


Harnessing Combining Ability and Multi-Environment Evaluation to Identify Superior Parents and Heterotic Hybrids for Sustainable Rice Yield Improvement

Abstract
The present investigation was conducted to assess combining ability, gene action and promising hybrid combinations for grain yield and associated traits in rice across multiple environments. Four WA-CMS lines, namely APMS 6A, IR79156A, IR68897A and PUSA 5A, were crossed with twelve elite restorer lines to generate 48 F1 hybrids. The hybrids, parents and three standard checks were evaluated during Rabi 2016-17 at Rudrur, Warangal and Rajendranagar using a randomised complete block design with two replications. Observations were recorded for eleven agronomic traits, including days to 50% flowering, plant height, panicle length, panicle weight, total tillers per plant, productive tillers per plant, filled grains per panicle, spikelet fertility, 1000-grain weight, grain yield per plant and days to maturity. Combining ability analysis indicated substantial variability among lines, testers and hybrids. Specific combining ability variance was greater than general combining ability variance for most yield and yield-contributing traits, suggesting the predominance of non-additive gene action. In contrast, days to 50% flowering and days to maturity showed a greater influence of additive gene action. Among the CMS lines, APMS 6A and IR79156A were identified as useful general combiners for grain yield and related traits, while TCP-718, TCP-783, TCP-963 and PSV-49 were promising restorers. The hybrids APMS 6A × TCP-718, PUSA 5A × TCP-795, APMS 6A × PSV-49, IR79156A × TCP-964 and IR68897A × TCP-783 showed desirable specific combining ability and favourable performance for grain yield and associated traits. These parental lines and hybrid combinations may be useful in further hybrid rice breeding and evaluation programmes.
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1. INTRODUCTION
Rice (Oryza sativa L.) is the principal staple food crop and supports more than half of the global population. Increasing food demand under shrinking natural resources necessitates the development of high-yielding cultivars with enhanced adaptability. Hybrid rice technology offers a viable approach to overcoming yield limitations through the exploitation of heterosis (Virmani & Kumar, 2004; Yuan, 2017; Li & Yang, 2022).
Recent genomic evidence also indicates that favourable allele combinations and genetic complementation can support the improvement of hybrid performance in rice, which is consistent with the continued use of heterosis-based breeding approaches (Gu et al., 2023; Gu & Han, 2024).
Combining ability analysis provides valuable information regarding the breeding value of parental lines and the genetic architecture controlling economically important traits. General combining ability (GCA) reflects additive genetic effects, whereas specific combining ability (SCA) represents non-additive genetic effects, including dominance and epistasis. Knowledge of GCA and SCA facilitates the identification of superior parents and cross combinations for hybrid development (Sprague & Tatum, 1942; Griffing, 1956; Singh & Chaudhary, 1985).
Evidence from segregating rice crosses further shows that contrasting parental lines can generate useful variation for yield-related traits, reinforcing the importance of selecting genetically diverse parents for breeding programmes (Prasanna & Joshi, 2024).
Line × tester analysis proposed by Kempthorne (1957) remains one of the most effective methods for evaluating combining ability in crop plants. In rice, several studies have demonstrated the importance of combining ability analysis for improving grain yield, flowering behaviour, plant architecture and grain quality traits (Dalvi & Patel, 2009; Satheesh Kumar et al., 2010).
A recent line × tester study in rice also reported significant differences among lines, testers and hybrids and identified promising parental materials on the basis of GCA, SCA and heterosis, supporting the relevance of combining ability analysis for hybrid selection (Kushal et al., 2023).
Recent evaluation of heterosis and combining ability under graded soil phosphorus conditions also indicated that parental and hybrid responses may differ across evaluation conditions, supporting pooled and environment-aware interpretation of combining ability estimates in hybrid rice breeding (Madhusudan et al., 2025).
However, information on the combining ability of WA-CMS lines and elite restorer lines across multiple environments remains necessary for identifying parents and hybrid combinations with consistent yield potential.
Despite this background, the combined evaluation of the present WA-CMS lines, elite restorers and derived hybrids across the three testing environments has not been sufficiently documented; this limits the identification of consistently useful parents and heterotic combinations within the present breeding material.
Therefore, the present investigation was undertaken to identify superior combiners and promising hybrids for grain yield and related traits across diverse environments.
2. MATERIALS AND METHODS
2.1 Experimental Materials
Four WA-CMS lines (APMS 6A, IR79156A, IR68897A and PUSA 5A) were crossed with twelve elite restorers (TCP-718, TCP-783, TCP-795, TCP-801, PSV-15, PSV-41, PSV-49, TCP-950, TCP-951, TCP-960, TCP-963 and TCP-964) during Kharif 2016 to generate 48 F1 hybrids.
2.2 Experimental Sites
The evaluation was conducted during Rabi 2016-17 at RS&RRS, Rudrur; RARS, Warangal; and ICAR-IIRR, Rajendranagar.
2.3 Experimental Design
The hybrids, parents and checks were evaluated in a randomised complete block design with two replications. Each entry was grown in a 3 m row with a spacing of 20 cm × 15 cm.
2.4 Data Recorded
Eleven traits were recorded:
1. Days to 50% flowering
2. Plant height (cm)
3. Panicle length (cm)
4. Panicle weight (g)
5. Total tillers plant−1
6. Productive tillers plant−1
7. Filled grains panicle−1
8. Spikelet fertility (%)
9. 1000-grain weight (g)
10. Grain yield plant−1 (g)
11. Days to maturity
2.5 Statistical Analysis
Combining ability analysis was performed according to Kempthorne (1957). Variance components for GCA and SCA were estimated and pooled across locations.
3. RESULTS AND DISCUSSION
3.1 Analysis of Variance and Combining Ability
The analysis of variance conducted across three environments (Rudrur, Warangal and Rajendranagar) revealed highly significant differences among genotypes for all eleven traits studied, indicating the existence of substantial genetic variability among the parental lines and their derived hybrids. Significant mean squares due to lines, testers and line × tester interactions suggested the involvement of both additive and non-additive genetic effects in the inheritance of yield- and yield-attributing traits. The significance of parents versus crosses further indicated the presence of considerable heterosis among the hybrid combinations. Similar observations were reported by Hasan et al. (2022) and Muthu et al. (2023), who demonstrated significant genetic variability and heterotic expression in hybrid rice populations.
