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ABSTRACT
The present study employed a 9 × 9 half-diallel mating design to estimate GCA and SCA effects among TLB-contrasting maize inbred lines, enabling the precise identification of superior parents and hybrid combinations for yield enhancement. Nine inbred lines were crossed during rabi 2023-24, and the resulting hybrids along with their parents were evaluated during kharif 2024 at Mandya and Dharwad in RBD with two replications for phenology, plant traits, grain yield and its components. A combined analysis across locations was conducted to assess parental and hybrid performance and to estimate key genetic parameters underlying trait inheritance. Combining ability ANOVA revealed significant GCA and SCA effects for most traits, indicating the contribution of both additive and non-additive gene actions, as well as substantial genetic variability among crosses. Significant site × genotype interactions for several traits further emphasized the influence of environmental variation on additive and dominance effects, underscoring the need for multi-environment testing to identify stable, high-performing genotypes. Genetic parameter estimates indicated that flowering traits were predominantly governed by additive gene action, whereas plant stature, major yield components, and grain yield were largely influenced by non-additive effects, as supported by GCA-SCA ratio, Baker’s ratio, and variance components. Although broad-sense heritability was moderate to high for most traits, narrow-sense heritability remained low, suggesting limited additive variance and highlighting the relevance of hybrid breeding, recurrent selection, or marker-assisted approaches over direct phenotypic selection. GCA analysis identified P5 as a strong general combiner for multiple yield traits, while P6 was superior for early flowering and reduced plant height. SCA analysis highlighted promising cross combinations, particularly P3 × P7, P2 × P6, P6 × P8, and P3 × P5 for improving key yield-related traits and overall maize productivity.
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1. INTRODUCTION
Maize (Zea mays L.) plays a pivotal role in India's agricultural economy, ranked as the third most important cereal crop after rice and wheat. It makes a substantial contribution to the country's total food grain production and functions as a versatile crop, utilized for human consumption, livestock feed, and various industrial purposes (FICCI, 2021). Its ability to thrive under diverse agro-climatic conditions enhances its relevance in ensuring food and nutritional security while also sustaining the livelihoods of millions of smallholder farmers across the country (Directorate of Economics and Statistics, 2023). To meet the growing demand for maize, India aims to double its production by 2025, targeting 50 million metric tonnes (Andorf et al., 2019). This target reflects the rising demand driven by the rapidly expanding poultry and livestock sectors, as well as the growing use of maize in the starch and ethanol industries in India, where it is predominantly utilized for feed and industrial purposes rather than direct human consumption. Achieving this milestone will require a strategic shift in breeding priorities to develop hybrids that offer higher productivity along with desirable agronomic and physiological traits (Omar et al., 2022). Enhancing productivity, therefore, requires the development of superior hybrids through systematic breeding approaches. One of the most effective strategies in hybrid breeding is the assessment of combining ability, which offers valuable insights into the genetic potential and performance of parental lines. This is particularly crucial in the Indian context, where breeding programs aim to balance high productivity with adaptability to diverse agro-ecological zones and resource-constrained farming systems.
Combining ability analysis, particularly through diallel crossing schemes, allows breeders to distinguish between general combining ability (GCA) reflecting additive gene effects and specific combining ability (SCA) capturing non-additive gene interactions. This information is crucial for selecting high-yielding parental lines and identifying heterotic hybrids suitable for commercial cultivation. Understanding both GCA and SCA is essential for breeders to make informed decisions about which parental lines to select for hybrid development. GCA helps to identify parents with superior additive genetic effects that contribute consistently to hybrid performance, while SCA is used to identify specific parental combinations that exhibit superior hybrid performance due to favourable non-additive genetic interactions.
Among the various diallel mating designs, the half diallel mating scheme is often preferred over the full diallel mating scheme for combining ability studies due to its efficiency, practicality, and resource optimization, especially in crops like maize (Kamara et al., 2024). Several recent studies have demonstrated the utility of diallel analysis in maize, where significant GCA and SCA effects have been reported for key agronomic traits, including grain yield (Suresh and Saikumar, 2014; Beruk, 2021; Kamara et al., 2024). In light of these advancements, the present study aims to evaluate the combining ability of selected maize inbred lines for various quantitative traits along with grain yield, using a half-diallel mating design. The objective is to identify promising parental combinations that can be leveraged to develop high-yielding maize hybrids, ultimately supporting efforts to improve productivity and ensure the long-term sustainability of maize cultivation. The inbreds used in this study represent contrasting reactions to Turcicum Leaf Blight (TLB), and the use of resistant donors is important for maintaining stable yields in disease-prone environments. Although these lines are not inherently high yielding, their diverse genetic backgrounds may harbor favorable additive and non-additive effects that could contribute to yield improvement in hybrid combinations. These lines were originally selected for their resistance to TLB, and in the present experiment all parents and hybrids were subjected to artificial inoculation to ensure uniform and high disease pressure. Under such conditions, the yield potential is expected to be lower; however, assessing yield performance under stress remains valuable for identifying hybrids with stable performance. Therefore, a diallel analysis focusing on grain yield and its component traits was undertaken to evaluate the hybrid potential of this resistance-oriented germplasm within a maize breeding framework. Additionally, a comprehensive study on TLB resistance using the same set of lines has been reported separately, allowing the present investigation to concentrate exclusively on the combining ability for yield-related traits.
2. MATERIAL AND METHODS
[bookmark: _Hlk212133376]The genetic material used in this study consisted of nine parental lines viz., MIL-2-27P (P1), EC-0758084 (P2), HKI-163 (P3), IC-212886 (P4), SKV-50 (P5), IC-212893 (P6), HKI-161 (P7), UMI-1200 (P8), and CM-600  (P9). These lines were crossed following a 9 × 9 half-diallel mating design during the rabi season of 2023-24 at Winter Nursery Center, ICAR-Indian Institute of Maize Research, Hyderabad. In the subsequent kharif season of 2024, a total of 45 entries (comprising both parents and their crosses) were evaluated using a randomized block design (RBD) with two replications. The trials were conducted at two locations in Karnataka viz., All India Co-ordinated Research Project (AICRP) on Maize, Zonal Agricultural Research Station (ZARS), Mandya (12°34′8.97″N, 76°48′47.86″E) and AICRP on Maize, Main Agricultural Research Station (MARS), UAS, Dharwad (15°27′2.63″N, 75°0′11.52″E). Each entry was sown in a single 4-meter-long row, with 15 plants per replication. Rows were spaced 0.60 meters apart and plants were spaced 0.20 meters apart within the rows. The crop was managed using standard agronomic practices throughout the growth period. Data was recorded on five randomly selected plants for plant height (PH) and ear placement (EP), and on five randomly selected ears for ear length (EL), ear girth (EG), number of kernel rows (NKR), number of kernels per row (NKPR), shelling percentage (SP), and test weight (TW). Observations for days to 50% tasseling (DT), days to 50% silking (DS), and grain yield (GY) were recorded on per-plot basis. GY was deduced by drying the ears and grain yield adjusted to 15 per cent moisture content and expressed in quintals per hectare (q/ha). Since all genotypes were artificially inoculated with Exserohilum turcicum to ensure uniform TLB pressure, the yield and associated traits recorded in this study represent performance under disease-stress conditions rather than potential yield under normal environments.
The data was statistically analyzed for combined analysis of variance (ANOVA), across locations for all studied traits. To further partition the genetic variance into general combining ability (GCA) and specific combining ability (SCA) components, a diallel ANOVA was performed across environments following Griffing’s Method II, Model I (Griffing, 1956), using the AGD-R software package (Rodríguez et al., 2015). This analysis employed the following linear model:

