Decoding Yield Plasticity in Linseed (Linum usitatissimum L.): Genetic Variability, Genotype × Environment Interactions and Climate-Resilient Breeding	Comment by MTCA Comp-7: not adequately supported by the experimental design
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14	ABSTRACT	Comment by MTCA Comp-7: it should be based objective, experimental material, number of genotypes, location, season, experimental design, replications, traits evaluated, major statistical methods, principal numerical findings, important genotypes identified, and the practical breeding implication.	Comment by MTCA Comp-7: It should also avoid making claims concerning genotype × environment interaction or climate resilience unless these were actually evaluated. The keywords currently include linseed, variability, heritability, genetic advance, and GCV/PCV,

Linseed (Linum usitatissimum L.) yield improvement relies heavily on the genetic variation available in the crop population and understanding the differences among genotypes. To develop suitable breeding strategies, the present study was conducted to evaluate genetic variability, trait association, and path analysis for ten quantitative traits. Forty linseed genotypes were evaluated for yield and yield-contributing traits. Analysis of variance revealed significant differences among the forty genotypes for all ten characters studied, indicating a wide range of genetic diversity and good scope for selection. The phenotypic coefficient of variation (PCV) ranged from 5.80% for days to maturity to 22.49% for the number of branches per plant, while the genotypic coefficient of variation (GCV) ranged from 4.60% for days to maturity to 22.10% for the number of branches per plant. Broad-sense heritability varied from 63% for days to maturity to 98% for both the number of seeds per capsule and harvest index. Genetic advance as a percentage of the mean ranged from 7.53% for days to maturity to 44.75% for the number of branches per plant. High heritability coupled with high genetic advance was observed for the number of branches per plant, harvest index, 1000-seed weight, number of capsules per plant, number of seeds per capsule, and seed yield per plant, indicating these traits are predominantly under additive genetic control and can respond effectively to direct selection. At both the genotypic and phenotypic levels, seed yield per plant showed significant positive correlations with the number of branches per plant, number of capsules per plant, and number of seeds per capsule, whereas days to 50% flowering and days to maturity displayed negative associations with seed yield. Path coefficient analysis indicated that the number of seeds per capsule, number of branches per plant, and number of capsules per plant exerted the highest positive direct effects on seed yield. Overall, these findings suggest that breeding programs should prioritize the number of seeds per capsule, number of branches per plant, and number of capsules per plant as reliable selection criteria to improve yield. The promising genotypes R-4076, R-4266, R-4203, and R-4275 exhibited the best performance for seed yield and desirable trait combinations, making them ideal for selection and use in future breeding programs.
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18
19	1. INTRODUCTION
20
21 Linseed (Linum usitatissimum L.), an ancient crop cultivated for over 6,000 to 7,000 years, belongs to the family Linaceae
22 and the genus Linum. It is a self-pollinated, diploid plant (2n=30) with a genome size of approximately 370-400 Mb. Believed	Comment by MTCA Comp-7: Is it needed for current study
23 to have originated in the eastern Mediterranean and South-West Asia, it is broadly categorized into two morphologically
24 distinct types: flax, grown primarily for fiber extraction, and linseed, cultivated for its nutrient-dense seed oil. As modern
25 agricultural systems face shifting climate dynamics, understanding the physiological responses and morphological
26 adaptations of L. usitatissimum such as cuticle thickness and specific leaf structures is becoming increasingly critical for
27 improving the crop's resilience against environmental stressors like soil salinity and climate change.	Comment by MTCA Comp-7: More Recent citation required 
28 Recognized globally as a powerful functional food, linseed is highly valued for its exceptional nutritional profile and	Comment by MTCA Comp-7: Remove and add more above current title 
29 therapeutic properties. The seeds are composed of 33-45% oil, 20-25% protein, 35-40% fat, and 25-30% carbohydrates
30 and dietary fiber. It stands out as one of the richest plant-based sources of polyunsaturated fatty acids, with alpha-linolenic
31 acid (ALA, an omega-3 fatty acid) comprising approximately 57% of its total fatty acids, alongside 16% omega-6 fatty acids.
32 Furthermore, linseed is packed with essential minerals, yielding about 170 mg/100 g of calcium and 370 mg/100 g of
33 phosphorus, as well as bioactive compounds like lignans, flavonoids (14-21 mg/100g), and antioxidants. These natural
34 constituents contribute to numerous health benefits, including the reduction of cardiovascular risks through lowered serum
35 cholesterol, decreased inflammation, and notable anti-diabetic properties.
36 Beyond its dietary importance, linseed holds immense industrial and sustainable value, making it a highly versatile crop.	Comment by MTCA Comp-7:  Remove Introduction need to revise  based on   estimating genetic variability; 
  estimating heritability and genetic advance; 
  determining associations among traits; 
  conducting path analysis; and 
  identifying promising genotypes.
37 Approximately 80% of linseed oil is directed toward industrial purposes such as the manufacturing of paints, varnishes, and
38 linoleum while the remaining 20% is utilized for edible and domestic applications. Flax fibers are widely used in textiles,







