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  Abstract 
Information on combining ability and heterotic group is essential to the success of 
maize hybrid breeding program. The objectives of the study were to determine the 
general combining ability (GCA) and specific combining ability (SCA) effects of 
grain yield and other traits, and classify the mid-altitude maize inbred lines into 
heterotic groups. Fifteen inbred lines and two testers were used to generate 30 
testcross hybrids using line x tester mating design. The resulting testcross hybrids 
plus two standard checks arranged in 4 × 8 alpha-lattice design replicated twice 
were evaluated at Pawe in 2010 main cropping season. Significant differences 
were observed among testcrosses for all traits considered. GCA-line and SCA 
mean squares were significant, suggesting the importance of additive and 
non-additive gene effects in controlling the expression of these traits. However, 
there were larger contributions of GCA sum of squares compared with SCA sum 
of squares for all traits, indicating that additive genetic effects were predominant 
in the lines. Inbred lines L1, L3, L5, L7, L8 and L13 had significant and positive 
GCA effects for grain yield, indicating that these inbred possess higher frequency 
of favorable alleles for grain yield. These inbred lines with high GCA can be used 
as parents to develop superior hybrids. Inbred lines L4, L5, L6, L7, L11 and L15 
were the best general combiners for early maturity. The two testers classified 9 of 
the 15 tested inbred lines into two heterotic groups based on heterotic groups’ spe-
cific and general combining ability (HSGCA) method. The cross combinations 
L5xT1, L7xT2 and L13xT1 were among the highest yielding hybrids having good 
specific combining ability for grain yield and contain inbred lines with high GCA 
effects for the same trait. These hybrids should be employed in hybrid maize 
breeding for possible release or for further breeding activities. 
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1. Introduction 

Maize (Zea mays L.) is a diploid (2n = 20) crop belongs to the grass family of gramineae, to which all the major ce-
reals belong. Maize (Zea mays L.), together with wheat (Triticumaesivum L.) and rice (Oryza sativa L.) is one of the 
three most important cereal crops that feed two - third of the world population [1]. Maize is a main staple food crop that 
supports millions of people in sub-Saharan Africa, particularly in Eastern and Southern Africa. Its high energy content 
has made it very important in human diet, industrial raw material and animal feed. It is cultivated under diverse climatic 
and agro-ecological conditions in the sub- region. It is estimated that, by 2025 maize will become the crop with the 
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highest level of production globally with demand in developing countries doubling by 2050 [2].  
Maize is an important crop in the mid-altitude sub-humid agro-ecologies of Ethiopia, which falls between 1000-2000 

m.a.s.l. Among the cereal crops, maize ranks second in area coverage and first in total annual production and productiv-
ity in Ethiopia [3]. Maize production in Ethiopia has been increased from about 1.46 million meteric tons in the early 
1990s to 9.64 million meteric tons in recent years, translating a productivity of 1.74 to 4.24 t ha-1 [4]. This could be 
mainly due to wide adaptability, its high response to improved production packages, better production conditions and 
low production risks and growing consumption demand and market access for producers [5]. However, maize produc-
tion and productivity is low compared with the yields obtained in other parts of the world. Low yields of maize are at-
tributed to a number of abiotic and biotic stresses.  

Therefore, there is a need to breed hybrids with high maize grain yield and tolerant to biotic and abiotic stresses. To 
achieve this, hybrid breeding remains the method of choice for attaining maximum genetic gains from heterosis. Infor-
mation regarding the nature of combining ability of inbred lines and gene actions are essential to the success of hybrid 
development program [6]. Combining ability analysis is a powerful tool for identifying suitable parents for crosses in 
order to fully exploit heterosis and identify superior hybrids for direct use or for further improvement [7]. Combining 
ability describes the breeding value of inbred lines to produce hybrids. General combining ability (GCA) refers to the 
average performance of a parent in hybrid combinations and specific combining ability (SCA) is deviation in perfor-
mance of a cross combination from that predicted on the basis of the general combining abilities of the parents involved 
in the cross [8]. Based on combining ability analysis of different traits, significant SCA estimates refer to dominance 
gene effects and significant GCA effects indicate a greater role of additive gene effects controlling these traits [8]. The 
estimation of additive and non-additive gene action through this technique could be useful in determining the possibility 
of commercial exploitation of heterosis and isolation of pure lines among the progenies of the good hybrids [9]. The 
combining abilities of maize inbred lines used in developing superior hybrids can be derived through various genetic 
designs, such as the diallel mating design [10-11], North Carolina Design (NCD) II [12] and the line × tester crosses 
[13]. However, when a large number of inbred lines available for evaluation of combining ability studies, the line × 
tester mating design becomes more imperative [6].  

