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ABSTRACT 

	[bookmark: _Hlk217499663]Wheat (Triticum aestivum L.) improvement relies on the availability of genetic variation and an understanding of the inheritance of yield-related traits. The present investigation assessed genetic variability, genetic advance, heritability and inter-trait relationships in 136 recombinant inbred lines derived from a WH711 × PBW698 cross. The study was conducted during the Rabi season of 2022–23 using an augmented design and data were recorded for eight morphological yield and yield-related traits. For the majority of traits, genotypes differed significantly, indicating the presence of considerable genetic diversity within the population. The phenotypic coefficient of variation (PCV) was higher than the estimated genotypic coefficient of variation (GCV); however, grain yield per plot (g) (25.52%), biological yield per plot (g) (24.01%) and number of tillers per meter (20.74%) exhibited relatively higher GCV, suggesting reduced environmental influence. High heritability accompanied by high genetic advance as a percentage of the mean was recorded for thousand grain weight, number of grains per spike, number of tillers per meter, number of spikelets per spike and biological yield per plot, indicating the predominance of additive genetic effects and greater selection efficiency. Correlation analysis revealed strong and positive associations of number of tillers per meter (0.487), harvest index (0.499) and biological yield per plot (0.932) with grain yield per plot, depicting their potential utility in simultaneous improvement strategies. In conclusion, the studied RILs possess adequate genetic variability for effective selection. Traits expressing high heritability, substantial genetic advance and positive correlations with grain yield may serve as dependable selection indices for yield enhancement in wheat breeding programs.
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1. INTRODUCTION 

Wheat (Triticum aestivum L.) is a major cereal crop that plays an integral role in global food security (Kumar et al., 2019). Wheat serves as an important source of dietary fibre, protein, vitamins and minerals in the human diet. It is a principal source of food energy and nutrients globally, underscoring its crucial role in global food and nutritional security (Khalid et al., 2023). In India, wheat covers around 32.7 million hectares with a total production of 117.51 million tonnes (ICAR-IIWBR, 2024–25). However, the projected rise in the global population to 9.7 billion by 2050 presents a significant challenge in ensuring adequate wheat production to meet rising nutritional demands. This concern is further intensified by the adverse impacts of climate change, limited natural resources and biotic and abiotic stresses that threaten crop productivity (Abid et al., 2018; Ullah et al., 2021).
Genetic improvement of wheat depends on the exploitation and creation of genetic variation and extensive multi-environment evaluation of breeding lines to identify genotypes with wide adaptability and stable performance for desirable morphological traits (Meena et al., 2025). The effectiveness of any breeding program is influenced not only by the genetic variability available but also by the heritability of the traits under selection. However, heritability by itself does not ensure effective selection. It offers a more accurate prediction of response to selection when combined with genetic advance. Specifically, traits with significant genetic advance (>20%) and high heritability (>60%) are primarily governed by additive gene action, making them extremely responsive to selection (Tareque et al., 2025). Since grain yield is a complex quantitative trait governed by multiple genes and strongly influenced by environment, understanding the genetic architecture and trait associations underlying yield is essential for effective selection of superior and stable genotypes (Rigatti et al., 2018). Selection of superior genotypes should extend beyond grain yield alone and incorporate important yield contributing traits. Therefore, understanding the correlations between yield and its associated traits, as well as among the associated traits themselves, is essential. Hence, correlation coefficients help explain the interrelationships between grain yield and its related traits. 
This study aimed to assess the genetic diversity in morphological traits among recombinant inbred lines (RILs) derived from the cross WH711 x PBW698. Fundamental genetic measures, including genotypic and phenotypic coefficients of variation, heritability, genetic advance and genetic advance as a percentage of the mean, were assessed to evaluate the degree of genetic control over these traits. Correlation analysis was conducted to find relationships between yield and its component traits, hence facilitating the potential for indirect selection. Thus, the investigation was undertaken to elucidate genetic variability and interrelationships among yield-related traits, with the objective of identifying key traits for effective selection in wheat improvement programs.
2. material and methods 

