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ABSTRACT

	Aims: To evaluate the combining ability, determine the nature of gene action governing yield, oil content and associated traits, and identify superior parents and promising hybrid combinations for sunflower (Helianthus annuus L.) improvement.
Study design:  Line × tester mating design.
Place and Duration of Study: Oilseeds Research Station, Latur, Maharashtra, India, during kharif 2025 (hybrid development) and rabi 2025–26 (field evaluation).
Methodology: Six cytoplasmic male sterile (CMS) lines and seven restorer lines were crossed in a line × tester mating design to generate 42 hybrids. The resulting hybrids, along with their 13 parents and three standard checks, were evaluated in a randomised block design with two replications for ten agro-morphological and quality traits. Data were subjected to analysis of variance, line × tester analysis to estimate general and specific combining ability, and assessment of gene action following the method of Kempthorne (1957).
Results: Analysis of variance revealed highly significant differences among the genotypes for all the traits studied, indicating substantial genetic variability. Line × tester analysis showed significant GCA and SCA effects for most traits, with non-additive gene action predominating for seed yield and several associated traits. Among the parents, NDCMS 2A and CMS 597A were identified as good general combiners among the lines, while NDL20, NDL3 and GMU847 were the most desirable testers for seed yield, oil content and associated traits. The crosses NDCMS 2A × NDL20, CMS 597A × NDL20, CMS 597A × NDL3, CMS 852A × GMU847 and CMS 597A × HOCL-20R exhibited desirable specific combining ability effects coupled with superior per se performance, indicating their potential for exploitation in sunflower hybrid breeding.
Conclusion: The findings indicated the involvement of both additive and non-additive gene action in the inheritance of yield, oil content and associated traits in sunflower, with the predominance of non-additive gene action for most of the characters. The identified superior combiners and promising hybrid combinations provide valuable genetic resources for the development of high-yielding and high-oil sunflower hybrids and can be effectively utilised in future sunflower breeding programmes.
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1. INTRODUCTION
Sunflower (Helianthus annuus L.) is one of the world's most important edible oilseed crops because of its wide adaptability, high yield potential and superior oil quality. Native to North America and belonging to the family Asteraceae, it is now cultivated worldwide (Seiler et al., 2017). The seeds contain approximately 40–50% oil and 20–25% protein, while the oil is rich in unsaturated fatty acids and tocopherols, making it highly suitable for human consumption. Besides edible oil production, the protein-rich deoiled cake is extensively used as livestock feed, enhancing the economic importance of the crop (Škorić & Sakač, 2012). Sunflower is the fourth most important oilseed crop after soybean, rapeseed and groundnut, occupying about 28–29 million hectares globally with an annual production exceeding 55 million tonnes (Food and Agriculture Organization [FAO], 2024). In India, it is cultivated on approximately 0.24 million hectares with a production of about 0.25 million tonnes and an average productivity of 1,042 kg ha⁻¹ (Directorate of Economics and Statistics, 2024). However, sunflower productivity in India remains below its genetic potential owing to a narrow genetic base, susceptibility to biotic and abiotic stresses, and the limited availability of superior hybrids (Directorate of Economics and Statistics, 2024).

Although several studies have reported combining ability and gene action in sunflower, the performance of parents and hybrids largely depends on their genetic background and the environmental conditions under which they are evaluated. Therefore, the combining ability and gene action of the CMS and restorer lines used in the present study required investigation to identify superior parents and promising hybrid combinations for future breeding programmes.
Recent sunflower studies have shown that the relative contributions of general and specific combining ability, as well as the performance of CMS–restorer combinations, differ among parental sets, supporting the need for population-specific evaluation (Gund et al., 2024; Sri et al., 2026; Thejaswan et al., 2026).

