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ABSTRACT

Understanding the combining ability and heterotic grouping of maize inbred lines is essential
to the development of high-yielding hybrids in the systematic breeding programs. This study
was undertaken to estimate combining ability effects and to classify inbred lines into heterotic
groups. A total of 84 entries, comprising 80 F:1 progenies derived from line x tester crosses and
four standard checks, along with 42 parental lines, were evaluated using an alpha-lattice
design with three replications at Melkassa and Dhera during the 2019/20 main cropping
season. Combined analysis across locations revealed highly significant (P < 0.01) and
significant (P < 0.05) differences among genotypes for grain yield and most agronomic traits.
Analysis of variance for general combining ability (GCA) of lines and testers indicated
significant effects (P < 0.01 or P < 0.05) for grain yield, days to 50% silking, plant height, ear
diameter, ear length, kernels per row, rows per ear, root lodging, and common leaf rust.
Specific combining ability (SCA) effects of line * tester interactions were significant (P < 0.01
or P < 0.05) for grain yield, ears per plant, ear aspect, plant and ear height, ear position, ear
diameter, rows per ear, and thousand seed weight. The presence of significant GCA and SCA
effects confirmed the existence of substantial genetic variability exploitable for hybrid
development. Twenty lines exhibited positive and significant GCA effects for grain yield, with
GCA contributing 47.94% to the total variance. Thirty-seven crosses showed positive and
significant SCA effects for grain yield, with SCA contributing 49.54% to the total variance. The
highest GCA/SCA ratio was observed for ear length (5.2), followed by days to 50% silking (4.5),
indicating the predominance of additive gene action in the inheritance of these traits. Based on
across-location SCA results for grain yield, 17 lines with negative and significant SCA effects
with tester A (CML312) were classified into heterotic group A, while 19 lines with negative and
significant SCA effects with tester B (CML395) were classified into heterotic group B. The
findings provide valuable information for maize breeding programs, particularly under low-
moisture stress conditions. Future efforts should emphasize multilocation evaluation of these
genotypes to strengthen heterotic grouping and enhance hybrid development pipelines.
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1. INTRODUCTION

Maize (Zea mays L.; 2n = 20) is one of the most important food, feed, and industrial crops
globally. It is the sole cultivated species of the tribe Maydeae within the family Poaceae, and is
believed to have originated in Mesoamerica, specifically Mexico and Guatemala,
approximately 5,000-10,000 years ago (Hallauer, 1997; Paliwal & Smith, 2002; Delgado-
Salinas et al., 2004).

Globally, maize is predominantly utilized as livestock feed (=70%), with a smaller proportion
consumed directly as food in developed countries (=5%). In contrast, developing countries
consume ~34% of maize as food and ~62% as feed, with the remainder allocated to industrial
uses and seed production. In Africa, maize contributes ~34% of dietary protein and =35% of
calories derived from cereals, with per capita consumption averaging 43 kg annually. In eastern
and southern Africa, maize accounts for ~25% and ~31% of total caloric intake, with per capita
annual consumption of 58 kg and 84 kg, respectively (FAOSTAT, 2008).

Maize is highly adaptable, thriving from sea level up to 2,600 meters above sea level (Anley et
al., 2013). According to FAO (2019), global maize cultivation covered ~197 million hectares,
producing ~1.15 billion tons annually, with an average yield of 5.82 t/ha. In Africa, maize
occupied =~40.7 million hectares, producing ~81.9 million tons, with an average yield of 2.01
t/ha. In Ethiopia, the Central Statistical Agency (2019) reported maize production of =9.64
million tons from =2.27 million hectares, with an average yield of 4.24 t/ha. Within Oromia
Regional State, maize production reached =5.32 million tons from ~1.21 million hectares, with
an average yield of 4.41 t/ha.

Information on the combining ability of experimental breeding materials is essential for
developing high-yielding hybrids and composite varieties (Raj, Devi, & Gokulakrishnan,
2019). The line X tester (topcross) method is widely employed to evaluate new inbred lines for
general combining ability (GCA) and specific combining ability (SCA). GCA reflects the
average performance of a line across hybrid combinations, largely attributable to additive gene
effects, whereas SCA captures deviations from expected performance due to dominance and
epistatic interactions (Sprague & Tatum, 1942; Falconer, 1960). The choice of suitable testers
is critical, as narrow-base testers provide greater discriminatory power in line X tester
interactions compared to heterogeneous testers (Matzinger, 1953). Proven testers enable

efficient classification of inbred lines into heterotic groups, facilitating exploitation of heterosis



(Melchinger, 1999; Vasal et al., 1992a, b). Assigning lines into heterotic groups is a basis of
maize breeding, as it maximizes combining ability, reduces redundancy, and guides hybrid
development strategies (Hallauer et al., 2010; Xia et al., 2004).

Several studies have demonstrated significant GCA and SCA effects in maize breeding
programs. Tolera et al. (2017) reported significant differences among hybrids for grain yield
and resistance to gray leaf spot (GLS) and northern corn leaf blight (NCLB). Dagne et al. (2010)
observed significant variation in grain yield, flowering traits, and disease resistance among
CIMMYT and Ethiopian maize lines. Tamirat et al. (2014) found significant mean squares for
grain yield, flowering traits, plant and ear morphology, and thousand kernel weight in elite
lowland maize inbred lines evaluated at Melkassa.

Classification of maize inbred lines into heterotic groups is vital to hybrid breeding programs,
enabling efficient exploitation of heterosis and reducing unnecessary hybrid evaluations
(Zambezi, 1986). Line x tester analysis provides critical information on parental combining
ability and gene action underlying grain yield and related traits. Increased productivity in
Ethiopia must rely on the development and cultivation of high-yielding hybrids with favorable
GCA and SCA profiles.Therefore, the present study was conducted to estimate the combining
ability of maize inbred lines and to classify them into heterotic groups, thereby generating
essential information for systematic hybrid breeding under low-moisture stress conditions.

3. MATERIALS AND METHODS

3.1. Description of Experimental Sites

The study was conducted during the 2019 main cropping season at two locations: Melkassa
Agricultural Research Center and Dhera Experimental Station.

Melkassa Agricultural Research Center (MARC) is situated at 8°24'N latitude and 39°12'E
longitude, approximately 117 km southeast of Addis Ababa. The site lies at an altitude of 1,550
meters above sea level and receives an average annual rainfall of 734 mm. The mean minimum
and maximum temperatures are 14.1°C and 28.4°C, respectively. Rainfall follows a bimodal
distribution, with a short rainy season from March to April and a longer, more reliable rainy
season from July to September. The short rains are highly variable and generally unsuitable for
consistent crop production. The experimental fields are characterized by sandy clay loam soils

(Cambisols), with a texture composition of 35% sand, 44% silt, and 21% clay. The soils have



a pH of 7.5, organic matter content of 1.2%, available phosphorus of 10.32 ppm, and a cation
exchange capacity (CEC) of 22.34 meq/100 g soil (MARC, 2019).

Dhera Experimental Site is located at 8°19'N latitude and 39°19'E longitude, approximately
124 km southeast of Addis Ababa. The site lies at an altitude of 1,560 meters above sea level
and receives an average annual rainfall of 680 mm. The mean minimum and maximum
temperatures are 14.0°C and 27.8°C, respectively. The soils at Dhera are classified as Andosols
(KARC, 2019).

Long-term climatic data (nine years) for both sites, including monthly maximum and minimum

temperatures and total rainfall during the cropping season, are presented in Table 1.



Table 1. Mean maximum and minimum monthly temperatures (°C) and total rainfall (mm) recorded (2011-2019) at Melkassa
Agricultural Research Center and Dhera Experimental Site, Ethiopia.

Melkassa Agricultural Research Center Dhera Experimental Site
Years | Weather Apr May June July August Sept October Total | Apr May Jun Jul Aug Sept Oct Total
RF (mm) 456 382 102.0 1264 2182 188.1 0.0 7185 | 11.6 274 594 1356 1074 1326 0.0 474.0
2011 Temp. Max (°C) 328 31.6 31.0 276 26.2 26.7 28.6 29.2 314 305 298 27.0 255 255 274 281
Temp. Min (°C) 107 11.0 11.5 103 104 8.8 4.5 9.6 169 162 168 155 154 143 11.7 153
RF (mm) 343 183 224 4466 1994 150.1 3.0 874.1 | 79.6 18.1 287 255.0 1350 121.0 0.0 6374
2012 Temp. Max (°C) 30.7 327 314 254 25.2 27.0 28.5 28.7 294 30.7 303 247 250 252 285 277
Temp. Min (°C) 16.1 151 174 16.1 16.1 15.3 10.0 15.2 15.1 155 160 128 139 131 11.0 139
RF (mm) 546 214 716 399.0 1223 139.1 30.6 838.6 | 152 0.0 59.0 208.0 43.0 99.1 520 4763
2013 Temp. Max (°C) 31.8  31.8 309 26.1 26.4 28.3 28.7 29.1 29.7 292 289 247 249 273 266 273
Temp. Min (°C) 162 17.1 173 16.0 16.2 14.7 12.2 15.7 150 157 160 150 155 12.0 13.1 146
RF (mm) 41 1013 40 1648 1364 1496 83.0 6432 | 12.0 29.0 6.0 147.0 137.0 99.0 152.0 582.0
2014 Temp. Max (°C) 31.8 312 324 284 26.7 27.2 27.4 29.3 29.1 29.6 304 275 253 249 252 274
Temp. Min (°C) 16.1 165 168 17.0 16.1 14.9 12.5 15.7 16.0 151 164 163 151 147 130 152
RF (mm) 0.0 1233 885 717 80.8 64.4 8.2 436.9 0.0 00 621 948 1396 658 3.4 3657
2015 Temp. Max (°C) 326 314 31.1 300 29.6 30.2 313 30.9 30.8 294 294 281 271 274 288 287
Temp. Min (°C) 151 165 17,5 169 16.5 16.4 15.5 16.3 154 119 170 162 151 152 150 15.1
RF (mm) 142.1 113.8 120.8 4539 1150 101.5 0.0 1047.1 | 102.4 43.7 725 1824 120.1 91.0 9.8 6219
2016 Temp. Max (°C) 30,0 29.6 29.8 268 27.1 28.6 30.5 28.9 289 288 29.1 263 263 268 266 275
Temp. Min (°C) 173 161 165 16.2 16.1 15.6 12.0 15.7 125 121 120 11.6 121 11.1 8.6 11.4
RF (mm) 18.0 150.7 25.1 2515 1829 1138 9.0 751.0 | 104.2 51.5 1379 121.5 201.7 70.7 64 693.9
2017 Temp. Max (°C) 323 303 319 274 26.3 27.7 29.5 29.3 282 298 294 274 264 262 277 279
Temp. Min (°C) 16.0 167 18.0 16.6 16.6 16.0 13.2 16.1 11.7 129 125 130 119 108 93 11.7
RF (mm) 266.7 355 982 177.0 188.6 56.0 0.0 822.0 | 1923 237 378 1134 129.7 139 1.5 5123
2018 Temp. Max (°C) 299 30.1 295 271 26.5 28.8 30.2 28.9 273 278 281 257 256 268 273 269
Temp. Min (°C) 163 159 171 16.2 16.0 14.3 13.1 15.6 206 148 160 153 160 145 133 158
RF (mm) 120.7 639 1019 271.8 1143 167.2 31.7 871.5 | 759 49.5 104.1 220.0 1739 173.0 353 831.7
2019 Temp. Max (°C) 323 323 304 268 26.8 27.5 27.4 29.1 27.6 30.0 285 260 254 254 247 268
Temp. Min (°C) 16.8 16.0 174 16.6 16.3 16.1 12.5 16.0 12.1 166 163 154 149 151 128 147

Source: Melkassa Agricultural Research Center (2019) and Kulumsa Agricultural Research Center (2019).



