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Abstract: Maize breeding programmes exploit inbred lines with superior combining ability for grain yield and other 
agronomic traits to create competitive hybrids. Therefore, the objectives of this study were to determine heterotic groups of 
locally developed maize inbred lines, their heterotic relationships, with exotic testers as well as the gene action controlling 
grain yield. Nineteen maize inbred lines were crossed to four testers, based on a line x tester mating scheme resulting in 76 test 
crosses. These crosses were evaluated together with four checks in 10 x 8 α-lattice design across four locations in 2015B and 
2016A seasons. Both additive and non-additive gene action were important for grain yield with preponderance of additive gene 
action. The most desirable GCA effects for grain yield were realized in inbred line 8 while the highest desirable SCA effects 
were displayed by the test cross 18xT1. Generally, most of the inbred lines exhibited positive heterosis with all testers. 
However, there was more aligning firstly towards tester T2 and then to T3. The highest heterosis was displayed by the 
combination of inbred line 8 with 3. Regardless of the heterotic grouping method applied, the inbred lines were discriminated 
into different heterotic groups; two and nine heterotic groups were identified based on standard heterosis and SCA effects; 
respectively. The information generated would be useful in optimizing the maize hybrid breeding programme in Rwanda and 
for other researchers for high yielding maize variety development. 
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1. Introduction 

Worldwide and particularly in sub-Saharan Africa, maize 
(Zea mays L.) is a major staple cereal crop serving as human 
main diet especially for small income families and 
considerable production area is allocated to this crop [1-4]. 

In Rwanda, maize has become a leading crop in agricultural 
production and ranks first among pulse and grain crops 
production in Rwanda. It has seen an unprecedented 
development and radical changes [2, 5-6]. This increased 
maize production was mainly due to a shift in using only open 
pollinated varieties (OPVs) towards maize hybrids. However, 

these hybrids are imported from outside hence the need for 
development of local maize hybrids with high yield potential. 
After realizing this problem, the maize programme in Rwanda 
Agriculture and Animal Resource Development Board (RAB) 
focused on hybrid development using germplasm from various 
sources. Therefore, a large number of inbred lines were 
developed from different adapted and adopted OPVs. 

Since knowledge of heterotic groups is important in any 
hybrid breeding programme [3, 7], this study aimed at 
addressing this aspect with a special focus on the inbred lines 
developed by the Rwandan maize breeding programme. 
Heterotic groups enable the exploitation of heterosis in an 
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efficient as well as in a consistent manner through 
identification of complementary lines that can be used in the 
crosses. In addition, the heterotic groups can be used to 
reduce the number of germplasm in a breeding programme 
while preserving diversity within that germplasm. Heterotic 
grouping results in maximizing combining ability [8-9] while 
helping the breeder to make documented decisions on 
suitable hybrid combinations [8, 10], thus minimizing the 
possibility of assessing a high number of undesirable crosses. 
This concept was also reported [11-12] to be important for 
the development of climate-change resilient maize cultivars. 
Thus, breeders have been identifying multiple heterotic 
groups and patterns to improve maize hybrid breeding or 
monitor changes in heterotic patterns after prolonged 
breeding [10, 13-15]. 

Initiating a maize hybrid breeding programme requires 
well documented germplasm (parental lines) that can be 
used, and thus good identification and utilization of heterotic 
groups and patterns for these lines [8, 15-16]. Generally, 
broad populations, either from locally adapted or 
introductions have been used for breeding purposes. 
However, identification of promising heterotic groups has 
also been reported to result from diverse maize gene pools 
[11, 16-18]. Hence the knowledge regarding germplasm 
diversity and genetic relationships among breeding materials 
is invaluable in crop improvement strategies [18-19]. 