where ​ = observation of cross i×j in location (site/environment) ℓ and replication r, μ = overall mean, ​ = effect of the ℓth location,  = replication effect nested within location, ​,  = GCA effects of parents i and j,  = SCA effect of the i×j cross, ​, ​ = GCA × location interaction effects, ​ = SCA × location interaction effect, ​ = experimental error. The significance of parental GCA and hybrid SCA effects was assessed using t-tests based on their respective standard errors. Variance components, Baker’s predictability ratio, and heritability estimates were obtained using the Mixed A model in AGD-R, wherein GCA and SCA were treated as random effects and variance components were estimated using Restricted Maximum Likelihood (REML).  Additive and dominance variances were computed as σ2A=4σ2GCA/p and σ2D ​=4σ2SCA ​/[p(p−1)] respectively, where p is the number of parents. These estimates were subsequently used to derive broad-sense and narrow-sense heritability. Baker’s predictability ratio was calculated as 2σ2GCA/2σ2GCA+σ2SCA (Baker, 1978).
3. RESULTS AND DISCUSSION
3.1. ANOVA
The homogeneity of variance analysis revealed non-significant environmental effects on residual variance for all the studied traits, confirming variance homogeneity across locations. Despite this uniformity in error variance, the combining ability ANOVA detected significant environmental effects on mean performance for all evaluated traits, except ear placement (Table 1), indicating substantial differences in trait expression across environments, consistent with findings of Sumalini et al. (2016) and Kumar et al. (2019). The mean squares due to GCA were highly significant for all evaluated traits, indicating the presence of additive genetic variance and the potential for effective selection among parental lines. The significant mean squares due to SCA observed for all traits across selected traits indicated diverse genetic interactions among parents suggesting non-additive genetic interactions could play a crucial role in achieving optimal trait expression and enhanced hybrid performance. The highly significant mean squares observed among crosses, demonstrates substantial genetic variability across all evaluated traits except for DT, DS and TW. This genetic diversity is crucial for breeding programs, as it provides a broad genetic base for selection, enabling the identification of superior genotypes (El-Galfy et al., 2022; Rahamani et al., 2023; John et al., 2024). 
In the current study, the significant mean squares for site × cross (Table 1) underscores the importance of evaluating genotypes across multiple environments to identify those with stable performance or to develop varieties specifically adapted to distinct agro-ecological conditions. The only exception was the trait EG, for which this interaction was not significant. Significant mean squares for site × GCA observed in most of the traits, which suggest that additive genetic effects are not uniformly expressed across the environments, indicating that certain parental lines may show better combining ability under specific environmental conditions. Notably, EG and NKR did not exhibit significant site × GCA, implying relatively stable additive effects for these traits across environments. Similarly, significant mean squares for site × SCA observed for majority of traits reflect the strong influence of environmental factors on non-additive gene expression, such as dominance and epistasis. Again, EG was an exception, showing non- significant interaction. Interestingly, for the trait EG, despite the lack of statistical significance for the site × GCA/SCA interaction in the ANOVA, the corresponding variance components were found to be significant and presented in Table 2. This suggested that there was a consistent, albeit possibly small, contribution of environment-dependent genetic effects. It implied that some genotypes/ hybrids varied in their GCA/SCA effects across environments, even if this variation was not large enough to be detected by ANOVA. These findings align with reports by Hudson et al. (2021) and Rogers et al. (2021) emphasizing that GE interactions, contributed as much as genotypic effects to variation in some traits.  





