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ABSTRACT

Nitrogen (N) is a crucial nutrient vital for the growth and productivity of maize. However, excessive nitrogen
application can result in numerous environmental and ecological problems, such as water pollution, biodiversity
loss, and greenhouse gas emissions. Therefore, breeding maize hybrids resilient to low nitrogen conditions is cru-
cial for sustainable agriculture, especially under low nitrogen conditions. Consequently, this study aimed to eval-
uate the combining ability and heterosis of maize lines, recognize promising hybrids, and study gene action
controlling key traits under low and recommended N stress conditions. The half-diallel mating design hybridized
seven maize inbreds, resulting in 21 F1 hybrids. These hybrids, along with two high-yielding commercial hybrids
(SC10 and TWC310), were evaluated in field trials under recommended (290 kg/ha) and low N (166 kg N/ha)
conditions. Significant variations were observed among assessed hybrids for all measured traits, with non-additive
gene action being predominant for grain yield and its related characteristics under recommended and low N con-
ditions. Inbred lines P105 and P106 were recognized as effective combiners for earliness, with P105 also excelling
in shorter plant height and lower ear placement. In addition, P101, P102, and P104 were identified as good com-
biners for increasing grain yield and related attributes under low N conditions. The crosses P105 × P106 and P106
× P107 demonstrated outstanding heterotic effects for earliness, while hybrids P101 × P102 and P102 ×
P104 exhibited remarkable heterotic effects for grain yield low nitrogen stress conditions. These promising
hybrids could be considered for commercial use after further evaluation. Strong positive correlations were found
between grain yield and ear height, plant height, number of kernels per row, and 1000-grain weight, highlighting
their importance for indirect selection to enhance the grain yield of maize under low N stress conditions.
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1 Introduction

Maize (Zea mays) plays a vital role globally, being a key source of nutrition, livestock feed, and biofuel
[1]. It is the third most produced crop worldwide, following wheat and rice. It is cultivated on about
203.5 million hectares, yielding 1163.5 million tons of grain [2]. Maize is a significant source of national
income in numerous countries [3]. Despite its global importance, Egypt faces a notable gap between
maize production and consumption. This gap is primarily driven by the country’s limited arable land,
water scarcity, and growing population, which collectively constrain domestic maize production.
Therefore, maize breeders are focusing on developing new high-yielding maize hybrids to harness
heterosis and identify the most promising varieties for commercial production.

Conventional nitrogen fertilizers can result in environmental problems like water contamination and the
release of greenhouse gases [4]. Therefore, breeding maize hybrids under limited nitrogen is crucial to
reducing dependency on these inputs. Such hybrids enhance soil health by minimizing excessive fertilizer
use and contributing to higher agricultural productivity in challenging soil conditions [5]. Improving
maize’s ability to grow and yield effectively in low nitrogen environments can promote more sustainable
farming practices, ensure food security, and support the long-term health of agricultural ecosystems.

Early flowering in maize offers significant benefits, including water conservation and enhanced
resistance to specific pests. By reducing the time to flowering, maize plants can minimize their exposure
to pest infestations, such as those caused by the African pink borer (Sesamia cretica), the pink spotted
borer (Pyrausta nubilialis), and the spotted borer (Chilo simplex). This shortened developmental period
helps to mitigate the impact of these damaging pests, which are more likely to infest crops during
prolonged growth stages. Consequently, early flowering can lead to more efficient use of irrigation
resources and contribute to better overall crop protection and yield stability. Heterosis, or hybrid vigor, is
a pivotal concept in plant breeding, offering the potential to develop maize hybrids with higher yields and
early maturing hybrids under normal and stressed environments [6]. The application of heterosis is crucial
for classifying maize lines into specific heterotic groups, which aids in creating high-performing hybrids
with superior agronomic traits compared to existing commercial varieties. Additionally, exploiting hybrid
vigor is vital for advancing sustainable agriculture by reducing the impacts of environmental stress and
improving food production efficiency to meet growing global demands.

Studying the combining ability of maize inbred lines is pivotal for advancing maize breeding programs
and improving crop performance. By assessing how different inbred lines interact when crossed, researchers
can identify which parental combinations produce hybrids with enhanced traits such as higher yield, better
disease resistance, or improved adaptability to varying environmental conditions [7]. This knowledge allows
breeders to strategically select and combine inbred lines to harness the full potential of hybrid vigor or
heterosis, resulting in more productive and resilient maize varieties [8,9]. Combining ability accelerates
the development of high-performing hybrids and contributes to achieving greater agricultural
sustainability and food security by optimizing crop performance under diverse growing conditions
[10,11]. Moreover, understanding the genetic mechanisms underlying agronomic traits, such as yield
characters, can pinpoint the specific genes and their interactions contributing to desirable characteristics.
This knowledge enables breeders to make well-informed decisions by identifying parental lines and
planning breeding programs, thereby enhancing the efficiency of developing new maize hybrids with
targeted traits [7]. Accordingly, this study aimed to (1) assess general combining ability of the assessed
inbred lines and the specific combining ability of their hybrids under recommended and low nitrogen (N)
conditions; (2) elucidate the inheritance patterns of the studied traits; (3) identify maize hybrids that
exhibit high yield and early maturity under recommended and low N conditions; and (4) evaluate the
relationships among the assessed traits under low N conditions.
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2 Materials and Methods

