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Abstract: Maize (Zea mays L.) productivity in sub-Saharan Africa (SSA) remains low, despite breeding
efforts spanning across decades. Currently, three-way cross hybrids (TWCH) dominate SSA; however,
there is the potential to increase yields by using single-cross hybrids. In this study, five new and
four elite CIMMYT lines were inter-mated in a half diallel mating scheme to estimate the combining
ability of the lines and to determine the stability of their corresponding 36 single-cross hybrids for
grain yield under low-nitrogen stress and optimum growing conditions in Zimbabwe and Zambia.
The results revealed that the new inbred line CL121290 showed the highest GCA effects under
optimum conditions (1.4 tha−1; p < 0.001) and across sites (0.93 tha−1; p < 0.001). The single-cross
hybrids G12 (CML311 × DJL173527) and G16 (DJL173887 × CL1211559) were highly stable and
were observed as ideal crosses within both the low-nitrogen and optimal environments. However,
G18 (CML311 × DJL173887), which was depicted as ideal genotype under the two management
conditions, was an unstable genotype. Hybrid G31 (CML311 × CML312) had the least grain yield
under low-nitrogen, optimum and across environments. The hybrid G11 (DJL173527 × CL121290)
was the highest yielding genotype amongst the new single-cross hybrids and across environments
but was unstable and can be recommended for high potential in environments. Overall, the data
demonstrated the potential of single-cross hybrids to supplement TWCH in boosting maize pro-
ductivity under optimal and nitrogen-stress environments in SSA as well as under other areas with
similar climatic conditions in the world.

Keywords: combining ability; low nitrogen; single-cross; stability

1. Introduction

Maize (Zea mays L.) is a multi-purpose cereal crop worldwide, where 66% of the
produce is used as livestock feed, 20% as direct food for humans, 8% for industrial purposes
and 6% is recycled as seed or wasted [1,2]. It is the primary source of calories in sub-Saharan
Africa (SSA), contributing about 19% of the calorie intake [3,4]. In the SSA region, maize
productivity is limited by multiple factors, such as drought and high temperatures, induced
by climate change [5–7].

Additionally, a lack of access to resources (e.g., fertilizers, pesticides and irrigation),
especially in the small-scale farming sectors, worsens the situation in households that solely
depend on maize as a staple crop [8]. Nitrogen (N), phosphorus (P) and potassium (K)
are major nutrient requirements for maize productivity; however, N is the most limiting
nutrient in tropical soils [8].

Soils in SSA have intrinsically low nitrogen, making maize production unsustain-
able [9]. Yields in the smallholder farming sector in SSA are low due to low and depleted
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soil fertility among other factors. Inorganic fertilizer use across SSA is less than eco-
nomically optimal resulting in low grain yields [10]. Marginal areas are used for maize
production by some resource poor farmers, while high value crops take up the more produc-
tive lands [11]. As the global population is estimated to double by the year 2050, coupled
with the continued decline in land suitable for agriculture [12], there is the need to develop
sustainable solutions that can lead to increased maize productivity under these predicted
climatic and socio-economic scenarios.

Breeding programs in Africa have traditionally targeted producing TWCH as the final
product for the farmer, as opposed to single-cross hybrids that are predominantly grown
in some of the world’s largest maize producing countries, such as the USA and China.
TWCH are cheap to produce and could be more resilient under the constrained production
environments common in SSA (due to some form of genetic buffer effect); although their
yield potential is lower than that of the single-cross hybrids [13]. Heterosis is known to
be higher in single-cross than in TWCH [14]. One way to increase productivity of maize
in SSA may be to switch to the development and extensive deployment of single-cross
hybrids that have been so successful in other countries, such as the USA [15].

To be economically viable, parental inbred lines must have desirable characteristics
that include not only high seed yield but also good combining ability and yield stability of
their hybrid combinations. There is the need for deploying high-yielding, stable (across
optimal and marginal growing conditions) and economically viable hybrids for the low-
input production systems.

Recently, CIMMYT maize breeders developed inbred lines tolerant to low nitrogen,
drought and heat stresses in addition to good per se seed yield, which is an important trait
for commercial seed production. Prior to their release as CIMMYT Maize Lines (CMLs),
these inbred lines had undergone a series of tests in which their value in maize breeding
programs and in commercial seed production systems was evaluated. The selection of a
certain hybrid for one (specific adaptation) or many (wide adaptation) environments for
grain yield is important.