Table 1. Combining ability ANOVA for yield and its related traits across locations
	[bookmark: _Hlk194163003]Source
	Df
	DT
	DS
	PH
	EP
	EL
	EG
	NKR
	NKPR
	TW
	SP
	GY

	Site
	1
	60.09**
	178.01**
	4039.43**
	0.03
	29.85**
	2.80**
	7.13**
	173.10**
	587.53**
	86.35**
	158.06**

	Rep (Site)
	2
	38.24**
	54.49**
	440.92
	137.00
	1.28
	0.18
	0.90
	10.83
	2.06
	0.39
	0.05

	Cross
	44
	42.65
	43.35
	3291.53**
	906.64**
	20.20**
	0.60**
	8.84**
	138.99**
	113.48
	20.43**
	22.37**

	GCA
	8
	87.55**
	96.22**
	3183.28**
	1241.22**
	17.30**
	1.69**
	14.03**
	49.24**
	291.94**
	15.11**
	32.79**

	SCA
	36
	32.68**
	31.61**
	3315.58**
	832.29**
	20.84**
	0.35**
	7.68**
	158.93**
	73.83**
	21.62**
	20.06**

	Site : Cross
	44
	35.36**
	36.59**
	319.42*
	229.23**
	4.96**
	0.12
	2.02**
	26.40**
	70.56**
	8.04**
	3.38**

	Site : GCA
	8
	53.96**
	66.00**
	453.28*
	302.64**
	9.53**
	0.17
	1.80
	69.69**
	152.34**
	13.23**
	2.40**

	Site : SCA
	36
	31.23**
	30.05**
	289.68*
	212.91**
	3.94*
	0.11
	2.07**
	16.77
	52.39**
	6.89*
	3.59**


*, ** significant at .05, .01 probability levels respectively; Df-degrees of freedom; DT-days to 50% tasseling; DS-days to 50% silking; PH-plant height; EP-ear height; EL-ear length; EG-ear girth; NKR-number of kernel rows, NKPR-number of kernels per row, SP-shelling percentage, TW-test weight; GY-grain yield 




Table 2. Estimation of genetic parameters and heritability for various quantitative traits
	Genetic parameters
	Traits

	
	DT
	DS
	PH
	EP
	EL
	EG
	NKR
	NKPR
	TW
	SP
	GY

	GCA Variance
	0.73
	0.65
	0.00
	7.25
	0.00
	0.029**
	0.00
	0.15
	2.69
	0.00
	0.32

	SCA Variance
	0.36
	0.39
	756.48**
	154.84**
	4.22**
	0.062**
	35.54**
	1.40**
	5.36
	3.68**
	4.12**

	GCA x Env Variance
	1.03
	1.63
	7.44
	4.08
	0.25
	0.003**
	2.41
	0.00
	4.54
	0.29
	0.00

	SCA x Env Variance
	14.29
	13.45
	51.55**
	62.39**
	0.82**
	0.001**
	2.30**
	0.58**
	21.28
	1.20**
	1.68**

	Additive Variance
	1.46
	1.30
	0.00
	14.51
	0.00
	0.060
	0.00
	0.30
	5.37
	0.00
	0.63

	Dominance Variance
	0.36
	0.39
	756.48
	154.84
	4.22
	0.060
	35.54
	1.40
	5.36
	3.68
	4.12

	GCA-SCA ratio
	2.02
	1.67
	0.00
	0.05
	0.00
	0.470
	0.00
	0.11
	0.50
	0.00
	0.08

	Baker ratio
	0.80
	0.77
	0.00
	0.09
	0.00
	0.480
	0.00
	0.18
	0.50
	0.00
	0.13

	Phenotypic Variance
	4.48
	4.83
	943.05
	257.48
	6.53
	0.220
	47.70
	2.62
	20.56
	8.18
	4.99

	Narrow Heritability
	0.33
	0.27
	0.00
	0.06
	0.00
	0.260
	0.00
	0.12
	0.26
	0.00
	0.13

	Broad Heritability
	0.41
	0.35
	0.80
	0.66
	0.65
	0.540
	0.74
	0.65
	0.52
	0.45
	0.95