Additionally, classification of maize inbred lines into heterotic groups is an important in order to improve the effi-
ciency of a hybrid program and development of outstanding hybrids, synthetic varieties and heterotic populations [6, 14 
-15]. Fan et al. [16] described a “heterotic group” as a group of related or unrelated genotypes from the same or differ-
ent populations, which display similar combining ability and heterotic response upon crossing with genotypes from 
another genetically distinct germplasm group. While, a “heterotic pattern” is a specific pair of heterotic groups express-
ing high heterosis and hybrid performance upon crossing. Heterotic groups have been identified using the specific com-
bining ability (SCA), heterotic groups’ specific and general combining ability (HSGCA) based on grain yield, GCA 
effect of multiple traits (HGCAMT) and genetic distance (GD) obtained from several molecular markers [17]. Studies 
have revealed that the HSGCA method was more efficient in the grouping of inbreds and is generally more effective in 
identifying clear heterotic groups [18-20]. The objectives of the present study were therefore to (i) determine GCA ef-
fects of locally developed mid-altitude maize inbred lines and SCA effects of the resulting 30 testcrosses (15 lines x two 
testers) for grain yield and other traits using the line x tester mating design (ii) classify the inbreds into heterotic groups 
using the HSGCA of grain yield method.  

2. Methods 

2.1. Experimental Materials 
The experiment comprised 32 maize hybrids including 30 testcrosses formed by crossing 15 locally developed 

mid-altitude maize inbred lines to two testers in line × tester mating design and two standard hybrid checks (BH540, 
single cross hybrid and BH543, three-way cross hybrid) (Table 1). The inbred lines and testcrosses were generated by 
the national maize breeding program based at Bako Agricultural Research Center. The two testers used are single 
crosses of known heterotic groups; viz. CML312/CML442 (from heterotic group A) and CML395/ CML202 (from he-
terotic group B), which are commonly used by CIMMYT and many other national maize research programs in Africa.  

2.2. Experimental site 
The study was conducted during the main cropping season of 2010 at Pawe Agricultural Research Center, 

mid-altitude sub-humid agro-ecology of Ethiopia, in North Western Ethiopia. Pawe is located at 11°15'N and 36°05'E, 
with an elevation of 1050 meters above sea level. The mean annual rainfall is 1585 mm, and the mean minimum and 
maximum temperatures of the area are 16.4 and 32.1°C, respectively. The soil is nitosol with a pH ranging from 5.3-6.0. 

2.3. Experimental design and field management 
The experimental design for the field evaluation of the materials was 4 × 8 alpha-lattice design [11] with four plots 
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per an incomplete block, using two replications and one-row plots. The experimental unit was a single-row plot, 5.1 m 
long with inter-row spacing of 0.75 m and intra-row spacing of 0.30 m, giving a final plant density of approximately 
44,444 plants per hectare. Di-ammonium Phosphate (DAP) and urea Fertilizers were applied at the rates of 46 P2O5 and 
54 N kg ha-1, respectively. All recommended rates of P2O5 were applied at the time of planting while N was applied in 
split, half at planting and the remaining half was side dressed at knee height. Agronomic and cultural practices were 
carried out, as recommended for location. Weeds were controlled manually. 

2.4. Data collection  
Observations were made on days to anthesis as the number of days when 50% of the plants were shedding pollen in a 

plot, while days to silking represented the number of days when 50% of the plants had extruded silks in a plot. Ear 
height measured in cm as the distance from the base of the plant to the node bearing the top ear and ear aspect rated on a 
scale of 1 to 5, where 1 = uniform large ears, with no ear rot diseases, well-filled and with the preferred texture, and 5 = 
ears with undesirable features and texture), and grain moisture. Plots were hand-harvested, and grain yield (t ha−1) was 
computed on the basis of the field weight assuming a shelling percentage of 80 at 12.5% grain moisture content. 