2.1 Parental Lines and Hybridization
In this study, seven diverse white maize (Zea mays L.) inbred lines were utilized (Table A1), namely

P101 (Inb. 7), P102 (Inb. 11), P103 (Inb. 37), P104 (Inb. 56), P105 (Inb. 81), P106 (Inb. 84), and P107
(Inb. 96). These inbred lines were obtained from Agricultural Research Center, Egypt. During the
summer of 2021, the seeds of these inbred lines were divided and established on three different sowing
dates (May 14, 21, and 28) to ensure sufficient hybrid seed production. The parental lines were sown in
rows measuring 6 m in length with a spacing of 0.70 m between rows. Within each row, two seeds were
sown per hill with a spacing of 0.25 m. The seedlings were thinned to one per hill after full emergence
and before the first irrigation. A half-diallel mating design, excluding reciprocal crosses, was employed to
create all possible cross combinations among the seven inbred lines, developing 21 F1 hybrids.

2.2 Field Trials and Recorded Traits
In the 2022 growing season, the generated F1 hybrids were evaluated alongside two high-yielding

commercial check hybrids Single-Cross 10 (SC-10) and Three-Way Cross 310 (TWC-310) under
recommended N (290 kg/ha) and low N stress conditions (166 kg N/ha) in a private farm, Kafr El-Sheikh,
Egypt (31°56′N, 30°65′E). Meteorological data for both seasons of 2021 and 2022 are presented in Fig. 1.
Soil samples were collected from 0–30 cm depths and 30–60 cm before sowing to analyze some chemical
and physical properties. The analysis indicated that the soil was consistently clay throughout the entire
profile, consisting of 51.79% clay, 23.84% silt, and 24.37% sand, with a bulk density of 1.38 g cm−3. The
soil contained 1.55% organic matter, pH of 8.0, an electrical conductivity of 2.88 dS/m, and 4.4% calcium
carbonate. The available nutrients were 30.1 mg N, 10.1 mg P, and 650 mg K per kg of soil. The soluble
cations and anions were 112.3, 13.0, 30.1, 0.6, 22.7, 4.0, and 29.3 meq L−1 for Mg2+, Ca2+, N+, K+, Cl-,
HCO3

-, and SO4
2-, respectively. A randomized Complete Block Design in three replicates was

implemented. Each plot comprised two rows measuring 6 m in length and 0.7 m in width. Nitrogen
fertilizer was added in two equal doses: the first dose was applied before the first irrigation, and the
second dose was added before the second irrigation. Phosphorus fertilizer was incorporated during
seedbed preparation at a rate of 70 kg/ha, using calcium superphosphate containing 15.5% P2O5.
Additionally, 110 kg/ha of potassium sulfate with 48% K2O was applied after thinning.

2.3 Data Collection
Days to tasseling were recorded when 50% of the plants in each plot began producing tassels, and days

to silking were noted when 50% of the plants in each plot started producing silks. Plant height was measured
in centimeters from the ground to the top of the first tassel branch, and ear height was recorded as the distance
from the ground to the base of the highest ear. During harvest, ten ears were randomly selected from each plot
to assess agronomic traits, such as ear diameter, the number of kernels per row, and the weight of
1000 kernels. The plots were hand-harvested, and the weight of the shelled grain, adjusted to 15.5%
moisture content, was utilized to estimate grain yield in tons per hectare.

2.4 Statistical Analysis
Analysis of variance (ANOVA) was conducted for all traits, and the least significant difference (LSD)

test (p < 0.05) was used to clarify the significance of differences among the assessed genotypes. Griffing’s
method 4, model 1, was applied for combining ability analysis [12]. The statistical significance of the
differences observed between the general combining ability (GCA) and specific combining ability (SCA)
effects was determined by considering the standard error and the tabulated t-value. Standard heterosis was
calculated by comparing the mean of the F1 hybrids to the two standard check (SC) hybrids using the
formula: Heterosis over the standard check = [(F1 − SC)/SC] × 100. Principal component and heatmap
analyses were conducted using R programming version 4.2.1.
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3 Results

3.1 Analysis of Variance
The mean squares for assessed genotypes were divided into components for crosses, checks, and the

comparison between crosses and checks. Mean squares of both crosses and genotypes were highly
significant for all evaluated traits under recommended and low N conditions (Table 1). However, the
differences between the assessed check hybrids were insignificant across the studied characteristics under
both conditions. Significant mean squares were detected for crosses vs. checks in traits including ear
height, number of kernels per row, thousand kernel weight, and grain yield under both conditions.
Additionally, variances due to GCA and SCA were highly significant for all traits under both
recommended and low N conditions. The GCA/SCA ratio was less than one for all traits assessed under
both conditions, except for ear diameter and thousand-kernel weight under normal conditions.