The field assessment was performed at the Wheat and Barley Research Area, Department of Genetics and Plant Breeding, CCS HAU, Hisar. The experimental material comprised 136 recombinant inbred lines of bread wheat, which were selected from a population developed by crossing two parents, a yellow rust resistant genotype (PBW 698) with a susceptible genotype (WH 711) during the Rabi cropping season of 2022–23. These RILs were used for evaluation along with parents and 2 checks (WH1105 and HD3086) in two rows, with each row measuring 2.5 meters in length in an augmented design. The plant-to-plant distance was 10 cm and the row-to-row distance was 20 cm.

Morphological data were recorded on traits such as plant height (PH), number of tillers per meter (NTM), number of spikelets per spike (NSS), number of grains per spike (NGS), thousand grain weight (TGW), biological yield per plot (BYP), grain yield per plot (GYP) and harvest index (HI). Analysis of variance for the recorded traits was performed following the procedure described by Fisher (1925) using R Studio software. The magnitude and direction of association of yield with its related traits were ascertained by calculating correlation coefficients. As proposed by Al-Jibouri et al. (1958), correlation coefficients were calculated using the variance and covariance components.


3. results 
3.1 Estimation of variability 
Genetic variation within a breeding material is a prerequisite for the development of improved crop varieties. The analysis of variance revealed that the mean sum of squares for the treatments and due to test vs. check was significant for all the traits. The mean sum of squares for the check was significant for all traits except harvest index (Table 1), indicating substantial genetic variability among the RILs and between the two parents for the other morphological characteristics.

3.2 Estimation of genetic parameters 
Genetic variability is crucial for breeding programs because selection is possible only when sufficient variation is present. For successful hybridization, it is important that the selected parents possess adequate variability to produce a promising segregating progeny. Phenotypic and genotypic coefficients of variation are essential for assessing the level of variability present in the germplasm. The small differences between PCV and GCV values suggest a limited influence of environmental factors on trait expression (Shiferaw et al., 2025). Genotype related variation is included in GCV, while both genotypic and environmental variation are included in PCV. 
The estimates of PCV were higher than the corresponding GCV for all traits under study. Higher magnitudes of PCV and GCV were observed for grain yield per plot (g) (25.91 and 25.52%), biological yield per plot (g) (24.05 and 24.01%) and number of tillers per meter (20.80 and 20.74%) (Table 2), implying that genetic control had an impact on the above traits.
Estimates for heritability and genetic advance for parents and selected recombinant inbred lines in bread wheat w.r.t. 8 morphological traits are presented in Table 2. High heritability (>60%) was observed for all the traits. The trait with the highest heritability values among morphological traits was the number of tillers per meter (99.46%), followed by biological yield per plot (98.65%), thousand grain weight (98.25%), and grain yield per plot (96.94%), while the lowest values of heritability were recorded for the number of grains per spike (71.92%).
High heritability combined with high genetic advance was observed for grain yield per plot (51.83%), followed by biological yield per plot (49.45%), number of tillers per meter (42.68%), number of grains per spike (27.97%), thousand grain weight (23.38%) and number of spikelets per spike (20.20%), as shown in Table 2. The existence of additive gene action behind the development of these traits is confirmed by the high heritability and high genetic advance. The combined occurrence of high heritability and high genetic advance indicates the predominance of additive genetic effects.
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Table 1. Analysis of variance for morphological traits evaluated in the RIL population
	Source
	d.f.
	PH
	NTM
	NSS
	NGS
	TGW
	HI
	BYP
	GYP

	Block (ignoring treatments)
	5
	118.1**
	1283.6**
	8.54**
	95.94*
	14.46**
	52.05**
	392184**
	20868**

	Treatment (Eliminating Blocks)
	139
	38.65**
	463.86*
	3.51*
	51.75*
	24.87**
	7.93**
	95372**
	13197**