Table 1. List of locally developed mid-altitude maize inbred lines and testers used as parents for line x tester crosses and 
standard checks used in the study 

Line/Tester code Pedigree Source Heterotic group 

L1 30H83-5-1-2-1 BNMRC Unknown 

L2 30H83-56-1-1-1 BNMRC Unknown 

L3 30H83-7-1-3-1 BNMRC Unknown 

L4 POOL9A-105-1-1-1-1 BNMRC Unknown 

L5 POOL9A-128-5-1-1-1-1 BNMRC Unknown 

L6 POOL9A-4-4-1-1 BNMRC Unknown 

L7 Gibe-1-20-2-2-1 BNMRC Unknown 

L8 Gibe-1-261-3-2-1-1 BNMRC Unknown 

L9 ILO’00E-5-5-3 BNMRC Unknown 

L10 ILO’00E-1-9-1-1-1-1 BNMRC Unknown 

L11 Gibe-1-198-2-2-1 BNMRC Unknown 

L12 POOL9A-134-2-3-2-1-1 BNMRC Unknown 

L13 Kuleni-208-1-3-1-1 BNMRC Unknown 

L14 PO’00E-4-2-2-1 BNMRC Unknown 

L15 Kuleni-353-1-1-1-2-1 BNMRC Unknown 

T1 CML395/ CML202 CIMMYT B 

T2 CML312/CML442 CIMMYT A 

BH540 SC22/124b(113) BNMRC  

BH543 SC22/124b(109)//CML197 BNMRC  

*BNMRC = Bako National Maize Research Center; CIMMYT = International Maize and Wheat Improvement Center. 

2.5. Statistical analysis 
Analysis of variance (ANOVA) was carried out to generate entry means adjusted for block effects according to the 

lattice design [21] using agricolae package of R statistical software [22] in RStudio [23] with method = ML (maximum 
likelihood) option, considering genotypes as fixed effects and replications and incomplete blocks within replications as 
random. Significant means were separated using the least significant difference (LSD). 

Entry means adjusted for block effects generated from the analysis of variance were used to perform line x tester 
analysis as described by Singh and Chaudhary [24]. General combining ability (GCA) and specific combining ability 
(SCA) and their standard errors were computed for grain yield and other measured traits using SAS computer program 
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[25]. The variation among hybrids (testcrosses) were partitioned into sources due to lines, testers and line x testers. 
GCA of a tester was obtained based on its performance in F1 hybrid combinations with all possible lines (females). Si-
milarly, GCA of each line was determined based on the performance of F1 hybrid with all possible testers. The hybrid 
checks were excluded from line x tester analysis. Significance of GCA and SCA effects were determined by two tailed 
t-tests, using standard errors of GCA and SCA effects, respectively. The relative importance of GCA sum squares over 
SCA sum squares for grain yield and other agronomic traits were determined using the ratio proposed by Baker [26].  
The general linear model for line x tester mating design is: 

Yijk= µ+ li + tj+ (l x t)ij+ eijk 

Where, Yijk= the kth observation on i x jth progeny; µ = the general mean; li = general combining ability (GCA) for the 
ith parental line; tj = GCA effects of jth tester; (l x t)ij = specific combining ability (SCA) for the ijthF1 hybrid; eijk is the 
error term associated with each observation. 

The inbred lines were assigned into heterotic groups based on the HSGCA method proposed by Fan et al. [18]. The 
HSGCA method was used to assign the 15 inbreds into heterotic groups as follows: 

SCA = Cross mean (Xij) – Line mean (X.j) – Tester mean (Xi.) + Overall mean (X..); GCA = Line mean (X.j) – Over-
all mean (X..); HSGCA = Cross mean (Xij) – Tester mean (Xi.) = GCA + SCA 

Where, Xij is the mean yield of the cross between ith tester and jth line; Xj. is the mean yield of the ith tester and X.j is 
the mean yield of jth line. 

3. Results and Discussions 
3.1. Analysis of Variance and Mean Values 

The ANOVA of the L x T crosses showed significant differences (mean squares) among the testcrosses  for grain 
yield, days to anthesis, days to silking, ear height and ear aspect (Table 2). This indicated that there was adequate ge-
netic variation among the hybrids for the measured traits and hence, selection is possible to identify the most desirable 
hybrids. In line with this study several investigators reported the existence of highly significant differences among the 
maize crosses for all traits under study [27-30]. 