*, ** significant at .05, .01 probability levels respectively


The non-significant site × GCA variance observed for rest of the traits imply stable additive effects, which is advantageous for selection, as genotypes with superior GCA can be expected to perform reliably across diverse environments. The significant site × SCA variance for most traits demonstrates that non-additive gene effects are substantially influenced by environmental variability. However, exceptions were noted for DT, DS and TW, where SCA and environment interactions were non-significant. This indicates that non-additive gene actions governing these traits are relatively stable across environments. Collectively, these results reinforce the need for multi-environment testing in maize breeding programs to accurately identify stable, high-performing genotypes and optimize selection strategies for specific agro-climatic zones (Nyombayire et al., 2018; Karim et al., 2018; Garoma et al., 2020).
3.2. Analysis of genetic parameters and heritability estimates 
In terms of the nature of gene action, among the eleven quantitative traits analyzed, flowering-related traits, specifically DT and DS exhibited a higher magnitude of GCA variance when compared to other traits (Table 2). DT and DS were primarily influenced by additive genetic effects as indicated by the predominance of GCA variance over SCA variance. This suggests that the inheritance of these flowering traits is largely controlled by cumulative and heritable gene effects, making them more amenable to improvement through selection-based breeding strategies. Conversely, for traits such as PH, EP, EL, NKR, NKPR, SP and GY, a preponderance of dominance gene action was observed, evidenced by the higher magnitude of SCA variance. This highlights the significant role of non-additive gene interactions in the expression of these traits, suggesting that hybrid breeding and exploitation of heterosis would be more effective for their genetic enhancement. The results align with the findings of Habiba et al., (2022); Amegbor et al. (2023); Okunlola et al. (2023) and Agarwal et al. (2024) who reported that additive gene action predominated for flowering-related traits, while non-additive gene action was more influential for traits like plant height, ear height, and grain yield, as  reported in several studies (Mostafa, 2018; El Hosary, 2020; Sabitha et al., 2021; Kamal et al., 2023; Bonkoungou et al., 2024). Interestingly, for EG and TW, the contributions of additive and non-additive gene effects were observed to be nearly equal. This balance indicates a complex inheritance pattern involving both types of gene action, implying that an integrated breeding approach combining both selection and hybridization strategies may be required for the efficient improvement of these traits (Chiuta and Mutengwa, 2020). These findings highlight the importance of both genetic components in maize breeding, offering insights for refining breeding strategies (Zhou et al., 2018; Arunkumar et al., 2022; Diviya et al., 2022).
In the present study, GCA-SCA ratio exceeded unity for DT (2.02) and DS (1.67) indicating additive gene effects are predominant in the inheritance of these traits. In contrast, all other traits exhibited a GCA-SCA ratio of less than one, signifying the predominance of non-additive gene effects, including dominance and epistatic interactions. The results are in congruity with the findings of Yerva et al. (2016), Dattatray et al. (2023) and John et al. (2024). These observations are further supported by the Baker’s ratio, which was high for DT (0.80) and DS (0.77), confirming the predominance of additive gene action and the predictability of performance based on general combining ability. Conversely, the Baker’s ratio was below 0.50 for all other traits, reinforcing the inference that non-additive gene effects are more influential in their inheritance. The concordance between the GCA/SCA and Baker’s ratios strengthens the conclusion regarding the underlying gene action, guiding appropriate breeding strategies for each trait. 
In terms of broad-sense heritability (H²), seven out of the eleven evaluated traits viz., PH (0.80), EP (0.66), EL (0.65), EG (0.54), NKR (0.74), NKPR (0.65), and TW (0.52) exhibited moderate heritability, with H² values ranging from 0.50 to 0.80. Grain yield, however, showed the highest heritability (H² = 0.95), indicating a strong genetic influence. In contrast, three traits DT (0.41), DS (0.35), and SP (0.45) demonstrated low heritability (H² < 0.50). Similar results were reported by Mahmood et al. (2004), Haddadi et al. (2014), Hisse et al. (2022) and John et al. (2024), who observed high broad-sense heritability for grain yield and yield related traits. These findings suggest that traits with high broad-sense heritability are predominantly governed by genetic factors, while those with moderate heritability are influenced by both genetic and environmental interactions. Conversely, traits with low heritability are largely influenced by environmental factors (Hisse et al., 2022). Regarding narrow-sense heritability (h²), most traits exhibited low heritability (h² < 0.30), indicating limited additive genetic variance and the results align with findings of Al-Naggar et al. (2016), Habiba et al. (2022) and Xiang et al. (2024). The only exception was DT, which showed moderate narrow-sense heritability (h² = 0.33). In the current study, none of the traits reached the threshold for high narrow-sense heritability, typically considered essential for achieving substantial genetic gain through selection. This suggests that while some traits may have high broad-sense heritability, their response to selection may be constrained due to the limited proportion of additive genetic variance. Consequently, breeding strategies such as recurrent selection, hybrid breeding, or the use of molecular markers may be more effective for improving these traits compared to direct phenotypic selection (Fritsche-Neto et al., 2021; Matova et al., 2023; Chen et al. 2023).
3.3. GCA effects
The results of GCA effects for various traits, evaluated across the two test locations using nine inbred lines, were presented in Table 3. The estimates of GCA effects for maturity traits, such as DT and DS, ranged from -1.53 (P6) to 2.31 (P1) and from -1.68 (P6) to 2.53 (P1) respectively. Overall, the parental lines P4, P5, P6, P7, P8, and P9 demonstrated significant negative GCA effects for DT, while the same set of parents, excluding P5, exhibited significant negative effects for DS. Among these, P6 followed by P7 exhibited the most pronounced negative GCA effects for both traits, and indicated that these lines are strong general combiners for earliness, as evidenced by their flowering characteristics. In contrast, P1, P2 and P3 reported significant positive effects for DT and inbred lines P1, P2, P3 and P5 reported significant positive effects for DS. This suggests that these lines are suitable general combiners for developing late-maturing hybrids, which are often associated with higher yield potential.
GCA effects for PH and EP ranged from -9.35 (P2) to 12.78 (P5) and -7.24 (P4) to 7.89 (P5) respectively. Regarding PH, parental lines P1, P2, P4, P6 and P9 exhibited significant negative GCA effects, while same set of parents along with P7, demonstrated significant negative GCA effects for EP. Thus, parental lines P2 and P6 were identified as desirable for producing hybrids with reduced plant and ear height.  The GCA effects for EL and EG ranged from -0.76 (P9) to 1.12 (P5) and -0.35 (P6) to 0.22 (P5) respectively. Parental lines P3, P4 and P5 exhibited significant positive GCA effects for EL, while P2, P3, P4, P5 and P7 demonstrated significant positive effects for EG, indicating their potential as good general combiners for enhancing these traits. Overall, three parents P3, P4, and P5 were considered good combiners for improving both EL and EG.
The GCA effects ranged from -0.76 (P9) to 1.12 (P5) for EL, and from -0.35 (P6) to 0.22 (P5) for EG. Parental lines P3, P4, and P5 demonstrated significant positive GCA effects for EL, while P2, P3, P4, P5, and P7 exhibited significant positive GCA effects for EG, indicating their potential as effective general combiners for enhancing these traits. Overall, parental lines P3, P4, and P5 were identified as the most effective combiners for improving both EL and EG. The GCA effects for NKR ranged from -0.68 (P6) to 1.28 (P3), with parental lines P3 and P5 exhibiting significant positive effects for this trait. Similarly, for NKPR the GCA effects ranged from -1.75 (P9) to 1.75 (P5), with only one parent P5 displaying significant positive GCA effects. The GCA effects for TW ranged from -3.46 (P9) to 4.77 (P4), while for SP, it ranged from -0.82 (P9) to 0.84 (P5). Parental lines P4, P5, and P7 exhibited significant positive GCA effects for TW, whereas two parents P1 and P5 demonstrated significant positive GCA effects for SP. In consideration to GY, the GCA effects ranged from -1.01 (P9) to 1.60 (P5) and four parents P1, P2, P3 and P5 reported significant positive effects for this trait. Among the eleven quantitative traits studied, inbred line P5 displayed desirable GCA effects in the desirable direction for seven traits viz., EL, EG, NKR, NKPR, SP, TW. In contrast, for traits related to early flowering and reduced plant height, inbred line P6 was identified as a good general combiner, exhibiting significant negative GCA effects in the favorable direction. The present study revealed significant variation in GCA effects among the inbred lines for multiple traits, aligning with previous reports by Simon et al. (2018), Chiuta et al. (2020), Osuman et al. (2022) and Manigben et al. (2024) that highlighted the importance of selecting parental lines with favorable combining ability for effective hybrid development in maize.






