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ABSTRACT

The development of new corn hybrids is imperative in present-day 
agriculture and is integral to tackling the challenges posed by climate 
change, feeding a growing population, and securing the long-term viability 
of agriculture. Evaluating combining ability helps predict the performance 
of hybrid combinations, enabling breeders to select superior inbreds for 
developing high-yielding hybrids. Thus, this study aimed to assess the GCA 
and SCA effects of 18 new maize inbreds. Besides, classifying them into a 
heterotic group. Thirty-six hybrids, derived from crosses between 18 female 
inbreds and two male testers, were evaluated across three locations. The 
study assessed the combining abilities of the inbreds and the relative 
importance of GCA over SCA, the correlation between yield and yield-
related traits, classified the inbreds into heterotic groups, and compared the 
efficiencies of the SCA effect of grain yield method (HSGCA) and the yield 
method for heterotic grouping.  The relative importance of GCA effects over 
SCA effects underscored the preponderance of GCA over SCA in this set of 
lines and testers, suggesting that additive gene action played a predominant 
role in the inheritance of all measured traits. Yield showed significant 
positive correlations with EL (r = 0.74) and ED (r = 0.86), highlighting the role 
of secondary traits in yield selection. The HSGCA method was more effective 
than the SCA method in classifying inbreds. Four hybrids (H-32, H-34, H-18, 
and H-24) were identified as promising and should be tested in multilocation 
trials and promoted for commercialization in Egypt to enhance food security.
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INTRODUCTION

Maize holds immense global importance as a 
staple food crop, providing essential nutrition to 
millions of people worldwide, particularly in developing 
regions like Africa and Latin America. Maize is not only 
crucial for human consumption but also serves as a 
vital ingredient in animal feed and various industrial 
products, including biofuels Shiferaw et al. 2011. In 
Egypt, maize is an indispensable crop, as it is not only 

a major food crop but also an essential animal feed, 
contributing to the livestock industry. Its high nutritional 
value makes it valuable for both human consumption 
and industrial purposes, such as the production of corn 
oil, fructose, and starch (Abd el Fatah et al. 2015).  Corn 
hybrids contribute to enhanced food security, 
agricultural sustainability, and farmer profitability 
worldwide. By selecting and utilizing elite inbred lines, 
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breeders can develop high-performing corn hybrids 
that meet the demands of farmers and consumers. 
Line x tester analysis facilitates the estimation of 
general combining ability (GCA) and specific combining 
ability (SCA) effects, which aid in identifying superior 
inbred lines for developing high-yielding hybrids 
(Suhaisini et al. 2016; Ismail and El-Mouslhy, 2020; 
Patil et al. 2020; Ismail et al. 2022; Job and Igyuve, 
2022; Subba et al. 2022). Heterotic groups play a 
crucial role in maize breeding by enabling the efficient 
utilization of genetic variation to produce high-yielding 
hybrids. These groups consist of genetically related 
genotypes that display similar hybrid performance 
when crossed with individuals from other genetically 
distinct germplasm groups (Vasal et al. 1992; Badu-
Apraku et al. 2015; Fan et al. 2018; Tolley et al. 2021; 
Ismail et al. 2023b; and Mosa et al. 2025). In contrast, 
a heterotic pattern refers to a unique combination of 
two heterotic groups that exhibit exceptional heterosis 
and outstanding hybrid performance when crossed. 
Heterotic patterns facilitate the development of new 
hybrids with predictable levels of heterosis, thereby 
increasing crop yields and helping tackle pressing 
issues such as food security, climate change, and 
the rising global population. By leveraging heterosis, 
breeders can create hybrids with improved agronomic 
performance, disease resistance, and other beneficial 
traits, ultimately benefiting farmers and consumers 
alike. As the result, The present study was conducted 
with the following aims: (i) assess the combining ability 
effects of 18 white inbred lines for grain yield and yield 
related traits across three locations; (ii) classify the 
inbreds into heterotic groups using the SCA method 
and HSGCA method; (iii) compare the effectiveness of 
the SCA and HSGCA grouping methods in classifying 
the inbred lines; (iv) determine yield performance of 
the hybrids to identify the putative hybrids which may 
forward to seed production. 

MATERIALS AND METHODS

Genetic materials: A set of eighteen divergent 
inbreds developed under the Maize Research 
Department, Agricultural Research Center (ARC) 
at Sakha Agricultural Research Station, ARC, were 
crossed with two testers, viz., GZ-613 and SK-13, in 
line x tester fashion, Kempthorne (1957), during the 
2022 season to generate 36 hybrids. The 36 hybrids, 
along with the check hybrid SC-10, were sown during 
2023 at three locations, i.e., Sakha, Nubaria, and 

Sids Research stations. A randomised complete block 
design with three replications was adopted in each 
location. The plot size of the trials was a single row 
measuring 6.0 m in length, with inter- and intra-row 
spacings of 0.80 m and 0.25 m, respectively. Initial 
seeding was two kernels per hill, and later thinned 
to one plant per hill. The recommended agronomic 
package for each location was followed to maintain 
the stand.

Data collections: Data were recorded on days to 
50% silking (days), Plant and Ear heights (cm), Ear 
length and diameter (cm), and Yield (kg) per plot 
adjusted at 15.5% grain moisture and converted to 
(ton/ha). 

