
	0.21**
	1.97**
	-0.34*
	0.57**
	0.09
	1.98**
	-0.05

	SLS-145
	-0.63
	-0.14
	-3.33**
	0.18**
	1.85*
	0.27
	0.14
	0.45**
	0.28
	-0.56**

	SLS-157
	0.30
	-0.29
	0.62
	-0.12*
	-1.46
	0.06
	0.14
	0.03
	-1.91**
	-0.16

	BLS-2023R-19
	2.44**
	1.57**
	7.04**
	-0.09
	-0.38
	0.22
	-0.79**
	-0.03
	-2.71**
	0.42*

	RLC-198
	1.15**
	1.14**
	4.24**
	-0.15**
	1.11
	-0.10
	-0.57**
	-0.10
	0.24
	0.27


Table 2. General combining ability (GCA) effects of seven lines and six testers for ten quantitative traits in linseed (Linum 
               usitatissimum L.)
* and ** indicated significance at 5 and 1 percent level, respectively
Abbreviations: DFF = Days to 50% flowering; DM = Days to maturity; PH = Plant height (cm); NBP = Number of branches per plant; NCP = Number of capsules per plant; NSPC = Number of seeds per capsule; HI = Harvest index (%); TSW = 1000-seed weight (g); SYP = Seed yield per plant (g); OC = Oil content (%) *Significant at P ≤ 0.05; **Significant at P ≤ 0.01




Table 3. Specific combining ability (SCA) effects of 42 crosses for ten quantitative traits in linseed (Linum usitatissimum L.)
	Sr No.
	Crosses
	DFF
	DM
	PH
	NBP
	NCP
	NSCP
	TSW
	SYP
	HI
	OC