Grain yield is a quantitatively inherited trait and therefore shows large genotype–
environment interactions (GEI) [16], because cultivars grown in different environments
differ in performance and stability. The objective of this study was to determine the com-
bining ability of new lines and the stability of their single-cross hybrid combinations for
grain-yield performance under optimum and low-nitrogen stress conditions. We hypoth-
esize that some of the new inbred lines can be the parents of high-yielding and stable
single-cross hybrids that can complement or replace TWCH to boost the maize productivity
under stress and non-stress conditions.

2. Materials and Methods
2.1. Germplasm and Test Sites

A total of nine inbred lines (i.e., four heterotic group A + five heterotic group B)
adapted to the mid-altitudes of SSA: five new and four CMLs (Table 1) were crossed
following the Griffing diallel Method 4 (half diallel) mating scheme [17]. The assumptions
of the method include: (i) diploid segregation; (ii) homozygous parents; (iii) no multiple
allelism; (iv) there is no difference between reciprocal crosses; (v) independent action of
non-allelic genes in the diallel cross; and (vi) genes independently distributed between
the parents.

CIMMYT maize inbred lines were classified into different heterotic groups based
on the predominant racial origin of the source population and combining ability with
established heterotic testers as either Tuxpeño (Group A; e.g., Population 21) or non-
Tuxpeño (Group B; e.g., Population 32) [18]. The crosses were made at Muzarabani station;
16◦34′ S; 31◦08′ E; 360 masl in Zimbabwe, during the winter season (May to October 2017).

The CMLs are, per CIMMYT standards, released and publicly available inbred lines
already used as the parents of commercialized hybrids and widely used for breeding [19].
The resultant 36 single-cross hybrids and four single-cross hybrid checks (medium maturing
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yellow maize- SC608; medium maturing white maize- SC633; late maturing white maize-
SC727 and CZH15429) were evaluated at eight sites during 2018 and 2019 summer seasons
in Zimbabwe and Zambia (Table 2). The checks were chosen on the premise that they are
single-cross hybrids currently marketed widely to farmers in the region.

Table 1. Maize inbred line parents for the partial diallel crosses.

Parent Name Description Heterotic Group

P1 DJL173833 New inbred line B
P2 DJL173527 New inbred line A
P3 DJL173887 New inbred line B
P4 CL1211559 New inbred line B
P5 CL1212902 New inbred line A
P6 CML311 Elite A
P7 CML312 Elite A
P8 CML543 Elite B
P9 CML566 Elite B

Table 2. Characteristics of the testing sites used to evaluate single-cross hybrids in Zimbabwe and
Zambia in 2018 and 2019.

No. Sites Management Year Longitude Latitude Altitude
(masl)

Annual Rainfall
(mm)

Annual Temp
Range (◦C)

1 ART Optimal 2018 31◦03′ E 17◦49′ S 1480 830 13–28.5
2 CIMMYT-Harare Optimal 2018 31◦2′ E 17◦5′ S 1483 1000 10–37
3 CIMMYT Harare Low Nitrogen 2018 31◦2′ E 17◦5′ S 1483 1000 11–37
4 RARS Optimal 2018 31◦14′ E 17◦14′ S 1300 918 12.8–28.6
5 RARS Low Nitrogen 2019 31◦14′ E 17◦14′ S 1300 918 12.8–28.6
6 RARS Optimal 2019 31◦14′ E 17◦14′ S 1300 918 12.8–28.6
7 Lusaka West Low Nitrogen 2019 28◦04′ E 15◦24′ S 1216 1000 14.2–28.9
8 Mpongwe South Optimal 2019 28◦03′ E 13◦32′ S 1206 1200 20–25.3

NB: masl = meters above sea level.

2.2. Experimental Design

The experiment was laid out in an alpha (0, 1) lattice design [20] with two replications at
each site. The plot size was one-row 4 m long with an inter-row spacing of 0.75 m and 0.25 m
between plants in a row. Two seeds were sown per hill and later thinned to one plant per
station at three weeks after emergence for a final density of approximately 55, 000 plants ha−1.