Furthermore, it has been reported that the best heterotic 
responses are obtainable when crosses are made between 
parents originating from genetically diverse populations 
[10, 11, 21]. Therefore, in any maize breeding programme, 
it is essential to establish the probable heterotic groups to 
ensure maximum exploitation of heterotic patterns as this 
will guide the choice of parents and breeding strategies for 

the success of maize hybrid production [11, 22] hence its 
implementation to the maize hybrid programme in Rwanda. 
Molecular markers are known as useful tools in evaluation 
of genetic diversity and relationships and then heterotic 
groups identification [11, 17]. Similarly, Information on 
heterotic groups could be availed through different mating 
schemes. However, with established testers for a hybrid-
breeding programme, the line x tester mating scheme, was 
earlier reported [23-24] to be simpler and effective in 
revealing the information. The design offers the possibility 
of crossing given germplasm to two or more genetically 
different testers. Consequently, this scheme was applied in 
the current study. Thus, this study was undertaken to 
determine heterotic groups prevailing in locally developed 
maize inbred lines, their heterotic relationships and mode of 
gene action. 

2. Materials and Methods 

2.1. Germplasm, Field Evaluation and Measurements 

Nineteen maize inbred lines and four testers (T1-T4) 
(Table 1) were involved in the study. The inbred lines were 
derived from seven populations adapted to the mid-altitudes 
of Rwanda introduced from the International Maize and 
Wheat Improvement Center (CIMMYT). The four testers 
resulted from different genetic backgrounds and were 
introduced from CIMMYT (Ethiopia and Mexico). These 
testers were selected among many others based on their 
adaptability to local conditions and their genetic background. 
The lines were crossed with the testers, based on a line x 
tester mating scheme and generated 76 test crosses. 

Table 1. Maize inbred lines and testers involved in the study. 

No Line Pedigree Heterotic Group Origin 

1 R10164 ISARM101 5-6 (64) Not Assigned (N/A) Rwanda 
2 R10127 ISARM101 2-3 (27) N/A Rwanda 
3 ACR3 ACROSS8762 4-5 (3) N/A Rwanda 
4 ACRO4 ACROSS8762 6-5 (4) N/A Rwanda 
5 ACRO4 ACROSS8762 8-4 (25) N/A Rwanda 
6 ACRO29 ACROSS8762 4-5 (29) N/A Rwanda 
7 ACR29 ACROSS8762 4-9 (29) N/A Rwanda 
8 ECA1 ECAVEL16-STR 9-4 (1) N/A Rwanda 
9 ECA1ECA5 ECAVEL1/ECAVEL16-STR 3-10 (5) N/A Rwanda 
10 TQ7 [TUXSEQ]C1 5-8 (7)II N/A Rwanda 
11 TQX31 [TUXSEQ]C1 3-1 (31)I N/A Rwanda 
12 MZ1 ZM607-38-4-1-B*4(1) N/A Rwanda 
13 MZ2 ZM607-79-1-1-B*4(2) N/A Rwanda 
14 MZ3 ZM607-38-1-1-B*4(3) N/A Rwanda 
15 POL1 POOL32-70-2-1-B*4(1) N/A Rwanda 
16 POL2 POOL32-76-1-1-B*4(2) N/A Rwanda 
17 POL4 POOL32-17-1-1-B*4(4) N/A Rwanda 
18 POL6 POOL32-6-1-1-B-B(6) N/A Rwanda 
19 POL7 POOL32-6-3-1-B*4(7) N/A Rwanda 