Table 3. GCA effects of parents for yield and yield related traits across locations
	Parents
	DT
	DS
	PH
	EP
	EL
	EG
	NKR
	NKPR
	TW
	SP
	GY

	P1
	2.31**
	2.53**
	-1.59
	-0.85
	-0.03
	0.05
	-0.15
	-0.28
	0.08
	0.62*
	0.17**

	P2
	0.92**
	0.71**
	-9.35**
	-4.51**
	0.01
	0.09*
	-0.38**
	0.61
	0.45
	-0.07
	0.68**

	P3
	2.02**
	2.03**
	3.85*
	3.83**
	0.51**
	0.12**
	1.28**
	-0.22
	0.13
	0.01
	0.62**

	P4
	-0.39*
	-0.70**
	-8.82**
	-7.24**
	0.58**
	0.11**
	0.02
	0.69
	4.77**
	-0.13
	-0.64**

	P5
	-0.62**
	0.07
	12.78**
	7.89**
	1.12**
	0.22**
	0.31**
	1.75**
	1.54**
	0.84**
	1.60**

	P6
	-1.53**
	-1.68**
	-5.50**
	-1.80
	-0.40*
	-0.35**
	-0.68**
	0.12
	-3.10**
	0.58*
	-0.79**

	P7
	-1.35**
	-1.34**
	2.96
	-2.84*
	-0.63**
	0.10*
	-0.13
	-1.30**
	1.54**
	-0.31
	0.06

	P8
	-0.53**
	-0.57**
	12.27**
	7.70*
	-0.38*
	-0.06
	0.14
	0.38
	-1.96**
	-0.72**
	-0.69**

	P9
	-0.83**
	-1.04**
	-6.59**
	-2.17*
	-0.76**
	-0.29**
	-0.40**
	-1.75**
	-3.46**
	-0.82**
	-1.01**

	SE±
	0.16
	0.18
	1.37
	0.94
	    0.15
	0.03
	0.10
	0.35
	0.32
	0.21
	0.05


*, ** significant at .05, .01 probability levels respectively; SE-standard error






3.4. SCA effects
The outcome of SCA effects, examined across the two test locations for the 36 crosses for various characters were presented in Table 4. Earliness has become an increasingly desirable trait in maize production due to their ability to mature early and escape moisture stress (Osuman et al., 2022; Adewale et al., 2023). Moreover, such varieties allow for earlier harvesting, thereby enabling the adoption of double cropping systems by facilitating the cultivation of subsequent crops within the same growing season. In the present study, 10 crosses out of 36 showed substantial negative effects for DT, whereas 12 crosses reported significant negative effects for DS. The most favorable SCA effects in negative direction were displayed by the cross P1 × P9 (-5.45, -6.02) followed by P4 × P8 (-4.45, -4.86) for DT and DS respectively. Conversely, late-maturing hybrids remain essential in breeding programs targeting the development of high-yielding genotypes, particularly in regions with adequate and well-distributed rainfall (Mousa, 2014; Manigben et al., 2024). In this context, the crosses P1 × P2 (3.80, 3.23) and P1 × P8 (2.82, 3.44) showed favorable SCA effects for DT and DS respectively, indicating a tendency towards late maturity. For PH, the SCA effects ranged from -3.45 to 29.13 with hybrid P2 × P3 demonstrating highest negative effects and for EP it ranged from -5.09 to 15.63 with P2 × P5 displaying the highest SCA effects in the negative direction. Although both crosses demonstrated SCA effects in the desirable direction (i.e., reduction in PH and EP), these effects were statistically non-significant. While P2 independently exhibited negative GCA for both traits, its crosses with P3 and P5 both of which had positive GCA for PH and EP, resulted in favorable negative SCA effects. This suggests the possible involvement of dominance or epistatic interactions, whereby the P2 × P3 and P2 × P5 combinations led to reduced PH and EP despite the individual GCA values not indicating such an outcome. These results highlight the complex genetic interactions that contribute to the observed effects of SCA for these traits reported in this study (Zhou et al., 2018; Wang et al., 2025).  In the present study, only a limited number of crosses, two for PH and five for EP produced shorter plants and lower ear placement, that are desirable for improving lodging tolerance. However, the non-significance of the SCA effects observed among these crosses may reflect environmental variation that hindered the detection of subtle genetic differences. Therefore, further evaluation across multiple environments is recommended before these crosses can be considered for genetic improvement (Ruiz et al., 2025). In addition, 17 crosses exhibited significant positive SCA effects for PH, while 12 crosses showed significant positive effects for EP. Among these, the cross P6 × P8 recorded the highest SCA effect for PH (29.13), and P1 × P7 exhibited the highest SCA effect for EP (15.63). These taller hybrids, although less desirable for lodging resistance, may offer advantages in terms of increased biomass production and hold significance in integrated and sustainable farming systems (Pan et al., 2017). Similar observations of both positive and negative effects of SCA for flowering traits, as well as plant height and ear position, have been reported in previous studies (Tafa et al., 2020; Osuman et al., 2022). The disparities between positive and negative SCA effects highlight the potential for developing specialized breeding strategies aimed at exploiting favorable genetic interactions to enhance the expression of desired traits (Zhou et al., 2018; Tafa et al., 2020; Yu et al., 2020; Tarekegne et al., 2024).