	Treatment: Check
	1
	70.08**
	320.33**
	21.33**
	1026.70**
	25.81**
	0.00
	21084**
	2945*

	Treatment: Test and Test vs Check
	138
	38.42**
	464.90**
	3.39*
	44.68
	24.86**
	7.98**
	95910**
	13271**

	Residuals
	5
	1.88
	2.73
	0.53
	13.35
	0.45
	0.73
	382.68
	379.33


*p ≤ 0.05, **p ≤ 0.01
Table 2. Estimated genetic parameters of morphological traits in parents and selected RILs
	Trait
	Mean
	Std. Error
	PCV
(%)
	GCV
(%)
	ECV
(%)
	Heritability
(bs)
(%)
	Genetic advance as % of mean

	PH
	85.32
	0.54
	7.57
	7.40
	1.61
	95.48
	14.91

	NTM
	108.00
	1.90
	20.80
	20.74
	1.53
	99.46
	42.68

	NSS
	16.67
	0.18
	11.47
	10.60
	4.38
	85.41
	20.20

	NGS
	36.57
	0.60
	18.85
	15.99
	9.99
	71.92
	27.97

	TGW
	43.72
	0.44
	11.54
	11.44
	1.53
	98.25
	23.38

	HI
	31.33
	0.22
	8.46
	8.01
	2.72
	89.64
	15.64

	BYP
	1369.19
	27.40
	24.05
	24.01
	1.43
	98.65
	49.45

	GYP
	429.97
	9.60
	25.91
	25.52
	4.53
	96.94
	51.83




3.3 Correlation analysis 
Phenotypic correlation indicates the degree and direction of association of various morphological characters among themselves and with grain yield (Singh et al., 2021). Information about the correlation among the characters is a prerequisite for the development of an effective selection strategy aiming at improving grain yield.
Associations between the studied traits and grain yield were assessed using correlation analysis (Table 3). The grain yield per plot had a significant and positive correlation with number of tillers per meter (0.487), number of spikelets per spike (0.348), number of grains per spike (0.218), thousand grain weight (0.257), harvest index (0.499) and biological yield per plot (0.932). This suggests that during the crop improvement program, selection for these traits will eventually result in an increase in the yield of grains.
Biological yield per plot had a significant positive correlation with number of tillers per meter (0.519), number of spikelets per spike (0.347), number of grains per spike (0.193) and thousand grain weight (0.257). Hence, an increase in these traits will increase biological yield per plot. Number of grains per spike was significant and positively correlated with number of spikelets per spike (0.295). Number of spikelets per spike was significant and positively correlated with number of tillers per meter (0.206), suggesting that these traits could be improved simultaneously.
 Table 3. Phenotypic correlations between grain yield per plot and morphological traits in parents and selected RILs
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	PH
	NTM
	NSS
	NGS
	TGW
	HI
	BYP
	GYP

	PH
	
	
	
	
	
	
	
	

	NPT
	0.164*
	
	
	
	
	
	
	

	NSS
	0.035
	0.206*
	
	
	
	
	
	

	NGS
	0.035
	0.053
	0.295**
	
	
	
	
	

	TGW
	0.180*
	0.094
	0.025
	0.091
	
	
	
	

	HI
	0.033
	0.055
	0.105
	0.144
	0.093
	
	
	

	BYP
	0.113
	0.519**
	0.347**
	0.193*
	0.257**
	0.158
	
	