Figure 1: Meteorological data for the first season of 2021 (A) and the second season of 2022 (B)
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3.2 Performance of Assessed Hybrids
Nitrogen levels substantially impacted all measured traits, and low nitrogen stress significantly reduced

all the measured traits. In comparison to the recommended nitrogen level, low N conditions significantly
decreased days to tasseling by 6.12%, days to silking by 6.7%, plant height by 24.1%, ear height by
26.3%, ear diameter by 11.2%, number of kernels per row by 18.3%, thousand-kernel weight by 19.5%,
and grain yield by 34.8% (Fig. 2). Significant variation was observed among the tested hybrids under
recommended and low N conditions for each trait. The days to tasseling ranged from 58.7 days (P103 ×
P105) to 64.0 days (P103 × P104), with an average of 61.5 days under recommended conditions, while
under low N it ranged from 54.0 days (P106 × P107) to 61.0 days (P103 × P104) with means of
57.8 days (Fig. 3A). Days to silking averaged 65.6 days under recommended conditions, fluctuating from
63.0 (P105 × P106) to 69.0 (P103 × P104), and 61.1 days under low N, ranging from 56.7 (P105 ×
P106) to 64.3 (P103 × P106) (Fig. 3B). For plant height, the range was from 203.3 cm (P106 × P107) to
288.3 cm (P101 × P107), with an average height of 262.7 cm under recommended conditions (Fig. 3C).
In contrast, under low N conditions, the range was from 178.3 cm (P101 × P103) to 233.7 cm (P102 ×
P104), with an average height of 199.3 cm. Ear height averaged 150.4 cm, ranging from 111.3 cm (P106

Table 1: Mean squares and combining ability analysis for the evaluated traits under recommended (R-N)
and low nitrogen (L-N) levels

Source of variance df Days to tasseling Days to silking Plant height (cm) Ear height (cm)

R-N L-N R-N L-N R-N L-N R-N L-N

Genotypes (G) 22 7.69** 8.10** 7.42** 9.23** 1435** 466.2** 1007** 332.6**

F1 Crosses (C) 20 8.25** 8.76** 7.94** 10.00** 1559** 494.7** 1041** 344.3**

GCA 6 17.50** 13.22** 16.60** 15.42** 2747** 952.8** 2513** 696.9**

SCA 14 4.28* 6.85* 4.23* 7.67** 1050** 298.4** 409.5** 193.2**

Checks (Ch) 1 4.17 2.67 1.50 2.67 37.50 66.67 13.50 150.0

C vs. Ch 1 0.01 0.35 2.86 0.35 362.5 295.9 1332** 280.8*

Error 44 1.81 2.69 1.81 1.48 90.00 80.74 48.39 42.32

GCA/SCA 0.71 0.28 0.68 0.25 0.310 0.45 0.76 0.48

Source of variance df Ear diameter
(cm)

Number of
kernels/row

1000 kernel
weight (g)

Grain yield
(tons/ha)

