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Abstract. Maize is an important crop with strategic roles. The development of superior maize varieties requires genetically diverse parental lines with high combining ability. Advanced selfing generations, such as S4, provide increased homozygosity, allowing more reliable estimation of combining ability and genetic parameters for parental selection. This study aimed to evaluate general combining ability (GCA), specific combining ability (SCA), and genetic parameters using S4 progenies derived from a half-diallel mating design. The experiment was conducted from August to November 2025 at PT. Sukses Seed Sentosa, Malang Regency, East Java, Indonesia, using a randomized complete block design with two replications and involving 36 S4 cross combinations. The first two principal components of the GCA explained 82.36% of the total variation (PC1 = 63.26%; PC2 = 19.10%). P4 exhibited superior GCA for cob diameter and days to harvest, whereas P1 showed favorable GCA for multiple yield-related traits. SCA values showed that the first two principal components explained 84.54% of the total variation (PC1 = 74.46%; PC2 = 10.08%). P2 × P6 showed the highest SCA for multiple yield-related traits, while P2 × P4 was superior for days to silking and shelling percentage. High GCV was observed in AWC (25.26), SWC (25.62), and Y (23.79). High narrow-heritability was observed for DA (0.55), cob length (0.60), and NSPR (0.66). Most traits were predominantly controlled by additive gene action, whereas grain yield and number of seeds per cob were mainly governed by non-additive gene action. 
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1. Introduction 
Maize (Zea mays L.) is a major food crop vital to food security in Indonesia. Maize ranks third among the principal food crops, after rice and wheat. Maize contains, among other things, carbohydrates, protein, vitamin C, vitamin E, vitamin K, B vitamins B, folic acid, and phenolic compounds (Rouf Shah et al., 2016). The many benefits of maize have resulted in high demand. Maize plays a highly strategic role as a raw material for industry, animal feed, pharmaceuticals, and bioenergy (Putri et al., 2022; Supriadi et al., 2024). Maize genotypes with high yield potential and quality are required to develop hybrid maize varieties. To achieve this goal, breeders need populations with high genetic diversity as selection material. Populations with high diversity and superior traits can be produced from parents with good combining ability (Mufidah et al., 2021). The most informative and commonly used methodologies among breeders are mating designs and diallel analysis. This mating design gives every parent an opportunity to cross with each other, enabling high recombination of genes in each parent and resulting in high diversity (Acquaah, 2012). Genetic variability for desirable traits, with high diversity, has the potential to improve the effectiveness of the selection process (D. P. Singh et al., 2021; Zanetta et al., 2025). The diallel mating design has the potential to achieve Hardy-Weinberg equilibrium, thereby potentially maintaining constant genotype frequencies in subsequent generations (Brown et al., 2014). Combining ability estimation based on this diallel design aims to identify parents with good combining ability.
In general, combining ability is estimated using the diallel mating design in the F1 or S0 generation to produce hybrid varieties. Beyond this, the potential of combining ability estimation is not limited to the production of hybrid varieties. It may also be useful for selecting superior inbred lines in advanced selfing generations, where additive genetic effects become increasingly important. The relative contribution of additive gene action increases with successive selfing generations because dominance variance is progressively reduced (Kearsey & Pooni, 1996). As additive effects are directly transmitted to offspring, combining ability estimated in advanced