39 paper production, and biodegradable composites, aligning perfectly with modern circular economy principles and waste
40 reduction strategies. To maximize its utility as both food and feed, processing methods such as soaking, fermentation, and
41 cold-pressing are employed to preserve the quality of the oil while effectively mitigating naturally occurring antinutritional
42 compounds like phytic acid, oxalates, and cyanogenic glycosides.
43 Globally, flax and linseed production has been growing steadily, reaching a total output of approximately 3.5 million metric	Comment by MTCA Comp-7: Remove
44 tons in recent years. Canada remains the undisputed global leader in production, contributing around 40% of the world's
45 volume by harvesting about 1.4 million metric tons. Kazakhstan has rapidly emerged as Asia's largest producer, securing
46 roughly 17% of the global share with an output of 0.6 million tons. Russia closely follows, maintaining a 16% share with
47 approximately 550,000 tons. India remains a crucial agricultural hub for the crop; in the 2024-2025 period, India's harvested
48 area for linseed was recorded at 178.14 thousand hectares. During this same timeframe, India achieved a total production
49 of 112.81 thousand metric tons. States such as Madhya Pradesh, Chhattisgarh, and Uttar Pradesh continue to be the
50 primary drivers of this production, cementing linseed's role as a vital contributor to the regional and national agricultural
51 economy.
52
53	2. MATERIAL AND METHODS 
54
55 Testing location and layout of experiment
56 The experimental material comprised 40 linseed genotypes, which were sown in a randomized block design with two replications during rabi 2024-2025 at the [college of agriculture, latur.	Comment by MTCA Comp-7: Genotype × Environment Interactions,” and “Climate-Resilient Breeding” in the title. The experimental design described in the manuscript is a single-environment evaluation of 40 genotypes during rabi 2024–2025 with two replications.	Comment by MTCA Comp-7: Only two replications were used. T should justify this design and discuss its implications for precision and environmental variance estimation.	Comment by MTCA Comp-7: And 
57 The experimental plot size was [35×12 m2], having an inter-row and plant-to-plant distance of [30×5 cm],
58 respectively. The recommended package of practices was adopted for the proper growth of the linseed. Data
59 were recorded from [40] randomly selected competitive plants for ten quantitative traits: days to 50% flowering,
60 days to maturity, plant height, number of branches per plant, number of capsules per plant, number of seeds per
61 capsule, 1000-seed weight, oil content, harvest index and seed yield per plant.	Comment by MTCA Comp-7: soil characteristics;  sowing date; plot dimensions; number of rows per plot; 
 number of plants sampled;  replication details;   randomization procedure;   crop management; 
weather conditions during the experiment
63
64 EXPERIMENTAL MATERIAL
65 The experiment was conducted using 40 linseed genotypes, including the promising genotypes R-3793, R-3797,
66 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,
67 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,
68 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.
69
70 STATISTICAL ANALYSIS
71 The data obtained were subjected to analysis as per panse and sukhatme (1984). The genetic parameters
72 phenotypic, genotypic and environmental coefficients of variation were analyzed as suggested by burton and de
73 vane (1953) and johnson et al., (1955). Heritability was calculated as a ratio of genotypic variance to the sum of
74 genotypic and environmental variance. The expected genetic advance for various traits was calculated as per	Comment by MTCA Comp-7: statistical model used for RBD
75 burton and de vane (1953) and johnson et al., (1955). Direct and indirect effects of component characters on
76 seed yield were computed using the appropriate correlation coefficient of different component traits as suggested
77 by wright (1921) and elaborated by dewey and lu (1959).
78 3. RESULTS AND DISCUSSION
79 The present study, titled “genetic variability, trait association and path analysis in linseed crop (linum
80 usitatissimum l.),” was undertaken to evaluate ten quantitative traits across forty linseed genotypes. The primary
81 objective of this breeding program was to understand the genetic differences among genotypes to identify high-
82 yielding varieties and develop suitable breeding strategies. The success of such crop improvement programs
83 relies heavily on the amount of fixable variation available within the population.
84 1. Analysis of variance (anova)
85 The analysis of variance indicated that highly significant mean differences existed among the forty linseed
86 genotypes for all ten characters studied. These traits included days to 50 per cent flowering, days to maturity,
87 plant height, number of branches per plant, number of capsules per plant, number of seeds per capsule, 1000-
88 seed weight, harvest index, oil content, and seed yield per plant. The presence of this significant variation
89 demonstrates a wide range of genetic diversity, suggesting substantial scope for selecting superior genotypes
90 in effective breeding programs. Similar outcome was earlier reported by Akbar et al. (2003), Awasthi et al. (2005),