R-N L-N R-N L-N R-N L-N R-N L-N

Genotypes (G) 22 0.21** 0.43** 35.37** 58.81** 2895** 1968** 5.14** 5.84**

F1 Crosses (C) 20 0.23** 0.46** 28.07** 61.82** 3053* 2068** 5.53** 6.06**

GCA 6 0.54** 0.72** 42.50** 71.20** 7825** 5156** 11.53** 12.22**

SCA 14 0.10* 0.36** 21.89** 57.80** 1008** 745.3** 2.95** 3.42**

Checks (Ch) 1 0.03 0.06 0.16 3.140 416.7 1067* 0.30 0.01

C vs. Ch 1 0.02 0.001 216.42** 54.20** 2223** 867.9* 2.20* 7.20**

Error 44 0.05 0.10 4.45 6.41 285.2 159.3 0.58 0.55

GCA/SCA 1.12 0.27 0.24 0.14 1.16 0.95 0.51 0.45
Note: GCA is general combining ability, and SCA is specific combining ability * and ** signify p-value < 0.05 and 0.01, respectively.
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× P107) to 174.7 cm (P102 × P103) under recommended conditions (Fig. 3D). In low N conditions, the
average was 110.5 cm, ranging from 90.0 cm (P105 × P107) to 130.0 cm (P101 × P102). Ear diameter
had an average of 4.89 cm under recommended and 4.34 cm under low N conditions, ranging from 4.43
(P105 × P107) to 5.47 cm (P104 × P106) and 3.30 cm (P105 × P107) to 4.90 cm (P102 × P104),
respectively (Fig. 4A). Number of rows per ear, under recommended conditions, ranged from 36.6 (P105
× P107) to 43.6 (P101 × P102), and from 28.4 (P102 × P107) to 44.4 (P101 × P102) under stress
conditions (Fig. 4B). Thousand-kernel weight differed from 280.0 to 410.0 g (average 354.9 g) under
recommended conditions and from 222.0 to 335.0g (average 286.1 g) under low N, with (P103 × P104)
showing the heaviest, and (P105 × P107) the lightest weights under both conditions (Fig. 4C). Grain
yield varied between 5.89 tons/ha (P105 × P107) and 11.2 tons/ha (P101 × P102), with a mean yield of
8.40 tons/ha under optimal conditions (Fig. 4D). In contrast, under low nitrogen conditions, the yield
ranged from 2.62 tons/ha (P105 × P107) to 8.17 tons/ha (P102 × P104), with an average yield of
5.42 tons/ha.

Figure 2: (Continued)
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Figure 2: Boxplots displaying the minimum, median, mean, and maximum values for the agronomic traits
under study. ** indicates highly significant differences between recommended and low nitrogen levels based
on the t-test

Figure 3: (Continued)
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Figure 3: Comparative performance of the assessed twenty-one hybrids and checks hybrids under
recommended and low nitrogen levels: Days to tasseling (A), days to silking (B), plant height (C), and
ear height (D). The bars above the columns indicate standard deviations (SD). Columns with different
letters imply significant differences as determined by LSD with a p-value of less than 0.05

Figure 4: (Continued)
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3.3 Classification of Hybrids
The 21 assessed F1 hybrids and two commercial hybrids (SC-10 and TWC-310) were clustered based on

agronomic traits under low nitrogen conditions. These hybrids were divided into five groups, as shown in
Fig. 5. Group A, which included two hybrids (P101 × P102 and P102 × P104), recorded the highest
agronomic traits. Following group B consisted of seven hybrids (P101 × P107, P104 × P107, P101 ×
P104, P103 × P104, P104 × P105, P103 × P106, and P104 × P106) characterized by high agronomic
performance. Group C contained seven hybrids (SC-10, TWC-310, P101 × P105, P101 × P106, P102 ×
P105, P102 × P106, and P103 × P105) that showed moderate yield traits. Conversely, Group D included
three hybrids (P102 × P107, P102 × P103, and P103 × P107), and Group E included four hybrids (P105
× P106, P106 × P107, P101 × P103, and P105 × P107), both of which encompassed hybrids with the
lowest agronomic performance under low nitrogen conditions.

3.4 Standard Heterosis
The cross combinations P103 × P105 and P106 × P107 demonstrated the most significant negative

heterotic effects for days to tasseling, indicating earlier flowering compared to the commercial hybrids
SC-10 under both conditions (Table 2). Likewise, the hybrids P101 × P104, P101 × P106, and P102

Figure 4: Comparative performance of the assessed twenty-one hybrids and checks hybrids under
recommended and low nitrogen levels: Ear diameter (A), number of kernels per row (B), 1000-kernel
weight (C) and grain yield (D). The bars above the columns indicate standard deviations (SD). Columns
with different letters imply significant differences as determined by LSD with a p-value of less than 0.05

Figure 5: Dendrogram depicting phenotypic distances among 21 hybrids and two commercial hybrids based
on agronomic traits
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× P105 under low N, and P105 × P106 and P106 × P107 under both conditions exhibited the most favorable
heterotic effects compared to the commercial hybrids SC-10 for days to silking. For plant height, the crosses
P101 × P103, P103 × P106, P104 × P106, P105 × P107, and P106 × P107 exhibited the most favorable
heterotic effects, showing shorter plants compared to SC-10 and TWC-310 under both conditions. The
most significant negative heterotic effects for ear height, indicating lower ear placement, were observed in
P101 × P103, P104 × P105, and P105 × P107 relative to SC-10 under low N conditions. Conversely, the
hybrids P104 × P106 and P104 × P107 exhibited the highest positive heterotic effects for ear diameter
compared to SC-10 and TWC-310 under normal conditions (Table 3). Additionally, the crosses, P102 ×
P104, P104 × P105, P104 × P106, and P106 × P107 exhibited the highest positive heterotic effects for
ear diameter, surpassing the TWC-310 check hybrid under low N conditions. The best heterotic
combinations for number of kernels/row were P101 × P102 and P102 × P104, compared to SC-10 and
TWC-310 under low N conditions. The hybrids P102 × P104 and P103 × P104 showed superior positive
heterotic effects for thousand kernel weight relative to SC-10 and TWC-310 under both conditions.
Additionally, the cross combinations P101 × P102 and P102 × P104 exhibited the highest significant
positive heterotic effects for grain yield relative to SC-10 and TWC-310 under both conditions,
suggesting these combinations offer superior yield potential due to their advantageous traits.