2.3. Management

The hybrids were subjected to two treatments: low-nitrogen stress and optimum
conditions (Table 2). The low-N experiments were established at three sites in fields that
were depleted of nitrogen by continuously planting maize without adding any inorganic
or organic nitrogen fertilizer across a period of four cropping seasons. Locations tradi-
tionally used for low-nitrogen screening in Zimbabwe are those with nitrate-N levels
below 20 ppm [21]. At the end of each season, all the crop residues were removed from
the field [22]. In the low-nitrogen trials, only phosphorus and potassium fertilizers were
applied. The five optimum trials were managed following the recommended agronomic
practices, including supplementing rainfall with irrigation whenever necessary and also
applying the recommended doses of basal and top-dressing fertilizers [23].

2.4. Data Collection

Quantitative traits, such as the grain yield, plant height, days to anthesis, days to silking,
ear height and ears per plant, were recorded. The grain weight and grain moisture (expressed
as a percentage) were recorded at harvest and used to calculate the grain yield (shelled grain
weight per plot adjusted to 12.5% grain moisture converted to tons per hectare).
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2.5. Statistical Analysis

ANOVA for the grain yield for each environment and combined ANOVA were com-
puted using restricted maximum likelihood (REML) analysis using linear mixed models
in the GenStat software 14th edition (VSN International, England, UK) [24]. Entries were
considered fixed effects, whereas sites were considered random effects. The significance of
different items in the ANOVA was tested using the F statistic (p < 0.05), which is the ratio
of the sum of mean squares to the mean square error. ANOVA for a single environment
(i.e., site) was done according to the linear model by Barreto et al. [25] as follows:

Yijk = µ + ri Bk + Ej + εijk (1)

where Yijk is the response variable/trait, e.g., yield, µ is the grand mean, rj BK is the effect
of the kth block nested in the ith replication, k represents 1, 2, 3, 4 and 5, blocks, and i
stands for 1, 2 and 3 replications.

A combined ANOVA across the eight sites was also done according to the linear model
by Barreto et al. [25] as follows:

Yijkl = µ + rj Bk + Li + El + [EL]il + εijkl (2)

where Yijkl is the response variable/trait, µ is the grand mean, rj BK is the effect of the kth
block nested in the jth replication, k represents 1, 2, 3, 4 and 5, blocks, j represents 1, 2 and
3 replications, Li is the effect of ith location, i represents 1, 2 and 3 locations, El is the effect
of the lth entry and l represents 1, 2, 3, 4, . . . , 25 entries, ELil is the interaction effect of the
lth entry and the ith location and εijkl is the experimental error.

The narrow-sense and broad-sense heritability were both estimated for comparison
sake and because it is restrictive to predict performance of a hybrid using GCA of an inbred
line under low-nitrogen stress. The broad-sense heritability (H) was calculated as the ratio
of genotypic variance to phenotypic variance [26] as follows:

H =
σ2g
σ2 p
× 100 (3)

where σ2g is and genotypic variance and σ2 p is the phenotypic variance.
The narrow-sense heritability (h2) was calculated using the formula given by Hallauer

and Miranda [27].

h2 =
2σ2GCA

(2σ2GCA + σ2SCA + σ2e)
(4)

where σ2e is the environmental variance, σ2GCA is the mean squares of the general
combining ability and σ2SCA is the mean squares of the specific combining ability.

The grain yield data of hybrids was subjected to Griffing’s [17], Method 4 and Model 1
analysis using the CIMMYT AGD-R 4.0 software [CIMMYT Biometrics & Statistics Unit,
Mexico]; [28]. The diallel analysis model was as follows:

xij = µ + gi + gj + sij + Ek + Ekgi + Ekgj + ESij + eijk (5)

where, xij is the mean of i × jth genotype (g) over kth Environments (E), µ is the population
mean, gi and gj are the GCA effects, sij are the SCA effects such that sij = sji (thus, assuming
absence of reciprocal effects) and eijk is the random error term. Ekgi, Ekgj and ESij are
GCA × Environment and SCA × Environment interaction effects, respectively.

To identify the highest-yielding and stable single-cross hybrids under managed
low-nitrogen and optimal conditions, the genotype main effect (G) and genotype-by-
environment (G × E) interaction (GGE) biplot analysis [29] was performed in GenStat 14th
edition [24]. GGE biplot analysis was also performed in order to identify the best suited
genotypes within stress (i.e., low nitrogen) and non-stress (i.e., optimal) conditions. The
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GGE biplots provides comprehensive visual information, and its advantage over regression
is that it is faster and easier to interpret [30].