Data analysis: the combined analysis of recorded 
data was performed using the PROC GLM procedure in 
SAS software (SAS Institute Inc., 2008) according to 
Snedecor and Cochran (1989). The general and 
specific combining abilities were estimated following 
the line x tester analysis mating design proposed by 
Kempthorne (1957). The relative importance of GCA 
and SCA was investigated using the equation:                                                                                                                 

 

modified from Baker (1978) by Hung and Holland 
(2012). Where 𝑘2

GCA is the variance of effects derived 
from GCA mean square, and 𝑘2

SCA is the variance of 
effects derived from SCA mean squares. The closer 
this ratio is to unity, the greater the predictability of 
a specific hybrid’s performance based solely on GCA. 
Pearson’s correlation coefficients and Correlogram 
were generated using the (ggcorrplot package) in R 
software.

Heterotic group: To assign inbred lines into 
heterotic groups, the HSGCA method proposed by Fan 
et al., (2008) was used as follows: HSGCA = Cross 
mean Xij + Tester mean (Xi) = GCA + SCA where Xij is 
the mean yield of the cross between the ith tester and 
the jth line, Xj is the mean yield of the ith tester across 
jth lines. SCA heterotic group, according to Vasal et al. 
(1992), Inbreds producing hybrids with negative SCA 
effects when crossed with a tester were assigned to 
that tester’s heterotic group. Whereas, Inbreds formed 
hybrids with positive SCA effects, with all testers were 
considered ‘not classified,’ indicating an unknown 
heterotic group affiliation.
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RESULTS

Analyses of variance of grain yield and yield-
related traits of white hybrids across research 
environments

The combined ANOVA of the hybrids across 
three research locations showed highly significant 
mean squares (MS) for all measured traits for Loc, 
H, and Loc × H (Table 1). Partitioning of the hybrids 
into components showed that line, tester, and their 
interaction line × tester were highly significant 
(P≤0.001) for all the examined traits, except tester MS 
for ear height.  The MS for line × Loc and tester × Loc 
was significant or highly significant for all the measured 
traits except the tester × Loc MS for DSK. The line × 
tester × Loc interaction was highly significant for DSK, 
EL, and yield.

Contributions of lines, testers, and Line × Tester 
in total variance

The results showed that the proportion of line 
(GCA line) was more than 50% of the total variance 
of DSK, PHT and ED. Whereas, the tester proportion 
(GCA tester) was 50% and 35% of the total variance for 
EL and yield, respectively (Figure 1). The proportion of 
Line × Tester (SCA Line × Tester) reached 20% for the 
EHT trait. The sum of GCA line + GCA tester refers to 

the additive gene action, while SCA Line × Tester refers 
to the nonadditive gene action. Consequently, additive 
gene action was more important in the inheritance of 
all measured traits (Figure 2).

Mean Performance

The mean performance of 36 hybrids, along with 
the check hybrid SC-10, is shown in Table 2.  The two 
hybrids, H-1 and H-22, were significantly earlier than 
the check hybrid (66.9 days). Twenty-seven hybrids 
were significantly shorter than the check hybrid SC-
10 (274.8 cm) for plant height. The tallest hybrid was 
H-3 (275.6 cm). Twenty-six of the 36 evaluated hybrids 
had the lowest ear height, significantly lower than 
that of the check hybrid. The best hybrids for plant 
and ear heights were H-22, H-27, and H-28. For ear 
length, thirteen hybrids significantly outperformed the 
check hybrid SC-10 (19.6 cm). Moreover, the highest 
ear length was observed in the hybrid H-26 (22.8 
cm), followed by H-12 (22.7 cm). Ear diameter has 
ranged from 4.0 cm to 4.9 cm compared to the check 
hybrid (4.6 cm). The three hybrids, viz., H-4, H-3, and 
H-14, significantly surpassed the check hybrid for this 
trait. Four hybrids, i.e., H-32, H-34, H-18, and H-24, 
significantly out-yielded the check hybrid for the grain 
yield trait (Table 2).

Table 1. Mena squares from the combined ANOVA of DSK, PHT, EHT, EL, ED, and yield across the 
three locations evaluated in 2023

S.O.V d.f DSK PHT EHT EL ED Yield
Location (Loc) 2 73.5** 279618.4** 52012.5** 1661.7** 37.50** 865.8**

Rep/Loc 6 3.6 721.7 442.7 6.0 0.09 4.44

Hybrids (H) 36 16.8** 1521.8** 407.9** 33.4** 0.55** 30.93**

Loc × H 72 3.0** 503.4** 182.4** 4.4** 0.09** 2.97**

Error (means) 216 1.2 168.5 84.9 1.3 0.05 1.17

Line 17 19.63** 1745.7** 464.7** 13.0** 0.62** 12.07**

Tester 1 118.57** 9237.3** 2.4 857.2** 6.36** 652.8**

Line × Tester 17 8.35** 652.8** 323.3** 7.3** 0.18** 13.91**

Line × Loc 34 2.88** 554.3** 241.6** 5.0** 0.08* 1.83*

Tester × Loc 2 0.23 5111.4** 489.8** 17.8** 0.73** 8.73**

Line × Tester × Loc 34 2.99** 206.9 115.7 3.1** 0.06 3.53**

Error(Line ×Tester) 210 1.20 168.1 81.6 1.3 0.05 1.18

* Significant at p < 0.05, ** significant at p < 0.01

DSK= Days to 50% silking (day), PHT= Plant height (cm), EHT= Ear height (cm), EL= Ear length (cm), ED= Ear 
diameter (cm), Yield= Grain yield (ton/ha).
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refers to the nonadditive gene action. Consequently, additive gene action was more 
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Figure 2. Proportion of additive (lower bar) and non-additive (upper bar) genetic 
variances for measured traits in line × tester 
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hybrid (4.6 cm). The three hybrids, viz., H-4, H-3, and H-14, significantly surpassed the 

check hybrid for this trait. Four hybrids, i.e., H-32, H-34, H-18, and H-24, significantly 

out-yielded the check hybrid for the grain yield trait (Table 2). 