3.5 Effects of GCA
The general combining ability estimated were notably positive and significant for most agronomic traits,

except for days to tasseling, days to silking, plant height, and ear height, where negative values are preferable
(Table 4). Among the evaluated inbred lines, P105 and P106 exhibited the most significant negative GCA
effects for both days to tasseling and days to silking under recommended and low N conditions,
indicating their contribution to earlier flowering. Lines P105, P106, and P107 showed the most favorable
GCA effects for plant height under recommended conditions and P103, P105, and P106 under low N
conditions. The inbreds P105 and P106 emerge as the most effective combiners for ear height under both
conditions, attributed to their desirable negative GCA effects. Conversely, P104 demonstrated the highest
positive and significant GCA effects for ear length. Lines P101 and P102 had the strongest positive and
significant GCA effects for number of kernels per row under both conditions. The superior GCA effects
for the thousand kernel weight were attributed to the lines P101 and P104. Under both conditions, the
highest GCA effects for grain yield were observed in lines P101, P102, and P104.

3.6 SCA Effects
The results presented in Table 5 indicate that the crosses P103 × P105 and P106 × P107 demonstrated the

most significant and favorable negative SCA effects for days to silking and days to tasseling under
recommended and low N conditions. For ear height and plant height, the crosses P101 × P103 and P105 ×
P107 displayed the most favorable negative SCA effects under both conditions. In contrast, the highest
significant and positive SCA effects for ear diameter were observed in the crosses P104 × P105 under
normal conditions and P106 × P107 under low N conditions. Likewise, the advantageous SCA effect for
the number of kernels/row was noticed in the hybrids P106 × P107 under recommended conditions, P101 ×
P102, P101 × P106, P101 × P107, P103 × P104 and P103 × P105 under low N conditions, and P102 ×
P104, P103 × P106, and P104 × P107 under both conditions. The highest substantial and positive SCA
values for thousand kernel weight were recorded in the hybrids P101 × P107, P102 × P104, and P103 ×
P107 under both conditions. Notably, the hybrids P101 × P102, P101 × P107, P102 × P104, and P103 ×
P106 demonstrated significantly positive and desirable SCA effects for grain yield under recommended and
low N conditions. Although no single hybrid showed optimal SCA effects across all evaluated traits, some
hybrids with advantageous effects on grain yield also performed well in one or more related characteristics.
For example, the hybrid P101 × P107 showed desirable SCA effects for number of kernels/row, grain yield
and thousand-kernel weight. At the same time, the crosses P102 × P104 and P103 × P106 had favorable
SCA effects for both grain yield and number of kernels per row under recommended and low N conditions.
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Table 4: General combining ability effects for the studied inbred lines for evaluated characters under
recommended (R-N) and low nitrogen (L-N) levels

Line Days to tasseling Days to silking Plant height (cm) Ear height (cm)

R-N L-N R-N L-N R-N L-N R-N L-N

P101 −0.51 0.37 −0.53 −0.56 10.43** 2.02 −1.05 −2.26

P102 1.22** 0.04 0.40 −0.03 15.10** 14.95** 14.15** 12.41**

P103 −0.31 1.37** 0.67* 1.84** 0.10 −6.05** 13.82** 2.01

P104 1.82** 0.64 1.73** 0.50 12.10** 3.02 8.62** 3.08

P105 −1.11** −1.16** −1.07** −0.70* −5.57* −4.45* −8.71** −9.46**

P106 −0.51 −1.23** −1.27** −1.30** −21.90** −9.38** −20.58** −3.06

P107 −0.58 −0.03 0.07 0.24 −10.24** −0.11 −6.25** −2.72

LSD(gi)0.05 0.65 0.79 0.65 0.59 4.58 4.34 3.36 3.14

LSD(gi)0.01 0.87 1.06 0.87 0.79 6.13 5.81 4.50 4.21

Inbred line Ear diameter (cm) Number of kernels/row 1000-kernel weight (g) Grain yield (tons/ha)

R-N L-N R-N L-N R-N L-N R-N L-N

P101 0.02 −0.20** 2.49** 3.02** 17.50** 14.10** 1.28** 0.63**

P102 −0.03 0.14 2.06** 1.71** 0.84 0.57 0.73** 0.46*

P103 −0.21** −0.25** −0.03 −2.42** 5.50 14.44** −0.71** −0.90**

P104 0.38** 0.39** −1.27* 0.40 37.90** 23.24** 0.71** 1.49**

P105 −0.16** −0.08 −0.94 0.37 −27.43** −28.90** −0.92** −0.54**

P106 0.04 0.05 −0.31 0.13 −14.50** −10.23** −0.52** −0.20

P107 −0.04 −0.04 −1.99** −3.20** −19.83** −13.23** −0.57** −0.95**

LSD(gi)0.05 0.10 0.15 1.02 1.22 8.16 6.10 0.37 0.36

LSD(gi)0.01 0.14 0.20 1.36 1.64 10.92 8.16 0.49 0.48
Note: *and ** signify p-value < 0.05 and 0.01, respectively.