generations may provide more reliable information for selecting superior parents and crosses. The increased relative contribution of additive gene action in advanced generations is highly beneficial for maize breeding programs. In addition to being important for parent selection in hybrid development, information on additive gene action is also needed for the development of open-pollinated, synthetic, and composite varieties. This is important because the success of their improvement depends heavily on the accumulation of favorable, heritable alleles (Brown et al., 2014). Additionally, in the S4 generation, the level of homozygosity has reached approximately 93.75%, so each line tends to be more genetically uniform than in earlier generations (Chaudhary, 2019). 
Although previous studies have demonstrated that combining ability can be estimated beyond the F1 generation (Bhullar et al., 1979; Fasahat, 2016), most research has focused on F1, F2, or F3, while information regarding combining ability analysis in more advanced selfing generations, particularly S4 populations derived from diallel crosses, remains limited. Moreover, few studies have simultaneously evaluated combining ability and genetic parameters in S4 progenies, making it unclear whether combining ability estimated from S4 populations can effectively identify superior parents and cross combinations. Therefore, further investigation is needed to determine the usefulness of advanced-generation materials for parent selection and maize breeding. This study aimed to evaluate GCA, SCA, and genetic parameters in S4 progenies derived from a half-diallel cross to identify superior parents.
2. Materials and Methods
2.1 Plant Materials and Experimental Design
The research was conducted at PT. Sukses Seed Sentosa, Sumberpasir Village, Pakis Subdistrict, Malang Regency, East Java, with the research located at coordinates 7°58'37.8" S and 112°44'24.4" E. The site is at an altitude of 524 m above sea level and falls into the mid-altitude category. The average air temperature ranges from 17°C to 30°C. The main crop research was conducted from August to November 2025. The study employed a randomized block design (RBD) with two replications with a planting distance of 20 x 80 cm. In early-generation breeding trials, the primary objective is to evaluate a large number of genotypes and identify promising materials for further testing. Consequently, fewer replications are often used to balance experimental precision and resource efficiency. The climatic conditions at the research site showed average air temperatures ranging from 23 to 25°C, with the highest temperature reaching 34°C and the lowest 18°C, and average air humidity between 79 to 86%. Rainfall intensity was recorded at 95.15 mm month⁻¹ during the August to September 2025 period, then increased to 313.82 mm month⁻¹ during the November 2025 to January 2026 period (BPS, 2026). The planting material consisted of 36 S4-generation crosses from 9 parents (P1–P9) using a half-diallel mating design. Each plot consisted of 10 plants, with 4 plants sampled. The fertilizer used was NPK 300 kg.ha-1. The measured traits included plant height (PH) and ear height (EH) (cm), days of anthesis (DA), days of silking (DS), and days of harvest (DH), cob length (CL) (cm), cob diameter (CD) (mm), average weight per cob (AWC) (g), number of seed rows (NSR), number of seeds per row (NSPR), 100-seed weight (100SW) (g), number of seeds per cob (NSC), seed weight per cob (SWC) (g), shelling percentage (SP) (%), and grain yield (Y) (ton ha⁻¹). Specific calculations were applied for shelling percentage (%) and grain yield (t. ha⁻¹). Grain yield (t.ha-1) is calculated by converting the yield from the plot area unit to tons per hectare, followed by estimating the moisture content. The yield conversion (1) may use the following formula (Azrai et al., 2025) :
 =  x 	(1)
Description:
PA 	: Plot (m2)
MC 	: Moisture content (%)
AWC	: Average weight per cob (kg)
SP	: Shelling percentage (%)