Figure 1. Percentage contribution of the total genotypic sum of squares of measured traits due to 
GCA-line, GCA-tester, and SCA line x tester

Combining ability
Relative importance of GCA effects over SCA 
effects

The assessment of the relative importance of GCA 
and SCA effects was expressed as the ratio of GCA 
effects to the total genetic effects, calculated as twice 
the GCA effects plus the SCA effects. The ratio, as long 
as it’s close to unity, results in greater predictability 
based on GCA alone (Baker 1978). The relative 

importance of GCA and SCA effects accounted for 83% 
of the total genetic effects on yield across the tested 
locations (Table 3). Similarly, they explained 93% for 
EL, 84% for ED, 66% for DSK, 69% for PHT, and 11% 
for EHT of the total genetic effects. 

General combining ability

Significant negative GCA effects for DSK were 
observed for Inb-1, Inb-2,  
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Table. 2. Mean performance of 36 maize hybrids for DSK, PHT, EHT, EL, ED, and yield characters 
combined over three locations. 

Code Hybrid DSK PHT EHT EL ED Yield
H-1 Sk5001/1 × Gz613                    66.3 268.7 129.8 17.4 4.5 7.96
H-2 Sk5001/1 × Sk13 66.8 246.9 127.2 21.6 4.6 9.11
H-3 Sk5001/2 × Gz613                    66.6 275.6 138.0 19.6 4.8 9.14
H-4 Sk5001/2 × Sk13 67.3 236.0 122.6 19.9 4.9 10.00
H-5 Sk5001/3 × Gz613                    68.6 271.4 135.2 20.0 4.6 9.01
H-6 Sk5001/3 × Sk13 68.6 250.2 128.0 20.6 4.6 9.62
H-7 Sk5001/4 × Gz613                    67.1 270.2 119.9 19.2 4.4 7.82
H-8 Sk5001/4 × Sk13 68.6 256.7 133.7 22.5 4.5 9.10
H-9 Sk5001/5 × Gz613                    65.8 257.3 127.1 19.2 4.6 8.51
H-10 Sk5001/5 × Sk13 66.1 237.8 119.6 22.1 4.6 8.70
H-11 Sk5003/6 × Gz613                    69.8 247.3 121.8 18.9 4.0 5.89
H-12 Sk5003/6 × Sk13 68.1 243.0 131.0 22.7 4.4 8.87
H-13 Sk5003/7 × Gz613                    69.7 251.3 126.7 17.9 4.2 5.95
H-14 Sk5003/7 × Sk13 68.7 244.4 126.4 21.2 4.8 9.55
H-15 Sk5003/8 × Gz613                    69.0 249.0 125.9 17.0 4.2 6.16
H-16 Sk5003/8 × Sk13 67.4 245.6 125.9 19.9 4.5 8.58
H-17 Sk5003/9 × Gz613                    69.4 262.6 124.2 16.4 4.3 6.73
H-18 Sk5003/9 × Sk13 67.7 260.6 137.2 20.3 4.7 10.70
H-19 Sk5003/10 × Gz613                    69.4 249.6 123.7 19.1 3.9 5.06
H-20 Sk5003/10 × Sk13 68.0 235.1 127.7 22.3 4.4 7.63
H-21 Sk5003/11 × Gz613                    67.1 246.4 123.8 19.0 4.3 7.21
H-22 Sk5003/11 × Sk13 65.6 224.7 112.7 21.1 4.5 8.63
H-23 Sk5003/12 × Gz613                    70.0 265.6 138.2 17.7 4.2 6.11
H-24 Sk5003/12 × Sk13 68.9 267.0 138.4 22.5 4.5 10.68
H-25 Sk5003/13 × Gz613                    70.4 258.2 125.4 19.4 4.3 6.28
H-26 Sk5003/13 × Sk13 67.0 249.7 120.2 22.8 4.7 9.86
H-27 Sk5003/14 × Gz613                    68.2 230.3 117.3 18.6 4.0 5.31
H-28 Sk5003/14 × Sk13 66.2 224.0 115.1 22.5 4.2 8.71
H-29 Sk5003/15 × Gz613                    68.9 265.1 128.9 18.8 4.5 8.30
H-30 Sk5003/15 × Sk13 67.6 242.2 120.3 21.5 4.6 10.18
H-31 Sk5003/16 × Gz613                    70.1 250.1 124.9 16.3 4.3 5.09
H-32 Sk5003/16 × Sk13 68.3 253.0 133.2 21.6 4.7 11.18
H-33 Sk5003/17 × Gz613                    69.4 253.1 128.1 17.0 4.1 5.66
H-34 Sk5003/17 × Sk13 66.0 256.8 134.6 21.2 4.6 11.00
H-35 Sk5003/18 × Gz613                    69.6 250.0 125.3 17.0 4.0 5.43
H-36 Sk5003/18 × Sk13 66.9 256.1 133.6 20.8 4.6 10.64
Check SC10 66.9 274.8 139.1 19.6 4.6 9.64
LSD 0.05 1.0 12.0 8.5 1.1 0.2 1.00
LSD 0.01 1.3 15.8 11.2 1.4 0.3 1.33