 
Testers 

   
20 T1 [POOL9Ac7-SR(BC2)]FS59-4-1-2-1-1-2-1-2-#-#-#-#-# Pool9A CIMMYT-Ethiopia 
21 T2 SRSYN95[ECU//SC/ETO]F1-##(GLS=3.5)-20-2-1-1-#-#-#-#-# Ecuador CIMMYT-Ethiopia 
22 T3 [KIT/SNSYN[N3/TUX]]c1F1-##(GLS=2)-23-3-3-1-1-# Kitale CIMMYT-Ethiopia 
23 T4 Pool9AC6HM3-1-3-1-1-2P-2P-1-1-2-1-B-B AB CIMMYT-Mexico 
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The resulting 76 test crosses plus four checks were 
evaluated in an 8 x 10 alpha-lattice design. On the other 
hand, the 19 parental lines were evaluated in a randomized 
complete block design. Both experiments had two 
replications each with plots consisting of one row of 5.0 m 
(except Nyagatare site which was 4.0 m length in 16A 
season) in length with 0.75 m and an intra-row spacing of 
0.25 m. They were planted on the same day and managed in 
the same way. At all sites, 200 kg/ha of N-P-K (17-17-17). 
were applied at two weeks after planting. At six weeks after 
planting, 50 kg N/ha was top dressed using urea (46-0-0). 
Hand-weeding was done using the hoe when necessary to 
keep the plots free of weeds. In each agro-ecology, maize 
genotypes of similar vigour were used as borders. 

The study was carried out in four research sites 
representative of major Rwandan maize growing agro-
ecologies. Bugarama site; located in the semi-arid mid-altitude 
(2°28S, 29°00E, 900 m asl) ranging from 900-1200 metres 
above sea level (m asl), Nyagatare (1° 20'S, 30° 20'E, 1450 
masl) and Rubona (2° 29′S, 29° 46′E, 1650 mas) located in the 
moist mid-altitude ranging from 1200-1700 m asl and Rwerere 
(1° 29'S, 29° 52'E; 2,100 m asl) located in the highlands which 
are above 1700 m asl. The four sites were used in two 
consecutive seasons (2015B and 1206A) resulting in eight 
testing environments. Data were recorded on a plot basis and 
comprised different variables following standard procedures 
used at CIMMYT (CIMMYT, 1985). However, the current 
study focused on the following parameters: Grain yield (t/ha), 
as grain mass per plot adjusted to 12.5% moisture content. 
Field weight (FW) (weight of the harvested ears) per plot was 
multiplied by 0.80 shelling percentage to obtain grain yield 
(t/ha), adjusted to 12.5% grain moisture. Grain yield was 
computed based on the formula: Grain yield (t/ha) = field 
weight (kg)/[(plot size) x (100-grain moisture content) / (100-
12.5) x10 x 0.8]. Moisture content (MC) was measured as 
percentage grain moisture content using a moisture meter at 
harvest. Days to anthesis (AD), as number of days from 
planting to 50% of plants shedding pollen and days to silking 
(SD) as number of days from planting to 50% of plants 
showing silk emergence. Ears per plant (EPP) were determined 
as the number of ears with at least one fully developed grain, 
expressed as a fraction of the number of plants at harvest. Plant 
height (cm) (PH) was measured as distance from the base of a 
plant to the auricle of the flag leaf, while ear height (cm) (EH) 
was the distance between the ground level and the base of the 
primary earas. 

2.2. Statistical Analysis 

Analysis of variance within and across environments was 
performed using GLM SAS software programme [25] to test 
significant differences among the genotypes including 
checks. This was followed by the line x tester analysis 
following the general model: 

Yijk = n + r(ek) + ek + li + tj + (l x t) ij + (l x e)ik + (t x e)jk + 
(l x t x e)eijk + ԑijk 

Where: Yijk is the measured trait on genotype of ith line 
crossed with jth tester evaluated in r replications across k 
environments; n is the overall mean; r (ek) = effect of 
replication nested within ek environments; ek is the 
environmental main effects; l and t are average effects of 
lines and testers; respectively which is equivalent to GCA 
effects of lines and testers, respectively; l x t is line x tester 
interaction effects corresponding to the SCA effects of the 
crosses; l x e, t x e and l x t x e are the interactions of the 
lines, testers and the lines x testers with the environments, 
and eijk = a random experimental error. 