Table 2. Mean squares from line x tester analysis of variance of 15 maize inbred lines evaluated in testcrosses with two testers 
for grain yield and other agronomic traits 

Source df 
Mean squares 

Grain yield 
(t ha−1 ) 

Days to an-
thesis 

Days to  
silking 

Ear height 
(cm) 

Ear aspect 
(scale 1-5) 

Testcrosses 29 1.41*** 8.14*** 5.69*** 52.61*** 0.42*** 

Line (GCA-lines ) 14 1.85*** 15.66*** 9.11*** 59.59*** 0.51*** 

Tester (GCA-testers) 1 2.55** 0.83 3.48* 3.76 0.21 

Line x Tester (SCA) 14 0.88*** 1.14* 2.43** 49.02*** 0.35*** 

Error 25 0.2 0.52 0.67 10.02 0.08 

% GCA (SS)  69.77 93.25 79.42 55.02 60.35 

% SCA (SS)  30.23 6.75 20.58 44.98 39.65 

*, ** and *** Significant at 5%, 1% and 0.1% probability level, respectively 
† GCA = general combining ability; SCA = specific combining ability; SS = sum of squares; df = degree of freedom 

The cross mean squares, partitioned into its components, showed that line (GCA-line) mean square values (GCA-line) 
were highly significant for all traits indicating that the existence of variability among the set of lines used in this study 
which suggests a great potential for identifying superior parental inbreds with high general combining abilities for hy-
brid variety development (Table 2). In support of the present investigation, Menkir et al. [31], Annor et al. [32] and 
Annor and Badu-Apraku et al. [33] observed that GCA-lines had significant mean squares in maize hybrids for all traits 
in the study. The significance of mean squares due to lines for all traits indicated genes with additive effects were im-
portant in the inheritance of the traits. While, tester (GCA-tester) mean squares were significant for grain yield and days 
to silking. Similar result was reported by Legesse et al. [34]. The lines x tester interactions (SCA) were significant for 
grain yield and other traits measured. The significant SCA mean squares for grain yield and agronomic traits indicated 
that the variability observed among the hybrids was attributed to non-additive gene effects. This result corroborates the 
findings of Badu-Apraku et al. [35], Mageto et al. [36] and Nasser et al. [29].  
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Table 3. Grain yield and other agronomic traits for the 30 maize testcrosses and two commercial checks 

Testcrosses/Checks Grain yield (t ha−1 ) Days to anthesis Days to silking Ear height (cm) Ear aspect (scale 1-5) 
L1 x T1 9.54 65.50 68.82 103.43 1.32 
L1 x T2 9.72 66.50 70.82 115.07 2.14 
L2 x T1 6.74 65.50 69.59 106.53 3.04 
L2 x T2 8.87 68.00 70.21 114.86 2.36 
L3 x T1 8.90 65.50 70.13 109.10 2.04 
L3 x T2 9.77 65.00 67.32 109.57 1.64 
L4 x T1 7.67 63.00 68.30 115.46 2.79 
L4 x T2 7.36 62.00 64.54 106.50 3.11 
L5 x T1 9.84 62.50 65.18 109.63 0.96 
L5 x T2 7.77 65.00 68.74 104.46 2.21 
L6 x T1 8.60 62.50 69.26 109.97 1.50 
L6 x T2 8.75 62.50 66.13 99.60 2.54 
L7 x T1 7.79 63.00 67.09 115.53 3.04 
L7 x T2 9.66 64.50 66.20 116.60 2.50 
L8 x T1 8.97 64.50 69.43 124.83 1.25 
L8 x T2 9.60 65.00 69.26 117.97 2.00 
L9 x T1 6.97 72.00 74.46 109.94 2.61 
L9 x T2 8.39 71.50 73.31 132.00 1.93 