The exploitation of heterosis has greatly contributed to sunflower improvement. Commercial hybrid breeding became possible following the discovery of cytoplasmic male sterility (CMS) by Leclercq (1969) and fertility restorer genes by Kinman (1970). The CMS-restorer system enabled economical hybrid seed production, making hybrid breeding the foundation of modern sunflower improvement (Miller & Fick, 1997; Seiler et al., 2017). Combining ability analysis is an important tool for identifying superior parents and hybrid combinations. The concepts of general combining ability (GCA) and specific combining ability (SCA), proposed by Sprague and Tatum (1942), provide information on additive and non-additive gene effects, respectively. The line × tester mating design developed by Kempthorne (1957) is widely used to estimate combining ability and understand the genetic control of quantitative traits. Recent studies have consistently reported the predominance of non-additive gene action for seed yield and related traits, highlighting the importance of heterosis breeding, while also emphasising the identification of good general combiners for the development of superior hybrids (Sharma & Shadakshari, 2021; Dhanalakshmi et al., 2022; Mirkad et al., 2023; Doke et al., 2024; Shelke et al., 2024; Singh et al., 2025).
Comparable line × tester analysis in rice has likewise demonstrated the value of partitioning GCA and SCA effects for identifying promising parents and assessing the relative importance of additive and non-additive gene action (Ojah et al., 2025).

To address this knowledge gap, the present investigation was undertaken using a line × tester mating design to evaluate the combining ability of sunflower parents, determine the nature of gene action governing yield and associated traits, and identify superior parental lines and promising hybrid combinations for their use in future sunflower breeding programmes.
	
2. MATERIALS AND METHODS

The present investigation was conducted during the rabi 2025–26 season at the Oilseeds Research Station, Latur, Maharashtra, India. The experimental material comprised six cytoplasmic male sterile (CMS) lines (CMS 597A, CMS 38A, CMS 911A, CMS 148A, CMS 852A and NDCMS 2A) and seven fertility restorer lines (MRHA-2, GMU554, GMU1091, NDL20, NDL3, GMU847 and HOCL-20R), which were obtained from and maintained at the Oilseeds Research Station, Latur, Vasantrao Naik Marathwada Krishi Vidyapeeth (VNMKV), Parbhani, Maharashtra, India. These parents were crossed in a line × tester mating design during kharif 2025 to produce 42 F₁ hybrids. The resulting hybrids, along with their 13 parents and three standard checks (LSFH-171, KBSH-44 and KBSH-90), were evaluated in a randomised block design with two replications. Each entry was planted in two rows with a spacing of 60 × 30 cm, and recommended agronomic and plant protection practices were followed throughout the crop growth period. Observations were recorded on five randomly selected competitive plants for plant height, head diameter, seed filling percentage, 100-seed weight, volume weight, hull content, seed yield per plant and oil content, whereas days to 50% flowering and days to maturity were recorded on a plot basis. Oil content was estimated using Nuclear Magnetic Resonance (NMR).

The experimental data were subjected to analysis of variance (ANOVA) following the procedure of Panse and Sukhatme (1967). Combining ability analysis was performed using the line × tester method proposed by Kempthorne (1957). Statistical analyses were carried out using R software, and the significance of treatment effects was tested at the 5% and 1% probability levels. Standard heterosis was estimated over the three commercial checks following the procedure of Fonseca and Patterson (1968).

3. RESULTS AND DISCUSSION

The analysis of variance revealed highly significant differences among the 58 genotypes for all ten characters studied, namely days to 50% flowering, days to maturity, plant height, head diameter, seed filling percentage, 100-seed weight, volume weight, hull content, seed yield per plant and oil content, indicating the presence of substantial genetic variability among the experimental materials. The observed variability provides ample scope for the identification of superior parents and cross combinations for sunflower improvement. The relatively low error mean squares further confirmed the precision of the experimental design and reliability of the recorded observations (Table 1).