It also removes the large environmental effect (E) not necessary for genotype evaluation
and keeps only G and G × E, which are more pertinent for making useful genotype
evaluation and selection decisions [31]. Stability analysis was necessitated by the presence
of significant crossover interactions effects between the crosses and the sites observed under
both the stress and non-stress environments (see Table 3).

Table 3. Analysis of variance for grain-yield performance of half diallel crosses evaluated during the
2018 and 2019 summer seasons in Zimbabwe and Zambia.

Optimal
Management

Managed Low
Nitrogen Across

DF MS DF MS DF MS

Site 4 128.28 *** 2 108.50 *** 7 803.91 ***
Replication (Site) 5 2.26 3 5.31 *** 8 4.17 ***

Cross 35 26.41 *** 35 1.75 35 20.92 ***
GCA 8 64.19 ** 8 0.90 8 44.75 *
SCA 27 15.22 *** 27 2.06 27 14.14 ***

Cross × Site 140 3.73 ** 70 1.21 * 245 3.45 ***
GCA × Site 32 5.89 ** 16 0.71 56 6.48 ***
SCA × Site 108 3.08 * 54 1.431 * 189 2.61 **

Residual 104 2.17 63 0.74 167 1.64

GCA variance 4.43 0.01 3.08
SCA variance 6.53 0.66 6.25

GCA-SCA ratio 0.68 0.02 0.49
Phenotypic variance 17.55 1.42 14.05

Narrow-sense heritability 0.51 0.02 0.44
Broad-sense heritability 0.88 0.48 0.88

*, **, *** are significant at the 0.05, 0.01 and 0.001 probability levels, respectively; DF = degrees of freedom and
MS = mean squares.

3. Results
3.1. F1 Hybrid Performance and Combining Ability Effects

The genotypes’ general combining ability (GCA) and specific combining ability (SCA)
mean squares were significant (p < 0.001) for grain yield under optimal conditions and
across sites (Table 3). The genotype–environment interaction (GEI) was significant for grain
yield under low-nitrogen stress (p < 0.05), optimal conditions (p < 0.01) and across sites
(p < 0.001). The GCA × site interaction effects were significant under optimal conditions
and across sites. The GCA mean squares values were lower compared to the SCA mean
squares under managed low-nitrogen stress, optimal conditions and across sites.

Both the narrow-sense heritability (h2 = 2%) and broad-sense heritability (H2 = 48%)
estimates for grain yield under managed low-nitrogen stress conditions were lower than
those observed under optimal conditions, i.e., 51% and 88%, respectively (Table 3). A
breeder cannot predict hybrid performance under low-nitrogen stress using GCA. There
is a huge difference between the narrow-sense and broad-sense heritability because non-
additive gene action (SCA) is added to the performance of grain yield under low nitrogen.
The narrow-sense heritability for grain yield is generally low under stress, ranging between
5% and 10% [32].

The new inbred line P5 (CL1212902) had the highest and significant GCA effects for
grain yield under optimal conditions and across sites, whereas P2 (DJL173527) was the best
general combiner for grain yield under low-nitrogen conditions (Table 4). Elite inbred line
parents that showed positive and significant GCA effects for grain yield were found for
CML543 and CML566.
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Table 4. The general combining ability (GCA) effects of new and elite CIMMYT lines evaluated
under low-nitrogen and optimal conditions in Zimbabwe and Zambia during the 2018 and 2019
summer seasons.

Optimal Management Managed Low Nitrogen Across

Parent Name Description Heterotic
Group

GCA
(tha−1) p-Value Rank GCA

(tha−1) p-Value Rank GCA
(tha−1) p-Value Rank

P1 DJL173833 New B −0.44 *** 5 −0.28 ** 9 −0.39 *** 6
P2 DJL173527 New A −0.11 ns 4 0.17 ns 1 0.00 ns 4
P3 DJL173887 New B −0.6 *** 7 −0.04 ns 7 −0.39 *** 7
P4 CL1211559 New B −0.51 *** 6 −0.13 ns 8 −0.37 *** 5
P5 CL1212902 New A 1.40 *** 1 0.15 ns 2 0.93 *** 1
P6 CML311 Elite A −1.08 *** 9 −0.03 ns 6 −0.68 *** 9
P7 CML312 Elite A −0.90 *** 8 −0.03 ns 5 −0.58 *** 8
P8 CML543 Elite B 0.93 *** 3 0.10 ns 3 0.62 *** 3
P9 CML566 Elite B 1.31 *** 2 0.09 ns 4 0.85 *** 2

ns, **, ***: not significant, significant at the 0.05, 0.01 and 0.001 probability levels, respectively.