DSK= Days to 50% silking (day), PHT= Plant height (cm), EHT= Ear height (cm), EL= Ear length (cm), ED= Ear 
diameter (cm), Yield= Grain yield (ton/ha).
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Table 3. General combining ability effects (ĝi) of 18 inbred lines and two testers for the studied traits 
across three locations 

Code Inbred Lines DSK PHT EHT EL ED Yield
Inb-1 Sk5001/1 -1.48** 6.35* 1.51 -0.39 0.16** 0.36
Inb-2 Sk5001/2 -1.09** 4.35 3.29 -0.13 0.41** 1.39**
Inb-3 Sk5001/3 0.52* 9.40** 4.62* 0.45 0.16** 1.14**
Inb-4 Sk5001/4 -0.20 12.01** -0.21 0.96** 0.01 0.28
Inb-5 Sk5001/5 -2.09** -3.88 -3.65 0.78** 0.15** 0.43
Inb-6 Sk5003/6 0.91** -6.27* -0.60 0.94** -0.26** -0.80**
Inb-7 Sk5003/7 1.14** -3.54 -0.43 -0.34 0.03 -0.43
Inb-8 Sk5003/8 0.19 -4.15 -1.10 -1.42** -0.06 -0.81**
Inb-9 Sk5003/9 0.52* 10.12** 3.73 -1.49** 0.09 0.54*
Inb-10 Sk5003/10 0.69** -9.10** -1.32 0.80** -0.31** -1.83**
Inb-11 Sk5003/11 -1.70** -15.88** -8.77** 0.19 -0.05 -0.26
Inb-12 Sk5003/12 1.41** 14.85** 11.35** 0.19 -0.09 0.22
Inb-13 Sk5003/13 0.69** 2.51 -4.15 1.20** 0.08 -0.11
Inb-14 Sk5003/14 -0.81** -24.27** -10.77** 0.67* -0.34** -1.17**
Inb-15 Sk5003/15 0.19 2.23 -2.38 0.29 0.10 1.06**
Inb-16 Sk5003/16 1.19** 0.12 2.07 -0.91** 0.07 -0.04
Inb-17 Sk5003/17 -0.31 3.51 4.35* -0.81** -0.06 0.14
Inb-18 Sk5003/18 0.19 1.62 2.46 -1.00** -0.09 -0.14
S.E. gi 0.25 3.05 2.12 0.26 0.05 0.25
S.E. gi-gj 0.36 4.32 3.01 0.38 0.07 0.36
Tester GZ-613   0.60** 5.34** -0.09 -1.63** -0.14** -1.41**
Tester SK-13 -0.60** -5.34** 0.09 1.63** 0.14** 1.41**
S.E. gi 0.08 1.01 0.70 0.08 0.01 0.08
S.E. gi-gj 0.12 1.44 1.0 0.12 0.02 0.12
Relative importance of 
 GCA over SCA

0.66 0.69 0.11 0.93 0.84 0.83

* Significant at p < 0.05, ** significant at p < 0.01

DSK= Days to 50% silking (day), PHT= Plant height (cm), EHT= Ear height (cm), EL= Ear length (cm), ED= Ear 
diameter (cm), Yield= Grain yield (ton/ha).

Inb-5, Inb-11, and Inb-14 (Table 3). The inbred 
lines, viz. Inb-6, Inb-10, Inb-11, and Inb-14 obtained 
significant desirable GCA effects for PHT. Similarly, 
the two parental inbred lines, Inb-11 and Inb-14, 
showed significant negative GCA effects for PHT. Six 
inbred lines, i.e., Inb-4, Inb-5, Inb-6, Inb-10, Inb-13, 
and Inb-14, had possessed significant positive GCA 
effects for EL. The inbreds for Inb-1, Inb-2, Inb-3, and 
Inb-5 exhibited significant positive GCA effects for ED. 
Significant positive GCA effects have been obtained by 
the inbred Inb-2, Inb-3, Inb-9, and Inb-15 for yield. The 
tester SK-13 showed significant desirable GCA effects 
for the measured traits, except for the EHT trait.

Specific combining ability

The hybrids H-1, H-3, H-7, H-9, H-26, H-34, and 
H-36 showed significant negative SCA effects on DSK 
(Table 4). Similarly, only one hybrid H-4 was identified 
for significant negative SCA effects for PHT. The 
desirable SCA effects for EHT were determined by the 
hybrids H-4, H-7, and H-17. For ear length, four hybrids, 
viz. H-3, H-5, H-24, and H-32 were overserved with 
significant positive SCA effects. H-5, H-14 and H-36 
manifested significant positive SCA effects for ear 
diameter. Eight hybrids were identified with significant 
positive SCA effects on yield. 
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Table 4. SCA effects of DSK, PHT, EHT, EL, ED, and yield for 36 hybrids formed from 2 testers and 
18 females evaluated across three locations in 2023