3.2. Plant Materials and Test Cross Formation

The inbred lines used in this study were developed through successive selfing with selection
for adaptation and disease resistance at Melkassa Agricultural Research Center (MARC). Test
crosses were generated using the line X tester (L x T) mating design during the 2018 off-season
(January — June) at MARC. A total of 80 test crosses were produced by crossing 40 inbred lines
with two testers (Table 2). These crosses, together with four standard checks, were evaluated at
MARC and Dhera experimental sites.

The two testers employed were CML312 (heterotic group A) and CML395 (heterotic group B),
both developed by CIMMYT and adapted to Ethiopian agro-ecologies. Results from CIMMYT
regional trials have demonstrated their effectiveness in hybrid formation under subtropical
environments. Consequently, these testers are widely utilized by CIMMYT and national maize
breeding programs across Africa for evaluating test cross performance and classifying inbred
lines into heterotic groups.

Four standard checks were included for comparative evaluation: three high-yielding,
intermediate-maturing hybrids (MH138Q, MH140, and MH130) released by MARC for low-
moisture stress environments in Ethiopia, and one commercial hybrid (DK777) released by
Bayer. These checks provided benchmarks for assessing the performance of experimental
hybrids relative to widely adopted varieties.

In addition, 42 inbred line trials were planted adjacent to the hybrids at both locations. This

facilitated direct evaluation of parental performance, combining ability, and heterotic grouping.



Table 2: Line code, pedigree, and origin of maize inbred lines and testers used in the study.

Line code  Pedigree Origin Remark Line code  Pedigree Origin Remark
L1 [ZM-521]-1-1-2-1-1 MARC Female parents L15 [ZM-521]-1-1-2-1-1 MARC Female parents
L2 [ZM-521]-2-1-3-1-1 MARC Female parents L16 [ZM-521]-1-1-3-2-2 MARC Female parents
L3 [ZM-521]-2-2-3-2-2 MARC Female parents L17 [ZM-521]-2-2-1-1-1 MARC Female parents
L4 [ZM-521]-1-1-2-1-1 MARC Female parents L18 [ZM-521]-3-3-3-2-2 MARC Female parents
L5 [ZM-521]-2-2-3-1-1 MARC Female parents L19 [ZM-521]-1-1-3-3-3 MARC Female parents
L6 [ZM-521]-2-2-2-2-2 MARC Female parents L20 [CML444/CML547]-1-1-2-1-1 MARC Female parents
L7 [ZM-521]-2-2-2-3-3 MARC Female parents L21 [CML444/CML547]-1-1-2-1-1 MARC Female parents
L8 [ZM-521]-2-2-2-4-4 MARC Female parents L22 [CML444/CML547]-2-2-3-1-1 MARC Female parents
L9 [ZM-521]-3-3-2-1-1 MARC Female parents L23 [CML440/CML445]-2-2-1-1-1 MARC Female parents
L10 [ZM-521]-2-2-1-1-1 MARC Female parents L24 [CML440/CML445]-1-1-2-1-1 MARC Female parents
L11 [ZM-521]-3-3-2-1-1 MARC Female parents L25 [CML440/CML445]-1-1-3-1-1 MARC Female parents
L12 [ZM-521]-4-4-3-2-2 MARC Female parents L26 [CML440/CML445]-1-1-3-2-2 MARC Female parents
L13 [ZM-521]-1-1-2-1-1 MARC Female parents L27 [CML440/CML445]-1-1-2-1-1 MARC Female parents
L14 [ZM-521]-1-1-3-1-1 MARC Female parents L28 [CML440/CML445]-1-1-4-3-3 MARC Female parents
Line code  Pedigree Origin Remark
L29 [CML440/CML445]-2-2-3-1-1 MARC Female parents
L30 [CML440/CML445]-2-2-1-2-2 MARC Female parents
L31 [CML440/CML445]-3-3-2-1-1 MARC Female parents
L32 [CML440/CML445]-3-3-2-2-2 MARC Female parents
L33 [CML440/CML445]-4-4-3-1-1 MARC Female parents
L34 [CML440/CML445]-4-4-2-2-2 MARC Female parents
L35 [CML440/CML445]-4-4-1-3-3 MARC Female parents
L36 [CML440/CML445]-5-5-2-1-1 MARC Female parents
L37 [CML440/CML445]-5-5-3-2-2 MARC Female parents
L38 [CML440/CML445]-1-1-2-1-1 MARC Female parents
L39 [CML440/CML445]-1-1-2-1-1 MARC Female parents
L40 [CML440/CML445]-1-1-1-2-2 MARC Female parents

Testers
Tl CML312 CIMMYT Male parentl
T2 CML395 CIMMYT Male parent2

Where; MARC= Melkassa Agricultural Research Center,L= lines. T=Testers, CML=CIMMY T maize lines, MH=Melkassa Hybrids. CIMMY T= International
maize and wheat improvement center.



3.3. Experimental Design and Trial Management

A total of 84 genotypes, comprising 80 test crosses derived from line x tester (L % T) mating of
40 inbred lines with two testers, along with four standard checks (MH138Q, MH140, MH130,
and DK777), were evaluated. The hybrid trial was laid out in a 7 x 12 alpha-lattice design
(Patterson & Williams, 1976) with three replications. Each replication consisted of 12
incomplete blocks, with seven plots per block at both locations. Trial design and randomization
were generated using CIMMY T’s Fieldbook software. Each genotype was planted in two rows,
each 4 m in length. Two seeds were sown per hill and later thinned to one plant per hill at the
24 leaf stage. Row and plant spacing were maintained at 0.75 m and 0.25 m, respectively,
resulting in a plant population density of 53,333 plants ha™'.

In addition, 42 genotypes (40 inbred lines and two testers) were evaluated for combining ability
and heterotic grouping. These were planted in a 7 x 6 alpha-lattice design with three
replications. Each plot consisted of two rows, each 4 m in length, with similar planting and
thinning procedures as described above to ensure uniform establishment.

Nutrient management followed MARC recommendations. At planting, 50 kg P-Os ha™" and 25
kg N ha™' were applied, with an additional 25 kg N ha™' side-dressed at 35 days after planting.
Diammonium phosphate (DAP) and urea were used as sources of phosphorus and nitrogen,
respectively. Standard agronomic practices, including land preparation, weeding, and pest and
disease management, were implemented according to local recommendations at both sites.
3.4. Data collection

Data on grain yield and key agronomic traits were recorded both at the plot level and from
sampled plants/ears. The reliability of maize trial results depends critically on the type,
accuracy, and precision of data collection. The timing of data recording was determined by the
specific trait under evaluation. For flowering traits, observations commenced when the earliest
genotypes began tasseling, shedding pollen, or extruding silks. Daily assessments were
conducted thereafter to ensure precise estimation of the date when each plot reached 50%
tasseling, anthesis, or silking. This procedure allowed accurate characterization of flowering
dynamics across genotypes (Badu-Apraku et al., 2012). All data were collected following
standardized descriptors for maize as outlined by the International Plant Genetic Resources
Institute (IPGRI, 1996), ensuring consistency and comparability across locations and

replications.



3.4. Data Collection

Phenological Traits

Anthesis date (AD, days): Number of days from planting until 50% of plants in a plot
began shedding pollen.

Silking date (SD, days): Number of days from planting until 50% of plants in a plot
produced silks of 2-3 cm length.

Anthesis—silking interval (ASI, days): Calculated as the difference between silking
and anthesis dates (ASI = SD — AD).

Days to maturity (MD, days): Number of days from planting until 75% of plants

reached physiological maturity, indicated by kernel black layer formation.

Yield and Yield Components

Where:

Grain yield (GY, t ha™): Estimated from shelled grain weight, assuming 80% shelling
efficiency (800 g grain per kg ear weight), and adjusted to 12.5% moisture content
(Carangal et al., 1971). Formula:

FW ) . (100 - Moi) . 10

1000) \Too—1z5) 72 F

GY=(

FW = field weight of ears (kg plot™)

Moi = grain moisture content (%) at threshing

A = net plot area (m?), calculated as [(no.ofhills—borderplants) X hillspacing X
rowspacing X 2]

P = shelling percentage (0.8 under optimum conditions)

Number of ears per plant (EPP): Ratio of total ears harvested (with >1 fully developed
kernel) to stand count at harvest.

Thousand kernel weight (TKW, g): Weight of 1,000 seeds randomly sampled from
bulked grain per plot.

Morphological and Agronomic Traits

Plant height (PH, cm): Mean height of five randomly selected plants, measured from
soil surface to the lowest tassel branch.
Ear height (EH, cm): Mean height of the same five plants, measured from soil surface

to the base of the uppermost ear.



o Earlength (EL, cm): Average ear length (base to tip) from five randomly selected ears.

o Ear diameter (ED, cm): Average mid-length diameter of the same ears used for EL.

e Kernel rows per ear (KRPE): Mean number of kernel rows from five sampled ears.

o Kernels per row (KPR): Mean number of kernels per row from five sampled ears.

Qualitative Traits (Scored on 1-5 Scale)

o Plant aspect (PA): Evaluated at dough stage based on disease incidence, ear set, stalk
diameter, stand count, and ear size (1 = excellent; 5 = poor).

e Ear aspect (EA): Scored based on yield potential, disease incidence, kernel
arrangement, and flintiness (1 = excellent; 5 = poor).

o Common leaf rust (CLR): Rated 1-5 based on severity: Where; 1.0 = highly resistant
(clean), 1.0-2.0 = resistant, 2.0-2.5 = moderately resistant, 2.5-3.0 = moderately
susceptible, 3.0-3.5 = susceptible, 3.5-5.0 = highly susceptible.

Stress-Related Traits

o Bare tipness (BT, %): Proportion of ears with poor husk cover (open tips).

e Root lodging (RL, %): Percentage of plants leaning >45° from vertical due to root
instability.

o Stem lodging (SL, %): Percentage of plants broken at or below the node of the

uppermost ear.



3.5. Data Analysis

A total of 126 genotypes (checks, parental lines, and F: crosses) were evaluated across two
locations for grain yield, agronomic traits, and disease resistance. Prior to combined analysis,
homogeneity of error variances across locations was tested following Gomez and Gomez
(1984). Since the ratio of error mean squares between locations was less than 3 poo and
significant, pooled analysis was deemed valid.

Separate analyses of variance (ANOVA) were conducted for parental lines and hybrids across
locations using the PROC GLM procedure in SAS 9.0 (SAS Institute, 2000). For traits
exhibiting significant genotypic differences, general combining ability (GCA) and specific
combining ability (SCA) effects were estimated using AGD-R software (Version 5.0).

To address non-normality in certain traits, data transformations were applied:

« Bare tipness, root lodging, and stem lodging: Square root transformation vn + 0.5,
where 7 is the observed value, was applied to stabilize variance, given the wide range
of values including zeros.

« Anthesis—silking interval (ASI): Log-square root transformation In vVAST + 10 was
employed to normalize the distribution, accounting for negative, zero, and positive
values (Bolanos & Edmeades, 1996).

The linear model used for the analysis of variance across locations was:
Yi=p+r+Br)+r(D+9;i+9;+Si+1+ (@i xD+(gjxD+(Sy XD+ e
Where:

o Y= observed value of a trait for the cross between line i and tester j in the kth
replication

e u=overall population means

o 1= effect of the kth replication

e B(r))= effect of incomplete block within replication k

e 1 (D=replication X location interaction

e g;= general combining ability (GCA) effect of the ith line

o gj= general combining ability (GCA) effect of the jth tester

s §;= specific combining ability (SCA) effect of the cross between line i and tester j

o [=effect of location



e g, X l=interaction of line GCA with location

e g; X I= interaction of tester GCA with location
e §;; X I= interaction of SCA with location

e e = experimental error associated with the ijkth observation

Table 3. Analysis of variance skeleton for combining ability analysis across two locations

SV Df MS F-Value
Location(loc) loc-1 MSloc MSloc/MSE
Replication(loc) loc(R—1) MSR MSR/MSE
Bloc(R) R(B-1) MSB MSB/MSE

GCA Lines L-1 MSL MSL/MSE
GCAresters Testers-1 MST MST/MSE

SCA Lines*Testers (L-1)(T-1) MSixT MSixt /MSE
GCA Lines*loc (L-1)(oc-1) MS(L*loc) MS(L*loc)/MSE
GCA Testers*loc (T-1)(oc-1) MS(T*loc) MS(T*loc)/MSE
SCA Lines x Testers*loc (L-1)(T-1)(loc-1) MS((LxT*loc) MS((LxT*loc)/MSE
Pooled Error(E) loc(R-1)(G-1) MSE

Where; DF = degree of freedom, loc =location, R =replication, L =lines, T = testers, MSloc = mean square of
location, MSR = mean square of replication, MSL = mean square of lines, MST = mean square testers, MSLxT=
mean square of line x tester interaction, MSE = mean square of error, MST = mean square of total.

