Genetic Variability, Trait Association and Path Analysis for Yield and Yield-Contributing Traits in Linseed (Linum usitatissimum L.)
ABSTRACT
Linseed (Linum usitatissimum L.) is an important oilseed crop in which improvement of seed yield depends on the availability of genetic variability and the identification of useful yield-associated traits. The present investigation was undertaken to assess genetic variability, heritability, genetic advance, correlation and path relationships for ten quantitative traits in 40 linseed genotypes. The experiment was conducted during rabi 2024–2025 at the College of Agriculture, Latur, Maharashtra, India, in a randomized block design with two replications. The traits studied were days to 50% flowering, days to maturity, plant height, number of branches per plant, number of capsules per plant, number of seeds per capsule, 1000-seed weight, oil content, harvest index and seed yield per plant. Analysis of variance indicated significant differences among genotypes for all the traits. The recalculated estimates showed that GCV ranged from 4.61% for days to maturity to 22.15% for number of branches per plant, while PCV ranged from 5.14% for harvest index to 22.53% for number of branches per plant. Broad-sense heritability ranged from 63.06% for days to maturity to 98.24% for harvest index. Genetic advance as percent of mean was highest for number of branches per plant (44.86%), followed by oil content (35.74%), 1000-seed weight (28.49%), number of capsules per plant (26.80%), number of seeds per capsule (26.16%) and seed yield per plant (25.96%). Genotypically, seed yield showed positive association with number of branches per plant (0.7118), number of capsules per plant (0.7044), number of seeds per capsule (0.7265), plant height (0.0073) and 1000-seed weight (0.0141). The reported path analysis indicated positive direct effects of number of seeds per capsule (0.8083) and number of capsules per plant (0.3397) at the genotypic level, while number of branches per plant showed a high positive direct effect at the phenotypic level (1.6152). Thus, number of branches per plant, number of capsules per plant and number of seeds per capsule may be considered important selection criteria for improving seed yield under the present experimental conditions. The study was conducted at one location in one season; therefore, further multi-location and multi-season evaluation is necessary.
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1. INTRODUCTION
Linseed (Linum usitatissimum L.) is an important oilseed crop cultivated for its edible and industrially useful oil and its nutritional value. Improvement in seed yield is a major objective of linseed breeding. Efficient selection for yield requires information on the amount of genetic variability present in breeding material and on the association of yield with its component traits.
Genotypic and phenotypic coefficients of variation are useful for assessing the magnitude of variability, whereas heritability and genetic advance provide an indication of the expected response to selection. Correlation analysis helps identify traits associated with seed yield, while path coefficient analysis further separates the direct contribution of individual traits from their indirect association through other characters.
Earlier investigations in linseed have reported useful variability and significant associations among yield and yield-contributing traits. Branch number, capsule number, seeds per capsule and other component traits have frequently been considered important in selection programmes. However, the magnitude and direction of associations can vary with genetic material and testing conditions. Therefore, the present investigation was undertaken to assess genetic variability and trait relationships among 40 linseed genotypes and to identify characters that could be useful for selection for higher seed yield.
2. MATERIALS AND METHODS
2.1 Experimental material and design
The experimental material consisted of 40 linseed genotypes: R-3793, R-3797, R-3838, R-3944, R-3953, R-3977, R-3986, R-4028, R-4032, R-4040, R-4044, R-4054, R-4076, R-4088, R-4093, R-4097, R-4145, R-4148, R-4152, R-4163, R-4170, R-4174, R-4184, R-4193, R-4195, R-4203, R-4209, R-4213, R-4218, R-4237, R-4244, R-4253, R-4266, R-4275, GP-208, GP-312, GP-333, GP-352, GP-381 and GP-411.
The experiment was conducted during rabi 2024–2025 at the College of Agriculture, Latur, Maharashtra, India, in a randomized block design with two replications. The experimental plot size reported in the manuscript was 35 × 12 m². Row-to-row spacing was 30 cm and plant-to-plant spacing was 5 cm. The recommended package of practices was followed for crop management.
Observations were recorded for ten quantitative characters: 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), oil content (%), harvest index (%) and seed yield per plant (g). The exact sampling unit for each observation should be confirmed from the original field record before final journal submission.
2.2 Statistical analysis
Analysis of variance was carried out according to Panse and Sukhatme (1984). With two replications, genotypic variance was estimated as (MS genotype − MS error)/2 and environmental variance as MS error/2. Phenotypic variance was obtained as the sum of genotypic and environmental variances. GCV and PCV were calculated as √GV/mean × 100 and √PV/mean × 100, respectively. Broad-sense heritability was estimated as GV/PV × 100. Expected genetic advance was estimated using a selection intensity of 5% (k = 2.06), and genetic advance as percent of mean was calculated as GA/mean × 100. Correlation and path coefficient analysis were interpreted using the approaches of Wright (1921) and Dewey and Lu (1959).
3. RESULTS AND DISCUSSION
3.1 Analysis of variance
The analysis of variance revealed significant differences among the 40 genotypes for all ten characters, indicating the presence of sufficient variation for selection under the experimental conditions. The genotype mean square was significant for days to 50% flowering, days to maturity, plant height, number of branches per plant, number of capsules per plant, number of seeds per capsule, 1000-seed weight, oil content, harvest index and seed yield per plant.
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	S. No.
	Character
	Replication MS
	Genotype MS
	Error MS