Code Hybrids DSK PHT EHT EL ED Yield
H-1 Sk5001/1 × Gz613                    -0.83* 5.55 1.36 -0.44 0.08 0.84*
H-2 Sk5001/1 × Sk13 0.83* -5.55 -1.36 0.44 -0.08 -0.84*
H-3 Sk5001/2 × Gz613                    -0.99** 14.44** 7.81** 1.46** 0.10 0.99**
H-4 Sk5001/2 × Sk13 0.99** -14.44** -7.81** -1.46** -0.10 -0.99**
H-5 Sk5001/3 × Gz613                    -0.60 5.27 3.70 1.33** 0.17* 1.11**
H-6 Sk5001/3 × Sk13 0.60 -5.27 -3.70 -1.33** -0.17* -1.11**
H-7 Sk5001/4 × Gz613                    -1.33** 1.44 -6.80* -0.05 0.10 0.78*
H-8 Sk5001/4 × Sk13 1.33** -1.44 6.80* 0.05 -0.10 -0.78*
H-9 Sk5001/5 × Gz613                    -0.77* 4.44 3.86 0.22 0.14 1.33**
H-10 Sk5001/5 × Sk13 0.77* -4.44 -3.86 -0.22 -0.14 -1.33**
H-11 Sk5003/6 × Gz613                    0.23 -3.17 -4.52 -0.30 -0.05 -0.07
H-12 Sk5003/6 × Sk13 -0.23 3.17 4.52 0.30 0.05 0.07
H-13 Sk5003/7 × Gz613                    -0.10 -1.90 0.20 0.00 -0.16* -0.38
H-14 Sk5003/7 × Sk13 0.10 1.90 -0.20 0.00 0.16* 0.38
H-15 Sk5003/8 × Gz613                    0.17 -3.62 0.09 0.17 -0.03 0.21
H-16 Sk5003/8 × Sk13 -0.17 3.62 -0.09 -0.17 0.03 -0.21
H-17 Sk5003/9× Gz613                    0.28 -4.34 -6.41* -0.32 -0.05 -0.57
H-18 Sk5003/9 × Sk13 -0.28 4.34 6.41* 0.32 0.05 0.57
H-19 Sk5003/10 × Gz613                    0.12 1.88 -1.91 0.04 -0.09 0.14
H-20 Sk5003/10 × Sk13 -0.12 -1.88 1.91 -0.04 0.09 -0.14
H-21 Sk5003/11 × Gz613                    0.17 5.55 5.64 0.56 0.05 0.71*
H-22 Sk5003/11 × Sk13 -0.17 -5.55 -5.64 -0.56 -0.05 -0.71*
H-23 Sk5003/12 × Gz613                    -0.05 -6.06 -0.02 -0.77* 0.01 -0.87*
H-24 Sk5003/12 × Sk13 0.05 6.06 0.02 0.77* 0.01 0.87*
H-25 Sk5003/13 × Gz613                    1.12** -1.06 2.70 -0.10 -0.04 -0.37
H-26 Sk5003/13 × Sk13 -1.12** 1.06 -2.70 0.10 0.04 0.37
H-27 Sk5003/14 × Gz613                    0.40 -2.17 1.20 -0.30 0.03 -0.28
H-28 Sk5003/14 × Sk13 -0.40 2.17 -1.20 0.30 -0.03 0.28
H-29 Sk5003/15× Gz613                    0.06 6.10 4.36 0.30 0.07 0.48
H-30 Sk5003/15 × Sk13 -0.06 -6.10 -4.36 -0.30 -0.07 -0.48
H-31 Sk5003/16× Gz613                    0.28 -6.78 -4.08 -1.05** -0.05 -1.62**
H-32 Sk5003/16 × Sk13 -0.28 6.78 4.08 1.05** 0.05 1.62**
H-33 Sk5003/17× Gz613                    1.12** -7.17 -3.14 -0.48 -0.12 -1.26**
H-34 Sk5003/17 × Sk13 -1.12** 7.17 3.14 0.48 0.12 1.26**
H-35 Sk5003/18× Gz613                    0.73* -8.40 -4.02 -0.27 -0.16* -1.19**
H-36 Sk5003/18 × Sk13 -0.73* 8.40 4.02 0.27 0.16* 1.19**
S.E SCA 0.36 4.32 3.01 0.38 0.07 0.36
S.E. Sij-Sik 0.51 6.11 4.25 0.53 0.10 0.51

* Significant at p < 0.05, ** significant at p < 0.01

DSK= Days to 50% silking (day), PHT= Plant height (cm), EHT= Ear height (cm), EL= Ear length (cm), ED= Ear 
diameter (cm), Yield= Grain yield (ton/ha).
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The highest SCA effects on yield have been observed 
for H-32 (4.87**), followed by H-9 (3.98**), and then 
H-34 (3.77).           

Correlations analysis between yield and yield-
related traits

The correlation analysis showed that yield 
correlated significantly positively with EL (r = 0.73) 
and ED (r = 0.86) (Figure 3). Contrary to expectations, 
yield negatively correlated with DSK (r = −0.58). EHT 
correlated positively with PHT. Similarly, ED and El 
were positively correlated. Contrarily, DSK negatively 
correlated with EL and ED.