Table 1. Analysis of variance (ANOVA) showing mean squares for 58 sunflower genotypes (13 parents, 42 F₁ hybrids and 3 standard checks) evaluated for ten quantitative traits.
	Sr. No.
	Character
	Replication 
(df = 1)
	Treatment 
(df = 57)
	Error 
(df = 57)

	1
	Days to 50% flowering
	1.04
	19.10**
	1.24

	2
	Days to maturity
	1.69
	33.95**
	1.20

	3
	Plant height (cm)
	0.14
	2458.32**
	66.38

	4
	Head diameter (cm)
	0.67
	26.16**
	0.86

	5
	Seed filling (%)
	2.86
	162.25**
	1.69

	6
	100-seed weight (g)
	0.02
	2.53**
	0.07

	7
	Volume weight (g/100 ml)
	0.01
	47.28**
	0.85

	8
	Hull content (%)
	0.39
	17.44**
	0.57

	9
	Seed yield per plant (g)
	0.70
	390.10**
	2.40

	10
	Oil content (%)
	1.69
	39.20**
	0.86


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

The line × tester analysis of variance revealed highly significant differences among parents, crosses, lines, testers, line × tester interactions and parents versus crosses for almost all the characters studied. Significant mean squares due to both general combining ability (GCA) and specific combining ability (SCA) indicated the involvement of both additive and non-additive gene effects in the inheritance of the studied traits (Table 2).
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Table 2. Line × tester analysis of variance (ANOVA) for ten quantitative traits in sunflower (Helianthus annuus L.).
	Source of
variation
	df
	DF
	DM
	PH
	HD
	SF
	100-SW
	VW
	HC
	SYP
	OC

	Replications
	1
	0.43
	0.01
	1.14
	0.00
	2.51
	0.00
	0.89
	0.26
	1.82
	1.57

	Crosses
	41
	15.86**
	19.38**
	1268.09**
	14.24**
	105.35**
	1.63**
	42.36**
	3.78**
	429.85**
	4.78**

	Lines
	5
	40.30**
	49.71**
	3929.66**
	25.55**
	242.79**
	2.66**
	120.55**
	21.49**
	1356.20**
	55.92**

	Testers
	6
	22.32**
	28.19**
	1701.04**
	33.65**
	167.31**
	3.22**
	17.62**
	39.86**
	453.34**
	29.14**

	Line × Tester
	30
	10.49**
	12.56**
	737.90**
	8.48**
	70.05**
	2.20**
	34.27**
	18.06**
	215.64**
	41.36**

	Error
	41
	1.14
	1.18
	84.53
	0.75
	1.38
	0.09
	0.78
	0.58
	2.46
	0.78



Table 3. Estimates of general combining ability (GCA) variance, specific combining ability (SCA) variance and GCA/SCA ratios for ten quantitative traits in sunflower (Helianthus annuus L.).
	Variance component
	DF
	DM
	PH
	HD
	SF
	100-SW
	VW
	HC
	SYP
	OC

	σ²GCA
	1.5573
	1.9782
	154.1223
	1.6585
	10.2221
	0.0591
	2.3873
	1.0305
	50.6382
	0.0107

	σ²SCA
	4.6789
	5.6873
	326.6830
	3.8653
	34.3308
	1.0541
	16.7452
	8.7412
	106.5927
	20.2915

	GCA/SCA ratio
	0.3328
	0.3478
	0.4718
	0.4291
	0.2978
	0.0561
	0.1426
	0.1179
	0.4751
	0.0005


* Significant at P ≤ .05; ** Significant at P ≤ .01.

Abbreviations: DF = Days to 50% flowering; DM = Days to maturity; PH = Plant height; HD = Head diameter; SF = Seed filling; 100-SW = 100-seed weight; VW = Volume weight; HC = Hull content; SYP = Seed yield per plant; OC = Oil content.

The estimates of variance components revealed that the magnitude of specific combining ability (σ²SCA) variance exceeded that of general combining ability (σ²GCA) for all the characters studied. Consequently, the GCA/SCA variance ratio was less than unity, indicating the predominance of non-additive gene action for the inheritance of all the studied traits (Table 3). These findings are consistent with those of Singh et al. (2025), Dhillon and Tyagi (2016), Sharma and Shadakshari (2021) and Shelke et al. (2024), who likewise reported significant genetic variability and the predominance of non-additive gene action governing seed yield and its component traits in sunflower.