Table 5: Specific combining ability (SCA) effects of twenty-one test-crosses for all measured traits under
recommended (R-N) and low nitrogen (L-N) levels

Cross Days to tasseling Days to silking Plant height (cm) Ear height (cm)

R-N L-N R-N L-N R-N L-N R-N L-N

P101 × P102 −1.24 −0.82 −0.76 0.51 −6.56 0.38 −10.20** 9.36**

P101 × P103 0.62 0.84 −0.36 0.31 −34.89** −16.96** −18.20** −15.24**

P101 × P104 −0.18 −0.09 −1.76** −1.36* 1.44 0.64 2.00 −1.31

P101 × P105 0.76 −0.29 1.38* 0.51 5.78 2.44 9.33** 2.89

P101 × P106 0.16 0.78 1.24 0.44 8.78 8.04 6.20 −0.18

P101 × P107 −0.11 −0.42 0.24 −0.42 25.44** 5.44 10.87** 4.49

P102 × P103 1.22 0.18 1.38* −1.56** −7.89 −9.89* −5.07 0.09

P102 × P104 −0.58 −0.76 −1.02 0.78 −8.22 6.38 -6.87* −3.64
(Continued)
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Table 5 (continued)

Cross Days to tasseling Days to silking Plant height (cm) Ear height (cm)

R-N L-N R-N L-N R-N L-N R-N L-N

P102 × P105 −0.98 0.38 −0.56 −0.69 14.44** 8.18 13.13** −0.11

P102 × P106 −0.24 0.78 −0.36 0.24 7.44 −0.89 1.67 −2.18

P102 × P107 1.82** 0.24 1.31* 0.71 0.78 −4.16 7.33* −3.51

P103 × P104 0.96 1.24 1.04 0.58 3.44 9.38* 1.80 0.42

P103 × P105 −1.44* −2.29** −1.49* −1.22* 4.44 4.18 3.80 10.29**

P103 × P106 0.29 1.11 0.38 2.71** 12.44** −3.89 4.00 −6.11

P103 × P107 −1.64* −1.09 −0.96 −0.82 22.44** 17.18** 13.67** 10.56**

P104 × P105 −0.58 −0.89 0.78 0.78 0.78 −6.22 −2.00 −7.44*

P104 × P106 0.49 0.18 0.31 0.38 −6.22 −7.96 1.53 10.49**

P104 × P107 −0.11 0.31 0.64 −1.16 8.78 −2.22 3.53 1.49

P105 × P106 0.76 −0.36 −0.22 −2.42** 4.78 6.18 −1.13 2.69

P105 × P107 1.49* 3.44** 0.11 3.04** −30.22** −14.76** −23.13** −8.31**

P106 × P107 −1.44* −2.49** −1.36* −1.36* −27.22** −1.49 −12.27** −4.71

LSD Sij0.05 1.28 1.56 1.28 1.16 9.04 8.56 6.63 6.20

LSD Sij0.01 1.72 2.09 1.71 1.55 12.09 11.45 8.87 8.29

Cross Ear diameter (cm) No. of kernels per row 1000-kernel weight (g) Grain yield (t/ha)

R-N L-N R-N L-N R-N L-N R-N L-N

P101 × P102 0.13 0.06 0.85 3.92** 3.47 1.24 0.75* 1.43**

P101 × P103 0.14 0.05 −2.39* −6.49** −27.87** −15.96* 0.27 −1.68**

P101 × P104 −0.25* −0.26 −1.82 −5.23** −16.93* −21.42** −0.94* −0.97**

P101 × P105 −0.05 0.18 1.67 2.36 8.40 17.38** −0.35 0.37

P101 × P106 −0.01 0.05 −0.21 2.49* 2.13 2.04 −0.50 −0.53

P101 × P107 0.03 −0.09 1.90 2.94* 30.80** 16.71** 0.76* 1.39**

P102 × P103 −0.11 −0.16 1.12 −4.64** −7.87 −22.42** −0.96* −0.77*

P102 × P104 −0.30** 0.03 2.62* 3.87** 16.40* 16.11** 1.12** 0.80*

P102 × P105 0.10 0.14 1.99 2.34 −14.93 −5.76 0.04 0.33

P102 × P106 0.01 −0.30* −2.64* 0.36 8.80 12.24* −0.64 −1.22**

P102 × P107 0.18 0.23 −3.95** −5.86** −5.87 −1.42 −0.30 −0.58

P103 × P104 −0.02 −0.04 −2.90** 2.56* 5.07 11.58 −1.66** −0.02

P103 × P105 0.08 0.20 1.41 3.70** 13.73 3.71 0.70 0.38

P103 × P106 −0.01 -0.34* 2.30* 3.27** 0.80 5.04 1.46** 1.49**

P103 × P107 −0.07 0.29 0.46 1.61 16.13* 18.04** 0.19 0.59

P104 × P105 0.23* 0.26 −0.13 -4.13** 20.00* 8.24 1.29** −0.11

P104 × P106 0.17 −0.01 −1.04 −1.75 −11.60 −10.42 0.07 0.15
(Continued)
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3.7 Interrelation among Assessed Hybrids and Studied Traits
The association between the developed maize hybrids and studied agronomic traits was analyzed using