L10 x T1 7.87 71.50 72.15 108.07 2.07 
L10 x T2 7.44 70.00 72.32 95.43 1.82 
L11 x T1 6.27 62.50 67.46 115.94 3.11 
L11 x T2 8.77 62.00 67.80 108.96 2.29 
L12 x T1 5.97 66.00 71.65 115.57 2.07 
L12 x T2 8.64 64.00 67.85 107.04 2.18 
L13 x T1 9.14 64.50 68.68 113.13 1.46 
L13 x T2 8.79 66.00 67.81 112.50 2.93 
L14 x T1 8.57 68.00 72.43 115.33 1.75 
L14 x T2 8.72 67.00 70.21 110.36 0.86 
L15 x T1 6.44 63.00 66.85 100.04 2.18 
L15 x T2 5.77 65.50 68.74 110.96 3.21 
BH540 8.06 64.00 65.20 109.60 1.50 
BH543 8.66 66.00 71.54 109.00 1.61 
mean 8.25 65.44 69.05 111.03 2.13 

LSD(0.05) 1.30 2.11 2.38 9.22 0.80 

The relative importance of GCA (additive gene action) and SCA (non-additive gene action) for grain yield indicates 
the type of gene action in crosses [26]. The contributions of GCA sum of squares (i.e., GCA-lines plus GCA-testers) to 
the variation among the hybrids were larger than SCA sum of squares for all traits. GCA accounted for 69.77% of the 
total variance for grain yield revealed the relative importance of additive gene action to non-additive gene action in the 
inheritance of grain yield. This implies that appreciable breeding progress could be made using breeding methods which 
capitalize on additive gene action such as the S1 family recurrent selection, backcrossing and hybridization. This result 
is in agreement with the findings of Vasal et al. [37], Meseka et al. [38] and Badu-Aparku et al. [7] who reported that 
additive genetic action influenced the inheritance of maize yield. On the other hand, the result is in disagreement with 
the findings of Bhatnagar et al. [39] and Machida et al. [40] who reported that non-additive gene action was more in-
fluenced the inheritance of maize yield. The major effect of GCA over SCA sum of squares suggested that early genera-
tion testing would be effective and promising hybrids can be identified and selected principally based on the GCA ef-
fects [41]. However, even though non-additive gene effects are on average small, they are important for unique combi-
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nations [42].  
Mean grain yields ranged from 5.77 t ha−1for L15xT2 to 9.84 t ha−1for L5xT1 with a mean of 8.25 t ha-1 (Table 3). 

Eighteen experimental hybrids had an above average grain yield, while 7 testcrosses had higher grain yield than the best 
commercial check hybrid by over 5%. The top 7 high-yielding hybrids were L5xT1 (9.84 t ha−1), L3xT2 (9.77 t ha−1), 
L1xT2 (9.72 t ha−1), L7xT2 (9.66 t ha−1), L8xT2 (9.6 t/h t ha−1a), L1xT1 (9.54 t ha−1) and L13xT1 (9.14 t ha-1). Days to 
anthesis ranged from 62 to 72 days, with a mean of 65.44 days; whereas days to silking ranged from 64.54 to 74.46 
days, with a mean of 69.05 days. Ear height ranged from 95.43 to 132 cm, with a mean of 111.03 cm. 

3.2. General combining ability effects 

General combining ability estimates for grain yield, days to anthesis, days to silking, ear height and ear aspect for 
each inbred line and testers with the respective standard errors are given in Table 4. The GCA effects allow identifica-
tion of superior parents that could be used to make and select better crosses for direct use or for further breeding [43]. 
The GCA effect of an inbred is important for the improvement of a target trait in a population and for the development 
of synthetic varieties and hybrids [19]. GCA effects for grain yield ranged between -2.14 t ha-1 to 1.39 t ha-1. Among the 
lines evaluated in the study, inbred lines L1 (1.39 t ha-1), L3 (1.09 t ha-1), L5 (0.56 t ha-1), L7 (0.48 t ha-1), L8 (1.04 t 
ha-1) and L13 (0.72 t ha-1) had significant and positive GCA effects for grain yield, indicating that these inbred possess 
higher frequency of favorable alleles for grain yield and produce high grain yield in hybrid combinations. High GCA 
effects indicated that per se performances of the lines should be good indicators of the performance of their hybrids, i.e. 
the inbreds will transmit their characteristics to their progenies in a cross [44]. Inbred lines with desirable GCA effects 
for grain yield and other agronomic traits could produce superior segregants in the F2 and later generations as they 
could serve as good sources of favorable alleles used for the development of heterotic populations as well as high 
yielding synthetics varieties and hybrids [6].  