The Mixed linear model was adopted for data analysis. In 
the analysis, entries were regarded as fixed factors while 
sites, replications and incomplete blocks within a replication 
were considered as random factors. Test crosses variation 
was partitioned into tester and lines main effects then 
generating two independent estimates of GCA effects (GCA 
for testers and for lines), while the interaction of tester and 
line (tester × line) estimated the SCA effects [26, 27]. 
Furthermore, GCA effects for individual parents were 
computed as follows: GCAl = Xl – µ and GCAt = Xt – µ, 
where: GCAl and GCAt = GCA of female (line) and male 
(tester) parents, respectively; Xl and Xt= mean of the female 
and male parents, respectively; while µ = overall mean of all 
test crosses. The standard error (SE) for male and female 
GCA effects were also computed as follows: MSEm = 
MSE/rm where MSE= mean square error r = reps; m = 
number of males; MSEf= MSE/rf where MSE= mean square 
error, r = reps; f = number of females. 

The effects of SCA were calculated as follows: SCAX = XX 
- E(XX) = XX – [GCAl + GCAt+ µ], where: SCAX = SCA 
effects of the two parents in the cross; XX = observed mean 
value of the cross; E(XX) = expected value of the cross based 
on the GCA effects of the two parents involved; GCAf and 
GCAm = GCA of line and tester parents, respectively. The 
standard error (SE) for the SCA effects was also performed 
as follows: SE = √(MSE/r), Where: MSE = error mean 
square; r = number of replications. 

The significance of GCA and SCA effects were tested by 
dividing the corresponding GCA and SCA values by their 
respective standard error and then comparing the obtained t 
with tabular t-value at error degrees of freedom. 

Standard heterosis (SH) was computed as SH = ((F1- MT)/ 
MT) *100, where MT = Mean of the testers, best hybrid or 
the trial mean, F1 = F1 hybrid mean performance. Heterotic 
grouping was defined using SCA and heterosis. When a cross 
between inbred line and a tester exhibited high SCA 
estimates, then that inbred line was assigned in different 
heterotic group with that tester and the opposite applied when 
the cross exhibited low SCA estimates. Similarly, using 
standard heterosis, an inbred line was classified in the same 
heterotic group with a tester when there was low standard 
heterosis with regard to that inbred line relative to the tester 
and the opposite applied when a high standard heterosis was 
observed. 
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3. Results 

3.1. Test Crosses Variation and Gene Action 

Mean squares for test crosses showed significant 
differences (P=0.05-0.001) for all traits measured (Table 2). 
However, their interactions with testing environments were 
also significant except for EPP. Lines mean squares 
considered as GCA females representing additive gene action 
were also significant for grain yield and other traits and 
similar results were observed for lines interaction with 
environments except for EPP and PH. However, lines mean 
squares magnitude were more important than the interaction. 

With regards to mean squares of testers considered as male 
GCA effects representing additive gene action, significant 
differences were revealed for all traits and a similar trend was 
also realized for environment x testers except for EPP. 
Nonetheless, testers’ mean squares magnitude were more 
important than the interaction. 

Considered as SCA effects representing non-additive gene 
action, line x tester mean squares exhibited significant 
differences for all traits and a similar trend was observed in 
their interaction with environments except for EPP, PH and 
EH. However, the main effects were larger than the 
interactions. 

Table 2. Mean squares for grain yield and other traits across eight environments. 

Source DF †GY EPP AD SD PH EH 

Site 7 639.82*** 1.02*** 48841.73*** 49158.91*** 179603.71*** 62585.70*** 

Test crosses 75 16.37*** 0.14* 61.49*** 101.63*** 4941.00*** 980.90*** 
Lines 18 39.41*** 0.15 161.95*** 202.46*** 7533.91*** 1730.21*** 

Testers 3 36.84** 0.46** 221.14*** 837.57*** 6611.59 5019.42*** 
Lines*Testers 54 7.55*** 0.12 19.33*** 27.67*** 3984.49 502.63*** 

Site*Test crosses 525 4.01*** 0.10 10.15*** 11.60*** 3472.00 226.40* 

Site*Lines 126 4.95*** 0.11 11.69*** 13.81*** 3604.33 251.39*** 
Site*Testers 21 9.32*** 0.12 26.49*** 38.45*** 6354.33** 524.40*** 

Site*Lines*Testers 378 3.40*** 0.10 8.61*** 9.27* 3267.18 201.25 
Error 600 2.01 0.10 5.77 7.73 3281.60 173.28 

*, **, and ***, indicate significance at 0.05, 0.01 and 0.001 probability, respectively 

† AD, anthesis days; SD, silking days; EPP, ears per plant; GY, grain yield (t/ha); PH, plant height; EH, ear height. 