2.2 Statistical Analysis
In this study, the analysis of variance for Randomized Block Design (RBD) and combining ability analysis were integrated, as the source of genotypic variation comes from the parent combinations, which are then partitioned into general combining ability (GCA) and specific combining ability (SCA). Estimates of combining ability were obtained from diallel analysis and further utilized as variables in multivariate genotype selection. The variance analysis was performed using the PBTools software. Prior to ANOVA, the assumptions of normality, homogeneity of variance, and independence of residuals were evaluated using the Shapiro–Wilk test, Levene's test, and residual diagnostic plots, respectively. No significant violations of these assumptions were detected. The griffing method IV was used during the data analysis due to the use of only S4 as the plant material. The analysis of variance and combining ability by the Griffing method IV using the following formula (Table 1).
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Table 1. The analysis of variance and combining ability by the Griffing method IV
	Source
	df
	SS
	MS
	EMS

	Rep
	r-1
	SSr
	MSr
	

	Genotype
	g-1
	SSg
	MSg
	

	GCA
	p-1
	SSGCA
	MSGCA
	+

	SCA
	p(p-3)/2
	SSSCA
	MSSCA
	

	Error
	(g-1)(r-1)
	SSe
	MSe
	

	Total
	rg-1
	SSt
	
	


Source: (R. K. Singh & Chaudhary, 1981). Remarks: n = Number of Crosses; SSg = Sum Square of Genotype; SSr = Sum Square of Replication; SSGCA = Sum Square of GCA; SSSCA = Sum Square of SCA; SSe = Sum Square of Error; SSt = Sum Square of Total; MS = Mean Square; MSr = Mean Square of Replication; MSGCA = Mean Square GCA; MSSCA = Mean Square of SCA; MSg = Mean Square of Genotype; EMS = Expected Mean Square;  = Error Variance;  = Genotype Variance;  = Phenotype Variance;  = GCA Variance;  = SCA Variance


The component of the combined variance (2) (3) (4) is calculated based on the expected mean square as follows:	
		(2)
	(3)
	(4)

The relationship between the variance of DGU and DGK with additive variance (5) and dominant variance (6) is expressed as follows:
	(5)
	(6)
Phenotypic variation (7) is calculated using the following equation:
	(7)
Heritability values were classified into three categories: high (H > 0.5), moderate (0.2 < H < 0.5), and low (H < 0.2) (Stansfield, 1983). Broad-sense heritability (8) and narrow-sense heritability (9) are calculated using the following equations:

	(8)
	(9)
The coefficients of phenotypic (PCV) (10) and genotypic variation (GCV) (11) were classified into three categories: low (<10%), moderate (10–20%), and high (>20%) (R. K. Singh & Chaudhary, 1981). The genotypic and phenotypic coefficient of variation are calculated using the following formula:
	(10)
	(11)
Genetic advance (GA) is calculated to determine the magnitude of improvement anticipated from selection activities on a given trait (12). The GA value is calculated based on selection intensity, narrow-sense heritability (h2), and phenotypic standard deviation (). The selection intensity used in this study is 10%, which is 1,755. The formula used to calculate genetic advance is as follows (Acquaah, 2012):
	(12)
Phenotypic standard deviation (13) is obtained from the square root of phenotypic variance, using the formula:
		(13)
The GA value obtained is still in the character's original units (14). Therefore, GA is also expressed as a percentage relative to the general mean of the character using the formula:
	(14)
2.3 Genotype by Yield*Trait
Analysis of genetic diversity within the population will use the genotype × yield × trait (GYT) biplot method (Yan & Frégeau-Reid, 2018). The superiority index (SI), which combines all Yield-Trait interactions, is calculated based on GYT standardization. Standardization is applied to quantitative variables so that the mean of each yield-trait combination is 0 and the variance is 1. The standardization process uses the following formula (15):
	(15)
The analysis and visualization were supported by RStudio version 2025.09.02. The metan package was used, while data manipulation and visualization were conducted using the dplyr and ggplot2 packages, respectively. The biplot was generated using singular value decomposition (SVD) of the standardized GYT matrix with scaling = 1 and centering = 2. A genotype-focused singular value partitioning method (SVP = 1) was applied to emphasize the comparison among genotypes.
3. Result and Discussion
3.1 Analysis of Variance and Genetic Parameters
[bookmark: _GoBack]The results of the analysis of variance showed that genotype had a significant to highly significant effect on all traits observed in maize plants (Table 2). It provides great opportunities for plant breeders to use as a basis for phenotypic selection for superior traits. This is because broad phenotypic diversity provides breeders with greater opportunities to distinguish superior genotypes and select them in line with breeding objectives. High genetic variability in a breeding population increases the likelihood of successful selection by providing a wider range of traits to choose from (D. P. Singh et al., 2021).
[bookmark: Table2]Table 2. Analysis of Variance for Genotype, General and Specific Combining Ability of 	Agronomic Traits in Maize
	Character
	Mean square