Table 4. General combining ability (GCA) effects of 15 mid-altitude maize inbred lines and two testers for grain yield and 
other agronomic traits 

Line (L) or tester (T) Grain yield (t ha−1) Days to anthesis Days to  silking Ear height (cm) Ear aspect (scale 1-5) 
L1 1.39** 0.53 0.73 -1.90 -0.43** 
L2 -0.44 1.28** 0.81 -0.45 0.54** 
L3 1.09** -0.22 -0.37 -1.81 -0.32* 
L4 -0.73** -2.97** -2.67** -0.17 0.79** 
L5 0.56* -1.72** -2.13** -4.10* -0.58** 
L6 0.43 -2.97** -1.40** -6.36** -0.14 
L7 0.48* -1.72** -2.45** 4.92** 0.61** 
L8 1.04** -0.72* 0.25 10.25** -0.54** 
L9 -0.56* 6.28** 4.79** 9.82** 0.11 
L10 -0.59* 5.28** 3.14** -9.40** -0.22 
L11 -0.72** -3.22** -1.46** 1.30 0.54** 
L12 -0.94** -0.47 0.66 0.16 -0.04 
L13 0.72** -0.22 -0.85 1.67 0.03 
L14 0.40 2.03** 2.23** 1.70 -0.86** 
L15 -2.14** -1.22** -1.30** -5.65** 0.53* 
T1 -0.29** -0.17 0.34** 0.35 -0.08* 
T2 0.29** 0.17 -0.34** -0.35 0.08* 

SE(Line) 0.22 0.35 0.395 1.53 0.14 
SE(Tester) 0.06 0.09 0.11 0.41 0.04 

*, ** Significant at 0.05 and 0.01 probability levels, respectively 
SE= standard error of the general combining ability effects. 

Desirable GCA effects were observed for grain yield in maize breeding material [20, 34, 45-47]. On the contrary, 
significant and negative GCA effects for grain yield observed for inbred lines L4 (-0.73 t ha-1), L9 (-0.56 t ha-1), L10 
(-0.59 t ha-1), L11 (-0.94 t ha-1), L12 (-0.94 t ha-1) and L15 (-2.14 t ha-1). These lines were poor general combiners for 
grain yield, indicating that these lines were not desirable for the development of high yielding hybrids. In terms of tes-
ters, CML312/CML442 (T2) was good general combiner for grain yield. 
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Inbred lines L4, L5, L6, L7, L11 and L15 showed significantly negative GCA effects for days to anthesis and days to 
silking and were best combiners for early maturity as they showed the tendency to increase early flowering. Ear-
ly-maturing maize genotypes are important, as they escape terminal drought in areas with short rainy seasons. The ex-
ploitation of this inbreds promotes early maturing hybrids with short duration. On the other hand, L4, L5 and L6 re-
vealed highly significant positive GCA effects days to anthesis and silking. For ear height, inbred lines L5, L6, L10 and 
L15 had desirable GCA effects, whereas the GCA effects of L7, L8 and L9 were undesirable as taller plants are more 
prone to lodging. Similarly, Keno et al. [48] and Wegary et al. [49] reported significant positive and negative GCA ef-
fects for days to anthesis, silking and ear height in their combining ability study. 

3.3. Specific combining ability effects 

Table 5. Specific combining ability (SCA) effects of grain yield and other agronomic traits of 30 testcrosses formed from the 15 
inbred lines and two testers  

Testcrosses Grain yield (t ha−1 ) Days to anthesis Days to silking Ear height (cm) Ear aspect (scale 1-5) 