Considerable variation was observed among the parents, hybrids and standard checks for all ten characters studied, indicating the presence of wide genetic diversity among the experimental materials. Days to 50% flowering ranged from 54.0 to 66.0 days, while days to maturity varied between 84.0 and 99.5 days. Plant height ranged from 79.0 to 199.9 cm, head diameter from 5.2 to 19.3 cm and seed filling percentage from 52.39 to 85.63%. Similarly, 100-seed weight, volume weight, hull content, seed yield per plant and oil content exhibited wide ranges of variation, suggesting ample opportunity for the selection of superior genotypes for hybrid development. 

Among the parental lines, CMS 597A, CMS 148A and NDCMS 2A recorded superior performance for several yield and quality traits, whereas among the restorers, GMU847, NDL3, GMU1091 and NDL20 exhibited desirable performance for important agronomic characters. Several F₁ hybrids surpassed both their parents and standard checks for seed yield and its component traits, indicating their superior per se performance relative to the parents and standard checks. Notably, NDCMS 2A × NDL20 recorded the highest seed yield per plant (55.35 g), followed by CMS 852A × GMU847 (53.39 g), CMS 597A × NDL20 (52.87 g), CMS 597A × NDL3 (52.83 g) and CMS 597A × HOCL-20R (51.66 g). These hybrids also exhibited superior performance for one or more yield-contributing traits, including head diameter, seed filling percentage, 100-seed weight and volume weight, demonstrating their potential for commercial hybrid development. 

The superior performance of these hybrids may be attributed to favourable complementation between parental lines and the effective expression of heterosis for economically important traits. Similar observations of wide variability and superior hybrid performance for yield and associated traits have been reported by Sharma and Shadakshari (2021), Dhanalakshmi et al. (2022), Mirkad et al. (2023), Doke et al. (2024) and Shelke et al. (2024), highlighting the importance of selecting genetically diverse parents for the development of high-yielding sunflower hybrids.

The estimates of variance components revealed that the magnitude of specific combining ability (σ²SCA) variance was higher than that of general combining ability (σ²GCA) for all the characters studied. Consequently, the GCA/SCA variance ratio was less than unity, indicating the predominance of non-additive gene action in the inheritance of days to 50% flowering, days to maturity, plant height, head diameter, seed filling percentage, 100-seed weight, volume weight, hull content, seed yield per plant and oil content (Table 3). The predominance of non-additive gene effects suggests that heterosis breeding would be an effective approach for the genetic improvement of these traits in sunflower. Nevertheless, the significant GCA effects observed for several parents indicate the contribution of additive gene action, making these parents valuable for the development of superior breeding lines. Likewise, hybrids such as NDCMS 2A × NDL20, CMS 597A × NDL20 and CMS 852A × GMU847, which exhibited high SCA effects together with favourable per se performance and standard heterosis, represent desirable non-additive gene interactions and constitute promising candidates for hybrid development. Therefore, the combined evaluation of GCA, SCA and heterosis provides a reliable basis for identifying superior parents and cross 
Table 4. Estimates of general combining ability (GCA) effects of six CMS lines and seven fertility restorer lines for ten quantitative traits in sunflower (Helianthus annuus L.).
	Parent
	DF
	DM
	PH
	HD
	SF
	100-SW
	VW
	HC
	SYP
	OC