principal component (PC) analysis. The first two PCs captured a substantial portion of the variance (59.49%
by PC1 and 14.70% by PC2) and were illustrated in the PC biplot (Fig. 6). PC1 exhibited higher variation and
efficiently separated the hybrids into those with negative and positive values along this axis. The hybrids on
the positive side of PC1 were linked to higher yield traits, notably P102 × P104, P101 × P102, P103 × P104,
P103 × P107, and P102 × P107. In contrast, hybrids on the negative side, such as P105 × P107, P101 × P103,
P103 × P106, and P106 × P107, demonstrated lower agronomic performance. The closeness of vectors
demonstrated a robust positive association among the characters. In particular, grain yield was positively
associated with ear height, plant height, 1000-grain weight, and the number of kernels per row. Heatmap
and hierarchical clustering based on these traits separated the maize hybrids into diverse clusters (Fig. 7).
The hybrids like P102 × P104, P103 × P104, P101 × P102, and P102 × P107 exhibited the highest trait
values (represented in blue), whereas P105 × P106 and P106 × P107 displayed the lowest (characterized
in red).

Table 5 (continued)

Cross Ear diameter (cm) No. of kernels per row 1000-kernel weight (g) Grain yield (t/ha)

R-N L-N R-N L-N R-N L-N R-N L-N

P104 × P107 0.17 0.02 3.28** 4.67** −12.93 −4.09 0.12 0.16

P105 × P106 −0.10 0.13 −0.83 -2.64* 0.40 −1.62 −0.65 0.34

P105 × P107 −0.26* −0.91** −4.11** −1.63 −27.60** −21.96** −1.03** −1.31**

P106 × P107 −0.05 0.46** 2.42* −1.73 −0.53 −7.29 0.25 −0.24

LSD Sij0.05 0.21 0.30 2.01 2.41 16.09 12.02 0.73 0.71

LSD Sij0.01 0.28 0.40 2.69 3.23 21.53 16.09 0.97 0.95
Note: *and ** signify p-value < 0.05 and 0.01, respectively.

Figure 6: PC-biplot explores the relationship between studied agronomic traits and the developed maize
hybrids
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4 Discussion

Excessive nitrogen application can result in numerous environmental and ecological problems, such as
water pollution, biodiversity loss, and greenhouse gas emissions. Therefore, breeding high-yielding hybrids
adapted to low nitrogen conditions is essential to ensure food security, allow cultivation in nitrogen-limited
environments, and reduce environmental pollution. Achieving this goal requires a deep understanding of
combining ability mechanisms. Genetic variation is the key to developing promising hybrids with
improved yield under optimal and low N conditions. Our study highlights significant variations among
the evaluated hybrids, demonstrating substantial genetic diversity that supports the selection of superior
hybrids under both recommended and low N conditions. This aligns with findings from recent studies,
including those by Sedhom et al. [13–15] which detected high genetic variability for several agronomic
characters in maize under normal and low N conditions. Developing low N tolerant and high-yielding
hybrids principally depends on selecting suitable parental lines [16]. Recognizing diverse lines with
beneficial alleles is essential to confirm their effective transmission to progeny [17]. In this context, the
favorable GCA effects observed for the inbreds P105 and P106, particularly in relation to tasseling and
silking dates, indicate their potential for improving earliness in hybrid maize. Early flowering in maize
has essential advantages, such as conserving irrigation water and providing resistance against certain
damaging corn borer pests. Shortened time to flowering leaves less time for pest infestation by species
such as the African pink borer (Sesamia cretica), pink spotted borer (Pyrausta nubilialis), and spotted
borer (Chilo simplex). The inbred lines P105 and P106 were recognized as the most effective general
combiner for achieving shorter plant heights and lower ear placement under both nitrogen treatments.
This indicates that these two lines have a strong propensity to produce hybrids with reduced plant height,
a key trait for developing genotypes more resistant to lodging [18]. Additionally, shorter hybrids might be
more efficient at allocating photosynthates towards ear development rather than biomass accumulation
[13]. The findings highlighted the inbred line P105 as an effective combiner for achieving early maturity
and lower ear placement across low and recommended nitrogen conditions. This indicates its potential for
use in breeding early-maturing genotypes with optimal ear placement under both conditions. Improving