The pooled analysis further revealed significant genotype × environment interactions for most traits, indicating that environmental factors influenced the expression of yield and related traits. Significant line × tester × environment interactions suggested differential hybrid responses across locations. Such interactions are common in rice because grain yield is a complex trait influenced by environmental conditions, genotype performance and their interaction. Therefore, multilocation evaluation remains essential for identifying stable and widely adapted hybrids (Eberhart & Russell, 1966).
The estimates of combining ability variances showed that specific combining ability (SCA) variances exceeded general combining ability (GCA) variances for plant height, panicle length, panicle weight, total tillers, productive tillers, filled grains per panicle, spikelet fertility, 1000-grain weight and grain yield per plant. This indicates the predominance of non-additive gene action involving dominance and epistatic effects. In contrast, days to 50% flowering and days to maturity exhibited higher GCA variances than SCA variances, indicating the predominance of additive gene action. These findings are in agreement with those of Padmavathi et al. (2012), Hasan et al. (2022) and Pradhan et al. (2023), who reported that flowering and maturity traits are generally controlled by additive genes, whereas grain yield and its components are predominantly governed by non-additive gene effects.
The predominance of non-additive gene action for grain yield and associated traits suggests that heterosis breeding would be more effective than conventional selection approaches for improving rice productivity. Similar conclusions were drawn by Viana et al. (2022) and Sandhu and Kumar (2024), who emphasised the importance of exploiting dominance effects through hybrid breeding strategies.
3.2 Days to 50% Flowering
Early flowering is an important trait in rice breeding because it facilitates crop escape from terminal drought and allows inclusion in multiple cropping systems. Among the CMS lines, IR68897A exhibited significant negative GCA effects across all environments and the pooled analysis, indicating its superiority as a donor parent for earliness. Among the restorers, TCP-783, TCP-795 and TCP-960 also showed significant negative GCA effects and can therefore be considered desirable general combiners for early flowering.
Among the hybrids, IR68897A × TCP-950, IR68897A × TCP-718, APMS 6A × PSV-49 and PUSA 5A × PSV-41 exhibited significant negative SCA effects, indicating their potential utility for developing early-duration hybrids. The superiority of these combinations may be attributed to favourable additive × dominance interactions. Similar results were reported by Upadhyay and Jaiswal (2015), who observed that earliness in rice is predominantly governed by additive gene action, thereby facilitating effective selection.
3.3 Plant Height
Plant height is a key trait influencing lodging resistance and harvest index. Semi-dwarf hybrids are generally preferred because they exhibit better lodging tolerance and fertiliser responsiveness. Among the CMS lines, IR68897A and PUSA 5A recorded significant negative GCA effects, indicating their usefulness in developing semi-dwarf hybrids. Among the restorers, TCP-795, TCP-951, TCP-960 and TCP-963 emerged as desirable general combiners.
The hybrids IR68897A × TCP-963, IR68897A × TCP-950, PUSA 5A × TCP-960 and APMS 6A × PSV-49 exhibited significant negative SCA effects and therefore represent promising combinations for reducing plant height. The predominance of SCA variance over GCA variance suggests that dominance effects play an important role in controlling plant height. Similar observations have been reported by Ammar et al. (2014) and Muthu et al. (2023).
3.4 Panicle Length and Panicle Weight
Panicle architecture plays a crucial role in determining sink capacity and grain production. The CMS line IR79156A exhibited positive GCA effects for panicle length and was identified as the best general combiner for this trait. Among the restorers, TCP-718, TCP-795, TCP-801 and PSV-49 recorded favourable GCA effects.
The hybrid IR68897A × TCP-951 showed the highest positive SCA effects for panicle length across environments and the pooled analysis, suggesting strong non-additive gene interactions. Similar findings have been reported by Hasan et al. (2022), who emphasised the importance of panicle length in increasing grain-bearing capacity.
For panicle weight, APMS 6A emerged as the best general combiner among the CMS lines, while TCP-801, TCP-950 and TCP-963 exhibited superior GCA effects among the restorers. Hybrids APMS 6A × TCP-718, APMS 6A × TCP-950, IR79156A × TCP-964 and IR68897A × TCP-950 recorded significant positive SCA effects and superior per se performance. The positive association between panicle weight and grain yield observed in the present study supports previous findings that heavier panicles contribute substantially to yield improvement.
3.5 Total Tillers and Productive Tillers per Plant
Tillering ability determines the number of productive panicles and ultimately influences grain yield. APMS 6A exhibited positive GCA effects for both total and productive tillers, indicating its usefulness as a donor parent. Among the restorers, TCP-718, TCP-795 and TCP-963 emerged as superior general combiners.
The hybrids APMS 6A × TCP-718, PUSA 5A × TCP-795, APMS 6A × PSV-49 and IR79156A × TCP-964 exhibited significant positive SCA effects for productive tillers and showed superior field performance. These hybrids may possess favourable dominance interactions contributing to enhanced tillering ability. Similar results have been reported by Bineeta Devi and Lal (2015) and Hasan et al. (2022).
3.6 Filled Grains per Panicle and Spikelet Fertility
Filled grains per panicle and spikelet fertility are among the most important yield determinants because they directly influence grain number and sink realisation. APMS 6A and IR79156A exhibited positive GCA effects for filled grains per panicle, while TCP-718, PSV-49 and TCP-963 were identified as superior restorers.
The hybrids APMS 6A × PSV-49, APMS 6A × TCP-718, PUSA 5A × TCP-795 and IR79156A × TCP-964 exhibited significant positive SCA effects and superior performance for filled grains per panicle. These results indicate the presence of favourable dominance and epistatic interactions governing grain filling.
For spikelet fertility, APMS 6A and TCP-783 emerged as superior general combiners. The hybrids APMS 6A × TCP-783, IR68897A × PSV-15 and IR79156A × TCP-783 recorded high positive SCA effects. Effective fertility restoration is critical in CMS-based hybrid breeding programmes, and the identified combinations can therefore serve as valuable breeding resources.
3.7 Thousand Grain Weight
Thousand-grain weight is a relatively stable yield component that contributes directly to grain yield and market acceptability. APMS 6A and IR79156A recorded favourable GCA effects among the CMS lines, whereas TCP-718, TCP-795 and TCP-963 emerged as superior restorers.
Among the hybrids, PUSA 5A × TCP-795, IR79156A × PSV-41 and APMS 6A × TCP-718 exhibited significant positive SCA effects, indicating their potential utility for improving grain weight. Similar observations have been reported by Pradhan et al. (2023), who highlighted grain weight as a critical component contributing to yield enhancement.