	
	Genotype
	GCA
	SCA
	Error
	GCA : SCA

	Plant height (cm)
	631.11***
	753.82**
	185.70***
	1.1
	4.06

	Ear height (cm)
	132.21**
	116.87
	51.06*
	22.59
	2.29

	Day of anthesis (DAT)
	26.38***
	35.26***
	6.65***
	0.23
	5.3

	Day of silking (DAT)
	8.27***
	8.66*
	2.79***
	0.18
	3.1

	Day of harvest (DAT)
	11.52***
	11.33*
	4.10***
	0.09
	2.76

	Cob length (cm)
	3.61***
	5.15***
	0.81***
	0.03
	6.36

	Cob diameter (mm)
	10.22***
	8.47
	4.11***
	0.46
	2.06

	Average weight per cob (g)
	566.38***
	484.01
	223.68***
	13.8
	2.16

	Number of seed row
	1.40***
	1.40*
	0.49***
	0.09
	2.86

	Number of seed per row
	20.23***
	30.89***
	3.95***
	0.35
	7.82

	100-seed weight (g)
	15.27***
	8.56
	7.36***
	0.51
	1.16

	Number of seed per cob
	2361.06*
	1051.15
	1218.86*
	650.3
	0.86

	Seed weight per cob (g)
	263.02***
	183.5
	116.10***
	7.2
	1.58

	Shelling percentage (%)
	0.00***
	0
	0.00***
	0
	1.38

	Grain yield (ton.ha-1)
	2.07***
	0.65
	1.15***
	0.05
	0.57


Remarks: GCA: General Combining Ability; SCA: Specific Combining Ability; *: significant at P < 0.05; **: significant at P < 0.01; ***: significant at P < 0.001


Traits that showed significant to highly significant effects on GCA included plant height, day of anthesis, day of silking, day of harvest, cob length, number of seed rows, and number of seeds per row. This indicates that, for these traits, parents' average ability plays a role in passing them on to their offspring, so these traits are more closely related to additive gene action (Chaudhary, 2019). Repeated selfing to the S4 generation substantially increases homozygosity, thereby reducing the influence of segregation and enabling favorable additive alleles to become progressively fixed and more consistently expressed (Sumanth et al., 2017). Consequently, parents with superior GCA are expected to carry a higher frequency of favorable additive alleles that can be reliably transmitted to their progeny across different cross combinations, making them valuable genetic resources for recurrent selection and the development of synthetic or open-pollinated varieties. The previous study reported that plant height, time of flowering, and cob variables are also influenced by additive genes (Alam et al., 2022; Cyplik et al., 2022). In the SCA variance analysis, most traits showed highly significant effects, except for some traits, such as ear height and number of seeds per cob, which showed only significant effects. High SCA values for most traits indicate an important role of non-additive gene action. This condition shows that the performance of certain cross combinations is largely influenced by specific gene interactions, such as dominance and epistasis (Elayaraja et al., 2018; Waghmare et al., 2025). Although repeated selfing is expected to reduce heterozygosity and consequently diminish dominance effects, significant SCA was still observed in the present study. This finding suggests that the superior performance of certain cross combinations cannot be explained solely by residual dominance but is more likely associated with additive × additive epistatic interactions and complementary allelic effects that remain fixed during inbreeding (Viana, 2023).
The magnitude or tendency of gene action influencing a trait can be estimated using the ratio of GCA to SCA. A GCA to SCA ratio greater than one indicates that a trait tends to be influenced by additive gene action. All traits observed were controlled by additive genes, except that the number of seeds per cob and grain yield were controlled by non-additive genes. Traits controlled by additive genes are easier to improve because of their cumulative effect, making them easier to maintain consistently in subsequent generations. This condition demonstrates that traits strongly influenced by additive genes are more responsive to recurrent selection, since additive effects are heritable and allow the accumulation of favorable alleles from one generation to the next (He et al., 2023; Nguyen et al., 2022). Conversely, the traits of the number of seeds per cob and grain yield showed ratios less than one, indicating the dominance of non-additive gene action in influencing these traits. This may result from favorable interactions between complementary alleles contributed by both parents, leading to dominance and/or epistatic effects that enhance hybrid performance (Shirinpour et al., 2023). Based on information about gene action, most traits in the inbred population resulting from crosses of nine parents using a half-diallel design in the S4 generation are largely influenced by additive genes. However, this finding contrasts with several studies reporting that non-additive gene action predominated for most maize yield-related traits. For example, the predominance of additive gene action observed for most agronomic traits in the present study contrasts with the findings of Mutimaamba et al. (2017, who reported that non-additive gene action exerted a greater influence on grain yield than additive effects under both acid and non-acid soil conditions. These differences may be attributed to variations in parental genetic backgrounds, target traits, environmental conditions, and breeding materials. In the present study, most evaluated traits were measured in S4 inbred-derived populations, where additive effects are expected to become more prominent because successive selfing reduces heterozygosity and increases homozygosity.
This variation reflects differences in the degrees of genetic and environmental contributions to the expression of each trait, information used to determine selection effectiveness in breeding programs. PCV and GCV values describe the extent of phenotypic and genotypic variation, while heritability indicates the proportion of phenotypic variation attributable to genetic factors, making these three parameters important for assessing the likelihood of selection success (Supriadi et al., 2025). 
[bookmark: Table3]