L1xT1 0.20 -0.33 -1.34** -6.17** -0.33* 
L1xT2 -0.20 0.33 1.34** 6.17** 0.33* 

L2xT1 -0.77** -1.08** -0.65 -4.52** 0.42** 

L2xT2 0.77** 1.08** 0.65 4.52** -0.42** 

L3xT1 -0.14 0.42 1.06* -0.59 0.28* 

L3xT2 0.14 -0.42 -1.06* 0.59 -0.28* 

L4xT1 0.45* 0.67 1.54** 4.13* -0.08 

L4xT2 -0.45* -0.67 -1.54** -4.13* 0.08 

L5xT1 1.33** -1.08** -2.12** 2.23 -0.54** 

L5xT2 -1.33** 1.08** 2.12** -2.23 0.54** 

L6xT1 0.22 0.17 1.22** 4.83** -0.44** 

L6xT2 -0.22 -0.17 -1.22** -4.83** 0.44** 

L7xT1 -0.64** -0.58 0.10 -0.89 0.35* 

L7xT2 0.64** 0.58 -0.10 0.89 -0.35* 

L8xT1 -0.02 -0.08 -0.26 3.08 -0.29 

L8xT2 0.02 0.08 0.26 -3.08 0.29 

L9xT1 -0.42 0.42 0.23 -11.38** 0.42** 

L9xT2 0.42 -0.42 -0.23 11.38** -0.42** 

L10xT1 0.51* 0.92* -0.43 5.97** 0.21 

L10xT2 -0.51* -0.92* 0.43 -5.97** -0.21 

L11xT1 -0.96** 0.42 -0.51 3.14 0.49** 

L11xT2 0.96** -0.42 0.51 -3.14 -0.49** 

L12xT1 -1.04** 1.17** 1.56** 3.91* 0.03 

L12xT2 1.04** -1.17** -1.56** -3.91* -0.03 

L13xT1 0.47* -0.58 0.09 -0.04 -0.65** 

L13xT2 -0.47* 0.58 -0.09 0.04 0.65** 

L14xT1 0.22 0.67 0.77 2.13 0.53** 

L14xT2 -0.22 -0.67 -0.77 -2.13 -0.53** 

L15xT1 0.63** -1.08** -1.29** -5.81** -0.43** 

L15xT2 -0.63** 1.08** 1.29** 5.81** 0.43** 

SE 0.22 0.35 0.395 1.53 0.14 

*, ** Significant at 0.05 and 0.01 probability levels, respectively; SE= standard error of the specific combining ability effects. 
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The estimates of SCA of 30 crosses for grain yield and other characters are presented in Table 5. Highly significant 
SCA effects of the crosses indicate that significant deviation from what would have been predicted based on GCA ef-
fects of the respective parents [11]. This is evident from the fact that some of the crosses, L4xT1, L10xT1, L11xT2, 
L12xT2 and L15xT1 with the highest SCA effects for grain yield involved inbred lines with significantly low GCA 
effects. However, only cross combinations L7xT2 with favorable SCA estimates for grain yield contain parents with 
high GCA effects for the same trait. The crosses L2xT2, L10xT1 and L13xT1 had favorable SCA effects for grain yield 
implying that there was significant positive interaction of genes between the parents. Such gene interactions lead to the 
expression of heterosis which can be exploited in the development of hybrid varieties. Keno et al. [48] studied combin-
ing ability of Ethiopian origin maize inbred lines and reported significantly higher SCA effects for grain yield. 

The crosses L5xT1, L12xT2 and L15xT1 had significant negative SCA effects for days to anthesis and silking. These 
crosses were considered to be the best cross combinations for early maturity. The crosses L1xT1, L2xT1, L4xT2, 
L6xT2, L9xT1, L10xT2, L12xT2 and L15xT1 had significant negative SCA effects for ear height indicating that these 
cross combinations could be exploited for tolerance to lodging. The crosses which had negative values of SCA for ear 
aspect were considered desirable as the higher values of ear aspect score indicates bad ear characteristics. 

3.4. Heterotic Grouping 

As proposed by Fan et al. [18], the HSGCA method was used to classify the inbreds into two heterotic groups using 
GCA for grain yield of the inbreds and SCA for grain yield of their crosses. The Heterotic group specific and general 
combining ability (HSGCA) estimate between 15 lines and two testers with known heterotic groups are given in   
Figure 1. The basic procedure was as follows: Placed all inbred lines with negative HSGCA effects into the same hete-
rotic groups as their tester. At this step, a line might be assigned to more than one heterotic group. Further, if an inbred 
line was assigned to more than one heterotic group, kept the line in the heterotic group if its HSGCA had the smallest 
value (or largest negative value) and removed it from other heterotic groups. If a line had a positive HSGCA effect with 
all representative testers, be cautious to assign that line to any heterotic group because the line might belong to a hete-
rotic group different from the two testers.  