	Lines

	CMS 597A
	-0.548
	-0.464
	15.031**
	0.524
	2.910**
	0.554**
	1.605**
	-2.056**
	4.634**
	1.827**

	CMS 38A
	-2.833**
	-2.679**
	-17.426**
	-2.076**
	-6.142**
	-0.584**
	-0.577*
	0.208
	-12.073**
	-1.644**

	CMS 911A
	1.310**
	1.536**
	-16.140**
	-0.476
	-2.313**
	-0.343**
	-4.340**
	1.730**
	-6.102**
	-2.337**

	CMS 148A
	-0.333
	-1.607**
	-9.040**
	-0.662*
	-1.840**
	-0.041
	-1.714**
	-0.185
	-6.018**
	2.513**

	CMS 852A
	2.024**
	1.964**
	22.488**
	0.988**
	2.189**
	-0.012
	0.819**
	-0.256
	4.659**
	-1.201**

	NDCMS 2A
	0.381
	1.250**
	5.088*
	1.702**
	5.195**
	0.425**
	4.207**
	0.558**
	14.899**
	0.842**

	SE (±)
	0.332
	0.364
	2.363
	0.266
	0.439
	0.075
	0.264
	0.206
	0.429
	0.262

	CD (5%)
	0.670
	0.736
	4.771
	0.537
	0.887
	0.151
	0.534
	0.416
	0.867
	0.528

	Testers

	MRHA-2
	-2.929**
	-1.869**
	-5.274*
	-0.032
	-0.475
	0.134
	-0.004
	-0.320
	-3.226**
	0.423

	GMU554
	0.488
	-0.536
	-11.957**
	-0.857**
	-3.015**
	0.206*
	1.522**
	1.005**
	-3.933**
	-2.469**

	GMU1091
	1.405**
	-1.869**
	-15.124**
	-3.299**
	-6.684**
	-1.082**
	-0.543
	3.113**
	-10.278**
	-0.277

	NDL20
	0.321
	-0.119
	-1.274
	0.351
	2.263**
	0.002
	0.784**
	-0.820**
	1.258**
	2.506**

	NDL3
	0.071
	1.214**
	14.093**
	1.001**
	1.080*
	0.431**
	0.025
	-1.787**
	3.359**
	0.881**

	GMU847
	0.155
	1.214**
	4.293
	1.243**
	3.243**
	-0.117
	0.520
	-2.104**
	6.175**
	-1.077**

	HOCL-20R
	0.488
	1.964**
	15.243**
	1.593**
	3.587**
	0.426**
	-2.305**
	0.913**
	6.645**
	0.014

	SE (±)
	0.358
	0.394
	2.552
	0.287
	0.474
	0.081
	0.285
	0.222
	0.464
	0.282

	CD (5%)
	0.723
	0.795
	5.154
	0.580
	0.958
	0.163
	0.576
	0.449
	0.936
	0.570


*Significant at P ≤ 0.05; **Significant at P ≤ 0.01.

Abbreviations: DF = Days to 50% flowering; DM = Days to maturity; PH = Plant height; HD = Head diameter; SF = Seed filling; 100-SW = 100-seed weight; VW = Volume weight; HC = Hull content; SYP = Seed yield per plant; OC = Oil content.

Table 5. Estimates of specific combining ability (SCA) effects of 42 F₁ hybrids derived from six CMS lines and seven fertility restorer lines for ten quantitative traits in sunflower (Helianthus annuus L.).
	Hybrid
	DF
	DM
	PH
	HD
	SF
	100-SW
	VW
	HC
	SYP
	OC