3.5.1. Combining Ability Analysis

Combining ability was analyzed using the line x tester (L x T) model, which partitions the mean
squares due to crosses into components attributable to lines (GCA of lines), testers (GCA of
testers), and line X tester interactions (SCA). The analysis was performed using AGD-R
software (Version 5.0) for traits that exhibited significant differences among crosses across the
two locations. The statistical significance of general combining ability (GCA) and specific

combining ability (SCA) effects was tested using #-statistics, calculated as:

GCA SCA
toea = SE tsca = S5

Where:

GCA = general combining ability effect

SCA = specific combining ability effect

SE = standard error of the respective effect

The calculated #-values were compared against tabulated #-values at the error degrees of
freedom and a probability level of 0.05. Effects were considered significant when the calculated

t-value exceeded the tabulated value.



The relative contributions of lines (GCAL), testers (GCAT), and line X tester interactions (SCA
L x T) to the total cross variance were estimated following Singh and Chaudhary (1985):

SLines

Contribution of Lines (%) = x 100

S SCrosses

. . 0 _ SSTesters
Contribution of Testers (%) = ————— X 100
SCrosses

SSixr

x 100

Contribution of Line x Tester (%) =
Crosses

3.5.2. Heterotic Grouping

Heterotic grouping of inbred lines was performed following the procedure outlined by Singh
and Chaudhary (1985). Grouping was based on the specific combining ability (SCA) effects for
grain yield, computed from the performance of each line in test crosses with the two heterotic
testers.

Inbred lines exhibiting significant negative SCA effects with a given tester were assigned to the
same heterotic group as that tester. Conversely, lines showing positive SCA effects with tester
A were classified into the opposite heterotic group (tester B), and lines with positive SCA
effects with tester B were categorized into the opposite heterotic group (tester A). This
classification ensures that lines are grouped according to their potential to exploit heterosis

when crossed with contrasting testers.



4. RESULTS AND DISCUSSIONS

4.1. Results

The analysis of variance (ANOVA) for general combining ability (GCA) of lines and testers,
and specific combining ability (SCA) of line x tester (L x T) interactions is presented in
Table 4. Results revealed that both GCA and SCA mean squares were significant for most
traits, indicating the presence of substantial genetic variability exploitable for hybrid
development. Mean squares due to lines were highly significant (P < 0.01 or P < 0.05) for
grain yield, days to 50% anthesis, days to 50% silking, plant height, ear height, number of
rows per ear, kernels per row, ears per plot, ear position, ear length, ear diameter, thousand
kernel weight, husk cover, root lodging, and stalk lodging. The significant variation among
lines underscores the importance of additive gene action in controlling these agronomically
important traits.

Mean squares due to testers were significant (P < 0.01 or P < 0.05) for grain yield, days to
50% silking, anthesis—silking interval (ASI), ear diameter, ear length, kernels per row, rows
per ear, root lodging, and common leaf rust.

Lines x location interactions were significant for grain yield, days to anthesis, days to
silking, maturity date, ear diameter, ear length, kernels per row, thousand kernel weight, and
common leaf rust. Although Testers % location interactions were significant for grain yield,
ASI, ear aspect, plant height, ear diameter, ear length, kernels per row, and common leaf
rust. These interactions highlight the influence of genotype x environment (G x E) effects,
consistent with findings by Hosana et al. (2015), who reported significant GCA X location

interactions for grain yield and related traits.



Table 4: Analysis of variances for combining ability analysis

Source of variation

Across locations mean square

DF | GY DTA DTS ASI PASP NE/Plot NE/Plant  EASP PHT EHT EPO MD
Location 1 0.181ns 4803.27** 4663.52** 0.0156** 5.4051%** 0.231ns 0.353%%* 0.209ns 6117.7%* 10526.12%** 0.364**  30.70%*
Replication(Loc) 2 1.181ns 51.66%* 33.24%%* 0.0075* 4.2919%* 50.221%* 0.104ns 0.631* 7517.3%* 3974.95%* 0.009* 54.98**
Bloc(Rep) 33 0.856**  4.44%%* 2.60ns 0.0023ns 0.3708** 12.972ns 0.035ns 0.407**  421.1%* 291.95%* 0.002ns 8.33%*
GCA Lines 39 0.977**  9.50%%* 11.90** 0.0019ns 0.1336ns 22.739%* 0.044ns 0.187ns 698.4%* 674.70** 0.007**  3.90ns
GCA Testers 1 2.173* 0.34ns 17.18** 0.0139** 0.2210ns 11.660ns 0.018ns 0.148ns 776.0%* 3.17ns 0.002ns 7.53ns
SCA Lines*Testers 39 1.164**  2.32ns 2.59ns 0.0022ns 0.1766ns 15.032ns 0.055* 0.231* 319.6* 205.76** 0.003* 4.12ns
GCA Lines*Location 39 0.846**  2.86* 3.19* 0.0025ns 0.2385ns 14.957ns 0.028ns 0.149ns 170.3ns 105.59ns 0.003ns 5.58%
GCA Testers*Location 1 9.107**  6.21ns 0.13ns 0.0132%* 0.0044ns 3.641ns 0.004ns 1.157*% 1314.6** 15.27ns 0.006ns 0.63ns
SCA Lines*Tester*Location 39 0.806** 1.83ns 1.67ns 0.0017ns 0.2282ns 19.260* 0.046ns 0.127ns 133.7ns 86.05ns 0.002ns 3.57ns
Pooled error 283 | 0.44 1.80 1.97 0.00197 0.171 12.24 0.0347 0.143 193.62 115.8 0.0023 3.48

*=gignificant (P<0.05) ;**=highly significant (P<0.01); GCA=general combining ability;SCA=specific combining ability;DF=degree of freedom;GY=grain yield;DTA=date to
50% anthesis;DTS=date to 50% silking;NE=number of ear per plot;EASP=ear aspect;PHT=plant height;EHT=ear height;EPO=ear position.



Mean squares due to L x T interactions were significant (P < 0.01 or P < 0.05) for grain
yield, ears per plant, ear aspect, plant height, ear height, ear position, ear diameter, rows per
ear, and thousand kernel weight. SCA X location interactions were significant for grain
yield, ears per plot, and common leaf rust. These results confirm the role of non-additive
gene action (dominance and epistasis) in the inheritance of these traits, particularly under
varying environmental conditions. Assefa et al. (2017) and Legesse et al. (2017) reported
significant GCA effects for grain yield, plant height, ear height, days to silking, and gray
leaf spot resistance in mid-altitude maize inbred lines. Gemechu et al. (2020) found
significant genotypes mean squares (P < 0.01 or P < 0.05) for grain yield, silking, ASI,
maturity, plant and ear height, plant aspect, kernel rows per ear, kernels per row, ear length,
ear diameter, and thousand kernel weight, except for anthesis and ear aspect. These findings
confirm the present study, reinforcing the importance of both additive and non-additive
genetic effects in maize improvement.

4.1.2. Estimation of General Combining Ability (GCA)

The estimation of general combining ability (GCA) effects for lines and testers revealed
highly significant differences across most agronomic traits, underscoring the predominance
of additive gene action in the genetic control of maize performance under moisture-stress
conditions. For grain yield, twenty lines exhibited positive and highly significant GCA
effects (P < 0.01), while nineteen lines showed negative and highly significant effects,
indicating clear genetic divergence among the parental lines. Tester 1 consistently expressed
positive and highly significant GCA for grain yield, confirming its value as a strong parental
source. Similarly, significant positive GCA effects were observed for ear diameter and ear
length, with contributions of 78.96% to total variance for ear length, highlighting the
importance of line selection in improving ear traits. Kernel traits also showed strong additive
control; twenty-three lines exhibited positive and significant GCA for kernels per row
(contributing 65.65% to variance), and twenty-five lines showed significant GCA for kernel
rows per ear (contributing 61.98%), while testers contributed modestly. Thousand kernel
weight followed the same pattern, with seventeen lines showing significant positive GCA
and contributing 59.87% to variance, whereas tester contributions were negligible.
Phenological traits revealed that negative GCA effects were predominant for anthesis,
silking, and maturity dates, with lines contributing over 70% of the variance in flowering
traits. This is particularly advantageous under drought-prone environments, as earlier
flowering and maturity enable stress escape. For anthesis, twenty-three lines showed

negative and highly significant GCA, while tester 2 also exhibited negative and significant



GCA, though with minimal contribution. Similar trends were observed for silking (77.78%
contribution from lines) and maturity (47.05% contribution from lines). Plant and ear height
also showed strong additive control, with seventeen lines exhibiting positive and significant
GCA for plant height and eighteen lines for ear height, contributing 73.12% and 79.55%
respectively to total variance. Tester contributions remained small but significant,
reinforcing their role as discriminators rather than primary sources of variability.

Overall, the predominance of significant GCA effects across yield, yield components,
phenology, and plant architecture traits demonstrates that additive gene action is the major
determinant of genetic variation in this population. This suggests that recurrent selection
and careful parental line choice will be highly effective strategies for genetic improvement.
Moreover, the consistent dominance of line contributions over testers highlights the central
role of inbred line variability in driving genetic gain, while testers provide complementary
information for heterotic grouping. These findings align with earlier reports (e.g., Legesse,
2017; Gemechu et al., 2020), confirming that Ethiopian maize breeding programs can
effectively exploit additive genetic variance to develop high-yielding, stress-resilient

hybrids.



Table 5. Across location gca of lines and testers, proportional contribution of lines gca and testers gca to the total cross variances