3.8 Grain Yield per Plant
Grain yield per plant is the ultimate target trait in rice breeding. The pooled combining ability analysis identified APMS 6A and IR79156A as superior general combiners among the CMS lines, while TCP-718, TCP-783, TCP-963 and PSV-49 emerged as excellent restorers. These parents possessed favourable additive alleles for yield and its contributing traits.
Among the hybrids, APMS 6A × TCP-718, PUSA 5A × TCP-795, APMS 6A × PSV-49, IR79156A × TCP-964 and IR68897A × TCP-783 recorded significant positive SCA effects, superior per se performance and favourable expression of several yield-contributing traits. The superiority of these hybrids may be attributed to the combined effects of productive tillers, filled grains per panicle, spikelet fertility and panicle weight (Table 1; Fig. 1 and Fig. 2).
The predominance of non-additive gene action for grain yield confirms that hybrid breeding remains an effective approach for achieving yield improvement in rice. Similar conclusions were reached by Hasan et al. (2022), Muthu et al. (2023) and Sandhu and Kumar (2024).
3.9 Breeding Implications
The present investigation demonstrated that APMS 6A and IR79156A are valuable CMS lines for hybrid rice breeding, while TCP-718, TCP-783, TCP-963 and PSV-49 represent promising restorer lines. The hybrids APMS 6A × TCP-718, PUSA 5A × TCP-795, APMS 6A × PSV-49, IR79156A × TCP-964 and IR68897A × TCP-783 consistently exhibited superior performance across environments and therefore deserve further evaluation through multilocation trials and large-scale testing. The predominance of non-additive gene action for grain yield and most yield components supports the continued utilisation of heterosis breeding strategies for enhancing rice productivity under diverse agro-climatic conditions.
Conclusion
The study revealed appreciable genetic variability among the evaluated rice parents and hybrids across the tested environments. The combining ability analysis indicated that non-additive gene action was important for grain yield and most yield-contributing traits, including plant height, panicle length, panicle weight, total tillers per plant, productive tillers per plant, filled grains per panicle, spikelet fertility and 1000-grain weight. This suggests that hybrid breeding can be an effective approach for improving these traits. In contrast, days to 50% flowering and days to maturity were mainly influenced by additive gene action, indicating the possible usefulness of selection for these traits. Among the CMS lines, APMS 6A and IR79156A showed desirable general combining ability for grain yield and associated characters. Among the restorer lines, TCP-718, TCP-783, TCP-963 and PSV-49 were identified as promising combiners. The hybrids APMS 6A × TCP-718, PUSA 5A × TCP-795, APMS 6A × PSV-49, IR79156A × TCP-964 and IR68897A × TCP-783 expressed favourable specific combining ability and desirable performance for yield-related traits. These parents and cross combinations may be considered useful genetic resources for further testing, validation and utilisation in hybrid rice improvement programmes.
Limitations
The findings of the present study should be interpreted in relation to the experimental conditions under which the evaluation was conducted. Although the hybrids, parents and checks were tested across three locations, the study was limited to one season and two replications. Therefore, additional testing over more seasons and locations would be useful for confirming the consistency of parental performance and hybrid superiority. The study focused on combining ability and agronomic traits, while grain quality, biotic stress resistance, abiotic stress tolerance and farmer-preferred traits were not evaluated in detail. The identified hybrids showed desirable performance for yield and associated traits, but their commercial potential requires further multilocation testing, larger plot evaluation and comparison with relevant standard checks. In addition, the interpretation of gene action was based on combining ability estimates, and further genetic or molecular analysis may provide a deeper understanding of the inheritance of important traits. These limitations should be considered before advancing the identified hybrids for large-scale breeding or cultivation programmes.
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Table 1: Promising general combiners and specific combiners for yield and yield contributing traits.
	S.NO.
	CROSS COMBINATION
	CHARACTERS