	CMS 597A × MRHA-2
	1.214
	-0.702
	-8.798
	-0.632
	-2.498*
	0.634**
	-3.184**
	-0.194
	-7.624**
	2.006**

	CMS 597A × GMU554
	-3.202**
	-5.036**
	-27.814**
	-2.207**
	-8.738**
	-0.428*
	0.070
	1.381*
	-16.217**
	-4.052**

	CMS 597A × GMU1091
	1.381
	0.798
	-3.948
	-0.465
	-7.073**
	-0.330
	-9.495**
	0.573
	-10.272**
	-7.494**

	CMS 597A × NDL20
	-0.036
	1.548
	11.702
	2.035**
	6.300**
	1.081**
	2.963**
	-1.094*
	14.257**
	0.923

	CMS 597A × NDL3
	-0.786
	1.214
	5.436
	0.935
	7.433**
	0.687**
	3.817**
	-1.127*
	12.121**
	2.048**

	CMS 597A × GMU847
	2.631**
	2.714**
	21.036**
	-0.257
	-1.000
	-2.240**
	0.552
	3.589**
	0.070
	3.306**

	CMS 597A × HOCL-20R
	-1.202
	-0.536
	2.386
	0.593
	5.576**
	0.596**
	5.277**
	-3.127**
	7.665**
	3.264**

	CMS 38A × MRHA-2
	1.500
	-0.488
	11.160
	0.618
	0.230
	0.272
	-0.898
	-1.558**
	0.283
	-7.523**

	CMS 38A × GMU554
	2.083*
	-0.321
	-2.657
	0.793
	0.070
	0.501*
	-3.718**
	4.167**
	-2.810*
	0.969

	CMS 38A × GMU1091
	0.167
	2.012*
	30.310**
	3.335**
	11.419**
	0.278
	8.797**
	-1.092*
	17.035**
	5.777**

	CMS 38A × NDL20
	1.250
	0.762
	7.160
	0.135
	-1.083
	0.309
	-3.935**
	0.642
	4.899**
	1.694*

	CMS 38A × NDL3
	-2.500**
	-1.071
	-14.207*
	-1.515*
	-2.365*
	-1.544**
	1.978**
	-2.292**
	-3.001*
	-4.481**

	CMS 38A × GMU847
	-0.583
	1.429
	-6.907
	-2.557**
	-5.698**
	-0.917**
	-2.482**
	1.625**
	-11.418**
	-2.823**

	CMS 38A × HOCL-20R
	-1.917*
	-2.321*
	-24.857**
	-0.807
	-2.572*
	1.100**
	0.258
	-1.492**
	-4.988**
	6.386**

	CMS 911A × MRHA-2
	-2.643**
	-1.702
	4.374
	0.268
	0.965
	-0.533**
	-1.879*
	-0.627
	3.458**
	-0.811

	CMS 911A × GMU554
	2.440*
	4.964**
	33.257**
	2.093**
	4.390**
	0.769**
	3.120**
	-2.260**
	9.272**
	-0.390

	CMS 911A × GMU1091
	0.024
	-3.702**
	-36.276**
	-4.965**
	-8.196**
	0.105
	3.885**
	1.406**
	-8.240**
	-0.419

	CMS 911A × NDL20
	-2.893**
	-2.452*
	-19.626**
	-0.865
	3.573**
	-1.238**
	-2.467**
	-0.169
	-4.999**
	2.378**

	CMS 911A × NDL3
	2.857**
	2.214*
	27.407**
	1.335
	3.691**
	0.537**
	1.467
	-0.444
	11.200**
	-0.091

	CMS 911A × GMU847
	-1.726
	-1.286
	-26.693**
	-0.607
	-5.242**
	-0.833**
	-2.868**
	2.514**
	-8.841**
	2.907**

	CMS 911A × HOCL-20R
	1.940
	1.964*
	17.557**
	2.743**
	0.819
	1.194**
	-1.258
	-0.420
	-1.850
	-3.573**

	CMS 148A × MRHA-2
	-4.000**
	-1.56
	-20.226**
	-1.046
	-0.623
	1.299**
	4.145**
	2.735**
	-1.572
	0.62

	CMS 148A × GMU554
	-0.917
	-1.893
	-22.543**
	-1.521*
	-0.573
	-0.423*
	0.159
	-2.190**
	-5.065**
	5.212**

	CMS 148A × GMU1091
	-0.333
	0.44
	11.624
	-0.18
	0.982
	-0.035
	-0.266
	-2.499**
	1.68
	0.02

	CMS 148A × NDL20