	1
	Days to 50% flowering
	1.800
	19.543**
	6.287

	2
	Days to maturity
	0.200
	61.692**
	22.789

	3
	Plant height (cm)
	0.060
	31.091**
	4.980

	4
	Number of branches per plant
	0.018
	1.251**
	0.042

	5
	Number of capsules per plant
	1.981
	58.047**
	1.514

	6
	Number of seeds per capsule
	0.003
	2.005**
	0.065

	7
	1000-seed weight (g)
	0.010
	2.295**
	0.076

	8
	Oil content (%)
	0.924
	7.618**
	0.602

	9
	Harvest index (%)
	0.406
	5.971**
	0.105

	10
	Seed yield per plant (g)
	0.400
	0.654**
	0.076



Note: ** Significant at P ≤ 0.01. Degrees of freedom: replication = 1, genotype = 39 and error = 39.
3.2 Genetic variability
The corrected estimates showed that phenotypic coefficients of variation were slightly higher than the corresponding genotypic coefficients of variation for all characters, indicating some environmental influence on trait expression. The difference between PCV and GCV was small for most traits, suggesting that genetic factors accounted for a major portion of the observed variation.
The highest GCV was observed for number of branches per plant (22.15%), followed by oil content (18.08%), 1000-seed weight (14.06%), seed yield per plant (13.41%), number of capsules per plant (13.18%) and number of seeds per capsule (12.91%). The lowest GCV was recorded for days to maturity (4.61%). A similar trend was observed for PCV, with the highest value for number of branches per plant (22.53%) and the lowest for harvest index (5.14%). The relatively high variability observed for branch number, capsule number, seeds per capsule, 1000-seed weight and seed yield indicates scope for selection in the tested material.
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	Character
	Range
	Mean
	GV
	PV
	GCV (%)
	PCV (%)
	h² (%)
	GA
	GAM (%)

	Days to 50% flowering
	47–65.50
	56.40
	6.628
	9.771
	4.56
	5.54
	67.83
	4.368
	7.74

	Days to maturity
	83–106.50
	95.75
	19.451
	30.846
	4.61
	5.80
	63.06
	7.215
	7.53

	Plant height (cm)
	46–58
	52.50
	13.056
	15.546
	6.88
	7.51
	83.98
	6.821
	12.99

	Number of branches per plant
	2.10–4.80
	3.51
	0.604
	0.625
	22.15
	22.53
	96.64
	1.575
	44.86

	Number of capsules per plant
	31.15–49.35
	40.33
	28.266
	29.023
	13.18
	13.36
	97.39
	10.808
	26.80

	Number of seeds per capsule
	5.90–9.35
	7.63
	0.970
	1.002
	12.91
	13.12
	96.76
	1.996
	26.16

	1000-seed weight (g)
	6.05–9.25
	7.49
	1.109
	1.147
	14.06
	14.30
	96.69
	2.134
	28.49

	Oil content (%)
	7.90–13.75
	10.36
	3.508
	3.809
	18.08
	18.84
	92.10
	3.703
	35.74

	Harvest index (%)
	30.50–37.20
	33.62
	2.933
	2.986
	5.09
	5.14
	98.24
	3.497
	10.40

	Seed yield per plant (g)
	2.85–5.90
	4.01
	0.289
	0.327
	13.41
	14.26
	88.38
	1.041
	25.96



3.3 Heritability and genetic advance
Broad-sense heritability estimates were high for most traits. The highest heritability was observed for harvest index (98.24%), followed by number of capsules per plant (97.39%), number of seeds per capsule (96.76%), 1000-seed weight (96.69%) and number of branches per plant (96.64%). The lowest estimate was recorded for days to maturity (63.06%).
Genetic advance as percent of mean was highest for number of branches per plant (44.86%), followed by oil content (35.74%), 1000-seed weight (28.49%), number of capsules per plant (26.80%), number of seeds per capsule (26.16%) and seed yield per plant (25.96%). The combination of high heritability and comparatively high genetic advance for several of these traits indicates good prospects for selection. Nevertheless, broad-sense heritability includes both additive and non-additive genetic components; therefore, high heritability should not by itself be interpreted as evidence of additive gene action.
3.4 Correlation analysis
The genotypic correlation pattern reported in the manuscript indicated that seed yield per plant was positively associated with number of branches per plant (0.7118), number of capsules per plant (0.7044) and number of seeds per capsule (0.7265). These were the strongest positive relationships with seed yield and suggest that improvement in these traits may be accompanied by improvement in seed yield. Plant height (0.0073) and 1000-seed weight (0.0141) showed very weak positive relationships with seed yield.
Days to 50% flowering (−0.1379), days to maturity (−0.2823), oil content (−0.0845) and harvest index (−0.0069) showed negative genotypic associations with seed yield. The negative association with days to maturity suggests that relatively earlier genotypes may perform better for seed yield under the present conditions. However, correlation alone does not establish a causal relationship.
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	Trait
	Genotypic correlation with seed yield
	Direction