Table 3. Genetic Variability, Heritability, and Genetic Advance of Agronomic Traits
	Character
	PCV
	GCV
	H
	h2
	GA (%)

	Plant height (cm)
	11.23
	11.21
	1.00
	0.47
	9.19

	Ear height (cm)
	9.28
	7.64
	0.68
	0.27
	4.38

	Day of anthesis (DAP)
	6.22
	6.18
	0.98
	0.55
	6.02

	Day of silking (DAP)
	3.33
	3.26
	0.96
	0.38
	2.19

	Day of harvest (DAP)
	2.36
	2.34
	0.99
	0.33
	1.39

	Cob length (cm)
	10.27
	10.20
	0.99
	0.60
	10.87

	Cob diameter (mm)
	6.71
	6.41
	0.91
	0.23
	2.73

	Average weight per cob (g)
	25.87
	25.26
	0.95
	0.25
	11.33

	Number of seed row
	6.63
	6.22
	0.88
	0.35
	4.03

	Number of seed per row
	14.42
	14.21
	0.97
	0.66
	16.72

	100-seed weight (g)
	10.23
	9.89
	0.93
	0.04
	0.80

	Number of seed per cob
	17.48
	11.65
	0.44
	-0.04
	0.00

	Seed weight per cob (g)
	26.33
	25.62
	0.95
	0.14
	6.57

	Shelling percentage (%)
	7.73
	7.39
	0.91
	0.10
	1.25

	Grain yield (ton. ha-1)
	24.41
	23.79
	0.95
	-0.14
	0.00


Remarks: PCV: Phenotype Coefficient of Variation; GCV: Genotype Coefficient of Variation; H = 	Broad-Sense Heritability; h2 = Narrow-Sense Heritability GA = Genetic Advance