LINES DTA DTS EASP ED EHT EPO ER GY HC MD

L1 0.96** 1.03%** 0.02%* 0.26** -5.77%* 0.00** 0.37** -0.12%* 1.29%** 0.80**
L2 0.04** -0.68%* -0.05%* 0.01** -7.38%* 0.00** -0.21%* 0.07** -0.44%* 0.27**
L3 1.70NS 1.49%* -0.27NS -0.17%* 8.55%* 0.02%** -0.25%* 0.23%* -0.65%* 0.17**
L4 -1.04%* -1.00%* -0.09** -0.12%* 4.93** 0.02%** -0.51%* 0.10%** -1.34%* -1.30NS
L5 -0.42%* -0.46** -0.03** -0.18%* 11.21** 0.04** -0.27%* 0.17** -1.28%* -0.33%*
L6 -1.24%* -1.40%* -0.14%* 0.21%* -1.68%* -0.01** -0.61%* 0.39%* -1.58%* -0.77%*
L7 -0.90%* -0.89%* -0.02%* 0.10%** -1.53%* 0.01** -0.16%* -0.39%* -0.62*8 -0.31%*
L8 -1.79NS -2.49NS -0.12%* -0.24%* 6.99NS 0.03%** -0.10%* 0.20%** -0.05%* -0.64%*
L9 -0.80%* -0.93%* -0.24%* 0.30%** -10.46** -0.03** -0.26%* -0.29%* 1.02** 0.33**
L10 -0.36%* -0.04** 0.06** 0.06** 4.0INS -0.01** 0.03%** 0.06** 2.44NS 0.16**
L11 0.21%* 0.28** -0.05%* 0.16** 1.86** -0.01** 0.41%* -0.32%* 1.64** 1.41INS
L12 -0.02%* 0.35%* -0.08%* 0.22%* -0.06** 0.02%* -0.02%* 0.47%* 0.36** 0.45**
L13 -1.05%* -1.35%* 0.05%* -0.09** -6.93%* -0.01** -0.07** -0.04** -0.76** -1.08NS
L14 0.78%* 0.20** 0.04** -0.44NS 9.63NS 0.03%** -0.29%* -0.22%* -0.54%* -0.18%*
L15 -0.42%* -0.60** 0.14** -0.43NS 9.41NS 0.03%** 0.59%* 0.28** -1.34%* -0.15%*
L16 -0.16%* -0.53** 0.07** -0.63NS 14.96** 0.02%** 0.11%* -0.41%* -2.04 -0.03%*
L17 -0.22%* -0.06** 0.16%** -0.05%* -11.12%* -0.03** 0.75NS -0.26%* -0.44%* -0.10%*
L18 -0.38%* -0.26%* 0.12%* 0.07** -16.90** -0.06NS 0.22%* 0.20** 0.80** -0.15%*
L19 -0.38%* -0.27%* 0.29NS -0.16%* -1.57%* 0.01** -0.25%* 0.06** -0.70%* -0.21%*
L20 0.79%* 0.60** 0.03%** -0.13%* 2.71%* 0.01** -0.24%* -0.28%* -0.27%* 0.08**
L21 2.09NS 2.83NS -0.24%* 0.09** 16.61** 0.04** 0.34** 0.55%* -0.75%* 0.08**
L22 1.60NS 0.82** 0.10%** -0.22%* 15.04** 0.02%** 0.30** -0.22%* -1.20%* 0.38**
L23 0.41%* 0.81** -0.01** 0.18%* -3.35%* -0.02%* 0.21%* -0.43%* -0.17%* -0.30%*
L24 0.92%* 1.12%* -0.15%* 0.17** -1.64%* 0.00** -0.30%* -0.22%* 0.10** 0.13**
L25 0.47%* 0.60** -0.04%* 0.14** 6.04** 0.02%** 0.7INS -0.06** 0.63** -0.30%*
L26 0.45%* 0.60** -0.08%* -0.03%* -4.44%% -0.06NS -0.10%* -0.11%* 0.35%** -0.26%*
L27 -0.58%* -0.24%* 0.21%* 0.11%* -4.48%* 0.02** -0.18%* -0.65NS 0.45%* -0.37%*
L28 -0.46%* -0.19%* 0.17** 0.05%* -3.95%* -0.01%* -0.49%* -0.49%* 0.53** 0.20**
L29 1.33%** 0.98** -0.15%* 0.01** 4.25%* 0.00** 0.34** 0.12%* -0.53%* -0.45%*
L30 -0.16%* -0.04** 0.05%* 0.13%* -12.62%* -0.03%* 0.45%* 0.21%* 0.70** 0.98**
L31 -0.21%* -0.70%* 0.02%* 0.21%* -11.84** -0.04** -0.21%* 0.09** 1.27** 0.93**
L32 -0.87%* -0.73%* 0.06** -0.05%* -1.75%* 0.00** 0.03%** -0.09** 0.39** 0.01**
L33 -0.13%* 0.22%* 0.11%* 0.07** 4.05%* 0.01** -0.33%* 0.05%* 0.60** 0.90**
L34 -0.27%* -0.41%* 0.19%* 0.18%* -6.63%* -0.02%* -0.15%* -0.08%* 0.86** 0.44**




LINES DTA DTS EASP ED EHT EPO ER GY HC MD

L35 0.85%* 0.83%* -0.04** 0.21%* 2.73%* 0.03%* -0.13%** 0.69NS -0.30%** 0.34%*
L36 0.95%* 1.13%* -0.13%* 0.03%* -0.40%** -0.03** 0.16** 0.27%* -0.20%** 0.00%*
L37 -0.28%** 0.06** 0.01%* -0.13%* 0.96** 0.00%* 0.38%* 0.11%* 0.06** -0.32%*
L38 -0.53%* -0.76** 0.09%* -0.04** -1.05%* -0.02** 0.64NS -0.01** 0.22%* -0.68%*
L39 0.72%* 1.79%* 0.07** -0.02** 3.14%* 0.01%* -0.08** 0.24%* 1.41%* 0.20%*
L40 -1.52%* -1.59%** 0.15%* -0.01** -12.99%* -0.03** -0.35%* 0.01** -0.23** -1.00%**
SE 0.81 0.96 0.12 0.19 7.45 0.02 0.33 0.29 0.91 0.54
%(GCAL) 76.72 77.78 52.94 59.93 79.55 68.00 41.04 47.94 78.74 47.05
TESTERS DTA DTS EASP ED EHT EPO ER GY HC MD
T1 0.03%* -0.19** -0.01** 0.04%* -0.24%* 0.00%* -0.02%** 0.07** -0.12%** 0.11%*
T2 -0.02** 0.19%* 0.02%* -0.05%** 0.17%* 0.00** 0.05NS -0.07** 0.10%* -0.14**
SE 0.02 0.19 0.01 0.04 0.26 0.00 0.02 0.07 0.12 0.11
%(GCAr) 0.04 3.04 0.25 2.95 0.10 0.71 0.18 2.46 1.33 1.86

** = Highly significant (P<0.01);* = Significant (P<0.05);NS = non-significant; L =Lines; T= Testers; SE= standard error of the difference; % (SCA L) = proportional contribution of lines to
total cross variance; % (SCA T) = proportional contribution of testers to total cross variance CLR = common leaf rust, DTA = Date to 50% anthesis; DTA= Date to 50% silking; EASP = ear
spect; ED= ear diameter; EHT = ear height; EL = ear length; EPO = ear position; ER = ear rot; GY = grain yield; HC = bad husk cover; MD = 50% maturity date; NE = number of ear;NEPP =
number of ear per plant; NKPR = number of kernel per row; NRPE = number of rows per ear; PASP = plant aspect; PHT = plant height; RL = root lodging; SL = stem
lodging; TSW = thousand seed weight.



LINES NE NEPP NKPR NRPE PASP PHT RL SL TSW

L1 -0.41%*  -0.04** -2.05** 0.07**  0.01**  -11.16** -0.61** 0.41** 34.80NS
L2 -1.01**  0.01%*  -1.74**  0.32**  -0.14** -8.20** 0.14**  0.56**  23.21%**
L3 1.62%*  0.05**  1.12%*  -0.16** 0.00**  -3.15%* -0.31%*  0.16%*  -3.50%*
L4 0.97**  0.00**  0.07**  -0.35** 0.08**  -3.85%* 0.12%%  0.57**  -12.70**
L5 1.06**  0.12%*  1.59*%*  -0.68*%* -0.03** 3.02%* -0.16%*  0.28**  2.63**
L6 -0.69**  0.09**  1.84%*  (0.15%*  -0.09%* -2.66%* -0.21%*  -0.42%*%  -11.07**
L7 -2.06%*  0.09**  0.57*%  0.22%  0.07**  -0.97** 0.73NS  -0.56%* -3.46**
L8 -1.12%* -0.06**  2.77NS  -0.86*%* 0.2INS  4.53** 0.57**  0.72NS  1.04**
L9 -0.35%%  0.07%*  0.47**  0.00**  -0.10** -2.24%** -0.29%*%  0.32%*%  -0.45%*
L10 -0.65%*  -0.03*%* -0.52**  -0.94**  0.05%* = 7.20%* -0.04**  -0.45%* 31.24NS
L11 -0.97**  -0.02%*% -1.89**  0.37**  -0.09%* 9.68** -0.17**  -0.19%*  17.69**
L12 4.05NS 0.04**  0.87*8  0.66**  0.09**  -5.08** -0.32%*%  -0.28** -26.49%*
L13 -1.69**  -0.08%* 1.95%* 1.19%*  -0.15%*  -7.77%* 1.LI2NS  -0.30** -24.56**
L14 -0.23**  0.01**  1.60**  -1.16** -0.01** 11.97*%  0.29** -031** -30.98NS
L15 2.17**% 0.02%%  1.16**  -1.32%*  0.00%*  -2.28** -0.19%*  -0.11** -18.77**
L16 2.67TNS 0.03**  0.55**  -2.09NS -0.14** 1539NS  047** 0.06** -23.44%*
L17 0.00%*  -0.03** -0.20**  0.29**  0.08**  -12.13**  0.00**  0.59%*  -17.54*%*
L18 0.59**  0.07** -1.85** -1.01** 0.16%*  -10.84** -0.58** -0.47** 10.53**
L19 2.11%% 0 -0.09**  0.60%*  -0.28%*  -0.06**  -5.64** 0.26**  0.65**  16.28**
L20 0.58**  0.02%*  1.27**  -0.46%* 0.13**  7.63** -0.51%%  -0.47**  13.03**
L21 0.83** 0.01** 1.36%**  0.89**  0.20NS 15.09**  -0.30** -0.03** -10.51**
L22 -0.02%*  -0.08** 0.94**  -0.48** 0.07** 11.40%*  -0.23** 0.08**  -8.01**
L23 -1.92%%  -0.08** -0.20** 0.36**  -0.15%*  1.34%* -0.18*%*  -0.46** -11.07**
L24 -1.34*%*  -0.03** -2.74NS 1.35NS  0.15**  -10.29** 0.07** 0.19** 10.81**
L25 -1.80*%*  -0.04** -1.13** 0.14**  -0.01** 7.65%* -0.41%*  0.22*%*  39.50NS
L26 2.11%% 0 -0.08**  0.06%*  0.23**  -0.14**  11.51**  -0.53** -0.02** (0.94**
L27 -0.36** 0.13NS  -1.70**  -0.33**  0.00*%*  -14.39**  -0.06** -0.18** -9.91**
L28 -0.59%*  -0.02** 0.05**  0.98**  -0.04** -2.78** 0.16**  -0.20** -1.62%*
L29 0.67**  -0.02** 0.18**  0.69**  0.05**  3.15%* 0.41**  -0.01** -3.04**
L30 0.75**  -0.02** 0.10**  -0.10%*  0.02**  -6.76** 0.02*8  0.09**  -4.05**



LINES NE NEPP NKPR NRPE PASP PHT RL SL TSW

L31 -0.77*%*  -0.05** -0.81** 0.36**  -0.08**  -0.27** 0.82NS -0.07** 8.59**
L32 1.53**  0.08*%* 0.32*%*  -0.28%* -0.07** 3.20%* 0.57**  -0.27** -13.81**
L33 0.90**  0.14NS -1.38**  0.02**  0.05**  6.32%* -0.11%*  0.35%* -9 72%*
L34 -0.80**  -0.03** -1.22%*  (0.05*%*  -0.03*%* -2.10%* -0.03**  -0.23%* 8.62%*
L35 1.73**  -0.01** 0.18**  0.83**  -0.04** -3.92%* -0.21%*  -0.08** 11.61**
L36 0.55%* 0.02**  1.18*%F  (0.33**  -0.07** 12.80**  0.31** -0.52%* ].81**
L37 -0.18**  -0.08*8 -0.83** 0.39**  0.15*%*  2.01** -0.37*%%  -0.31** -14.25%*
L38 -0.04**  -0.08** -0.13** 0.32**  0.07**  0.44%* -0.10%*  0.16%*  -3.24%**
L39 1.43%% 0.00**  -238** (0.20%*  0.09**  -1.22%%* -0.28**  0.03**  27.02%*
L40 -0.80** -0.05** -1.05** 0.02**  -0.20NS -16.97NS 0.18**  0.54**  -12.95%*
SE 1.35 0.06 1.26 0.67 0.10 7.77 0.35 0.34 15.56

%(GCA)) | 63.15 46.00 65.65 61.98 43.86 73.12 67.42 58.50 59.87

T1 -0.16**  -0.01** -0.35** (0.25%*  -0.02*%* 1.39%* 0.00**  -0.03** -0.88**
T2 0.16**  0.01**  0.30%*  -0.25%**  0.03**  -1.40%* 0.00%*  0.03**  0.08%*
SE 0.16 0.01 0.34 0.24 0.03 1.20 0.01 0.03 0.90
% (GCA,) | 0.86 0.57 4.88 8.07 3.21 1.73 0.04 0.41 0.20

** = Highly significant (P<0.001);* = Significant (P<0.05);NS = non significant; L =Lines; T= Testers; SE= standard error of the difference; % (SCA L) = proportional contribution of lines to
total cross variance; % (SCA T) = proportional contribution of testers to total cross variance CLR = common leaf rust, DTA = Date to 50% anthesis; DTA= Date to 50% silking; EASP = ear spect;
ED= ear diameter; EHT = ear height; EL = ear length; EPO = ear position; ER = ear rot; GY = grain yield; HC = bad husk cover; MD = 50% maturity date; NE = number of ear; NEPP = number
of ear per plant; NKPR = number of kernel per row; NRPE = number of rows per ear; PASP = plant aspect; PHT = plant height; RL = root lodging; SL = stem lodging; TSW =
thousand seed weight



4.1.3. Estimation of Specific Combining Ability (SCA)

An across-location estimation of specific combining ability (SCA) effects for line x tester
(L x T) interactions is presented in Table 6. Results revealed that SCA effects were highly
significant for most yield-related and agronomic traits, confirming the importance of non-
additive gene action (dominance and epistasis) in hybrid performance under moisture-stress
conditions.