	1
	NL-421 × RLC-213
	2.25**
	2.11
	8.04**
	-0.68**
	-6.23**
	1.20**
	0.25
	-0.43**
	-1.24
	-2.21**

	2
	NL-421 × SLS-156
	-0.32
	-1.82
	1.93
	0.39**
	7.92**
	0.02
	0.68
	1.25**
	1.20
	0.09

	3
	NL-421 × SLS-145
	-1.54
	-1.61
	-3.52
	0.22
	-2.57
	0.81*
	0.11
	0.27
	1.80
	1.14*

	4
	NL-421 × SLS-157
	-0.46
	-0.46
	-5.37*
	0.42**
	2.25
	-0.08
	0.11
	-0.07
	-4.31**
	1.74**

	5
	NL-421 × BLS-2023R-19
	-2.11*
	-0.82
	1.51
	-0.21
	8.66**
	-1.63**
	-0.46
	-0.58**
	2.99*
	-0.58

	6
	NL-421 × RLC-198
	2.18*
	2.61*
	-2.59
	-0.15
	-10.03**
	-0.32
	-0.68
	-0.45**
	-0.45
	-0.18

	7
	NL-409 × RLC-213
	-0.58
	-0.23
	0.74
	-0.16
	-0.71
	-0.54
	1.08**
	-0.34*
	-1.49
	1.13*

	8
	NL-409 × SLS-156
	2.85**
	3.35**
	-0.27
	0.71**
	1.73
	0.39
	-0.49
	0.49**
	-2.35
	-1.03

	9
	NL-409 × SLS-145
	-0.87
	-2.94*
	-7.62**
	0.14
	-4.95*
	0.38
	0.44
	-0.74**
	-0.65
	0.53

	10
	NL-409 × SLS-157
	-0.80
	-1.30
	0.83
	-0.46**
	-1.44
	-0.91*
	0.44
	0.32*
	-2.86*
	-0.12

	11
	NL-409 × BLS-2023R-19
	-0.44
	2.35*
	4.41
	-0.09
	5.08*
	0.23
	-1.63**
	0.41**
	5.44**
	-0.5

	12
	NL-409 × RLC-198
	-0.15
	-1.23
	1.91
	-0.13
	0.29
	0.45
	0.15
	-0.16
	1.90
	0

	13
	RL-18123 × RLC-213
	-0.92
	-0.31
	-8.13**
	0.44**
	9.37**
	-0.52
	0.58
	-0.98**
	4.13**
	-1.70**

	14
	RL-18123 × SLS-156
	0.51
	0.76
	0.26
	0.61**
	10.02**
	-0.19
	0.51
	1.50**
	-3.83**
	1.55**

	15
	RL-18123 × SLS-145
	1.30
	-0.52
	4.12
	-0.96**
	-8.07**
	0.49
	-0.06
	-0.08
	2.47
	0.65

	16
	RL-18123 × SLS-157
	0.37
	3.12**
	9.76**
	-0.56**
	-1.75
	1.71**
	-1.06*
	0.38*
	3.56*
	0.8

	17
	RL-18123 × BLS-2023R-19
	0.23
	-1.24
	-5.45*
	0.71**
	-4.54*
	0.65
	-1.13**
	-0.23
	-4.24**
	-1.28*

	18
	RL-18123 × RLC-198
	-1.49
	-1.81
	-0.55
	-0.23
	-5.03*
	-2.14**
	1.15**
	-0.60**
	-2.09
	-0.03

	19
	DLV-9 × RLC-213
	-0.83
	-2.81*
	0.61
	0.50**
	2.62
	0.36
	0.08
	-0.39**
	4.21**
	1.04

	20
	DLV-9 × SLS-156
	-0.40
	0.26
	2.09
	-0.62**
	-11.13**
	0.49
	-0.49
	-1.17**
	-5.65**
	-0.46

	21
	DLV-9 × SLS-145
	-0.12
	2.48*
	3.95
	-0.30*
	0.28
	-0.52
	-0.56
	0.61**
	-3.75**
	-1.16*

	22
	DLV-9 × SLS-157
	0.45
	0.12
	-2.31
	-0.10
	-0.60
	-0.81*
	-0.06
	0.36*
	-2.76*
	-0.51

	23
	DLV-9 × BLS-2023R-19
	1.81*
	-0.24
	-1.72
	0.28
	3.21
	-0.37
	-0.13
	1.81**
	-1.16
	1.82**

	24
	DLV-9 × RLC-198
	-0.90
	0.19
	-2.62
	0.23
	5.62**
	0.85*
	1.15**
	-1.22**
	9.10**
	-0.73

	25
	BLS-2023R-20 × RLC-213
	0.00
	1.44
	-6.23**
	0.52**
	4.26*
	-0.10
	-0.33
	0.57**
	3.03*
	0.24

	26
	BLS-2023R-20 × SLS-156
	0.93
	-0.49
	3.86
	-0.31*
	0.20
	-0.68
	-1.40**
	-1.00**
	6.97**
	0.69

	27
	BLS-2023R-20 × SLS-145
	-0.29
	-2.27*
	-3.18
	0.32*
	3.31
	0.01
	-0.48
	-0.73**
	-6.33**
	0.24

	28
	BLS-2023R-20 × SLS-157
	-0.71
	-0.63
	-0.54
	-0.28
	-1.77
	-0.68
	0.02
	-0.47**
	3.56*
	-2.61**

	29
	BLS-2023R-20 × BLS-2023R-19
	0.14
	1.01
	4.25
	-0.31*
	-3.76
	-0.03
	1.45**
	0.22
	-2.04
	2.12**

	30
	BLS-2023R-20 × RLC-198
	-0.07
	0.94
	1.85
	0.05
	-2.24
	1.48**
	0.74
	1.40**
	-5.19**
	-0.68

	31
	RLC-148 × RLC-213
	0.42
	0.44
	-1.19
	-0.35*
	-4.58*
	-0.74
	0.08
	-0.44**
	-3.30*
	0.29

	32
	RLC-148 × SLS-156
	-3.15**
	-2.99*
	-3.01
	-0.07
	-0.03
	-0.21
	0.51
	-1.11**
	2.54
	-1.56**

	33
	RLC-148 × SLS-145
	0.63
	3.23**
	4.55
	-0.05
	3.88
	-0.62
	-0.06
	-0.14
	3.44*
	1.44**

	34
	RLC-148 × SLS-157
	1.70*
	0.37
	2.79
	0.65**
	-0.80
	1.19**
	-0.06
	0.12
	2.12
	0.19

	35
	RLC-148 × BLS-2023R-19
	0.56
	0.01
	-2.92
	-0.57**
	-8.59**
	0.53
	0.37
	-0.49**
	-1.48
	-0.58

	36
	RLC-148 × RLC-198
	-0.15
	-1.06
	-0.22
	0.38*
	10.12**
	-0.15
	-0.85*
	2.04**
	-3.32*
	0.22

	37
	RLC-206 × RLC-213
	-0.33
	-0.64
	6.16*
	-0.28
	-4.74*
	0.35
	-1.75**
	2.00**
	-5.34**