Table 4. SCA effects of hybrids for yield and yield related traits across locations
	Cross/ Trait 
	DT
	DS
	PH
	EP
	EL
	EG
	NKPR
	NKR
	TW
	SP
	GY

	P1 × P2
	3.80**
	3.23**
	15.57*
	5.67
	-0.66
	0.11
	2.13
	0.17
	4.66**
	1.18
	1.26**

	P1 × P3
	0.23
	0.64
	6.88
	1.30
	1.39*
	0.05
	2.85
	-0.43
	2.97*
	-1.96*
	0.55*

	P2 × P3
	-5.45**
	-5.22**
	-3.45
	-1.64
	-0.58
	-0.08
	-0.28
	-0.60
	1.61
	-0.04
	1.23**

	P1 × P4
	0.95
	1.05
	11.32
	0.56
	-0.13
	-0.01
	1.53
	0.43
	-2.66
	-0.51
	2.29**

	P2 × P4
	2.02*
	1.44
	4.98
	9.84*
	1.72*
	0.15
	6.01**
	-0.31
	-3.02*
	-1.07
	0.89**

	P3 × P4
	0.70
	1.85*
	2.53
	3.42
	0.06
	0.12
	0.32
	2.01**
	-2.21
	-1.73
	0.61**

	P1 × P5
	-1.07
	-0.72
	12.11
	2.31
	0.80
	0.15
	4.45**
	-0.19
	4.57**
	0.44
	1.92**

	P2 × P5
	-0.50
	-0.34
	19.01**
	-5.09
	1.39*
	0.20
	2.73
	-0.17
	1.71
	-1.75
	0.94**

	P3 × P5
	0.68
	0.07
	13.71*
	11.46**
	-0.87
	0.26
	-3.82*
	0.74
	4.02**
	2.40*
	3.07**

	P4 × P5
	0.66
	1.73*
	9.13
	9.82*
	2.08**
	0.27
	3.40*
	0.61
	-7.11**
	-0.23
	-0.74**

	P1 × P6
	1.18
	1.19
	5.67
	2.69
	1.35
	0.34*
	2.73
	0.58
	0.71
	3.34**
	-0.05

	P2 × P6
	-1.25
	-1.93**
	17.31**
	7.44
	3.55*
	0.09
	5.73**
	0.07
	5.34**
	1.36
	1.32**

	P3 × P6
	3.43**
	2.73**
	23.69**
	13.77**
	-0.07
	0.00
	3.57*
	0.20
	-0.84
	-0.75
	0.43

	P4 × P6
	-0.34
	-0.36
	4.95
	-1.53
	1.01
	-0.04
	1.62
	1.24**
	-2.98*
	0.85
	1.39**

	P5 × P6
	-3.11**
	-4.38**
	6.50
	3.73
	0.26
	0.00
	1.32
	0.09
	0.25
	1.77
	1.23**

	P1 × P7
	1.09
	1.00
	25.33**
	15.63**
	1.59*
	0.13
	0.71
	0.08
	2.07
	0.41
	0.24

	P2 × P7
	0.41
	-0.11
	15.68*
	12.52**
	1.62*
	0.22
	3.82*
	1.44**
	1.21
	0.02
	3.05**

	P3 × P7
	3.09**
	2.80**
	20.32**
	2.26
	1.63*
	0.38**
	4.55**
	1.75**
	3.02*
	1.68
	1.88**

	P4 × P7
	0.32
	0.21
	11.69
	2.81
	1.41*
	0.24
	4.57**
	0.54
	-4.11**
	1.60
	-0.48*

	P5 × P7
	-1.70*
	-3.56**
	1.37
	-2.37
	-1.42*
	-0.29*
	-3.51*
	-0.28
	2.61
	0.90
	2.05**

	P6 × P7
	1.30
	1.60*
	14.33*
	4.05
	0.99
	0.06
	5.00**
	0.54
	-1.25
	0.42
	-0.14

	P1 × P8
	2.82**
	3.44**
	3.31
	5.83
	0.40
	-0.04
	2.75
	-0.09
	-0.44
	1.60
	0.49*

	P2 × P8
	-3.36**
	-3.18**
	10.96
	3.70
	0.45
	0.15
	1.89
	0.47
	1.70
	0.44
	0.84**

	P3 × P8
	3.07**
	3.23**
	12.12
	1.44
	1.21
	0.12
	4.64**
	1.48**
	-0.94
	1.18
	0.65**

	P4 × P8
	-4.45**
	-4.86**
	17.29**
	7.97
	0.63
	-0.03
	1.24
	1.27**
	-5.62**
	0.66
	0.23

	P5 × P8
	3.27**
	1.87*
	1.00
	11.41**
	0.25
	-0.07
	2.01
	0.67
	2.11
	2.69**
	0.65**

	P6 × P8
	-2.73**
	-0.72
	29.13**
	11.40**
	1.65*
	0.40**
	1.80
	0.84
	1.75
	-0.62
	0.07

	P7 × P8
	-0.32
	0.35
	14.14*
	1.69
	0.69
	0.08
	1.80
	0.64
	1.61
	2.58**
	0.82**

	P1 × P9
	-5.45**
	-6.02**
	22.53**
	6.42
	0.84
	0.17
	3.52*
	1.44**
	2.07
	3.58**
	1.31**

	P2 × P9
	-2.39**
	-2.63**
	7.53
	7.16
	0.09
	0.08
	0.89
	1.05*
	0.21
	1.61
	0.39

	P3 × P9
	-0.70
	-1.47*
	28.27**
	14.41**
	1.15
	0.35*
	3.23*
	0.03
	1.52
	1.83
	-0.03

	P4 × P9
	2.27**
	2.44**
	-0.47
	-2.89
	1.47*
	0.03
	3.75*
	-0.26
	-1.11
	2.15*
	1.77**

	P5 × P9
	2.50**
	2.91**
	20.13**
	14.47**
	1.63*
	0.19
	3.37*
	0.62
	-0.39
	-0.38
	-0.05

	P6 × P9
	-4.25**
	-3.18**
	7.53
	9.89*
	0.70
	0.14
	0.95
	0.93*
	3.25*
	0.77
	0.39

	P7 × P9
	-2.09*
	-1.11
	13.62*
	12.54**
	1.82**
	0.06
	6.50**
	0.60
	1.61
	-2.66**
	0.69**

	P8 × P9
	0.39
	0.32
	14.50*
	7.08
	2.17**
	0.18
	5.12**
	0.62
	0.61
	2.24*
	1.19**

	SE ±
	0.81
	0.74
	6.24
	4.29
	0.70
	0.15
	1.59
	0.44
	1.43
	0.97
	0.22


*, ** significant at .05, .01 probability levels respectively;  SE-standard error