For grain yield, forty crosses exhibited positive and highly significant (P < 0.01) SCA
effects, contributing 49.54% to the total cross variance. This underscores the critical role of
specific parental combinations in enhancing hybrid productivity. Similarly, ear diameter
showed strong non-additive control, with forty-two crosses exhibiting positive and
significant (P < 0.01) SCA effects, contributing 37.07% to total variance. Ear length also
revealed significant SCA effects, with forty crosses contributing 16.21% to variance. Kernel
traits were equally influenced by SCA; forty-three crosses exhibited positive and significant
(P <0.01) SCA for kernels per row (29.36% contribution), and forty-two crosses showed
significant SCA for kernel rows per ear (29.93% contribution). For thousand kernel weight
(TKW), forty-two crosses exhibited positive and significant SCA effects, contributing
39.90% to total variance. These findings are consistent with reports by Dereje (2020) and
Shushay (2013), who observed similar patterns of non-additive gene action in Ethiopian
maize germplasm.

Phenological traits also demonstrated significant SCA effects. For 50% anthesis date, forty
crosses displayed negative and highly significant (P < 0.01) SCA effects, contributing
23.16% to total variance. Negative SCA effects for flowering are advantageous in drought-
prone environments, as they promote earlier pollen shedding and silking, thereby enabling
stress escape. Similarly, for 50% silking date, forty crosses exhibited negative and
significant (P <0.01) SCA effects, contributing 19.16% to total variance. These results align
with earlier findings by Dereje (2020) and Shushay (2013), who emphasized the importance
of early flowering hybrids in low-moisture environments.

For plant height, forty crosses exhibited positive and highly significant (P < 0.01) SCA
effects, contributing 25.20% to total variance. Likewise, forty crosses showed positive and
significant SCA effects for ear height, contributing 20.28% to variance. These results are
consistent with previous reports by Legesse (2017), Alemerew (2015), and Alemeshet
(2014), who documented significant SCA effects for plant and ear height in Ethiopian maize

breeding programs.



Table 6: Across location SCA of lines x Testers and proportional contribution of LxT to the total cross variances

Lines x Testers | CLR DTA DTS EASP ED EHT EL EPO ER GY HC
L1xT1 0.02%*  0.39**  0.48**  -0.18** 0.17**  0.38**  0.53*%*  0.00**  -0.02*%* 0.33**  (.53%*
L1xT2 -0.01**  -0.40**  -0.49**  0.16**  -0.16%* -031** -0.51** 0.00**  0.00%*  -0.32%* -0.52%*
L2xT1 0.05%* 0.61**  0.26%*  0.04*%*  -0.14** -421** -0.17** -0.01** 0.23**  -0.29** (0.21**
L2xT2 -0.05**  -0.62%*%  -0.27**  -0.06**  0.15%*  4.28**  (0.19%*  0.01**  -025%F 029*%  -0.19**
L3xT1 -0.02**  -0.27*%%  -0.71*%*  -0.05**  0.02**  0.47**  -0.42** -0.01** 0.29**  -0.01** -0.29%*
L3xT2 0.02%* 0.27**  0.70**  0.04**  -0.01** -0.40** 0.44**  0.01**  -031** 0.01**  0.30**
L4xT1 -0.07**  0.11**  -0.06**  0.04**  -0.05%* -7.02%* 0.26*%*  -0.02** 0.29**  0.03**  -0.21**
L4xT2 0.07**  -0.12%*  0.05**  -0.06**  0.06**  7.09**  -0.24**  0.02**  -0.32%* -0.03** (0.22%*
L5xT1 0.01*%*  0.03**  0.02**  0.03**  -0.05%* -0.12** 0.17**  0.01**  -025%* 0.10%*  -0.09**
L5xT2 -0.01**  -0.03**  -0.03**  -0.04** 0.06**  0.19**  -0.15** -0.01** 0.22**  -0.10** 0.11**
L6xTl1 0.14**  -0.53**%  -0.13** -0.24NS 0.09**  3.36**  0.22%%  0.02**  -0.04** -0.08** -1.04NS
L6xT2 -0.13**  0.53**  (.12**  0.23*%*  -0.08*%* -320%* .0.21** -0.02** 0.02**  0.08**  1.06NS
L7xT1 0.16**  0.11**  -0.09**  -0.18**  0.13**  -1.80** 031**  0.00%*  0.13**  -0.44** (0.11**
L7xT2 -0.16**  -0.11*%*  0.09**  0.17**  -0.12%* 1.87**  -0.29**  0.00**  -0.15%* 0.44**  -0.09**
L8xT1 -0.07**  -0.53*%*%  -0.43** 0.11*%*  0.01**  -2.59%%  -0.42** 0.02%*  -033*%* -0.13** (0.09%*
L8xT2 0.07**%  0.53**  0.42%*  -0.12*¥*  0.00**  2.66*¥*  0.44**  -0.02** 0.30**  0.14**  -0.07**
L9xT1 -0.01**  0.09**  0.25%*  -0.22*¥*  0.03**  -1.01** -0.05** 0.01**  0.85NS  0.24**  -0.28**
L9xT2 0.01*%*  -0.10*%* -0.26** 0.21**  -0.02** 1.08**  0.06**  -0.01** -0.88NS -0.24**  (0.30**
L10xT1 -0.07**  0.20**  -0.20%*  0.14%*  -0.24%*%  _7.10%*  -0.44**  -0.02** 0.43**  -0.31** -0.20%*
L10xT2 0.07*%%  -0.20%*  0.20%*  -0.15** 0.25%*  7.18**  0.45%%  0.02**  -0.45%% (031**  (0.22%%*
L11xT1 0.14%*% 0.34**  0.49%*  022%  -0.07** -4.62%* 027*  -0.01** -0.13*%* -047** (0.65%*
L11xT2 -0.14**  -0.35%*%  -0.50**  -0.24NS 0.08**  4.69**  -0.25%** 0.01**  0.11**  047**  -0.63**
L12xT1 -0.05**  -0.44**  -1.3INS -0.14** -0.29%* -1.38** (0.24**  -0.01** -0.02** 030**  -0.23**
L12xT2 0.05*%*  0.44**  13INS 0.12*%%  0.30NS 1.45**  -0.23** 0.01**  -0.01** -0.30** (0.24**
L13xT1 -0.35NS  -0.80**  -0.51** 0.06**  -0.11** -4.10** -0.45** -0.01** 0.07**  036** -0.65**
L13xT2 0.35NS  0.80**  0.51**  -0.07** 0.12%%  4.18%*  047**  0.01**  -0.09** -0.35%* 0.67**
L14xT1 -0.08**  -0.36**  -0.20**  -0.05*%* 0.08**  2.89*%*  0.03**  0.01**  -0.79NS -0.04**  -0.52%*
L14xT2 0.08**  0.35%*  0.20**  0.04**  -0.07** -2.81** -0.01** -0.01** 0.77NS  0.05**  0.54**
L15xTI -0.02%*  -0.11**  0.20**  0.13**  -0.20** 6.66**  -0.34** 0.01**  -0.07** -0.39%* (0.04**
L15xT2 0.02**  0.10%*  -0.21**  -0.14** 0.21**  -6.58** 036**  -0.01** 0.05**  0.40**  -0.03**
L16xTI 0.00**  -0.22**  0.30**  0.02**  0.13** 1.25**  0.21*%%  0.01**  0.75**  -031** -0.54**
L16xT2 0.00**  0.22%%  -0.31** -0.03** -0.12** -1.17** -0.20** -0.01** -0.77NS 0.32**  (0.55**
L17xTI 0.03**  0.61**  -0.05** 0.11**  -0.13** -2.57** 030**  0.01**  0.59**  -0.33** -0.4]1**



Lines x Testers | CLR DTA DTS EASP ED EHT EL EPO ER GY HC
L17xT2 -0.03**  -0.61*%%  0.04**  -0.12**  0.13**  2.64**  -0.28** -0.01** -0.62%* 0.34%*  (.42%*
L18xTI -0.02**  0.13**  0.40**  -0.06** 0.11**  0.48**  021**  -0.01** -0.07** 0.70NS  0.18**
L18xT2 0.02%*  -0.13**  -041** 0.05**  -0.11*%* -041** -0.19** 0.01**  0.04**  -0.70NS -0.16**
L19xTI 0.05*%*  -0.46** -0.26** 0.18*%*  -0.16%* -922NS -0.15** -0.03** -0.15%* 0.14**  -0.72**
L19xT2 -0.05**  0.45**  0.25%*  -0.19**  0.17**  929NS  0.17*%  0.03**  0.13**  -0.13** (.73%*
L20xT1 0.12%*  -0.33**  -0.56** -0.06** 0.46NS 5.19**  -0.31** 0.02**  0.09**  0.04**  0.47**
L20xT2 -0.12**  0.33**  0.56*%*  0.05%*  -0.45NS -5.12%*  (033**  -0.02** -0.12*%*  -0.03** -0.46**
L21xTI 0.19*%*  -0.57*% -0.17** 0.08*%*  -0.16%* 1.63**  033**  -0.01** 0.54**  0.03**  1.03NS
L21xT2 -0.19**  0.57**  0.16*%*  -0.10**  0.17**  -1.56** -0.32**  0.01**  -0.56** -0.02** -1.0INS
L22xTI -0.05**  0.37**  0.03**  0.21*%  0.10**  -2.98*%*  -0.22*¥*  0.00**  -0.33*%*  -0.09** -0.20%*
L22xT2 0.05%*%  -0.38*%*  -0.04** -0.22** -0.09** 3.06**  023*  0.00**  0.31**  0.10%*  0.21**
L23xTlI 0.10**  0.16**  -0.05** 0.23**  -034NS -4.55%*  -0.48** 0.00**  0.70**  -0.52** -0.53**
L23xT2 -0.10**  -0.17**  0.05**  -0.24NS 0.35NS  4.63**  0.50**  0.00%*  -0.73%* 0.52%*%  (.54**
L24xT1 -0.05**  0.23**  -0.04**  0.17%*  -0.09%* 4.52**  .0.40** 0.01**  0.24**  -0.35%* (0.37**
L24xT2 0.05%*  -0.24**%  0.04**  -0.18** 0.10**  -445%* (041**  -0.01** -026*%* 036**  -0.35%*
L25xTI -0.08**  -0.32%*  -0.63**  -0.07**  0.09** L.15**  0.56%*  0.00%*  -0.38**  0.33**  (.05**
L25xT2 0.08*%*  0.31**  0.63**  0.05%*  -0.08%* -1.08%* -0.55** 0.00**  0.36**  -0.33** -0.03**
L26xT1 -0.07**  -1.5INS -0.96NS -0.15**  0.17**  -4.68** 0.13**  -0.01** -0.18%* -0.63NS -0.52**
L26xT2 0.07** 1.5SONS  0.95NS  0.14**  -0.16** 4.75**  -0.12**  0.02**  0.15**  0.64NS  0.53**
L27xT1 0.08%*%  -0.24%*%  (0.22%¥*  0.05%*  -0.15%* -4.80** 0.76NS  -0.02** 0.26**  0.21**  (0.20%*
L27xT2 -0.08**  0.23**  -0.23**  -0.06** 0.15**  4.88**  -0.75NS 0.02**  -0.28*%F -0.21** -0.19%*
L28xTlI 0.08*%*  0.11**  -0.31**  -0.05** 0.19**  579**  -0.12** 0.02**  0.00**  0.18*%*  (0.47**
L28xT2 -0.08**  -0.12**  0.30**  0.04**  -0.18** -5.71** 0.13**  -0.02*%* -0.02** -0.18** -0.45%*
L29xTI -0.07**  0.26%*  037**  -0.13*%*  0.21**  4.78*%*  0.19**  0.03**  -0.98NS 0.04**  -0.46%*
L29xT2 0.07**  -0.26**  -0.38** (.12**  -0.20** -4.71** -0.17** -0.03** 0.96NS -0.04** (0.48**
L30xTI -0.12%*  0.15%*  0.41**  -0.14*%*  0.00**  3.47**  0.15**  -0.01** -041** -0.15** 0.10**
L30xT2 0.12**  -0.16**  -0.42** 0.13**  0.01**  -3.39** -0.13** 0.01**  0.39**  0.15**  -0.08**
L31xTI -0.10%*  0.07**  0.66**  -0.12*%*  0.08**  6.18**  0.24**  0.00**  -0.46** 0.7INS  0.80**
L31xT2 0.10**  -0.08**  -0.67** 0.10**  -0.07** -6.11** -0.22%** 0.00**  0.43**  -0.70NS -0.79**
L32xTlI -0.05%*  0.14%*  -0.29**  -0.19%*  0.12**  -0.04** -0.47** 0.00**  0.38*%*  (0.22**  (Q.87**
L32xT2 0.05**  -0.15** 0.28**  0.18**  -0.11** 0.11*%*  0.49**  0.00**  -0.40** -0.21** -0.85%*
L33xTlI 0.02**  0.64**  1.07NS  0.02**  -0.15%* 2.84%*  -0.39** 0.00**  -035** 0.07**  -0.63**
L33XT2 -0.02*%*  -0.65** -1.07NS -0.03** 0.16**  -2.77** 0.40**  0.00¥*  0.33*%*  -0.07** 0.65**
L34xTI 0.04**  0.95NS 1.1INS 0.03**  0.03**  430*%*  -0.15%* 0.01**  0.24*%*  -0.15%* (0.23**
L34xT2 -0.04**  -0.96NS -1.1INS -0.04** -0.02** -423** (.17**  -0.01** -026** 0.16**  -0.22%*