	GYP
	0.113
	0.487**
	0.348**
	0.218**
	0.257**
	0.499**
	0.932**
	



*p ≤ 0.05, **p ≤ 0.01
4. DISCUSSION
For an effective breeding program, genetic divergence is crucial to achieve diverse breeding objectives, including high yield, resistance to pests and diseases, desirable quality and wider adaptation. Recombinant inbred lines (RILs) are likely to exhibit enhanced heterosis. Therefore, evaluating the genetic variability of RILs using key morphological traits is essential for identifying superior genotypes for breeding programs. 
In the current study, mean sum of squares for yield and yield related traits indicated significant differences among tested lines and check varieties. These results on genetic variability in grain yield and associated traits are consistent with earlier studies, including those by Gerema et al. (2020), Ullah et al. (2021), Poudel et al. (2021), who reported considerable variation across all studied morphological traits. The selection among RILs having a higher magnitude of variability would be successful.
Genetic variability within a population can be divided into heritable and non-heritable components, with genetic parameters such as PCV, GCV, heritability and genetic advance offering the basis for selection of improved genotypes (Kumar et al., 2013). When heritability is high along with genetic advance, it suggests both the effectiveness of selection for desired traits and the reliable transfer of these traits from parents to offspring. In the present study, heritability ranged from 71.92% (number of grains per spike) to 99.46% (number of tillers per meter). Robinson et al. (1949) classified heritability values into high (>60%), moderate (30–60%) and low (<30%) categories. Accordingly, high heritability was observed for all the traits under study. Genetic advance as a percent of mean ranged from 14.91 (plant height) to 51.83 (grain yield per plot). Genetic advance as a percentage of the mean was classified as high (≥20%), medium (10–20%) and low (0–10%) by Falconer and Mackay (1996). Accordingly, grain yield per plot, biological yield per plot, number of tillers per meter, thousand grain weight, number of grains per spike and number of spikelets per spike showed high heritability with high genetic advance. Similar results were also reported by Ahmad et al. (2023), Atsbeha et al. (2023) and Bhatt et al. (2023).
Phenotypic coefficient of variation (PCV) and genotypic coefficient of variation (GCV) are key genetic parameters that provide insight into the influence of environmental factors on a trait. Narrow differences between PCV and GCV values reflect a stronger genetic influence relative to environmental effects. Together, these parameters help evaluate the performance of genotypes under specific environmental conditions (Kumar et al., 2022). Burton and Devane (1953) categorized PCV and GCV values as low (<10%), medium (10–20%) and high (>20%) High PCV and GCV were thus noted for the number of tillers per meter, biological yield per plot, and grain yield per plot. Similarly, Sharma et al. (2023) while evaluating 102 bread wheat genotypes, reported the highest GCV and PCV for biological yield/plant. Whereas, Mohammadi et al. (2023) reported high to moderate PCV and GCV for biological yield per plant, harvest index, grain yield per plant, 1000-grain weight, number of grains per spikes and number of spikelets per spike. High PCV and GCV for grain yield and 1000-grain were also reported by Hassani et al. (2022), Abrar et al. (2020) and Prasad et al. (2021) in recent studies of variability in bread wheat. 
Phenotypic correlation indicates the degree and direction of association of various morphological characters among themselves and with grain yield. Understanding the correlation among various traits is crucial for devising an efficient selection strategy to enhance grain yield in crops. In the present study, grain yield per plot was found to be significantly and positively correlated with number of spikelets per spike, number of tillers per meter, number of grains per spike, thousand grain weight, harvest index and biological yield. Gebremariam et al. (2022) reported that grain yield was positively correlated with number of tillers per meter, seeds per spike, 1000-seed weight and biomass yield, which is similar to the present findings. Similarly, Arab et al. (2021) reported a highly positive and significant correlation between grain yield per plot and number of grains per spike and 1000-grain weight. Similar, positive significant correlation with grain yield were also reported by Singh et al. (2023) and Bishwas and Singh (2024). 
5. CONCLUSION
The RIL population displayed ample genetic variability for yield and its associated traits, enabling effective selection. High heritability along with high genetic advance for grain yield, number of tillers per meter and biological yield indicates additive gene action and suitability for direct selection. Strong positive associations of these traits with grain yield suggest their utility as key selection indices. RILs expressing these favorable attributes can be effectively utilized as promising parents in wheat breeding programs aimed at yield enhancement. 
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