3.2. Potential of the New Inbred Line Parents for Grain-Yield Performance in Single-Cross
Hybrid Combinations

Tables 5 and 6 show the grain-yield performance and specific combining ability values
of 36 new single-cross hybrids under low-nitrogen, optimal conditions and across environ-
ments. The best three specific combiners for grain yield (GY) performance under optimal
management conditions were the genotypes G12, G11 and G35. Under low-nitrogen stress
conditions, the best three specific combiners were G16, G19 and G12. In addition, across
low-nitrogen and optimal conditions, the best were G18 and G16 (Table 5).

Table 5. The specific combining ability (SCA) effects of new and elite CIMMYT lines evaluated
under low-nitrogen and optimal conditions in Zimbabwe and Zambia during the 2018 and 2019
summer seasons.

Optimal Management Low-Nitrogen Management Across

Cross SCA (tha−1) Prob_T Rank SCA (tha−1) Prob_T Rank SCA (tha−1) Prob_T Rank

P2 × P1 −1.95 *** 35 −0.57 ns 32 −1.43 *** 35
P3 × P1 −0.68 ns 28 −0.08 ns 22 −0.45 ns 29
P4 × P1 0.35 ns 15 0.02 ns 19 0.21 ns 16
P5 × P1 0.23 ns 17 −0.19 ns 24 0.08 ns 17
P6 × P1 0.66 ns 10 −0.23 ns 26 0.32 ns 14
P7 × P1 −0.34 ns 27 0.35 ns 11 −0.09 ns 22
P8 × P1 0.65 ns 11 0.55 ns 4 0.64 * 8
P9 × P1 1.08 ** 5 0.16 ns 14 0.73 ** 6
P3 × P2 −1.42 *** 34 −1.13 *** 35 −1.31 *** 34
P4 × P2 0.25 ns 16 0.33 ns 12 0.28 ns 15
P5 × P2 1.26 ** 3 0.06 ns 17 0.81 ** 5
P6 × P2 1.86 *** 1 0.60 ns 3 1.41 *** 1
P7 × P2 0.53 ns 13 0.52 ns 7 0.53 ns 10
P8 × P2 −0.31 ns 26 0.38 ns 10 −0.07 ns 20
P9 × P2 −0.21 ns 25 −0.20 ns 25 −0.22 ns 25
P4 × P3 0.85 * 7 1.07 *** 1 0.93 *** 3
P5 × P3 −0.20 ns 24 0.16 ns 13 −0.08 ns 21
P6 × P3 1.25 ** 4 0.54 ns 6 1.00 *** 2
P7 × P3 0.75 ns 8 0.63 * 2 0.70 * 7
P8 × P3 0.13 ns 18 −0.68 * 34 −0.18 ns 24
P9 × P3 −0.68 ns 29 −0.51 ns 31 −0.62 * 31
P5 × P4 −0.18 ns 23 −0.28 ns 28 −0.22 ns 26
P6 × P4 0.07 ns 20 0.09 ns 16 0.07 ns 18
P7 × P4 −0.03 ns 21 −0.25 ns 27 −0.10 ns 23
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Table 5. Cont.

Optimal Management Low-Nitrogen Management Across

Cross SCA (tha−1) Prob_T Rank SCA (tha−1) Prob_T Rank SCA (tha−1) Prob_T Rank

P8 × P4 −1.17 ** 33 −0.61 * 33 −0.95 *** 33
P9 × P4 −0.15 ns 22 −0.37 ns 29 −0.22 ns 27
P6 × P5 −0.89 * 30 −0.45 ns 30 −0.74 ** 32
P7 × P5 0.70 ns 9 0.14 ns 15 0.50 ns 12
P8 × P5 0.07 ns 19 0.01 ns 20 0.05 ns 19
P9 × P5 −0.99 * 32 0.55 ns 5 −0.41 ns 28
P7 × P6 −3.96 *** 36 −1.42 *** 36 −3.01 *** 36
P8 × P6 0.62 ns 12 0.41 ns 9 0.53 ns 11
P9 × P6 0.40 ns 14 0.46 ns 8 0.44 ns 13
P8 × P7 0.90 * 6 0.03 ns 18 0.57 * 9
P9 × P7 1.44 *** 2 0.00 ns 21 0.89 ** 4
P9 × P8 −0.89 * 31 −0.09 ns 23 −0.60 * 30