Heterotic groups
Heterotic group based on SCA and grain yield

Positive SCA effects indicate that lines are in 
opposite heterotic groups, whereas negative SCA 
effects indicate that the lines are in the same heterotic 
groups (Vasal et al. 1992). The inbred lines were 
classified into two groups. The inbreds Sk5003/12, 
Sk5003/16, Sk5003/17, and Sk5003/18 were 
placed in group A (Table 5). Whereas the inbred lines 
Sk5001/1, Sk5001/2, Sk5001/3, Sk5001/4, and 
Sk5001/5 were placed in group B. This method was 
unable to classify 9 Inbreds.

According to Fan et al. (2009), the inbreds showed 
negative HSGCA effects with the tester GZ-613 (HA), 

while those that showed positive HSGCA effects with 
the tester SK-13 (HB) were placed into the heterotic 
A group, and vice versa (Table 6). The inbred lines 
identified as having positive HSGCA effects for both 
testers were unclassified. Contrarily, the inbreds 
showed negative HSGCA effects for both testers; we 
kept the line in the heterotic group if its HSGCA had 
the smallest value (or largest negative value). In 
view of this, nine inbreds viz., Sk5003/6, Sk5003/7, 
Sk5003/9, Sk5003/12, Sk5003/13, Sk5003/14, 
Sk5003/16, Sk5003/17 and Sk5003/18 were 
placed in group A. Similarly, group B comprised six 
inbreds, viz., Sk5001/1, Sk5001/4, Sk5001/5, 
Sk5003/8, Sk5003/10, and Sk5003/11. Further, the 
inbreds Sk5001/2, Sk5001/3, and Sk5003/15 were 
unclassified because they showed positive HSGCA 
effects with both testers (figure 4). 

DISCUSSION

Analyses of variance of grain yield and yield-
related traits 

Genetic diversity is essential for making 
outstanding progress toward improving a trait in a 
selection program (Badu-Apraku et al. 2013). The 
significant mean squares (MS) observed for location 
reflect that locations are dissimilar and suggest the 
need for multi-environment evaluation of the hybrids. 
Numerous investigators had previously reported 
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Table 5. Heterotic grouping based on specific combining ability and grain yield 
Heterotic group based on specific and general combining ability method (HSGCA)

Inbred Line Tester GZ-613 (HA) Tester SK-13 (HB) Heterotic 
GroupYield (ton/ha) SCA Yield (ton/ha) SCA

Sk5001/1 7.96 0.84* 9.11 -0.84* B
Sk5001/2 9.14 0.99** 10.0 -0.99** B
Sk5001/3 9.01 1.11** 9.62 -1.11** B
Sk5001/4 7.82 0.78* 9.1 -0.78* B
Sk5001/5 8.51 1.33** 8.7 -1.33** B
Sk5003/6 5.89 -0.07 8.87 0.07 -
Sk5003/7 5.95 -0.38 9.55 0.38 -
Sk5003/8 6.16 0.21 8.58 -0.21 -
Sk5003/9 6.73 -0.57 10.7 0.57 -
Sk5003/10 5.06 0.14 7.63 -0.14 -
Sk5003/11 7.21 0.71* 8.63 -0.71* -
Sk5003/12 6.11 -0.87* 10.68 0.87* A
Sk5003/13 6.28 -0.37 9.86 0.37 -
Sk5003/14 5.31 -0.28 8.71 0.28 -
Sk5003/15 8.3 0.48 10.18 -0.48 -
Sk5003/16 5.09 -1.62** 11.18 1.62** A
Sk5003/17 5.66 -1.26** 11.0 1.26** A
Sk5003/18 5.43 -1.19** 10.64 1.19** A

Table 6. Estimates of heterotic groups based on specific and general combining ability method 
(HSGCA) for grain yield across the three locations

Lines GCA
Tester GZ-613 Tester SK-13 HSGCA

Heterotic 
groupSCA Yield 

(ton/ha) SCA Yield 
(ton/ha)

GZ-613 
(HA)

SK-13 
(HB)