Figure 7: Heatmap and hierarchical clustering analysis to explore the relationships among agronomic
attributes in developed maize hybrids and control checks. The traits analyzed included days to silking
(DTS), and days to tasseling (DTT), ear diameter (ED), number of kernels/row (NKPR), grain yield
(GY), plant height (PH), ear height (EH), and 1000 kernel weight (TKW)
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grain yield and its related traits can be effectively achieved by utilizing the inbreds P101, P102, and P104,
which demonstrated high significant and positive GCA effects under low N conditions. This suggests that
these inbreds carry valuable alleles that can be passed on to their progeny to produce high-yielding
hybrids under nitrogen deficiency conditions. These results align with Okunlola et al. [7] and Luz et al.
[19], who observed similar outcomes when using different maize inbreds in nitrogen-stressed environments.

SCA estimates are valuable for identifying promising hybrids. In the present study, most assessed
crosses exhibited appropriate and significant SCA effects for at least one attribute. Specifically, crosses
P103 × P105 and P106 × P107, which had negative SCA for days to silking and days to tasseling are
proper for enhancing earliness in maize under optimal and low N conditions. Additionally, crosses P101
× P102, P101 × P107, P102 × P104, and P103 × P106 showed the strongest SCA for yield traits under
both conditions, indicating their potential as high-yielding maize hybrids under varying nitrogen levels.
The high SCA resulted from non-additive gene action. Two hybrids, P101 × P102 and P102 × P104,
combined desirable SCA with high grain yield under low nitrogen conditions. Overall, these crosses will
undergo further evaluation for commercial cultivation.

Understanding trait inheritance patterns is crucial for breeding efforts. This study found that additive and
non-additive genetic effects play significant roles in the inheritance of all traits examined, as indicated by
substantial GCA and SCA effects. However, the ratio GCA to SCA was less than one for nearly all traits,
suggesting that non-additive gene action has a relatively greater influence on the inheritance of these
traits under both recommended and low N conditions. Consequently, cross-breeding methods are highly
effective for improving these characteristics by leveraging heterosis effects. These results align with those
of Akinwale et al. [20] and Badu-Apraku et al. [21]. In contrast to the present findings of this study,
Mukaro et al. [22], Habiba et al. [23] and Derera et al. [24] reported that additive gene action plays a
predominant role in the inheritance of maize grain yield under normal and low nitrogen conditions.

Exploring the associations between grain yield and its attributes can enhance breeding programs by
guiding selection and crosses to improve multiple important characteristics simultaneously [25–27]. The
PC-biplot offers an effective means to evaluate the interrelations among the evaluated traits [28–31].
Robust positive associations were found between grain yield and traits such as plant height, number of
kernels/row, and 1000-kernel weight under low nitrogen conditions. These findings align with Kamara
et al. [17] and Nemati et al. [32], who elucidated a positive relationship between maize grain yield and its
attributed traits.

5 Conclusions

Breeding high-yielding and early maturing maize hybrids under low and recommended nitrogen
conditions is crucial for advancing sustainable agriculture and meeting global food demands. The findings
exhibited substantial genetic diversity among the assessed maize hybrids, supporting the selection of
superior hybrids under both recommended and low N conditions, which is critical for advancing
sustainable agriculture. The favorable GCA effects detected for the inbreds P105 and P106, particularly in
relation to tasseling and silking dates, highlight their potential for improving earliness in hybrid maize,
emphasizing the importance of identifying diverse lines with beneficial alleles for effective transmission
to progeny. Several promising hybrids with strong SCA for yield traits were identified under both
recommended and low N conditions, particularly the crosses P101 × P102, P101 × P107, P102 × P104,
and P103 × P106. Notably, P101 × P102 and P102 × P104 combined desirable SCA with high grain
yield, showing potential for commercial cultivation. Strong positive relationships were found between
grain yield and traits such as number of kernels/row, plant height, and 1000-kernel weight. Due to their
ease of measurement, these traits are helpful for indirect selection to improve grain yield under low
nitrogen-stressed environments.
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Appendix A

Table A1: Some characteristics of the used parental inbred lines

Parent Pedigree Type of
kernels

Tasseling
date

Silking
date

Plant height
(cm)

Ear height
(cm)

P101 Iowa Silvermina Dent 67.0 69.0 205.9 117.5

P102 Laguna Flint 66.0 68.0 206.4 115.6

P103 Improved by Bc. with
(64 × 213)

Flint 65.0 67.0 187.4 104.3

P104 G.s.(Beiba × ci64) (S.C.14) Flint 65.0 69.0 192.2 107.3

P105 G.s.(PI221866 × 307A)
(S.C.14)

Dent 62.0 64.0 197.0 103.5

P106 G.s.(Sanjuan × 307)
(S.C.14)

Dent 63.0 65.0 200.5 113.0

P107 G.s.(Beida × 307) (S.C.14) Dent 64.0 66.0 191.5 103.3
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