Lines x Testers | CLR DTA DTS EASP ED EHT EL EPO ER GY HC
L35xT1 -0.14**  -0.11*%*  -0.21**  -0.08**  0.04**  -3.36** -0.21** -0.05NS 0.10**  0.00**  -0.01**
L35xT2 0.14**  0.11**  0.20**  0.07**  -0.03** 3.44**  022*%  0.05NS -0.12*%* 0.01**  0.03**
L36xT1 -0.02**  -0.23%*%  -0.19**  -0.04**  0.18**  4.03**  -0.04** 0.03NS -0.23** 0.21**  0.68**
L36xT2 0.02%*  0.23**  0.19**  0.02**  -0.17** -3.96** 0.05**  -0.03NS 0.20**  -0.21** -0.66**
L37xT1 -0.01**  -0.07**  0.29**  -0.08**  0.02**  -0.05** -0.17** -0.01** -0.67** 032%*  -0.32%*
L37xT2 0.01*%*  0.07**  -0.30** 0.07**  -0.01** 0.13**  0.18*%*  0.01**  0.65**  -0.31** (.34**
L38xT1 -0.01**  0.49**  0.49**  0.19%*  0.09**  6.40**  -0.02** 0.03**  0.15**  0.06%*  (0.48**
L38xT2 0.01*%*  -0.49%*  -0.49**  -0.20** -0.09%* -6.33** (0.04**  -0.03** -0.18%* -0.05** -0.46**
L39xT1 0.20NS  0.74**  0.54**  0.06**  -0.10%* 0.64**  0.04**  0.00**  -0.70%* -0.05*%* (0.45%*
L39xT2 -0.20NS  -0.74**  -0.54**  -0.07**  0.10**  -0.57**  -0.02**  0.00**  0.68**  0.05%*  -0.43**
L40xT1 0.12%%  0.06**  -0.36** -0.14** 0.08**  1.27**  0.59*%*  -0.01** -023** 021**  0.16**
L40xT2 -0.12**  -0.06*%*  0.36*%*  0.13**  -0.07*% -1.20%* -0.58** 0.01**  0.21**  -0.21** -0.15**
SE 0.10 0.44 0.48 0.12 0.15 3.76 0.32 0.02 0.39 0.29 0.46
%(SCAKT) 49.96 23.16 19.16 46.72 37.07 20.28 16.21 31.25 58.53 49.54 20.00

** = Highly significant (P<0.001);* = Significant (P<0.05);NS = non significant; L =Lines; T= Testers; SE= standard error of the difference; % (SCA Lxt) = proportional contribution of LxT to
total cross variance; CLR = common leaf rust, DTA = Date to 50% anthesis; DTA= Date to 50% silking; EASP = ear spect; ED= ear diameter; EHT = ear height; EL = ear length; EPO = ear
position; ER = ear rot; GLS = gray leaf spot; GY = grain yield; HC = bad husk cover; MD = 50% maturity date; NE = number of ear;NEPP = number of ear per plant; NKPR = number of kernel
per row; NRPE = number of rows per ear; PASP = plant aspect; PHT = plant height; RL = root lodging; SL = stem lodging; TLB = turcicum leaf blight; TSW = thousand seed weight



Across location SCA of lines x Testers and proportional contribution of LxT to the total cross variances (Table 6 continue,)

Lines x Testers | MD NE NEPP NKPR NRPE  PASP PHT RL SL TSW
L1xT1 1.05**  -0.63**  0.02**  036**  -0.65** -0.10%* -0.46** -0.28**  0.42**  34.05NS
L1xT2 -1.02**  0.62**  -0.02**  -0.31**  0.65**  0.10*%*  0.47** 0.27**  -0.43**  -33.26NS
L2xT1 0.33**  -0.83**  0.02**  0.09%*  0.01**  -0.03** -446** 0.33%*  0.54**  -12.15%*
L2xT2 -0.30**  0.83**  -0.02**  -0.04**  0.00**  0.03**  4.47** -0.34%*  0.55%*%  12.95%*
L3xT1 -0.96**  1.17**  0.02**  -1.06**  -0.06%*  0.04** 1.77%* 0.32%*  -0.15%*  6.97**
L3xT2 0.99%*%  -1.18*%*  -0.02** 1.11*%*  0.06**  -0.05*%* -1.76** -0.32%*  0.15%*  -6.18%*
L4xT1 -0.35%*  0.15%*  -0.01**  -0.89**  0.15%*  0.25NS -2.77** 0.00**  0.81 NS 0.74%*
L4xT2 0.38**  -0.16%* 0.01**  0.94**  -0.15** -0.26NS 2.78** 0.00**  -0.8INS 0.05%*
L5xT1 0.02%* L.15**  0.06%*  0.44%*  -0.23**  -0.19%* -1.63** 0.45%*  -0.35%% 9.17%*
L5xT2 0.02%*%  -1.15%%  -0.06**  -0.38**  0.23**  (.19** 1.63%* -0.45%*  0.35%*  -8.37**
L6xTl1 -0.70**  0.08**  0.13NS 1.86NS  0.24**  0.01**  2.51%* -0.38**  -0.23%*% -2 .84%*
Lo6xT2 0.73*%*  -0.08** -0.13NS -1.8INS -0.24**  -0.01** -2.50** 0.38*%*  0.23**  3.64%*
L7xT1 -0.19**  -0.65%*  0.22NS  0.24**  0.29**  0.00** 1.12%* 0.00%*  -0.17**  14.28%*
L7xT2 0.22%*%  0.64**  -0.22NS -0.19**  -0.28**  0.00**  -1.11** 0.00%*  0.17**  -13.48**
L8xT1 0.13**  -1.37*%%  -0.07** -239NS -0.37** -0.10%* -6.47** -0.10*¥*  -0.79NS  3.54%*
L8xT2 -0.09**  1.37**  0.07**  244NS  0.37**  0.10*¥* = 6.48** 0.10%*  0.79NS  -2.74**
L9xT1 0.56**  230NS  0.05**  0.19%*  0.05%*  -0.09%* -6.55%* 0.28*%*  -0.21*%*  539%*
L9xT2 -0.52**  -230NS -0.05**  -0.14** -0.05** 0.08**  6.56%* -0.28**  0.20**  -4.60%*
L10xT1 -1.IONS  -0.72%*  -0.05**  1.29%*  0.01**  -0.01** -413** -0.16%*  -0.30%*  -17.54**
L10xT2 1.22NS  0.72**  0.05%*  -1.24**  0.00**  0.01**  4.14%* 0.16%*  0.29** 18.34%*
L11xTI 0.19*%*  -0.53**  0.02**  0.03**  -0.25** (0.30NS -9.33NS  -0.16** -0.01**  1.92%*
L11xT2 -0.16%*  0.53**  -0.02** 0.02**  0.25**  -0.30NS 9.34NS 0.15**  0.01%*  -1.12%*
L12xT1 0.91**  0.33**  0.02**  0.03**  [.0INS -0.10** -2.32%* 0.32%*%  0.05%*  6.20%**
L12xT2 -0.88**  -0.34**  -0.02** 0.02**  -1.00NS 0.09**  2.33%* -0.32%*  -0.05**  -5.40%*
L13xT1 0.18**  -0.69**  -0.05** 1.26**  -039** -0.13** -3.10** 0.27**  0.10%*  -3.82%*
L13xT2 -0.15%*  0.68**  0.05%*  -1.21%* 0.39**  0.13*%* 3. 11** -0.27*%%  -0.11%*  4.61**
L14xTI 0.70** 1.10**  0.02%*  1.32%x  (0.22*%*  -0.12** 1.66** -0.18%*  0.27%%  -6.13**
L14xT2 -0.67*%*  -1.10**  -0.02*¥*  -1.27%F  -022%* 0.12%*  -1.65%* 0.17*%*  -027**  6.93**
L15xTI -0.11%*  -0.68**  -0.05**  0.76**  -0.63** 0.07%* = 5.49%* -0.40%*  0.13%*  -5.84%*
L15xT2 0.14**  0.68**  0.05**  -0.71*%* 0.63**  -0.08** -5.48** 0.39**  -0.13**  6.63**