Table 3. Estimates of general combining ability effects for grain yield and other traits across eight environments. 

Lines † GY EPP AD SD PH EH 

1 -0.31 0.01 -1.38*** -1.73*** -7.95 -1.11 

2 0.25 -0.02 1.70*** 1.63*** -6.40 -5.40* 

3 0.38 0.03 2.29*** 2.33*** 5.20 7.29*** 
4 0.59* -0.02 1.04** 1.77*** -8.85 -1.17 

5 1.10*** -0.03 2.08*** 2.72*** 4.25 2.42 
6 -0.03 -0.02 0.29 0.88+ -1.15 -1.63 

7 0.79*** 0.04 1.73*** 1.56** 11.96 8.72*** 
8 1.85*** 0.04 2.11*** 1.52** 18.99* 9.63*** 

9 0.32 0.07 -1.60*** -1.98*** 6.86 0.86 

10 -1.38*** 0.05 -0.11 0.05 24.24** -4.09 
11 0.33 0.14** 1.33*** 1.63*** 1.26 6.03** 

12 -0.29 -0.02 -0.63 -0.53 -6.72 -2.46 
13 -0.91*** -0.06 -1.38*** -1.25** 2.02 4.63* 

14 -0.66** -0.08 -0.55 -0.39 -8.30 -5.35* 

15 -0.62** -0.04 -0.27 -0.56 2.30 0.17 
16 -0.91*** -0.06 -2.00*** -2.27*** -5.37 -4.41* 

17 0.31 0.01 -0.66 -0.55 2.11 -0.33 
18 -0.19 0.00 -0.75 -0.94* -17.47 -8.61 

19 -0.61** -0.03 -3.25*** -3.83*** -16.97 -4.73* 
‡SEL 0.23 0.05 0.39 0.45 9.29 2.14 

Testers 
      

20 (T1) -0.05 -0.02 -0.50 0.17 3.21 4.37 
21 (T2) 0.21 -0.05 0.02 0.36 3.70 2.32 

22 (T3) 0.31 0.05 -0.71 -2.26* -0.52 -4.59 
23 (T4) -0.47 0.02 1.19 1.74* -6.40 -2.00 

SET 0.50 0.11 0.85 0.98 20.25 4.65 

*, **, and ***, indicate significance at 0.05, 0.01 and 0.001 probability, respectively, † AD, anthesis days; SD, silking days; EPP, ears per plant; GY, grain 
yield (t/ha); PH, plant height; EH, ear height; TLB, Turcicum leaf blight (score). ‡ SEL and SET; Standard error for lines and testers, respectively. 
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3.2. General and Specific Combining Ability Estimates 

3.2.1. Estimates of General Combining Ability Effects 

Estimates of GCA effects for grain yield as presented in 
Table 3 revealed that 10 inbred lines out of 19 exhibited 
significant differences. Among these, 4 of them displayed 
positive GCA effects, with inbred line 8 showing the highest 
(1.85 t/ha) significant positive GCA effects. This line also 
exhibited significantly different GCA effects in other traits 
under the current study except for EPP, however, with GCA 
effects of various signs. In the negative and significant GCA 
effects, inbred line (10) displayed the highest negative (-1.38 
t/ha) value. With regards to testers involved in this study, 
none of them were significant for grain yield and this trend 
was also realized in other traits except testers T3 and T4 
which showed significantly different GCA effects for SD, 
however with different signs. 