ns, *, **, ***: not significant, significant at the 0.05, 0.01 and 0.001 probability levels, respectively.

Table 6. The grain-yield performance of the 36 diallel crosses and the four check hybrids evaluated
under low-nitrogen and optimal conditions in Zimbabwe and Zambia during the 2018 and 2019
summer seasons.

Genotype Cross Optimal Management (tha−1) Managed Low Nitrogen (tha−1) Across (tha−1)

G1 P2 × P1 5.27 0.83 3.61

G2 P3 × P1 6.18 1.16 4.28

G3 P4 × P1 6.93 1.10 4.76

G4 P5 × P1 8.75 1.24 5.94

G5 P6 × P1 6.91 0.96 4.68

G6 P7 × P1 5.97 1.54 4.34

G7 P8 × P1 8.82 2.01 6.25

G8 P9 × P1 9.71 1.45 6.65

G9 P3 × P2 5.54 0.59 3.67

G10 P4 × P2 7.43 1.92 5.37

G11 P5 × P2 10.21 1.95 7.10

G12 P6 × P2 8.41 2.35 6.13

G13 P7 × P2 7.22 2.24 5.34

G14 P8 × P2 8.23 2.16 5.95

G15 P9 × P2 8.68 1.58 6.03

G16 P4 × P3 7.45 2.44 5.56

G17 P5 × P3 8.27 1.79 5.83

G18 P6 × P3 7.20 2.07 5.27

G19 P7 × P3 6.96 2.11 5.13

G20 P8 × P3 8.12 0.93 5.42

G21 P9 × P3 7.65 1.11 5.17

G22 P5 × P4 8.36 1.28 5.70

G23 P6 × P4 6.15 1.49 4.41

G24 P7 × P4 6.25 1.17 4.34

G25 P8 × P4 6.95 0.93 4.68
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Table 6. Cont.

Genotype Cross Optimal Management (tha−1) Managed Low Nitrogen (tha−1) Across (tha−1)

G26 P9 × P4 8.34 1.18 5.64

G27 P6 × P5 7.13 1.15 4.91

G28 P7 × P5 8.90 1.83 6.25

G29 P8 × P5 10.15 1.79 7.02

G30 P9 × P5 9.43 2.34 6.78

G31 P7 × P6 1.80 0.07 1.15

G32 P8 × P6 8.12 2.01 5.82

G33 P9 × P6 8.34 2.11 6.01

G34 P8 × P7 8.57 1.65 5.97

G35 P9 × P7 9.55 1.57 6.58

G36 P9 × P8 9.05 1.63 6.29

G37 Check 1 6.65 0.65 4.39

G38 Check 2 8.75 1.95 6.22

G39 Check 3 10.06 2.64 7.28

G40 Check 4 8.88 1.75 6.20

Heritability 0.87 0.36 0.85

Genotype
variance 2.21 0.12 1.12

Genotype × Location variance 0.67 0.26 0.82

Environment
variance 1.61 2.19 11.87

Residual variance 2.11 0.74 1.58

Grand mean 7.78 1.57 5.45

Least significance
difference (5%

probability level)
1.16 0.55 0.87

Coefficient of
variation 18.66 54.98 23.08

New inbred line parents P2 and P5 showed the highest potential in single-cross hybrid
combinations under optimal conditions, whereas P2, P3 and P4 indicated high potential
across the low-nitrogen and optimal conditions. Under low-nitrogen conditions, G16 and
G12 performed better than the other three checks (G40, G37 and G38). Under optimum
conditions G11 and G29 outperformed all the four single-cross hybrid checks (Table 6).