[bookmark: _Hlk195803855]For EL and EG, SCA effects ranged from -1.42 to 3.55 and -0.29 to 0.40, respectively. The cross P2 × P6 exhibited the highest significant SCA effect for EL (3.55), while P6 × P8 showed the highest significant SCA effect for EG (0.40). Notably, P6 × P8 also demonstrated a significant positive effect for EL, indicating its potential for simultaneous improvement of both EL and EG. Additionally, the hybrid P3 × P7 displayed significant and positive SCA effects for both EL and EG (1.63 and 0.68), making it another promising cross combination for simultaneous enhancement of these ear traits. For the trait NKPR, SCA effects ranged from -3.82 to 6.50 with P7 × P9 displaying highest significant positive SCA effects. In total, 18 crosses displayed significant positive SCA effects for NKPR. In the case of NKR, the SCA effects ranged from -0.60 to 2.01 with P3 × P4 displaying highest significant positive SCA effects. Out of the 36 crosses evaluated, nine crosses displayed significant positive SCA effects for the trait NKR. Notably, crosses such as crosses P2 × P7, P3 × P7, P3 × P8, P1 × P9 also showed significant positive SCA effects for both NKR and NKPR, highlighting their potential as promising combinations for the simultaneous improvement of these traits. For TW, the SCA effects ranged from -7.11 to 5.34, with cross P2 × P6 displaying highest significant positive SCA effects for the trait. Overall, seven crosses recorded significant positive SCA effects for this trait. SP ranged from -2.66 to 3.34 with the cross P1 × P6 displaying highest significant positive effects for SP. A total of seven crosses showed significant positive SCA effects for this trait. 
For the trait GY, the SCA effects ranged from to -0.03 to 3.07, with the cross P3 × P5 displaying highest positive SCA effects for grain yield. A total of 24 crosses exhibited significantly positive specific combining ability (SCA) effects for grain yield (GY) (Table 5). Notably, parent P1 showed significant positive SCA effects in crosses with all other parents, except P6 and P7. Similarly, P2 exhibited significant positive SCA effects when crossed with all parents except P3, P4 and P9. Parent P3 displayed significant positive SCA effects when crossed with P6, P7 and P9, whereas P4 displayed significant positive SCA effects when crossed with P6 and P9. Parent P5 showed favorable SCA effects when crossed with P6, P7, and P8, while P7 demonstrated similar effects when crossed with P8 and P9. The cross between P8 and P9 also recorded a significant positive SCA effect. In contrast, parent P6 exhibited either negative or non-significant SCA effects for grain yield across all its crosses in the half-diallel mating design. 
Table 5. Summary of crosses displaying significant and highest SCA effects for various traits
	Trait
	Highly significant (P<.01)
	Significant (P<.05)
	Total positive significant crosses
	Cross with highest SCA effect
	Maximum SCA effect

	DT
	P₁ × P₂, P₃ × P₆, P₃ × P₇,
P₁ × P₈, P₃ × P₈, P₅ × P₈,
P₄ × P₉, P₅ × P₉
	P₂ × P₄
	9
	P₁ × P₂
	3.80

	DS
	P₁ × P₂, P₃ × P₆, P₃ × P₇,
P₁ × P₈, P₃ × P₈, P₄ × P₉,
P₅ × P₉
	P₃ × P₄, P₄ × P₅, P₆ × P₇,
P₅ × P₈
	11
	P1 × P8
	3.44

	PH
	P₂ × P₅, P₂ × P₆, P₃ × P₆,
P₁ × P₇, P₃ × P₇, P₄ × P₈,
P₆ × P₈, P₁ × P₉, P₃ × P₉,
P₅ × P₉
	P₁ × P₂, P₃ × P₅, P₂ × P₇,
P₆ × P₇, P₇ × P₈, P₇ × P₉,
P₈ × P₉
	17
	P₆ × P₈
	29.13

	EP
	P₃ × P₅, P₃ × P₆, P₁ × P₇,
P₂ × P₇, P₅ × P₈, P₆ × P₈,
P₃ × P₉, P₅ × P₉, P₇ × P₉
	P₂ × P₄, P₄ × P₅, P₆ × P₉
	12
	P₁ × P₇
	15.63

	EL
	P₄ × P₅, P₇ × P₉, P₈ × P₉
	P₁ × P₃, P₂ × P₄, P₂ × P₅,
P₂ × P₆, P₁ × P₇, P₂ × P₇,
P₃ × P₇, P₄ × P₇, P₆ × P₈,
P₄ × P₉, P₅ × P₉
	14
	P₂ × P₆
	3.55

	EG
	P₃ × P₇, P₆ × P₈
	P₁ × P₆, P₃ × P₉
	4
	P₆ × P₈
	0.40

	NKPR
	P₂ × P₄, P₁ × P₅, P₂ × P₆,
P₃ × P₇, P₄ × P₇, P₆ × P₇,
P₃ × P₈, P₇ × P₉, P₈ × P₉
	P₄ × P₅, P₃ × P₆, P₂ × P₇,
P₁ × P₉, P₃ × P₉, P₄ × P₉,
P₅ × P₉
	16
	P₇ × P₉
	6.50

	NKR
	P₃ × P₄, P₄ × P₆, P₂ × P₇,
P₃ × P₇, P₃ × P₈, P₄ × P₈,
P₁ × P₉
	P₂ × P₉, P₆ × P₉
	9
	P₃ × P₄
	2.01

	TW
	P₁ × P₂, P₁ × P₅, P₃ × P₅,
P₂ × P₆
	P₁ × P₃, P₃ × P₇, P₆ × P₉
	7
	P₂ × P₆
	5.34

	SP
	P₁ × P₆, P₅ × P₈, P₇ × P₈,
P₁ × P₉
	P₃ × P₅, P₄ × P₉, P₈ × P₉
	7
	P₁ × P₉
	3.58

	GY
	P₁ × P₂, P₂ × P₃, P₁ × P₄,
P₂ × P₄, P₃ × P₄, P₁ × P₅,
P₂ × P₅, P₃ × P₅, P₂ × P₆,
P₄ × P₆, P₅ × P₆, P₂ × P₇,
P₃ × P₇, P₅ × P₇, P₂ × P₈,
P₃ × P₈, P₅ × P₈, P₇ × P₈,
P₁ × P₉, P₄ × P₉, P₇ × P₉,
P₈ × P₉
	P₁ × P₃, P₁ × P₈
	24
	P₃ × P₅
	3.07