	1.19*

	38
	RLC-206 × SLS-156
	-0.40
	0.93
	-4.86*
	-0.71**
	-8.70**
	0.17
	0.68
	0.03
	1.10
	0.74

	39
	RLC-206 × SLS-145
	0.88
	1.64
	1.70
	0.62**
	8.11**
	-0.54
	0.61
	0.80**
	3.00*
	-2.86**

	40
	RLC-206 × SLS-157
	-0.55
	-1.21
	-5.16*
	0.32*
	4.13*
	-0.43
	0.61
	-0.65**
	0.69
	0.49

	41
	RLC-206 × BLS-2023R-19
	-0.19
	-1.07
	-0.07
	0.19
	-0.06
	0.62
	1.54**
	-1.15**
	0.49
	-0.98

	42
	RLC-206 × RLC-198
	0.60
	0.36
	2.23
	-0.15
	1.26
	-0.17
	-1.68**
	-1.02**
	0.05
	1.42**


* and ** indicated significance at 5 and 1 percent level, respectively
Table 4. Estimates of general combining ability (δ²GCA) variance, specific combining ability (δ²SCA) variance, δ²GCA/δ²SCA ratio,   
               and nature of gene action for ten quantitative traits in linseed (Linum usitatissimum L.)
	Variance component
	DFF
	DM
	PH
	NBP
	NCP
	NSCP
	TSW
	SYP
	HI
	OC

	σ²GCA
	0.1553
	0.0472
	2.3938
	-0.0016
	0.5572
	-0.0003
	0.0150
	-0.0099
	0.1078
	-0.0085

	σ²SCA
	1.1087
	2.5275
	17.1563
	0.2365
	38.4782
	0.6463
	0.7577
	1.0271
	16.1002
	1.6554

	GCA/SCA
	0.1401
	0.0187
	0.1395
	-0.0068
	0.0145
	-0.0005
	0.0198
	-0.0096
	0.0067
	-0.0051


σ²GCA = General combining ability variance; σ²SCA = Specific combining ability variance.

Abbreviations: DFF = Days to 50% flowering; DM = Days to maturity; PH = Plant height (cm); NBP = Number of branches per plant; NCP = Number of capsules per plant; NSPC = Number of seeds per capsule; HI = Harvest index (%); TSW = 1000-seed weight (g); SYP = Seed yield per plant (g); OC = Oil content (%) *Significant at P ≤ 0.05; **Significant at P ≤ 0.01

Conclusion
The present investigation revealed significant genetic variability among the parents and hybrids for all ten quantitative traits studied in linseed. Several parents exhibited desirable general combining ability effects for seed yield and its associated traits, indicating their potential use in hybridization programmes. Among the hybrids, RLC-148 × RLC-198, RL-18123 × SLS-156, RLC-206 × RLC-213, RLC-206 × SLS-145, and BLS-2023R-20 × RLC-198 emerged as promising specific combiners for seed yield and important yield-contributing characters. The predominance of specific combining ability variance over general combining ability variance for all the traits indicated the importance of non-additive gene action in their inheritance. These findings suggest that the identified superior parents and cross combinations could be effectively utilized in linseed breeding programmes, while selection in advanced segregating generations or recurrent selection or biparental mating followed by selection may be more suitable for exploiting non-additive genetic effects and improving seed yield and related traits.

Consent 
Not applicable.

Ethical approval
Not applicable. This study did not involve human or animal subjects.
Declaration of AI Use

This manuscript was prepared through the combined contributions of all author(s), including contributions to the study design, data, content development, results, interpretation, and related scholarly work. The author(s) acknowledge the use of Grammarly and ChatGPT to assist with grammar checking, language refinement, reference formatting. These AI-assisted tools were not used as authors and did not replace the intellectual contributions or scholarly judgment of the author(s). All AI-assisted outputs, including content, references, and interpretations, were carefully reviewed, revised, verified, and approved by the author(s). The author(s) accept full responsibility for the accuracy, integrity, and final content of the manuscript.