Traits with high PCV and GCV values, such as average weight per cob, seed weight per cob, and yield potential, indicate broad genetic variability (Table 3). This high variation theoretically offers extensive opportunities for selection. However, such selection opportunities will be more effective when supported by high heritability, as traits more strongly controlled by genetic factors tend to show a greater selection response (Damtie et al., 2021; Sary et al., 2022). Traits with high narrow-sense heritability were day of anthesis, cob length, and number of seeds per row, indicating that the expression of these traits is relatively stable against environmental influences, so the observed phenotype more closely reflects its genetic potential and is more promising as a basis for selection (Hosseini et al., 2025; Tesfaye et al., 2021). Traits with moderate narrow-sense heritability included plant height, ear height, day of silking, day of harvest, cob diameter, average weight per cob, and number of seed rows. Biologically, this suggests that favorable alleles that control plant architecture, flowering time, and yield components can be consistently transmitted to subsequent generations, making these traits reliable targets for early-generation selection in maize breeding. Negative heritability estimates may occur when the mean square of SCA exceeds that of GCA in the estimation of heritability. In practice, these estimates are interpreted as approximately zero, suggesting that direct phenotypic selection for these traits in the evaluated generation would be inefficient. Genetic advance (GA) was calculated based on narrow-sense heritability. Traits with moderate GA values were cob length, average weight per cob, and number of seeds per row, indicating that these three traits have fairly good genetic improvement potential with consistent selection. Cob length is an important yield component because longer cobs generally accommodate more kernels, thereby contributing indirectly to grain yield. The combination of relatively high narrow-sense heritability and moderate genetic advance indicates that selection for cob length is likely to yield cumulative genetic gains over breeding cycles. The magnitude of GA is determined by selection intensity, phenotypic standard deviation, and heritability (Bhullar et al., 1979). 
3.2 Multivariate Genotype Selection Based on Combining Ability
3.2.1 General Combining Ability
	Analysis of the GYT (Genotype Yield*Trait) biplot for General Combining Ability (GCA) values in nine parents showed that the first two principal components explained 82.36% of the total variation, consisting of 63.26% by PC1 and 19.10% by PC2. This value indicates that the two-dimensional GYT biplot adequately represented the variation and relationship structure among yield-trait combinations. According to Peixoto et al. (2022), a biplot is considered suitable for graphical interpretation when the first two principal components explain more than 70% of the total variance. The relationships among yield-trait combinations were interpreted based on the angle between vectors, where vector direction and length reflect intervariable relationships and their contributions to total variance (Welderufael et al., 2023; Yan et al., 2019) (Figure 1A). Based on the GYT-biplot distribution, Y*PH was located in quadrant II, while Y*EH and Y*SP were in quadrant I. In contrast, Y*DA, Y*NSPR, Y*DS, Y*CL, and Y*100SW were grouped in quadrant IV. The opposite direction of Y*PH relative to the combinations in quadrant IV indicated a negative correlation pattern. Meanwhile, Y*EH and Y*SP remained positively associated with the quadrant IV combinations through PC1, although their different direction on PC2 suggested distinct response patterns. Consequently, parents with high GCA values for Y*EH or Y*SP did not necessarily exhibit high GCA values for combinations in quadrant IV. This result indicates differences in the direction of genetic contribution among agronomic traits combined with yield. The GYT-biplot approach is considered superior to the GT-biplot because it integrates yield with multiple traits simultaneously, making it more effective for selecting superior genotypes or parents based on productivity-related trait combinations (Kendal, 2019; Merrick et al., 2020). In addition, biplots are recognized as effective graphical tools for exploring inter-trait relationships in multivariate analyses (Akinwale et al., 2014; Oliveira et al., 2018). 


