	Days to 50% flowering
	−0.1379
	Negative

	Days to maturity
	−0.2823
	Negative

	Plant height
	0.0073
	Very weak positive

	Number of branches per plant
	0.7118
	Strong positive

	Number of capsules per plant
	0.7044
	Strong positive

	Number of seeds per capsule
	0.7265
	Strong positive

	1000-seed weight
	0.0141
	Very weak positive

	Oil content
	−0.0845
	Negative

	Harvest index
	−0.0069
	Very weak negative


t	Comment by MTCA Comp-7: Complete matrices needed
Note: The complete genotypic and phenotypic correlation matrices were not available in the supplied manuscript. Only the reported seed-yield correlations are reproduced here; a complete matrix should be inserted from the original statistical output.
3.5 Path coefficient analysis
Path coefficient analysis provided additional information on the contribution of individual traits to seed yield. At the genotypic level, number of seeds per capsule recorded the highest reported positive direct effect (0.8083), followed by number of capsules per plant (0.3397). Days to 50% flowering had a negative direct effect (−0.0740). At the phenotypic level, number of branches per plant showed a high positive direct effect (1.6152).
The positive direct effects of number of seeds per capsule and number of capsules per plant at the genotypic level, together with their strong positive correlations with seed yield, indicate that these traits may be useful selection criteria. Similarly, the high positive phenotypic direct effect of branch number supports its importance in yield improvement. Selection should nevertheless be based on combined evidence from variability, correlation and path analysis rather than on a single statistic.
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	Level
	Trait
	Direct effect
	Interpretation

	Genotypic
	Number of seeds per capsule
	0.8083
	Positive; highest reported

	Genotypic
	Number of capsules per plant
	0.3397
	Positive

	Genotypic
	Days to 50% flowering
	−0.0740
	Negative

	Phenotypic
	Number of branches per plant
	1.6152
	Positive; high direct effect


t	Comment by MTCA Comp-7:  clear indication of whether genotypic or phenotypic correlations were used. Complete matrices
Note: The supplied manuscript did not contain the complete indirect-effect matrix or residual effect. These values have therefore not been fabricated.
3.6 Selection strategy
Based on the combined results, number of branches per plant, number of capsules per plant and number of seeds per capsule can be given greater emphasis during preliminary selection for higher seed yield in the tested material. Traits showing high variability and high heritability with appreciable genetic advance, particularly branch number, 1000-seed weight, capsule number, seeds per capsule and seed yield, also offer scope for selection. The selection strategy should be validated over additional seasons and locations before being generalized.
4. CONCLUSION
The present study revealed significant genetic variation among 40 linseed genotypes for all ten quantitative characters. The corrected estimates indicated relatively high variability for number of branches per plant, oil content, 1000-seed weight, seed yield per plant, number of capsules per plant and number of seeds per capsule. High broad-sense heritability and appreciable genetic advance were observed for several important traits. Number of branches per plant, number of capsules per plant and number of seeds per capsule showed favourable relationships with seed yield, while the reported path analysis identified positive direct effects for number of seeds per capsule and number of capsules per plant at the genotypic level and for number of branches per plant at the phenotypic level. These traits may therefore be considered important selection criteria for improving seed yield in the present material. The genotypes R-4076, R-4266, R-4203 and R-4275 were identified as promising in the original manuscript, but their genotype-wise means and statistical comparison were not supplied; hence, their superiority should be confirmed before making a definitive recommendation. Since the present experiment was conducted at one location in one season, multi-location and multi-season testing is required to assess the consistency of the results.
5. LIMITATIONS OF THE STUDY
The study was conducted at a single location during one rabi season with two replications. Therefore, genotype × environment interaction, stability, yield plasticity and climate resilience were not evaluated. The present results should be interpreted as selection information for the tested environment rather than as evidence of broad environmental stability.
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NOTE ON NUMERICAL CORRECTION
The manuscript supplied for revision contained an internally inconsistent error mean square of 80.050 for number of seeds per capsule, while the corresponding genotype mean square was 2.005 and the reported genetic variance was approximately 0.970. For the corrected calculations presented here, an error mean square of 0.065 was used. This inferred correction should be verified against the original ANOVA worksheet before final submission. The complete raw-data-dependent correlation matrix, complete path matrix, genotype-wise means and residual effect were not reconstructed because those values were not available in the supplied manuscript.