	2.250*
	0.19
	-4.226
	-1.680*
	-8.495**
	0.391
	3.008**
	-1.065
	-9.956**
	0.237

	CMS 148A × NDL3
	-1
	-2.143*
	-9.593
	-1.38
	-5.582**
	-0.588**
	-6.434**
	3.701**
	-13.656**
	-2.338**

	CMS 148A × GMU847
	1.417
	0.857
	21.407**
	4.779**
	9.885**
	0.31
	-0.519
	-2.882**
	18.522**
	-4.380**

	CMS 148A × HOCL-20R
	2.583**
	4.107**
	23.557**
	1.029
	4.406**
	-0.954**
	-0.094
	2.201**
	10.047**
	0.629

	CMS 852A × MRHA-2
	4.643**
	3.869**
	7.245
	-0.396
	-1.642
	-0.480*
	-1.433*
	-1.694**
	0.441
	5.735**

	CMS 852A × GMU554
	0.226
	2.036*
	11.829
	1.329
	4.493**
	1.129**
	0.506
	-1.219*
	16.118**
	-4.874**

	CMS 852A × GMU1091
	-2.190*
	-2.131*
	-9.905
	-0.08
	-2.413*
	-0.314
	-6.154**
	3.573**
	-11.297**
	-0.765

	CMS 852A × NDL20
	0.393
	0.119
	4.645
	-0.38
	-5.419**
	-1.348**
	0.619
	4.706**
	-10.908**
	-1.149

	CMS 852A × NDL3
	1.643
	1.286
	1.379
	-0.23
	0.054
	-0.136
	0.738
	0.173
	-1.854
	-0.924

	CMS 852A × GMU847
	-3.440**
	-3.214**
	-8.221
	0.679
	6.971**
	1.761**
	7.248**
	-1.511**
	9.835**
	7.035**

	CMS 852A × HOCL-20R
	-1.274
	-1.964*
	-6.971
	-0.921
	-2.044
	-0.612**
	-1.522*
	-4.027**
	-2.335*
	-5.057**

	NDCMS 2A × MRHA-2
	-0.714
	0.583
	6.245
	1.189
	3.567**
	-1.547**
	3.249**
	3.592**
	6.161**
	-3.508**

	NDCMS 2A × GMU554
	-0.631
	0.25
	7.929
	-0.486
	0.357
	-1.298**
	-0.137
	-2.733**
	-0.136
	-1.117

	NDCMS 2A × GMU1091
	0.952
	2.583**
	8.195
	2.356**
	5.282**
	0.634**
	3.233**
	-2.442**
	5.589**
	4.192**

	NDCMS 2A × NDL20
	-0.964
	-0.167
	0.345
	0.756
	5.125**
	0.900**
	-0.189
	-5.008**
	6.478**
	1.908**

	NDCMS 2A × NDL3
	-0.214
	-1.5
	-10.421
	0.856
	-3.232**
	0.657**
	-1.565*
	2.158**
	-3.663**
	-0.367

	NDCMS 2A × GMU847
	1.702
	-0.5
	-0.621
	-2.036**
	-4.915**
	0.214
	-1.930**
	1.575**
	-7.020**
	2.692**

	NDCMS 2A × HOCL-20R
	-0.131
	-1.25
	-11.671
	-2.636**
	-6.184**
	0.441*
	-2.660**
	2.858**
	-7.410**
	-3.800**

	SE ±
	0.877
	0.964
	6.251
	0.704
	1.162
	0.198
	0.699
	0.544
	1.136
	0.692

	CD at 5 %
	1.755
	1.929
	12.508
	1.408
	2.326
	0.396
	1.399
	1.089
	2.272
	1.385

	CD at 1 %
	2.335
	2.566
	16.639
	1.873
	3.093
	0.526
	1.86
	1.449
	3.022
	1.842


Significant at P ≤ .05; ** Significant at P ≤ .01.

combinations for sunflower improvement. These findings are consistent with previous reports by Sharma and Shadakshari (2021), Dhanalakshmi et al. (2022), Mirkad et al. (2023), Doke et al. (2024) and Shelke et al. (2024), who also reported the predominance of non-additive gene action and highlighted the usefulness of combining ability analysis for identifying superior parents and hybrids in sunflower.