91 Tadesse et al. (2010), Ram et al. (2010), Reddy et al. (2013), Singh et al. (2017), Washimkar et al. (2025) and
92 Chandrawati et al. (2016).
93
94
95	Table 1. Analysis of variance for yield and yield related traits in linseed

	Sr. No.
	Characters
	
	Mean Sum of Squares
	

	
	
	Replication
	Treatments
	Error

	D.f.	1	39	39

	1
	Days to 50 per cent 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**
	4.98

	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 seed per capsule
	0.003
	2.005**
	80.050

	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)
	0.40
	0.654**
	0.076


96
97 2. Genetic variability (pcv & gcv)
98 The estimates of genotypic coefficient of variation (gcv) and phenotypic coefficient of variation (pcv) showed that
99 pcv was slightly higher than gcv for all the characters, indicating a small influence of environment on trait
100 expression. Higher variability was observed for number of branches per plant, harvest index, 1000-seed weight,
101 seed yield per plant, number of capsules per plant and number of seeds per capsule.
102 High heritability together with high genetic advance was observed for important yield-contributing traits. Genetic
103 advance as per cent of mean was highest for number of branches per plant (44.75%), followed by harvest index
104 (33.74%), 1000-seed weight (28.46%), number of capsules per plant (26.79%), number of seeds per capsule
105 (26.33%) and seed yield per plant (25.96%). These results indicated that additive genetic effects were important
106 for these characters and that direct selection could be effective for their improvement. Similar results were found
107 by Tewari et al. (2010), Yadav et al. (2017), Singh et al. (2017), Chandrawati et al. (2017) and Nakhate et al.
108 (2025).
109 3. Heritability & genetic advance
110 High heritability estimates were recorded for the number of seeds per capsule (98%), harvest index (98%),
111 number of capsules per plant (97%), 1000-seed weight (96%), number of branches per plant (96%), oil content
112 (92%), seed yield per plant (88%), and plant height (84%). Moderate heritability was observed for days to 50 per
113 cent flowering (67%) and days to maturity (63%). When coupled with genetic advance as a per cent of mean
114 (gam), high heritability and high gam were observed for the number of branches per plant, harvest index, 1000-
115 seed weight, number of capsules per plant, number of seeds per capsule, and seed yield per plant. This
116 combination indicates that these traits are predominantly controlled by additive gene action, making direct

117 selection highly effective. Moderate gam was noted for plant height and oil content, while low gam was seen for
118 days to 50 per cent flowering and days to maturity. The above results were similar to found in Burton et al. (1953),
119 Johnson et al. (1955), Kanwar et al. (2014), Toor et al. (2020) and Patel et al. (2023).
120
121 4. Correlation coefficient analysis
122 The genotypic and phenotypic correlations showed a generally similar trend, indicating that environmental effects
123 had comparatively less influence on the association among the traits. Number of branches per plant, number of
124 capsules per plant and number of seeds per capsule showed strong positive genotypic associations with seed
125 yield per plant, with correlation coefficients of 0.7118, 0.7044 and 0.7265, respectively. These results indicated
126 that plants having more branches, capsules and seeds per capsule tended to produce higher seed yield.
127 Days to 50 per cent flowering (−0.1379), days to maturity (−0.2823), oil content (−0.0845) and harvest index
128 (−0.0069) showed negative associations with seed yield. Plant height (0.0073) and 1000-seed weight (0.0141)
129 showed only weak positive associations. Therefore, number of branches per plant, number of capsules per plant
130 and number of seeds per capsule appeared to be the most useful traits for indirect selection for higher seed yield
131 in the present study. The similar results observed by Badwal et al. (1970), Bibi et al. (2013), Reddy et al. (2013),
132 Kumar et al. (2017), Dash et al. (2016) and Chandrawati et al. (2017).
133
134 5.Path coefficient analysis
135 Path analysis partitioned the correlations to reveal the direct and indirect effects of different traits on the final
136 yield, establishing strong selection criteria. The number of seeds per capsule exerted the highest positive direct
137 effect on seed yield, followed closely by the number of branches per plant and the number of capsules per plant,
138 while plant height also contributed a small positive direct effect. In contrast, days to 50 per cent flowering, days
139 to maturity, 1000-seed weight, oil content, and harvest indexdemonstrated negative direct effects on seed yield.
140 Therefore, selecting for a higher number of seeds per capsule, branches, and capsules per plant is the most
141 reliable strategy for direct yield improvement.
142 Path coefficient analysis was used to separate the correlation coefficients into direct and indirect effects on seed
143 yield per plant. At the genotypic level, number of seeds per capsule showed a high positive direct effect (0.8083),
144 followed by number of capsules per plant (0.3397), indicating their important contribution towards seed yield.
145 Days to 50 per cent flowering showed a negative direct effect (−0.0740), suggesting that earliness may be
146 favourable for seed yield under the present conditions. The similar results were observed by Dewey et al. (1959),
147 Naik et al. (2016), Kumari et al. (2017), Payasi et al. (2000), Yadav, H.K. (2017) and Tewari et al. (2018).
148 At the phenotypic level, number of branches per plant showed a high positive direct effect (1.6152), indicating
149 its major contribution to seed yield. The results of path analysis supported the correlation findings and suggested