Lines x Testers | MD NE NEPP NKPR NRPE PASP PHT RL SL TSW
L16xT1 0.22%%  -2.17NS  -0.13**  (0.35%%  -0.12%* -0.06** 1.22%* -0.38**  0.28** 11.18%*
L16xT2 -0.18**  2.17NS  0.13**  -0.30**  0.12**  0.06**  -1.21** 0.38**  -0.28%*  -10.38**
L17xT1 -0.83**  -0.98**  -0.06** 0.02*%*  -0.58** -0.03*%* -4,02%* 0.06*%*  -0.02%*  -7.16**
L17xT2 0.86**  0.98**  0.06*%*  0.03**  0.59**  0.03**  4.03** -0.06**  0.02**  7.96%*
L18xTI 0.40**  0.80**  0.02**  0.57*%  0.05**  -0.17** 0.14** 0.29%*  -0.20%*  0.75%*
L18xT2 -0.37**  -0.81*%*%  -0.02*%*  -0.52**  -0.05** 0.16*%*  -0.13** -0.29**  0.19**  0.04%*
L19xTI -0.40**  0.12*%*  -0.03**  -0.84**  0.72**  0.04**  -9.65NS  0.03**  -0.08** -18.00**
L19xT2 0.43**  -0.12%*  0.03**  (0.89*%*  -0.72*%*  -0.04** 9.66NS -0.03**  0.08** 18.79%*
L20xT1 0.19*%*  0.08**  -0.03** -0.14** 1.2INS 0.13**  6.04** -0.12%*  0.05%*  4.54%*
L20xT2 -0.15**  -0.08**  0.03**  0.19%*  -12INS -0.13** -6.03** 0.12%%  -0.06%*  -3.74**
L21xTI -0.66**  0.53**  0.07**  023*%  -0.40%* -0.07** 3.12%* -0.19**  -0.50%*%  -5.94**
L21xT2 0.69%*  -0.54**%  -0.07** -0.18** 0.40**  0.07**  -3.11** 0.19%*  0.49**  6.73%*
L22xTI 0.09%*  0.82%*  0.07**  -0.18**  -0.42*¥*  0.10**  -5.64** 0.32%*  -0.20%*% -12.43%**
L22xT2 -0.05**  -0.83**  -0.07** 0.23*%  042**  -0.10%* 5.65%* -0.33*¥*  0.20%* 13.22%%*
L23xTlI -0.36**  -0.63**  -0.13NS -1.47**  -0.50** 0.01**  -0.86** 0.39*%*  0.20**  -36.07NS
L23xT2 0.39*%*  0.62**  0.13NS  1.52%%  0.51**  -0.02** (.87** -0.39**  -0.20**  36.86NS
L24xTI -0.06**  -0.30%*  -0.03** -2.02NS -0.65**  -0.02**  1.00** 0.13*%*  0.03**  -24.82%*
L24xT2 0.09%*  0.29**  0.03**  2.08NS  0.66**  0.01**  -0.99** -0.13**  -0.03**  25.6INS
L25xTI -0.35%*  -0.38%*%  -0.03**  -0.58**  0.28**  -0.04** 1.25%* 0.08*%*  0.23**  -0.39%*
L25xT2 0.39%%  0.38**  0.03**  0.64%*  -0.28%* 0.04**  -1.24** -0.08**  -0.23*%*  1.19%*
L26xT1 -0.16*¥*  -0.90**  0.00%*  0.85%*  0.25%*  -0.03*%* -4 12%* 0.03*%*  0.19**  -17.01**
L26xT2 0.19%*  0.89**  0.00%*  -0.79** -0.25%* 0.03**  4.13%* -0.03**  -0.19**  17.80**
L27xT1 -0.75%* 0.38**  -0.11%*  -0.15%*  -0.22%¥*  -0.09%*  -1.77** 0.29*%*  0.14**  -26.90NS
L27xT2 0.79**  -039** 0.11**  0.20**  0.22**  (.08** 1.78** -0.30**  -0.14**  27.70NS
L28xTlI 1.05**  243NS  0.11**  -0.87** 0.13**  -0.11**  3.]12%* -0.31%*  -0.35%%  7.44%*
L28xT2 -1.02%*  -244NS  -0.11**  0.92**  -0.13**  0.11*%*  -3.11** 0.31**  0.34%*  -6.64**
L29xTI 0.02**  0.35*%*  0.02**  0.68**  1.05NS -0.07** -0.53** 0.02**  -0.12**  8.50**
L29xT2 0.02**  -036**  -0.02**  -0.63** -1.05NS 0.07**  0.54** -0.02%*  0.12%*% 7. 71%*
L30xTI -0.28%*  -229NS  -0.04**  1.35%*  -038*%* -0.12%* 2.55%* -0.52NS  0.27**  3.00**
L30xT2 0.31**  229NS  0.04**  -1.30%* 0.38**  0.12%*  -2.54%* 0.52NS  -0.27**  -2.20%**
L31xTI 0.94** 1.04**  -0.01** 0.43**  -0.27*%* 0.19%* 12.95NS  -0.27**  -0.12*%*  11.76**
L31xT2 -0.91*%*  -1.04**  0.01**  -0.38*%* 0.27**  -0.19** -12.94NS 0.27**  0.11**  -10.97**
L32xTlI -0.53*%*  0.40**  0.04**  -0.88*%* 0.41**  0.16%*  0.20** -0.27*%*  -0.17**  14.49**
L32xT2 0.56**  -0.41**  -0.04** 0.93**  -041** -0.16*¥* -0.19%* 0.27**  0.17*%%  -13.70**
L33xTlI 0.41** L.11**  -0.05**  0.08*%*  -0.23** -0.05** -0.68** -0.38%*  -0.28**  2.14**




Lines x Testers | MD NE NEPP NKPR NRPE PASP PHT RL SL TSW
L33XT2 -0.38**  -1.11*%*  0.05**  -0.03** 0.23**  0.05**  0.69** 0.38%*  0.27**  -1.34**
L34xT1 -0.23**  0.40**  0.03**  0.41**  044**  0.10*¥*  5.12%* -0.11**  0.58NS  13.26**
L34xT2 0.26**  -0.40%** -0.03** -0.36** -0.43** -0.10*%* -5.11** 0.11*%*  -0.58NS -12.47**
L35xTI -0.34**  -0.67**  0.00**  -1.07** 0.60**  0.02**  11.48NS 0.06**  0.12%*  §.19**
L35xT2 0.38**  0.66**  0.00*%*  1.12*%*  -0.60** -0.02** -1147NS -0.07** -0.12** -7.40%**
L36xT1 0.94**  -1.16%* 0.05**  -0.31** 0.39**  -0.11** 238** 0.13%*  -022%*%  8.78**
L36xT2 -0.91**  1.16**  -0.05%* 0.36%**  -0.39%* (0.11**  -237** -0.14**  0.22%*  -7.99%*
L37xT1 0.77*%%  -0.92%*  -0.06** 0.59*%*  0.10**  0.14**  -2.73** 0.13*%*  -0.25%%  3.00%*
L37xT2 -0.73** 0.92%*  0.06%*  -0.54**  -0.10%* -0.15%*  2.74%* -0.13**  0.25%*  -2.20%*
L38xTlI 0.15%%  1.90**  0.05**  0.52%%  -0.92%* (.09**  5.82%* 0.62NS  0.26**  7.20%*
L38xT2 -0.12**  -1.91*%*%  -0.05** -0.46** 0.93NS  -0.09*%* -5.81** -0.63NS  -0.26**  -6.40**
L39xT1 -0.24**  0.31**  -0.01**  -0.85** -0.08** 0.06**  -4.03** -0.28**  0.11**  4.45%*
L39xT2 0.27**  -031*% 0.01**  0.90**  0.08**  -0.06%* 4.04** 0.28*%*  -0.11%*  -3.65%*
L40xT1 0.11%%  -0.54%*%  -0.04** 0.79%*  -0.23** 0.08**  6.52%* -0.11*¥*  -0.10%*  22.00**
L40xT2 -0.08**  0.53**  0.04**  -0.74** 0.23*%*  -0.09%* -6.51** 0.11%*  0.10%*  -2]1.21**
SE 0.56 1.02 0.07 0.84 0.47 0.11 4.56 0.24 0.28 12.70

% (SCALx1) 50.87 35.99 53.44 29.36 29.93 52.93 25.20 32.50 41.04 39.90

** = Highly significant (P<0.001);* = Significant (P<0.05);NS = non significant; L =Lines; T= Testers; SE= standard error of the difference; % (SCA Lxt) = proportional
contribution of LxT to total cross variance; CLR = common leaf rust, DTA = Date to 50% anthesis; DTA= Date to 50% silking; EASP = ear spect; ED= ear diameter; EHT =
ear height; EL = ear length; EPO = ear position; ER = ear rot; GY = grain yield; HC = bad husk cover; MD = 50% maturity date; NE = number of ear;NEPP = number of ear
per plant; NKPR = number of kernel per row; NRPE = number of rows per ear; PASP = plant aspect; PHT = plant height; RL = root lodging; SL = stem lodging; TLB =
turcicum leaf blight; TSW = thousand seed weigh



4.1.4. Proportional Contributions of GCA and SCA

The proportional contributions of line GCA, tester GCA, and line x tester (SCA) effects to
the total variance among crosses are presented in Tables 5 and 6 and illustrated in Figure 1.
Across all traits analyzed, the contribution of line GCA was consistently higher than that of
tester GCA and L x T SCA, underscoring the predominance of additive genetic variance in
this population. The highest proportional contributions of line GCA were observed for ear
height (79.55%), ear length (78.96%), husk cover (78.74%), and date to 50% silking
(77.78%), while the lowest was recorded for common leaf rust (33.03%). This pattern
indicates that most yield-related and morphological traits are strongly influenced by additive
gene action, whereas disease resistance traits such as leaf rust involve more complex

inheritance.

Tester GCA contributions were comparatively smaller, ranging from 16.97% for common
leaf rust to 0.04% for anthesis date and root lodging, confirming their role as discriminators
rather than primary sources of variability. In contrast, L x T SCA contributions were
substantial for several traits, reflecting the importance of non-additive gene action. The
highest SCA contributions were recorded for ear rot (58.53%), number of ears per plant
(53.44%), and plant aspect (52.93%), while the lowest was observed for ear length
(16.21%).

Proportional contribution of lines GCA, Testers GCA, and SCA of LxT to
total cross variance
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Figure 1: Proportional contribution of GCA and SCA to the total crosses variance and the
ratio of GCA to SCA



The highest ratio of general combining ability (GCA) to specific combining ability (SCA)
was observed for ear length (5.2), which exceeded unity, indicating that the genetic variation
for this trait is predominantly governed by additive gene action. A similarly high GCA/SCA
ratio was recorded for days to 50% silking (4.5), further supporting the predominance of
additive effects. In contrast, the lowest GCA/SCA ratio was obtained for ear rot (0.7), which
is less than unity, signifying that the genetic variation for this trait is primarily controlled by
non-additive gene action.

4.1.5. Heterotic grouping

Table 7 summarizes the heterotic grouping of the 40 maize inbred lines evaluated in this
study. The grouping procedure followed the method proposed by Singh and Chaudhary
(1985), whereby inbred lines were classified into heterotic groups based on the specific
combining ability (SCA) effects for grain yield, computed from their across-location
testcross performance with the two heterotic testers. Inbred lines exhibiting significant
negative SCA effects with a given tester were assigned to the same heterotic group as that
tester. Conversely, lines showing significant positive SCA effects with tester A (CML312)
were classified into the opposite heterotic group (tester B, CML395), and vice versa.
Based on across-location grain yield SCA results, seventeen lines (L2, L3, L6, L7, L8, L10,
L11,L14,L15,L16,L17,L22,1.23, 124,130, L34, and L39) exhibited significant negative
SCA effects with tester A (CML312) and were therefore assigned to heterotic group A.
Nineteen lines (L1, L4, L5, L9, L12, L13, L19, L20, L21, L25, L27, L28, L29, L32, L33,
L36, L37, L38, and L40) showed significant negative SCA effects with tester B (CML395)
and were classified into heterotic group B. Line L35 was categorized as A/B, since it
displayed significant positive SCA effects with both testers. Three lines (L18, L26, and L31)
remained unclassified, as they exhibited non-significant SCA effects with both testers.
Inbred lines within the same heterotic group are genetically similar, whereas lines between
groups are genetically divergent. This divergence provides the basis for exploiting heterosis,

as crossing lines from opposite groups is expected to generate high-yielding hybrids.



Table7: Heterotic grouping of maize inbred lines based on across location grain yield specific combining ability.