References
Ahmad, E., Ansari, A. M., & Singh, D. N. (2021). Estimating gene action and combining ability analysis for yield and yield-attributing traits in linseed (Linum usitatissimum L.). Journal of Environmental Biology, 42(2 Suppl.), 366–370. https://doi.org/10.22438/jeb/42/2(SI)/SI-232
Bezil, M., Magudeeswari, P., Keisham, M., Behera, A., Kumar, A., Tyagi, W., et al. (2025). Genetic diversity, combining ability and stability analysis of linseed (Linum usitatissimum L.) under acidic soil conditions in the north-eastern region of India. Agricultural Research, 15, 670–681. https://doi.org/10.1007/s40003-025-00903-1
Bhateria, S., Sood, S. P., & Pathania, A. (2006). Genetic analysis of quantitative traits across environments in linseed (Linum usitatissimum L.). Euphytica, 150, 185–194. https://doi.org/10.1007/s10681-006-9106-7
Choudhary, S. K., Nirala, R. B. P., & Vishawakarma, R. (2023). Genetic variability, heritability and character association among linseed genotypes for yield and yield attributing traits. Journal of Oilseeds Research, 40(1–2), 39–48. https://doi.org/10.56739/md4q2f20
Falconer, D. S., & Mackay, T. F. C. (1996). Introduction to quantitative genetics (4th ed.). Longman.
Kaur, V., Gomashe, S. S., Yadav, S. K., Singh, D., Sheela, Chauhan, S. S., et al. (2024). Leveraging genetic resource diversity and identification of trait-enriched superior genotypes for accelerated improvement in linseed (Linum usitatissimum L.). Scientific Reports, 14, 20266. https://doi.org/10.1038/s41598-024-71044-8
Kempthorne, O. (1957). An introduction to genetic statistics. John Wiley & Sons.
Kulkarni, V. A., Wadikar, P. B., Latthe, D. D., Jadhav, A. R., & Shaikh, A. A. (2024). Study on the effect of combining ability and gene action on yield and its contributing traits in linseed (Linum usitatissimum L.). International Journal of Research in Agronomy, 7(Special Issue 9), 647–650. https://doi.org/10.33545/2618060X.2024.v7.i9Si.1568
Kumar, N., Paul, S., Chaudhary, H. K., Sood, V. K., Mishra, S. K., Singh, A. D., et al. (2016). Combining ability, gene action and heterosis for seed yield and its attributes in linseed (Linum usitatissimum L.). SABRAO Journal of Breeding and Genetics, 48(4), 434–444.
Oomah, B. D. (2001). Flaxseed as a functional food source. Journal of the Science of Food and Agriculture, 81(9), 889–894. https://doi.org/10.1002/jsfa.898
Panse, V. G., & Sukhatme, P. V. (1985). Statistical methods for agricultural workers (4th enlarged ed.). Indian Council of Agricultural Research.
Rathnakumar, A. L., & Ambati, D. (2023). A perspective on linseed breeding and varietal development in India. Journal of Oilseeds Research, 40(Special Issue), 95–100. https://doi.org/10.56739/hvjv2x10
Rathva, P., Patel, M. P., Solanki, U., & Pali, V. (2023). Combining ability analysis for seed yield and attributing traits in linseed (Linum usitatissimum L.). International Journal of Plant & Soil Science, 35(8), 34–63. https://doi.org/10.9734/ijpss/2023/v35i82880
Shinde, J. G., Nair, B. M., Rananaware, S., Chaudhari, V. A., Chandawar, P. N., & Reddy, B. C. (2022). Diallel analysis for estimation of combining ability for some quantitative traits in linseed (Linum usitatissimum L.). The Pharma Innovation Journal, 11(12), 3387–3392.
Singh, A., & Tewari, N. (2016). Combining ability analysis for yield and yield-contributing attributes in linseed (Linum usitatissimum L.). Journal of Oilseeds Research, 33(1), 46–50.
Sprague, G. F., & Tatum, L. A. (1942). General vs. specific combining ability in single crosses of corn. Journal of the American Society of Agronomy, 34(10), 923–932. https://doi.org/10.2134/agronj1942.00021962003400100008x
Tewari, N., & Singh, A. (2018). Studies on genetic variability in linseed (Linum usitatissimum L.). Journal of Oilseeds Research, 35(4), 267–271. https://doi.org/10.56739/jor.v35i4.137561
Upadhyay, S., Mehta, N., & Tiwari, A. K. (2019). Assessment of variability among flax type linseed genotypes (Linum usitatissimum L.) of Chhattisgarh Plains. International Journal of Current Microbiology and Applied Sciences, 8(6), 2633–2637. https://doi.org/10.20546/ijcmas.2019.806.316
Wadikar, P. B., Magar, M. R., & Dhare, S. L. (2019). Combining ability and gene action studies for yield and yield-contributing traits in linseed (Linum usitatissimum L.). Bulletin of Environment, Pharmacology and Life Sciences, 8(7), 18–22.