For the other agronomic traits, in general lines showed 
different trends (Table 3); some lines had significant GCA 
effects with favorable and unfavorable signs depending on 
the trait and the corresponding lines. However, none of the 
lines exhibited significant GCA effects for EPP except for 
line 11. 

3.2.2. Estimates of Specific Combining Ability Effects 

With respect to estimates of SCA effects, most of the test 
crosses were not significant for grain yield and other traits 
(data not shown). The highest proportion (7%) of significant 
test crosses was realized for grain yield while it was not 
significant in test crosses for some traits such as EPP. 
Regarding grain yield, both positive and negative significant 
SCA effects were observed. The highest and desirable 
significant positive (3.81 t/ha) SCA effect was displayed by 
the test cross 18xT1, while the lowest and undesirable 
significant negative (-2.94 t/ha) SCA effects was displayed 
by 12xT3 test cross. Lines 12 and 18 were involved in most 
of the test crosses displaying significant SCA effects. 

3.3. Heterosis and Heterotic Groups 

Standard heterosis for 76 test crosses computed relative to 
testers (T1-T4), trial mean, best check and mean of checks 
revealed that all the test crosses exhibited positive standard 
heterosis with all testers, with higher heterosis realized in test 
crosses with testers T1 and T2 (data not shown). With regards 
to the trial mean, 51% of the test crosses displayed positive 
standard heterosis with the highest value observed in the test 
crosses 8/22 (48.9%) and 5/22 (36.03%). 

Relative to the best check, only 4% of the test crosses 
exhibited positive standard heterosis, while 51.3% displayed 
positive standard heterosis relative to the mean yield for the 
checks. 

To document the inbred lines for their heterotic groups 
and orientations regarding grain yield, various tools were 
applied. Based on standard heterosis relative to the 
respective testers, inbred lines were aligned in two 
different groups: T1/T3/T4 and T1/T2/T3/T4 (data not 

shown). However, some of them displayed some common 
patterns somehow. The group T1/T3/T4 comprised only 
inbred line 14, while the remaining 18 lines aligned to 
T1/T2/T3/T4 group. Generally, most of the lines exhibited 
positive heterosis with all testers. However, there was 
more inclination firstly to tester T2 and then to T3 which 
had the highest heterosis with the maximum (354.62%) 
displayed by line 8 with T3. On the contrary, line 14 
showed the lowest (96.34%) heterosis with T2. 

By using SCA estimates for grain yield (Table 4), inbred 
lines were discriminated based on the four testers. The lines 
were assigned into different groups of the testers depending 
on the direction of the SCA estimate. Except inbred line 11 
which aligned with T3 by showing negative SCA estimates, 
most of the other lines exhibited negative SCA estimates with 
more than one tester. It was realized that inbred line 12 had a 
negative sign for SCA estimates with all the testers. On the 
contrary, inbred line 18, showed consistent positive SCA 
estimates with all the testers. 

Table 4. Heterotic alignment of 19 inbred lines based on SCA estimates for 

grain yield. 