[bookmark: Figure1]Figure 1. The genotype by yield*trait association view of biplot (A), the which-won-where view of biplot to highlight genotypes with outstanding profiles (B), and the average tester coordination view of the GYT-biplot to rank the genotypes based on their overall superiority and their strengths and weaknesses (C). The biplot was generated using singular value decomposition (SVD) of the standardized GYT matrix with scaling = 1 and centering = 2. A 	genotype-focused singular value partitioning method (SVP = 1) was applied to emphasize the comparison among genotypes. PH = plant height, and EH = ear height, DA = day of anthesis, DS = day of silking, DH = day of harvest, CL = cob length, CD = cob diameter, 	AWC = average weight per cob, NSR = number of seed row NSPR = number of seeds per row, 100SW = 100-seed weight, NSC = number of seed per cob, SWC = seed weight per cob, SP = shelling percentage, Y = grain yield.
	The which-won-where view showed five main sectors formed by parents P1, P4, P6, P8, and P9 as polygon vertices (Figure 1B). Parent P1 occupied the sector containing Y*DA, Y*DS, Y*CL, Y*NSPR, Y*100SW, Y*AWC, Y*SWC, and Y*NSC, indicating the highest GCA values for those combinations. Parent P4 was associated with Y*CD and Y*DH, while P6 was associated with Y*PH, Y*EH, and Y*SP. These results indicate that each parent possessed specific superiority for particular yield-trait combinations. The Average Tester Coordinate (ATC) view was used to evaluate mean GCA performance and performance consistency across all yield-trait combinations. Parents located farther along the ATC arrow direction had higher average GCA performance, whereas those closer to the ATC line showed more stable performance (Faheem et al., 2023; Yan & Frégeau-Reid, 2018) (Figure 1C). Parent P4 showed the highest average GCA performance because it was positioned at the end of the ATC arrow. Parent P1 also exhibited high performance, although its position farther from the ATC line indicated less balanced performance than P4. Parents P3 and P5 were relatively close to the ATC line, suggesting more stable performance across combinations despite lower mean performance. In contrast, P2, P7, P8, and P9 were positioned opposite the ATC arrow direction, indicating lower average GCA performance. Overall, P4 was superior for harvest age and cob diameter combinations, whereas P1 excelled in several yield-related trait combinations. Based on these results, P1 can be prioritized for improving yield-related traits, while P4 may be selected when breeding objectives focus on harvest age and cob diameter. Both parents are also potential genetic sources for developing open-pollinated, synthetic, or composite varieties because additive gene action contributed substantially to the observed traits. Under predominant additive gene action, selection is more effective because additive effects can be transmitted to progeny (Kar & Halder, 2020). Therefore, selection methods such as ear-to-row and recurrent selection based on general combining ability can be effectively applied (Syukur et al., 2012; Zeyad A. Abdulhamed et al., 2024).
3.2.2 Specific Combining Ability
	Analysis of the GYT (Genotype Yield*Trait) biplot based on Specific Combining Ability (SCA) values showed that PC1 explained 74.46% of the variation, while PC2 explained 10.08%. Collectively, the two principal components accounted for 84.54% of the total variation in yield-trait combinations. This indicates that the two-dimensional GYT biplot adequately represented the relationship structure among trait combinations and the response patterns of hybrid combinations. This result is consistent with Cruz et al. (2012), who stated that a biplot is considered appropriate for graphical interpretation when the first two principal components explain more than 70% of the total variation in the data. In the GYT biplot vector display, relationships among trait combinations were interpreted based on the angles between vectors. Acute angles indicate positive correlations, obtuse angles indicate negative correlations, and angles close to 90° indicate weak or no correlation (Figure 2A). This interpretation agrees with Yan et al. (2019), who explained that vector direction and length can be used to evaluate relationships among variables and their contributions to total variation. Most trait combinations were distributed on the positive side of PC1, indicating that PC1 was the main component separating hybrid combinations based on SCA values. The combinations Y*100SW, Y*CL, Y*CD, Y*NSC, Y*AWC, Y*SWC, and Y*NSPR were located in quadrant I, and their close vector directions indicated positive correlations among them. In contrast, Y*DA, Y*JBP, Y*DS, Y*SP, Y*DH, Y*EH, and Y*PH were located in quadrant IV. The vectors of Y*PH and Y*EH were oriented further toward the negative side of PC2, indicating relationship patterns different from those of the combinations in quadrant I.
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Figure 2. The genotype by yield*trait association view of biplot (A), the which-won-where view of biplot to highlight genotypes with outstanding profiles (B), and the average tester coordination view of the GYT-biplot to rank the genotypes based on their overall superiority and their strengths and weaknesses (C). The biplot was generated using singular value decomposition (SVD) of the standardized GYT matrix with scaling = 1 and centering = 2. A 	genotype-focused singular value partitioning method (SVP = 1) was applied to emphasize the comparison among genotypes. PH = plant height, and EH = ear height, DA = day of anthesis, DS = day of silking, DH = day of harvest, CL = cob length, CD = cob diameter, 	AWC = average weight per cob, NSR = number of seed row NSPR = number of seeds per row, 100SW = 100-seed weight, NSC = number of seed per cob, SWC = seed weight per cob, SP = shelling percentage, Y = grain yield.