150 number of seeds per capsule while selecting superior linseed genotypes. Thus, these traits can be considered
151 important selection criteria for improving seed yield in linseed.
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153
154	Fig. 1. GCV and PCV for yield and yield contributing characters in linseed
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156
157	Fig. 2. Heritability and Genetic Advance (%) for yield and yield contributing characters in linseed
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159
160
161
162	Table 2. Genetic parameters of variability for different traits in linseed	Comment by MTCA Comp-7: major concern. The values presented for genetic variance, GCV, PCV, heritability, genetic advance and genetic advance as percentage of mean should be recalculated from the original data. Several entries appear mathematically inconsistent or potentially displaced between columns.

	Name of Character
		Range	
	Mean
	Genotypic variance
	GCV (%)
	PCV (%)
	H2 (Broad sense)
	Genetic Advance
	Genetic Advance (%)

	
	Min
	Max
	
	
	
	
	
	
	

	Days to 50% flowering
	47
	65.50
	53.40
	6.62
	3.90
	6.12
	0.40
	5.11
	2.72

	Days to maturity
	83
	106.50
	95.75
	19.45
	4.18
	7.25
	0.33
	4.97
	4.73

	Plant height (cm)
	46
	58
	52.50
	13.05
	6.88
	8.09
	0.72
	12.05
	6.33

	Number of branches per plant
	2.10
	4.80
	3.51
	0.60
	6.72
	8.95
	0.56
	10.39
	0.33

	Number of capsules per plant
	31.15
	49.35
	40.33
	28.26
	7.51
	8.58
	0.76
	13.55
	5.76

	Number of seeds per capsule
	5.90
	9.35
	7.63
	0.97
	2.03
	3.89
	0.27
	2.20
	0.19

	1000 seed weight (g)
	6.05
	9.25
	7.49
	1.10
	13.37
	15.15
	0.78
	24.29
	0.97

	Harvest index (%)
	30.50
	37.20
	33.62
	3.50
	16.52
	16.83
	0.96
	33.48
	3.47

	Oil content (%)
	7.90
	13.75
	10.36
	2.93
	14.05
	14.52
	0.93
	28.00
	2.09

	Seed yield per plant(g)
	2.85
	5.90
	4.01
	0.28
	5.75
	6.19
	0.86
	11.01
	3.71


163
164 GV- Genotypic variance, PV- Phenotypic variance, GCV- Genotypic Coefficients of variation,
165 PCV- Phenotypic coefficient of variation, h2(bs)- heritability (broad sense), GA- Genetic advance,

166 CONCLUSION
167 The investigation revealed substantial and fixable genetic variability among the forty linseed genotypes. Traits such as the
168 number of branches per plant, number of capsules per plant, and number of seeds per capsule demonstrated high
169 heritability coupled with high genetic advance, strong positive correlations with yield, and high direct positive effects. These
170 traits should serve as the primary selection criteria for seed yield improvement. Based on overall mean performance across
171 these desirable characteristics, the genotypes R-4076, R-4266, R-4203, and R-4275 were identified as the best performers,
172 making them ideal candidates for future breeding programs.
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