Lines SCA Tester A (CML312) SCA Tester B(CML395) HG Lines SCA Tester A (CML312) SCA Tester B(CML395) HG
L1 0.33** -0.32%* B L21 0.03** -0.02%* B
L2 -0.29%* 0.29%* A L22 -0.09%* 0.1%* A
L3 -0.01%* 0.01** A L23 -0.52%* 0.52%* A
L4 0.03** -0.03%* B L24 -0.35%* 0.36%* A
LS 0.1%* -0.1%* B L25 0.33** -0.33%* B
L6 -0.08%* 0.08** A L26 -0.63NS 0.64NS .
L7 -0.44** 0.44%** A L27 0.21%* -0.21** B
L8 -0.13%* 0.14** A L28 0.18** -0.18%* B
L9 0.24** -0.24%* B L29 0.04** -0.04%* B
L10 -0.31%* 0.31** A L30 -0.15%* 0.15%* A
L11 -0.47** 0.47** A L3l 0.71INS -0.7NS .
L12 0.3%%* -0.3%* B L32 0.22%%* -0.21** B
L13 0.36** -0.35%* B L33 0.07** -0.07** B
L14 -0.04%* 0.05%* A L34 -0.15%* 0.16%* A
L15 -0.39%* 0.4** A L35 0** 0.01** A/B
L16 -0.31%* 0.32%* A L36 0.21** -0.21%* B
L17 -0.33%* 0.34** A L37 0.32%* -0.31%* B
L18 0.7NS -0.7NS . L38 0.06** -0.05%* B
L19 0.14** -0.13%* B L39 -0.05%* 0.05%** A
L20 0.04** -0.03%* B L40 0.21%** -0.21%* B

**=highly significant (P<0.01); * = Significant (P<0.05); NS = Non significant; L = Lineas; HG = Heterotic group



4.2. Discussion

The present study was undertaken to estimate the general and specific combining ability of forty
maize inbred lines and to classify them into heterotic groups for the development of high-
yielding, moisture-stress-tolerant hybrids. The combined analysis of variance revealed highly
significant differences among genotypes, lines, testers, and line x tester interactions for grain
yield and most agronomic traits, confirming that the parental lines used in this study possess
substantial genetic variability that can be exploited through hybrid breeding. The simultaneous
significance of GCA and SCA mean squares indicates that both additive and non-additive gene
actions are operative in the inheritance of grain yield and yield-related traits in this population,
consistent with the theoretical framework of Sprague and Tatum (1942) and Falconer (1960),
who established that GCA reflects additive gene effects while SCA reflects dominance and
epistatic deviations. The significant line x location and tester x location interactions further
demonstrate that genotype x environment interaction influences the expression of these traits,
underscoring the necessity of multi-environment testing before any line or hybrid is
recommended for moisture-stress-prone production systems, in agreement with Hosana et al.
(2015).

The general combining ability results showed that line effects exceeded tester effects in
magnitude and proportional contribution for nearly all traits evaluated, indicating that the
additive component of genetic variance resided predominantly in the inbred lines rather than in
the two testers. Twenty lines exhibited positive and significant GCA effects for grain yield,
with the line component contributing 47.94% of the total cross variance, suggesting that careful
selection and recycling of parental lines, rather than tester choice alone, will drive genetic gain
in this breeding programme. This predominance of additive gene action for grain yield and most
yield components agrees with the findings of Legesse et al. (2017) and Gemechu (2019) in
Ethiopian mid-altitude maize, and with Tamirat et al. (2014) in lowland maize evaluated at the
same Melkassa location, all of whom reported strong additive control of grain yield, ear traits,
and kernel traits. The exceptionally high proportional contribution of lines to ear length
(78.96%), ear height (79.55%), and husk cover (78.74%) further demonstrates that these
morphological and agronomic traits can be improved efficiently through recurrent selection
among the inbred lines, while the comparatively modest tester contribution to most traits

(generally below 5%, except for common leaf rust at 16.97%) confirms that CML312 and



CML395 functioned mainly as discriminating testers rather than as primary sources of genetic
variability, consistent with the rationale of Matzinger (1953) for the use of narrow-base testers
in inbred line evaluation.

Negative GCA and SCA effects for days to anthesis, days to silking, and days to maturity were
considered favourable in this study, since earlier flowering and maturity allow hybrids to
complete their reproductive cycle before the onset of terminal moisture stress, a strategy
generally referred to as drought escape (Banziger and Diallo, 2004; Badu-Apraku et al., 2012).
The substantial proportion of variance attributable to lines for silking date (77.78%) indicates
that the early-flowering lines identified in this study, several of which also combined well for
grain yield, represent valuable parental material for developing short-cycle hybrids adapted to
the erratic and short rainy seasons characteristic of Melkassa and Dhera. The corresponding
non-additive effects observed for the same traits, with forty crosses showing negative and
significant SCA for both anthesis and silking dates, suggest that specific line x tester
combinations can shorten the flowering period beyond what would be predicted from the
additive effects of the parents alone, a pattern also reported by Dereje (2020) in central Rift
Valley maize germplasm evaluated under similarly moisture-limited conditions.

Specific combining ability effects were significant for grain yield and several yield-related
traits, confirming that non-additive gene action, arising from dominance and epistatic
interactions between specific line and tester combinations, also plays an important role in hybrid
performance. Thirty-seven crosses exhibited positive and significant SCA effects for grain
yield, with the line x tester interaction contributing 49.54% of the total cross variance, a
proportion nearly equal to that attributed to lines, indicating that grain yield in this population
is governed by a near balance of additive and non-additive gene effects. This finding has direct
practical implications; because SCA effects are specific to individual cross combinations and
cannot be reliably predicted from the GCA of the parents alone, the superior crosses identified
in this study, particularly those combining favourable SCA with high-GCA parents, should be
advanced through further yield trials rather than selected on the basis of parental performance
alone. A similar co-occurrence of significant GCA and SCA effects for grain yield has been
reported by Assefa et al. (2017), Annor et al. (2019), and Nasser and Mafouasson (2020) in

maize evaluated under drought and multiple-stress environments, reinforcing that both the



selection of superior parents and the testing of specific hybrid combinations are necessary
components of an effective breeding strategy for moisture-stressed environments.

The GCA/SCA ratio provides further insight into the relative importance of additive versus
non-additive gene action for individual traits. Ratios greater than unity, such as those obtained
for ear length (5.2) and days to 50% silking (4.5), indicate that additive gene action
predominates in the inheritance of these traits and that they should respond well to simple
selection-based breeding methods such as pedigree selection or recurrent selection among the
lines. In contrast, the low ratio recorded for ear rot (0.7) signals that non-additive gene action
is more influential for this trait, implying that exploitation of hybrid vigour through specific
cross combinations, rather than line selection alone, would be more effective for traits showing
this pattern. These results parallel the conclusions of Sprague and Tatum (1942) and Hallauer
et al. (2010), who emphasized that the relative magnitude of GCA and SCA variance should
guide the choice between population improvement and hybrid breeding strategies for a given
trait.

The classification of the forty inbred lines into heterotic groups A and B, based on their across-
location SCA effects for grain yield with testers CML312 and CML395, provides a practical
basis for systematic hybrid development in this breeding programme. Seventeen lines, namely
L2, L3, Le, L7, L8, L10, L11, L14, L15, L16, L17, L22, L23, .24, L30, L34, and L39, each
exhibited significant negative SCA effects with tester A (CML312) and were accordingly
assigned to heterotic group A, while nineteen lines, namely L1, L4, L5, L9, L12, L13, L19,
L20, L21, L25, L27, L28, L29, L.32, L33, L36, L37, L38, and L40, each exhibited significant
negative SCA effects with tester B (CML395) and were assigned to heterotic group B. The use
of proven, narrow-base CIMMYT testers of known heterotic relationship to classify new lines
is consistent with the line x tester-based grouping approach recommended by Singh and
Chaudhary (1985) and successfully applied in similar Ethiopian and African studies (Elmyhun
et al., 2020; Konaté, Baffour and Traoré, 2017; Zelleke et al., 2018; Tolera et al., 2017). Lines
assigned to opposite heterotic groups are expected to be more genetically divergent and, when
intercrossed, to produce hybrids with greater heterotic expression than crosses between lines of
the same group, thereby reducing the number of redundant cross combinations that must be
evaluated and increasing the efficiency of the hybrid development pipeline (Melchinger, 1999;
Zambezi et al., 1986). The classification of line L35 into both groups A and B, owing to its



significant positive SCA with both testers, and the failure of lines L18, L26, and L31 to show
significant SCA with either tester, indicate that these three lines are either genetically
intermediate between the two heterotic pools or possess tester-independent combining ability
for grain yield; such lines warrant further characterization, ideally supported by molecular
marker data, before they are confidently assigned to a specific heterotic group or discarded from
the breeding pipeline (Reif et al., 2003; Xia et al., 2004).

Taken together, the combining ability and heterotic grouping results generated in this study
provide breeders with the additive and non-additive genetic information needed to design
hybrid combinations and to organize the available inbred lines into complementary heterotic
pools for sustained genetic gain under moisture-stress conditions. The identification of lines
with simultaneously favourable GCA for grain yield, early flowering, and a defined heterotic
group classification offers an efficient starting point for advancing the most promising single-
cross hybrids to multilocation variety trials, while continued use of molecular markers
alongside the phenotypic line % tester approach used here would further refine heterotic
grouping and improve the precision of parental selection in subsequent breeding cycles

(Eathington et al., 2007).



5. SUMMARY AND CONCLUSIONS

This study was conducted to estimate the general and specific combining ability of forty
advanced maize inbred lines and to classify them into heterotic groups for systematic hybrid
development under the low-moisture stress conditions of Ethiopia. A total of 126 genotypes,
comprising 80 lines X tester crosses, four standard checks, and 42 parental lines, were evaluated
at Melkassa and Dhera during the 2019/20 main cropping season using an alpha-lattice design
with three replications.

Combined analysis of variance across the two locations revealed highly significant (P<0.01) or
significant (P<0.05) differences among genotypes for grain yield and most agronomic traits in
both the hybrid and parental line trials, confirming the presence of substantial exploitable
genetic variability in the study material. Mean squares due to GCA of lines and testers, as well
as SCA of line X tester interactions, were significant for grain yield and most yield-related traits,
demonstrating that both additive and non-additive gene actions condition the inheritance of
these traits in this population.

Twenty inbred lines exhibited positive and highly significant (P<0.01) GCA effects for grain
yield, with the line component accounting for 47.94% of the total cross variance, while nineteen
lines showed negative and significant GCA effects. Tester 1 (CML312) displayed a positive
and significant GCA effect for grain yield, although the tester component contributed only
2.46% of the total variance, confirming that the additive genetic variance in this population
resided predominantly in the inbred lines rather than in the testers.

Thirty-seven crosses exhibited positive and highly significant (P<0.01) SCA effects for grain
yield, with the line x tester interaction contributing 49.54% to the total cross variance, while an
equal number of crosses showed negative and highly significant SCA effects. Three crosses
(L31xT1, L18xT1, and L26xT2) recorded the highest positive SCA values but were not
statistically significant, and three crosses (L26xT1, L18xT2, and L31xT2) showed the highest
negative, non-significant SCA effects.

Based on across-location SCA effects for grain yield, seventeen lines (L2, L3, L6, L7, L8, L10,
L11, L14, L15, L16, L17, L22, L23, L24, L30, L34, and L39) were classified into heterotic
group A on account of their significant negative SCA with tester A (CML312), while nineteen
lines (L1, L4, L5,L9,L12,L13,L19,L20,L21, L25,L27,1.28, L29, L32, .33, L36, L37, L38,



and L40) were classified into heterotic group B based on their significant negative SCA with
tester B (CML395). Line L35 was assigned to both groups (A/B) owing to its significant
positive SCA with both testers, whereas lines L18, L.26, and L.31 remained unclassified because
they showed non-significant SCA with either tester.

The simultaneous presence of significant GCA and SCA effects, together with GCA/SCA ratios
exceeding unity for most traits, confirms that additive gene action predominates in the
inheritance of grain yield and the majority of agronomic traits evaluated, although non-additive
effects remain important for specific cross combinations. The successful classification of the
forty inbred lines into two complementary heterotic groups provides a practical foundation for
designing future hybrid combinations and reducing the number of redundant crosses that must
be evaluated in this breeding programme.

It is recommended that the information on parental line combining ability and heterotic
grouping generated in this study be complemented with molecular marker data to validate and
refine the heterotic classification, particularly for the three unclassified lines and for line L35,
which combined favourably with both testers. Future breeding efforts should also extend testing
of these inbred lines and their derived hybrids across a wider range of moisture-stressed
environments to confirm their stability and adaptation before any candidate hybrid is advanced

for variety release.
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