3.3. Stable High Yielding Single-Cross Hybrids under Low-Nitrogen Stress and Optimal Conditions

Figure 1 show that G11 (P5 × P2) was highly unstable though it was the highest
yielding genotype amongst the new single-cross hybrids as well as the checks. G11 was
also identified as the most suited genotype under optimal conditions, whereas genotype 39
(Check 3) was predicted to be the most ideal under low-nitrogen conditions (Figure 2). G12
(P6 × P2) and G16 (P4 × P3) across low-nitrogen stress and optimal growing conditions
were also observed to be highly stable. However, genotype 18 (P6 × P3), which was
depicted as an ideal genotype under the two management conditions, was unstable for
grain-yield performance (Figure 1).
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4. Discussion

In the current study, we hypothesized that some of the new inbred lines could poten-
tially contribute to the development of high yielding and stable single-cross hybrids that
can supplement three-way hybrids in boosting maize productivity in SSA. The significant
GCA and SCA effects across environments indicate the relative changes in combining
ability effects across management levels [22].

The non-significant GCA × site interaction effects on the grain-yield performance
observed under low-nitrogen stress conditions meant that low-N sites were similar, and
this observation was inconsistent with the findings of Ertiro et al. [33] where low-N sites
were significantly different. The significant estimates of the GCA and SCA variances
suggested the importance of both additive and non-additive gene actions for the expression
of grain yield [34].

However, the additive genetic effects appeared to be less important than the non-
additive genetic effects for grain-yield performance under both optimal and low-nitrogen
stress conditions. The best hybrids under both conditions had at least one parent with
highly significant and positive GCA effects for grain yield, and this concurs with the
observations of Makumbi et al. [35]. In a separate study by San Vicente et al. [36], a
greater relative importance of non-additive genetic effects compared with additive genetic
effects for grain-yield performance among the white endosperm maize population was
also reported.

Breeding programs in Africa are now considering single-cross hybrids as a way of
increasing maize productivity. Single-cross hybrids are considered unstable in the adverse
stress conditions commonly present in SSA, and the seeds are expensive because of the costs
of producing seeds [13]. Although this narrative can be proven to be true for most of the
commercial varieties in the market, our results demonstrated that the new stress-tolerant
single-cross hybrids can be stable across environments.

The new inbred lines used in this study were chosen because they are known to have
high per se grain yield, which is a favorable trait in minimizing seed production cost. For
instance, the new inbred line P5 (CL1212902) showed the highest and significant GCA
effects for grain yield across environments. The new inbred lines P2 and P5 were involved
in the most high-yielding single-cross hybrids (G11, G29 and G30) across environments. The
identified stable single-cross hybrids (G12 and G16) were more stable than the commercial
hybrids used in this study under optimum and low-nitrogen-stress environments. This
observation may suggest that single-cross hybrids may potentially complement the TWCH
that are predominantly used in SSA.

Something important to note from these results is that high yielding and/or stable
single-cross hybrid cannot only be expected across heterotic groups as it is also possible to
have them within the same heterotic group, such as in the case of inbred lines P6 (CML
311) and P2 (DJL173527) (both in heterotic group A) as well as P4 (CL1211559) and P3
(DJL173887) (both in heterotic group B). These inbred lines were also important in specific
combinations as parents of single-cross hybrids with highly significant positive SCA values
in several instances.

They were also involved in single-crosses with high stability. Pedigree starts are devel-
oped from high potential lines within the same heterotic groups (P6 and P2) can potentially
contribute to the development of new high yielding heterotic group A inbred lines com-
bining tolerance to low-N and high-grain yield under stress and non-stress environments.
Likewise, P4 and P3 can potentially contribute to the development of new heterotic group
B inbred lines that are also adapted under low-nitrogen conditions combining tolerance to
low N and high-grain yield under low-N and optimal growing conditions.

It is important to mention that the identified superior new low-N-stress-tolerant inbred
lines (P2, P3, P4, P5 and P6) can be deployed as parents in crosses targeted at creating new
populations for the development of other new stress-tolerant lines. The identified best
specific combinations, G12 (P6 × P2) and G16 (P3 × P4), which were highly stable across
optimal and marginal growing conditions, should be subjected to further evaluations,
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particularly under farmer management conditions to generate more supporting data for the
release process as commercial varieties. In conclusion, the results revealed that some of the
new inbred lines can potentially contribute to the development of high yielding and stable
single-cross hybrids that can supplement three-way hybrids in boosting maize productivity
in SSA.
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