Sk5001/1 0.36 0.84* 7.96 -0.84* 9.11 1.20 -0.48 B
Sk5001/2 1.39** 0.99** 9.14 -0.99** 10.0 2.38 0.40 -
Sk5001/3 1.14** 1.11** 9.01 -1.11** 9.62 2.25 0.03 -
Sk5001/4 0.28 0.78* 7.82 -0.78* 9.1 1.06 -0.50 B
Sk5001/5 0.43 1.33** 8.51 -1.33** 8.7 1.76 -0.90 B
Sk5003/6 -0.80** -0.07 5.89 0.07 8.87 -0.87 -0.73 A
Sk5003/7 -0.43 -0.38 5.95 0.38 9.55 -0.81 -0.05 A
Sk5003/8 -0.81** 0.21 6.16 -0.21 8.58 -0.60 -1.02 B
Sk5003/9 0.54* -0.57 6.73 0.57 10.7 -0.03 1.11 A
Sk5003/10 -1.83** 0.14 5.06 -0.14 7.63 -1.69 -1.97 B
Sk5003/11 -0.26 0.71* 7.21 -0.71* 8.63 0.45 -0.97 B
Sk5003/12 0.22 -0.87* 6.11 0.87* 10.68 -0.65 1.09 A
Sk5003/13 -0.11 -0.37 6.28 0.37 9.86 -0.48 0.26 A
Sk5003/14 -1.17** -0.28 5.31 0.28 8.71 -1.45 -0.89 A
Sk5003/15 1.06** 0.48 8.3 -0.48 10.18 1.54 0.58 -
Sk5003/16 -0.04 -1.62** 5.09 1.62** 11.18 -1.66 1.58 A
Sk5003/17 0.14 -1.26** 5.66 1.26** 11.0 -1.12 1.40 A
Sk5003/18 -0.14 -1.19** 5.43 1.19** 10.64 -1.33 1.05 A
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the same finding (Ismail et al. 2020b; Mutimaamba 
et al. 2020; Habiba et al. 2022; Abd-Elaziz et al. 
2024; Ismail et al. 2024a). The hybrids MS were 
highly significant for all measured traits, indicating 
that inbreds are divergent and enabling a selection 
program to improve these traits. These findings are 
consistent with those reported by Badu-Apraku and 
Oyekunle 2012; Oyetunde et al. 2020; Adewale et al. 
2023 and Nivethitha et al. 2023. The high-significant 
MS for the interaction H x Loc indicates that the 
expression of these traits would be inconsistent 
across test locations, highlighting the importance of 
identifying high-yielding, as well as stable, hybrids 
across environments (Amegbor et al., 2017). Lines, 
testers, and line × tester MS were identified as highly 
significant for all the examined traits except tester for 
EHT, indicating variation between inbreds and testers, 
and additive and non-additive effects were important 
in the inheritance of these traits. Additionally, the 
results indicated that inbreds are divergent and can be 
classified into heterotic groups. Consequently, superior 
inbreds could be identified for the improvement of 
maize hybrids (Akinwale et al. 2014; Badu-Apraku et al. 
2015; Ruswandi et al. 2015; Ismail et al. 2023b; Tabu 
et al. 2023). The significance of line x Loc, tester x Loc, 
and line x tester x Loc indicated that the performance 
of these traits fluctuated from location to location and 
underscored that selection for improvement in these 
traits has to be carried out for specific environments 
(Badu-Apraku et al. 2013; El‐Gazzar et al. 2013;  
Ismail et al. 2020a).

Contributions of lines, testers and Line × Tester 
in total variance

The lines’ proportion of the total variance was 
high for DSK, PHT, EHT, and ED traits, indicating that 

selecting inbreds with high desirable GCA for these 
traits could be promising for improving them (Efendi 
et al. 2024). Similarly, the tester SK-13 could serve 
as a good combiner for improving the EL and yield 
traits since the tester proportion of the total variance 
for ED and yield was 50% and 35%, respectively. 
The proportion of line x testers was 20% for EHT, 
indicating the importance of heterosis for this trait. 
The dominance of GCA (GCA line + GCA tester) over the 
SCA (SCA line x tester) for all the studied traits implied 
that additive gene action was more important than 
non-additive gene action for all traits, and GCA was 
the main player accounting for the differences among 
the hybrids. These findings corroborated the results 
reported by Ismail et al. (2023b) and Tabu et al. (2023). 
The fact that additive genetic variance is the main 
contributor to measured traits indicates that General 
Combining Ability (GCA) can be a reliable indicator of 
hybrid performance. Therefore, testing with a single 
representative tester should be adequate for initial 
hybrid selections. Additionally, inbred lines that exhibit 
positive GCA effects for grain yield and other traits 
are likely to pass on these desirable characteristics to 
their offspring, making them valuable for a breeding 
program (Makumbi et al., 2011).

Mean Performance
The two hybrids, H-1 and H-22, were significantly 

earlier compared to the check hybrid (66.9 days). 
Thus, they could be exploited to develop early-
maturity hybrids that can escape drought stressors. 
Most hybrids showed significantly shorter and lower 
ear placement than the check hybrid. Ismail et al. 
(2024b) reported that short-stature hybrids could be 
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used to reduce lodging and increase plant density. 
Whereas the tallest hybrids could be targeted for 
silage. Therefore, the hybrid H-3 (275.6 cm) could be a 
promising silage hybrid. Conversely, the three hybrids, 
viz., H-22, H-27, and H-28, have been identified as 
ideal for increasing plant density and decreasing 
lodging. The hybrids outperformed the check hybrid 
for EL and ED traits, and these traits could be utilized 
in a breeding program for high-yielding hybrids, since 
they correlated with grain yield. Four hybrids, i.e., H-32, 
H-34, H-18, and H-24, had significantly out-yielded the 
check hybrid for the yield trait. Thus, these hybrids 
should be evaluated extensively in multilocation 
yield trials and promoted for commercialization in 
Egypt to improve food security (Habiba et al., 2022,  
Ismail et al., 2023a). 

Combining ability
Relative importance of GCA effects over SCA 
effects

The author further underscored the GCA the 
effects’ proportion of the total variation as a predictor 
of hybrid performance based solely on GCA. The 
importance of SCA diminishes as the ratio approaches 
1. Consequently, the closer the ratio is to 1, the less 
important SCA is, and the Hybrid performance can be 
reliably predicted by averaging the parents’ GCA values. 
Interestingly, the predictive ratio for all traits except 
EHT was greater than 0.65, which nearly ensures the 
preponderance of GCA over SCA in this set of lines and 
testers. Consequently, the GCA effect can be used to 
predict the general performance of the hybrids, so that 
assessments based on a single representative tester 
ought to be adequate for making initial choices among 
this group of hybrids. This finding concurs with that of 
Amegbor et al. (2023).