Numerous studies have consistently demonstrated a strong positive association between grain yield and several yield-related traits in maize, including kernel weight, number of kernels per row, number of rows per ear, ear diameter, and ear length. These components significantly contribute to overall productivity and are thus considered reliable indirect selection criteria for enhancing grain yield. By targeting these traits in breeding programs, it becomes feasible to achieve cumulative improvements in yield performance (Haddadi et al., 2014; Jilo et al., 2019; Tafa et al., 2020; Baduwal et al., 2022; Dattatray et al., 2023; John et al., 2024). In this study, the cross P3 × P7 exhibited significant positive SCA effects for multiple yield-contributing traits, including EL, EG, NKR, NKPR, and TW indicating its strong potential as a promising hybrid combination for enhancing grain yield in maize. The crosses P2 × P6 and P6 × P8 further demonstrated significant positive SCA effects for several yield-related traits, including EL, NKR, TW, and EG, along with enhanced grain yield. Such coordinated improvements indicate strong non-additive gene action and effective parental complementation, underscoring their potential utility in hybrid breeding programs targeting yield improvement under TLB pressure.

4. CONCLUSION
The combining ability ANOVA revealed significant genetic and environmental variances for most of the studied traits, underscoring the influence of both additive (GCA) and non-additive (SCA) genetic effects, along with substantial genotype × environment (G×E)  interactions. However, certain traits such as EG, DT, DS, and TW) exhibited greater stability across environments, suggesting reduced environmental sensitivity. These results underscore the importance of conducting multi-environment trials in maize breeding programs to accurately identify stable, high-performing genotypes and to develop selection strategies that effectively account for both genetic control and environmental adaptability.
Gene action analysis further clarified the genetic architecture of the evaluated traits. Flowering traits (DT and DS) were predominantly governed by additive gene effects, as reflected by high GCA/SCA ratios and Baker’s ratios, indicating that these traits are amenable to improvement through recurrent selection or pedigree-based breeding approaches. In contrast, traits such as PH, EP, EL, and GY were predominantly influenced by non-additive gene action, making them more suitable for hybrid breeding strategies. Although grain yield exhibited high broad-sense heritability, most traits showed low narrow-sense heritability, indicating a limited contribution of additive genetic variance. This pattern reinforces the need to prioritize breeding approaches such as hybrid development, recurrent selection, or marker-assisted selection rather than relying solely on direct phenotypic selection.
Significant variation in GCA effects was observed among the parental inbred lines. Inbred line P5 emerged as the most promising general combiner for multiple yield-related traits, including EL, EG, NKR, NKPR, SP, TW and GY. In contrast, P6 exhibited strong negative GCA effects for flowering time and plant height, identifying it as a valuable donor for breeding early-maturing, short-statured hybrids. Meanwhile, inbred lines P1, P2, P3, and P5 exhibited significant positive GCA effects for DT and DS, making them suitable general combiners for developing late-maturing hybrids with higher yield potential.
Among the 36 maize hybrids evaluated, specific cross combinations such as P3 × P7, P2 × P6, P6 × P8, and P3 × P5 demonstrated significant positive SCA effects for several key yield-contributing traits including GY, EL, EG, NKR, NKPR and TW making them highly promising candidates for hybrid development. The crosses P₃ × P₅ and P₃ × P₇ expressed contrasting forms of heterosis with different breeding implications. P₃ × P₅ recorded the highest SCA for grain yield, but this advantage arose mainly from non-specific hybrid vigor rather than improvements in individual yield components. Such broad-based dominance and epistasis make P₃ × P₅ suitable for developing hybrids that rely on general vigor, but it offers limited value for trait-specific line improvement. In contrast, P₃ × P₇ exhibited favourable SCA effects for multiple yield-contributing traits, indicating coordinated non-additive gene action that enhances ear morphology and sink capacity. This structured, trait-driven heterosis makes P₃ × P₇ useful both for stable hybrid development and as a promising source for extracting superior inbred lines targeting ear and kernel traits. Similar to this, two other crosses P2 × P6  and P6 × P8 displayed significant positive SCA effects for key yield contributing traits including EL, NKR, TW, EG along with grain yield.   Additional crosses including P1 × P9 and P4 × P8, exhibited significant negative SCA effects for DT and DS, and were therefore identified as early-maturing hybrids. Conversely, combinations such as P1 × P2 and P1 × P8 showed favorable SCA effects for delayed maturity and yield. Collectively, these results highlight the diversity of genetic interactions among the parental lines and emphasize the potential to design breeding strategies tailored to specific agro-ecological conditions and production objectives.
It is important to note that the comparatively lower yield and reduced expression of yield components observed in this study are consistent with the artificial TLB inoculation imposed across all genotypes, which created a uniform and intense biotic stress environment. Because the parental lines were originally selected for their resistance to TLB rather than for high yield potential, the resulting hybrids also displayed reduced yields under disease pressure. Therefore, the combining ability effects reported here reflect performance specifically under TLB-stress conditions and provide meaningful insights into the genetic determinants of productivity in a disease-challenged environment. Importantly, the significant GCA and SCA effects detected for key yield-related traits demonstrated that resistance-oriented inbreds can still make valuable contributions to hybrid development. The presence of exploitable genetic variability indicated that strategic recombination among promising parents can produce progenies with improved yield potential while maintaining disease resistance. Furthermore, future studies  incorporating a wide set of parents, additional cross combinations, along with increased replications across multiple environments or seasons would further enhance statistical precision and provide a clearer understanding of the stability of combining ability effects under varying levels of TLB pressure.
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