	1
	PUSA-5A X TCP-795
	Grain yield per plant, 1000-grain weight, filled grains per panicle, panicle weight, plant height, number of total total tillers per plant and productive tillers per plant

	2
	IR68897A X TCP-783
	Grain yield per plant, filled grains per panicle, panicle weight, days to 50% flowering and days to maturity

	3
	APMS-6A X PSV-49
	Grain yield per plant, 1000-grain weight, filled grains per panicle, spikelet fertility, panicle weight and panicle length,  

	4
	IR79156A X TCP-964
	Grain yield per plant, spikelet fertility, panicle length and productive tillers per plant 

	5
	APMS-6A X TCP-718
	Grain yield per plant, 1000-grain weight, filled grains per panicle, spikelet fertility, panicle weight, panicle length, total tillers per plant and productive tillers per plant



	S.NO.
	PARENT
	CHARACTERS

	1
	APMS 6A
	Grain yield per plant, 1000-grain weight, filled grains per panicle, spikelet fertility, panicle weight, panicle length, total tillers per plant and productive tillers per plant


	2
	IR-79156 A
	Grain yield per plant, plant height, filled grains per panicle, spikelet fertility, panicle weight, panicle length, total tillers per plant and productive tillers per plant


	3
	TCP-963
	Grain yield per plant, 1000-grain weight, filled grains per panicle, spikelet fertility, panicle weight, total tillers per plant and productive tillers per plant


	4
	TCP-718
	Grain yield per plant, 1000-grain weight, filled grains per panicle, spikelet fertility, panicle weight, panicle length, days to 50% flowering, productive tillers per plant and days to maturity

	5
	TCP-783
	Grain yield per plant, 1000-grain weight, spikelet fertility, panicle weight, days to 50% flowering and days to maturity
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	Fig.1. Top Five General Combiners                                            Fig.2. Top Five Specific Combiners
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