Line 
SCA effects Grouping of Lines 

T1 T2 T3 T4 †T1 T2 T3 T4 

1 -0.20 0.20 -0.15 0.15 + 
 

+ 
 

2 0.78 0.06 -0.32 -0.52  
 

+ + 
3 0.06 0.34 -0.17 -0.23  

 
+ + 

4 -0.64 0.57 -0.11 0.18 + 
 

+  
5 -0.38 -0.09 1.06 -0.59 + +  + 
6 -0.31 0.19 -0.29 0.42 + 

 
+  

7 -0.19 0.05 -0.08 0.21 + 
 

+  
8 0.22 -0.61 1.19 -0.79  +  + 
9 0.01 0.61 -0.92 0.30 + 

 
+  

10 -0.05 0.11 0.40 -0.46 + 
  

+ 
11 0.03 0.06 -0.48 0.39 

  
+  

12 -2.71 -1.25 -2.94 -1.89 + + + + 
13 0.35 -1.31 1.09 -0.13 

 
+  + 

14 -0.05 -2.00 0.62 1.43 + +   
15 0.29 0.62 -0.90 -0.01 

  
+ + 

16 -0.22 0.14 0.30 -0.21 + 
  

+ 
17 -0.43 -0.15 0.84 -0.27 + + 

 
+ 

18 3.81 2.18 1.84 2.57 
    

19 0.04 0.68 -0.57 -0.14 
  

+ + 

†T1; T2; T3 and T4 testers: T1=tester 1, T2=tester 2, T3=tester 3, and 
T4=tester 4. 

4. Discussion 

4.1. Gene Action and Test Crosses Variation 

Significant differences among test crosses realized for all 
traits showed that the test crosses were adequately different 
from each other for these traits and thus implying a possibility 
of selecting most desirable test crosses for these traits. Similar 
findings were previously reported [5, 10, 20, 23]. 

Mean squares of lines and testers for grain yield and other 
traits representing GCA females and males, respectively were 
significant and greater than lines x testers mean squares 
suggesting preponderance of additive gene action. Therefore, 
selection procedures such as recurrent selection for GCA in the 
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base populations could be applied for improvement of these 
traits. Furthermore, line x tester mean squares representing 
SCA effects were significant for grain yield and other traits, 
thus denoting the importance of non-additive gene action as 
well, indicating that these traits could be improved through 
development of hybrids between the complementary inbred 
lines and testers. The main effects showed interactions with 
environments, indicating different performances under 
different environments. However, the main effects mean 
squares were much higher such that they masked the effect of 
these interactions. Diverse ecologies and more replications for 
testing would be recommended for precise results. Similar 
findings were reported by other researchers working on 
different maize genotypes [5, 15, 28-31]. 

4.2. Combining Ability Effects 

Estimates of GCA for individual lines revealed some 
favorable general combiners for grain yield. Among these, 
inbred line 8 showed the highest value (1.85 t/ha) and could 
thus contribute favorable alleles for the development of new 
varieties for increased yield. This line and others having 
similar GCA estimate patterns exhibited their value as testers 
in selection for high yield. These lines identified as good 
combiners could, therefore, be utilized in maize improvement 
programmes for improvement of the traits of interest as they 
have high potential of transferring desirable traits to their 
cross progenies in mid-altitudes and highlands. They can be 
used directly for hybrid production such as in three-way 
hybrids where they can be used as males and the single cross 
hybrids with high levels of heterosis as females. These results 
are in line with reports by by Rovaris et al. [29] and 
Bhagchand et al. [32]. On the contrary, other lines such as 
inbred line 10 showed negative significant GCA effects (-
1.38 t/ha) and were observed to be poor combiners 
contributing to reduced grain yield. The GCA estimate was 
reported by Rovaris et al. [29] as an important tool for the 
breeder to select better parents. This is because a low 
estimate, whether positive or negative, indicates that the 
GCA value of the parent, obtained based on its hybrid 
combinations, does not differ greatly from the general mean 
of the other populations assessed. On the other hand, high 
positive or negative GCA values indicate that the parent in 
question is greatly superior or inferior to the other parents in 
relation to mean progeny performance. 

With regards to estimates of SCA effects, though most of 
the test crosses were not significant for grain yield, the 
highest positive and significant SCA estimates realized in test 
crosses such as 18xT1 implies the presence of good specific 
combiners in the germplasm under the current study. 
However, the opposite applies for some test crosses such as 
12xT3 that showed the highest undesirable SCA effects for 
grain yield. Significant positive SCA effects for the test 
crosses indicated a significant deviation from what would 
have been predicted based on performance of the parents. 
Therefore, these test crosses with highly positive and 
significant estimates of SCA effect could be selected based 
on their specific combining ability and used in maize 

improvement programme. 
In relation to testers involved in this study, none of them 

were significant for GCA effects for grain yield and this trend 
was also realized in other traits except testers T3 and T4 
which showed significant GCA effects for SD although with 
different signs. Possibly, testing the current inbred lines using 
more testers could provide different trends with regard to 
GCA effects significance. 