The which-won-where view revealed specific superiority patterns of hybrid combinations for particular yield-trait combinations, as indicated by SCA values (Figure 2B). An irregular polygon was formed by hybrid combinations located farthest from the origin of the GYT biplot, indicating the highest responsiveness to specific trait combinations (Shojaei et al., 2023; YUE et al., 2023). Eight main sectors were formed, with P4 × P5, P2 × P7, P2 × P4, P2 × P6, P5 × P9, P4 × P9, P1 × P7, P2 × P8, and P6 × P9 serving as polygon vertices. The P5 × P9 combination was located in the sector containing Y*100SW, indicating the highest SCA value for the yield combination at 100-seed weight. Meanwhile, P2 × P6 dominated the sector comprising Y*CL, Y*CD, Y*NSC, Y*AWC, Y*SWC, Y*NSPR, Y*DA, and Y*JBP, suggesting strong potential to improve yield through these yield-component traits.
	The combination P2 × P4 was associated with the sector containing Y*DS and Y*SP, whereas P2 × P7 was associated with YDH. The combination P4 × P5 was associated with Y*EH and Y*PH. Meanwhile, P4 × P9, P1 × P7, P2 × P8, and P6 × P9 also appeared as polygon vertices but were not clearly associated with specific trait combinations. This indicates that these hybrids were responsive but did not exhibit clear superiority for the observed trait combinations. The Average Tester Coordinate (ATC) view was used to evaluate mean SCA performance and performance stability across all trait combinations (Figure 2C). Hybrid combinations positioned along the direction of the ATC arrow had higher average SCA values, whereas those located closer to the ATC line showed more stable performance (Hassani et al., 2024; Stansluos et al., 2023). Based on the ATC direction, P2 × P6 had the highest average SCA value because it was positioned farthest along the arrow direction. The combinations P5 × P8, P2 × P4, P5 × P9, and P2 × P7 were also oriented toward high performance, indicating relatively high average SCA values. However, P2 × P6, P5 × P9, P5 × P8, and P2 × P7 were located relatively far from the ATC line, indicating less uniform performance across trait combinations. In contrast, P3 × P6 and P1 × P6 were positioned closer to the ATC line, indicating more stable performance despite lower average SCA values compared with P2 × P6. Hybrid combinations located opposite the ATC arrow direction showed lower average SCA values. Overall, P2 × P6 was identified as the hybrid combination with the highest average SCA performance. Based on its superiority across several yield-related trait combinations, P2 × P6 can be considered a promising genetic source for developing pure-line varieties that leverage heterosis. In addition, this combination may be useful in recurrent selection programs based on specific combining ability, which exploit the effects of non-additive gene action (Akinwale et al., 2021).

4. Limitations and Future Directions 
	However, this study has several limitations that should be considered when interpreting the results. The experiment was conducted over a single growing season at a single experimental location, with only two replications. Therefore, multi-environment testing was not performed, and genotype × environment (G × E) interactions could not be evaluated. Consequently, the estimated combining ability and genetic parameters should be interpreted in the context of the study's environmental conditions. In addition, this study evaluated only S4 diallel-derived progenies, whereas earlier selfing generations (S0–S3) were not comprehensively investigated. Future studies should validate these findings through multi-location and multi-season trials with greater replication to evaluate G × E interactions and the stability of combining ability. Comparative evaluations across different selfing generations and under contrasting stress environments, together with the integration of molecular marker-assisted approaches or genomic prediction, would further improve the accuracy of parent and hybrid selection.

5. Conclusion 
This study provides a comprehensive evaluation of combining ability and genetic parameters in S4 diallel-derived maize progenies, providing scientific evidence on the relative contributions of additive and non-additive gene action in advanced selfing generations. The novelty of this study lies in the use of S4 diallel-derived progenies to identify superior parents and hybrid combinations at an advanced stage of inbreeding. General combining ability analysis identified P4 and P1 as the best parents based on their average GCA performance in the ATC view, each exhibiting distinct advantages. P4 showed superior combining ability for yield associated with cob diameter and days of harvest, whereas P1 excelled for several yield-related traits, including days of anthesis, days of silking, cob length, number of seed rows, number of seeds per row, 100-seed weight, seed weight per cob, number of seeds per cob, and shelling percentage. These parents are promising genetic sources for recurrent selection and the development of synthetic or open-pollinated maize varieties.
Specific combining ability analysis identified P2 × P6 as the best hybrid combination based on its average SCA performance in the ATC view. This cross showed superiority for yield associated with cob length, cob diameter, number of seeds per cob, shelling percentage, seed weight per cob, number of seed rows, days of anthesis, and number of seeds per row. In addition, P2 × P4 showed superiority for yield associated with days to silking and shelling percentage. These hybrids are promising candidates for further multi-environment evaluation in hybrid breeding programs. The S4 maize population exhibited substantial genetic variability for all evaluated traits. Days to anthesis, cob length, and number of seeds per row showed high narrow-sense heritability. Most traits were predominantly controlled by additive gene action, whereas the number of seeds per cob and grain yield were mainly influenced by non-additive gene action. 
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