 

 

 
Figure 1. Heterotic group specific and general combining ability (HSGCA) between 15 lines and two testers with known he-

terotic groups. With (a) tester CML395/CML202 (Heterotic group B); (b) tester CML312/CML442 (Heterotic group A). 
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According to the procedures described above, nine of the 15 inbreds (60%) were grouped by the testers. Of the in-
breds classified, five inbreds (L2, L7, L9, L11 and L12) were classified into heterotic group B and four inbreds (L4, L5, 
L10 and L15) assigned into heterotic group A (Table 6). No relationship was detected for the other 6 inbred lines with 
the two maize heterotic groups and could not be classified into any of the two heterotic groups based on the HSGCA 
method. Hence, crossing inbred lines from opposite HSGCA heterotic groups could result in more productive hybrids. 
Furthermore, the inbred lines classified into the same heterotic group by the HSGCA method could be recombined to 
form heterotic populations that could be improved through recurrent selection for extraction of inbred lines and syn-
thetics for use in breeding programs. The result of this study was in line with the findings of Fan et al. [18] who studied 
combining abilities of 29 maize lines using a line × tester design and successfully classified 24 maize inbred lines into 
known maize heteroticgroups via the HSGCA method. Similarly, in combining ability study of extra-early maturing 
white maize inbreds, HSGCA method classified 77.8, 87.3, 73.0, 73.0 and 69.8% of the inbreds under drought, low N, 
Striga-infested, optimal and across research environments, respectively [50]. Even though inbred lines L9 and L10 were 
derived from the same population, they were grouped into different heterotic group. Similar results were reported by 
Agbaje et al. [51] and Nepir et al. [52] in which the inbred lines derived from the same source populations were classi-
fied into different heterotic groups, confirming the broad genetic diversity within the source populations. Lines devel-
oped from a population may not necessarily be classified into a single (same) maize heterotic group [16].  

Table 6. Heterotic groups of each of the 15 lines based on HSGCA of the 30 testcrosses between the 15 lines and two testers with 
known heterotic group 

Inbred Line CML395/CML202 CML312/CML442 Heterotic group 

L1 
  

- 

L2 L2 
 

B 

L3 
  

- 

L4 L4 L4 A 

L5 
 

L5 A 

L6 
  

- 

L7 L7 
 

B 

L8 
  

- 

L9 L9 L9 B 

L10 L10 L10 A 

L11 L11 
 

B 

L12 L12 
 

B 

L13 
  

- 

L14 
  

- 

L15 L15 L15 A 

4. Conclusions  
The significant mean squares obtained for genotypes for grain yield and other traits suggesting that there were dif-

ferences among testcrosses. The significant GCA and SCA mean squares for grain yield and other traits observed in the 
present study demonstrated that both additive and non-additive gene actions governed the inheritance of these traits 
with GCA effects more important than SCA effects for all measured traits indicating that additive genetic effects were 
predominant in the lines. The implication is that appreciable breeding progress could be made using hybridization, 
backcrossing, and recurrent selection methods for the development of hybrids and synthetic varieties as well as in pop-
ulation improvement. Furthermore, these results indicated that the inbreds could be classified into distinct heterotic 
groups by the testers used. Inbreds L1, L3 L5, L7, L8 and L13 displayed positive and significant GCA effects for grain 
yield and were the most promising for hybrid development. The inbreds L4, L5, L6, L7, L11 and L15 showed signifi-
cant negative GCA effects for days to silking and anthesis suggesting that they could contribute favorable allele for 
early maturity. Inbred lines L5, L6, L10 and L15 had significant negative GCA effects foe ear height and could be an 
invaluable source of favorable alleles for breeding maize for short stature. The crosses L7xT2, L4xT1, L10xT1, L11xT2, 
L12xT2, L15xT1, L2xT2, L10xT1 and L13xT1 were good specific combiners for grain yield. The study identified 7 
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best cross combinations (viz. L1xT1, L5xT1, L1xT2, L3xT2, L7xT2, L8xT2 and L13xT1) that exceeded the best check 
(BH543 in this study) by over 5% in mean grain yield. Out of these, 3 testcrosses (L5xT1, L7xT2 and L13xT1) were 
identified to be the promising crosses based on their grain yield performance, SCA effects of cross combination and 
GCA effect of the inbred lines involved in the crosses. These hybrids could be employed in hybrid maize breeding for 
possible commercial production or for further breeding activities after further evaluation of their performance across 
multi-location in mid-altitude sub-humid agro-ecologies of Ethiopia.  
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