4.3. Heterosis and Heterotic Groupings 

Genetic variation and heterosis are the basic reasons that 
many breeding programmes always prefer hybrid maize 
rather than open pollinated varieties or synthetic varieties 
[33-34]. Similarly, the positive standard heterosis values 
realized in the current study demonstrated the potential 
available in some of the test crosses. High heterosis exhibited 
with testers T1 and T4 implies that heterosis in the current 
germplasm could be maximized by crossing specific lines 
with these two testers. This was also emphasized in some 
specific test crosses that exhibited higher heterosis than the 
best checks showing their usefulness in the maize breeding 
programme than the current checks. This is in agreement 
with previous reports on the maize crop [15, 29, 33-34]. 

Relative to heterotic groups, though it was possible to 
reveal some patterns, heterotic grouping based on standard 
heterosis classified the lines into two groups (T1/T3/T4 and 
T1/T2/T3/T4) and each group comprising more than one 
tester. This implies that high heterosis could be expected 
from crosses of same inbred lines aligning with many testers. 
Therefore, breeding management of these inbred lines should 
take into account the two groups. Possibly, classifying these 
lines based on more/or other testers would have availed more 
clusters and specific heterotic groups not formed by one or 
two testers. Similar findings were earlier reported on 
different maize germplasm [10, 29]. 

However, using the magnitude of SCA estimates for grain 
yield, inbred lines were classified into nine groups. Inbred 
lines in crosses showing low magnitude of SCA effects were 
aligned to the same heterotic group, while those displaying 
high magnitude of SCA effects belonged to different 
heterotic groups [10, 15]. Only two lines (9 and 11) were 
aligned to a heterotic group composed by one tester (T3) 
whereas the remaining lines were aligned to heterotic groups 
formed by more than one tester. Therefore, discriminating the 
current lines based on more testers would have enhanced the 
probabilities of identifying test crosses with larger specific 
combining ability effects and heterotic groups composed by 
one or two testers. 

Discrepancies in number of heterotic groupings provided by 
SCA and heterosis grouping in maize were earlier reported by 
other researchers [14-15, 35] who pointed out that heterotic 
grouping can be influenced by the method used in assigning 
lines to the groups. Some lines 4, 6, 15 and 19 were aligned 
based on their origin and were consistent with their pedigree 
alignment and specific combing ability heterotic grouping. 
This was also in agreement with reports by Wegary et al. [15], 
though the germplasm used is different. 
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5. Conclusions and Recommendations 

In general, the results of this study revealed the importance 
of both additive and non-additive gene action in controlling 
grain yield and some other traits. Therefore, not only 
selection would be effective for yield improvement in the 
current germplasm but also in developing and identifying 
superior hybrids. The promising test crosses could be 
exploited for further breeding work as well as for direct 
release. Test crosses such as 18/T1, 18/T2 and 18/T4 
displayed favorable SCA estimates for grain yield and they 
could be used directly as hybrids or potential single cross 
testers for development of three-way hybrids. The magnitude 
of standard heterosis observed in the current test crosses 
guarantees the development of commercial hybrids, as some 
of the test crosses outyielded the best check. Heterotic 
grouping based on different methods classified lines 
differently. However, regardless of the method used, the four 
testers discriminated the current lines in different heterotic 
groups allowing their rational breeding management and 
initiating hybrid breeding programme in Rwanda. 
Information generated from the current findings might be 
useful for laying a foundation for hybrid maize programme in 
Rwanda and for other researchers for high yielding maize 
variety development. However, we recommend that minor 
presence of non-additive effects observed in controlling grain 
yield should also be taken into account when using the 
current findings. This suggests that further breeding gain can 
be achieved through developing hybrids based on crosses 
with both high mean and specific combining ability effects. 
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