The estimates of general combining ability (GCA) identified several parental lines with desirable effects for seed yield and its associated traits (Table 4). Among the CMS lines, NDCMS 2A emerged as the best general combiner for seed yield per plant, seed filling percentage, head diameter, 100-seed weight, volume weight and oil content, indicating its potential as a valuable female parent for hybrid development. CMS 597A also exhibited significant positive GCA effects for seed yield, seed filling percentage, 100-seed weight, volume weight and oil content, while CMS 852A was identified as a good general combiner for plant height, head diameter, seed filling percentage and seed yield. In contrast, CMS 38A exhibited significant negative GCA effects for days to 50% flowering, days to maturity and plant height, suggesting its usefulness for the development of early and relatively short hybrids. 

Among the testers, GMU847, NDL20, NDL3 and HOCL-20R exhibited desirable GCA effects for several economically important traits. GMU847 showed significant positive GCA effects for head diameter, seed filling percentage and seed yield per plant, whereas NDL20 was identified as a good general combiner for seed filling percentage, volume weight, seed yield and oil content. Likewise, NDL3 exhibited favourable GCA effects for head diameter, 100-seed weight, seed yield and oil content, while HOCL-20R was a good general combiner for head diameter, seed filling percentage, 100-seed weight and seed yield. These parents may therefore serve as valuable donors in future sunflower breeding programmes aimed at improving yield and oil productivity. 

The identification of good general combiners for economically important traits indicates the presence of favourable additive gene effects, making these parents suitable for inclusion in hybridisation programmes and recurrent selection. Similar observations have been reported by Sharma and Shadakshari (2021), Dhanalakshmi et al. (2022), Mirkad et al. (2023) and Shelke et al. (2024), who also identified superior general combiners for seed yield and its component traits in sunflower.

The estimates of specific combining ability (SCA) revealed considerable variation among the 42 hybrids, indicating the importance of non-additive gene action in the inheritance of seed yield and its associated traits. Several cross combinations exhibited significant and desirable SCA effects together with superior per se performance, suggesting that these hybrids possessed favourable parental gene combinations for exploitation in heterosis breeding. 

Among the hybrids, NDCMS 2A × NDL20 emerged as the most promising cross, recording significant positive SCA effects for seed yield per plant along with high per se performance. Likewise, CMS 597A × NDL20 and CMS 597A × NDL3 exhibited highly significant positive SCA effects for seed yield, seed filling percentage, 100-seed weight and head diameter, indicating their superiority for improving yield and its component traits. CMS 852A × GMU847 also recorded significant positive SCA effects for seed yield, seed filling percentage, 100-seed weight, volume weight and oil content, while CMS 148A × GMU847 exhibited desirable SCA effects for head diameter, seed filling percentage and seed yield. Similarly, CMS 597A × HOCL-20R showed favourable SCA effects for seed yield, seed filling percentage, 100-seed weight and volume weight, making it another promising hybrid for commercial exploitation.

4. Conclusion
The present study demonstrated substantial genetic variability among the sunflower genotypes and revealed that non-additive gene action predominated for most of the traits studied, indicating the potential of heterosis breeding for improving seed yield and associated characters. The parents NDCMS 2A, CMS 597A and CMS 852A, together with the testers NDL20, NDL3, GMU847 and HOCL-20R, were identified as valuable genetic resources for hybrid breeding. The hybrids NDCMS 2A × NDL20, CMS 852A × GMU847, CMS 597A × NDL20, CMS 597A × NDL3 and CMS 597A × HOCL-20R exhibited desirable combining ability along with favourable standard heterosis and may be considered promising candidates for further multilocation evaluation before their use in commercial sunflower hybrid development.
Limitations
The study was conducted at a single location during one season with two replications; therefore, the stability of the identified parents and hybrids across diverse environments could not be assessed. The promising hybrid combinations identified in this study should be validated through multilocation and multiseason evaluations before being recommended for commercial cultivation.
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