General combining ability

Significant positive GCA effects are desired for EL, 
ED, and yield, while significant negative GCA values are 
preferred for DSK, PHT, and EHT. Inbred parents with 
desirable GCA effects could serve as donor parents 
to improve the traits they confer. Accordingly, the 
tester SK-13 was identified as a good combiner for all 
measured traits except EHT, so that all the out-yielding 
hybrids involved SK-13 as the male parent. Additionally, 
this underscored our results that additive gene action 
was a key player in the inheritance of these traits. 
The inbreds Inb-1, Inb-2, Inb-5, Inb-11, and Inb-14 
possessed significant negative GCA effects concerning 
DSK, indicating that inbreds having earliness alleles 

are transmitted to their progenies. Significant negative 
GCA effects were displayed by Inb-6, Inb-10, Inb-11, 
and Inb-14 for PHT. Similarly, the two inbreds, Inb-
11 and Inb-14, showed the desirable negative GCA 
effects for EHT. The inbreds that displayed desirable 
GCA effects for PHT and EHT could be deployed as 
donor parents in hybridization programs to reduce 
plant height, which is preferred to minimize lodging 
and increase plant density, ultimately enhancing yield. 
Six and four inbreds were identified as good combiners 
for EL and ED, respectively; these inbreds highlight 
their potential in the improvement of the grain yield 
program. The inbreds Inb-2, Inb-3, Inb-9, and Inb-15 
recorded the highest significant positive GCA values 
for grain yield, suggesting that they could be important 
sources of favourable alleles for enhancing grain 
yield potential. Notably, the inbreds that displayed 
significant GCA effects for the measured traits could 
be utilized in hybrid development, for inbred recycling, 
and as testers for evaluating newly developed 
inbred lines (Akinwale et al. 2014; Ertiro et al. 2017;  
Adewale et al. 2023). 

Specific combining ability

The hybrids identified as having desirable SCA 
effects for the studied trait could be deployed in a 
breeding program. Eight hybrids were identified with 
significant positive SCA effects on yield. Notably, the 
two hybrids, H-32 and H-34, displayed significant 
positive SCA effects on yield and outyielded the check 
hybrid. So, Predictions of hybrid performance become 
largely deterministic based on parental GCA values, 
given their dominant influence over SCA.

Correlation analysis between yield and yield-
related traits

As expected, yield correlated significantly positively 
with EL (r = 0.73) and ED (r = 0.86), emphasising 
that yield is controlled by several traits and that 
secondary traits should be considered when selecting 
for yield. So that EL and ED would be used as indirect 
selection for grain yield improvement. The results of 
this study are consistent with the findings of Amegbor 
et al. (2022 & 2023). Contradictory: yield negatively 
correlated with DSK (r = −0.54); that is, could be 
due to numerous complex factors, such as resource 
allocation, timing of reproduction, and environmental 
influences. This finding is in line with those obtained by  
Aman et al. (2020). 
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Heterotic groups

Understanding heterotic patterns facilitates 
breeders to develop new hybrids with enhanced yield 
potential. By assigning maize inbred lines into various 
heterotic groups, breeders can select appropriate 
testers and improve the performance of newly created 
hybrids. As per Vasal et al. (1992), positive Specific 
Combining Ability (SCA) effects indicate that the lines 
belong to different heterotic groups, whereas negative 
SCA effects indicate that the lines belong to the same 
heterotic group. Accordingly, this method classified 
only 9 inbreds into two heterotic groups, but was 
unable to classify the remaining inbreds. On the other 
hand, the HSGCA method classified the inbreds into 
two groups, leaving only 3 unclassified. Interestingly, 
the inbreds were placed in the same group using 
both methods. However, the groups in the HSGCA 
methods contained more inbreds than those in the 
SCA method. Though the two inbred viz., Inb-2 and Inb-
3, were placed in group A based on the SCA method, 
they were unclassified based on the HSGCA method. 
It is striking that the SCA method could classify 50% 
of inbreds, whereas the HSGCA method classified 15 
out of 18 inbreds (83%). Thus, the HSGCA method 
is more effective than the SCA method. Annor et al. 
(2020) identified the HSGCA grouping method as 
the most effective for classifying early yellow tropical 
maize inbred lines across environmental conditions 
(Striga infestation, drought, and optimal). Hybrids 
can be developed by crossing inbreds from different 
groups (Elmyhun et al. 2020; Ismail et al. 2023b). A 
similar method was used by numerous investigators 
to classify inbreds into heterotic groups (Menkir et al. 
2004; Akinwale et al. 2014; Oyetunde et al. 2020; 
Ismail et al. 2022). 

CONCLUSIONS

The relative importance of GCA effects over SCA 
effects underscored the preponderance of GCA over 
SCA in this set of lines and testers, suggesting that 
additive gene action played a predominant role in the 
inheritance of the grain yield and all other measured 
traits. The effectiveness of the HSGCA method is 
better than the SCA method for classifying inbred. The 
inbreds Inb-2, Inb-3, Inb-9, and Inb-15 recorded the 
highest significant positive GCA values for grain yield, 
suggesting that they could be important sources of 
favourable alleles for enhancing grain yield potential. 
Four hybrids, i.e., H-32, H-34, H-18, and H-24, were 
identified as promising hybrids in the present study 

and should be evaluated extensively in multilocation 
yield trials and promoted for commercialization in 
Egypt to improve food security.
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