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Abstract Quality Protein Maize (QPM) varieties
are rich in lysine and tryptophan, but suffer reduced
grain yield (GY) in West and Central Africa (WCA)
due to low soil nitrogen (low-N) and intermittent
drought stress (DS). Development of stress-tolerant
QPM hybrids will enhance sustainable maize produc-
tion and improve nutritional health in WCA. Knowl-
edge of combining ability, gene action and heterotic
grouping of QPM inbred lines are crucial to suc-
cessful breeding strategies for the development of
superior hybrids with enhanced nutritional values.
The objectives of this study were to: (i) determine
the combining ability for GY and yield-related traits
among 13 newly developed QPM inbred lines, and
(ii) assign the QPM inbred lines to distinct heterotic
groups based on general combining ability effects
of multiple traits under low-N and DS conditions.
Seventy-eight single cross hybrids were generated
through half-diallel mating of 13 QPM inbred lines

G. A. Owusu ()

Pan-African University Institute of Life and Earth Sciences
(Including Health and Agriculture), PAULESI, University
of Ibadan, Ibadan, Nigeria

e-mail: godfredowusu098 @gmail.com

G. A. Owusu - P. F. Ribeiro
CSIR-Crops Research Institute, Fumesua, Kumasi, Ghana

A. Abe (<)

Department of Crop and Horticultural Sciences, University
of Ibadan, Ibadan, Nigeria

e-mail: ayodabe @yahoo.com

and evaluated along with three commercial checks
for GY and yield-related traits under the low-N and
DS conditions. Significant general combining ability
(GCA) and specific combining ability effects were
obtained for GY and yield-related traits. Both addi-
tive and non-additive gene effects were involved in
the inheritance of GY and other traits under low-N
and DS conditions. However, the additive gene
effect for GY was twice as large as non-additive gene
effect. Three heterotic groups were each delineated
under low-N and DS. Inbred lines, CRIZEQ-44 and
CRIZEQ-77 belonging to different heterotic groups
were identified as testers for the development of supe-
rior hybrids for low-N and DS environments.

Keywords Drought stress - General combining
ability - Grain yield - Low soil nitrogen - Quality
protein maize - Specific combining ability

Abbreviations

ASI Anthesis-silking interval
BI Base index

DAS Days after sowing

AD Days to 50% flowering
SD Days to 50% silking

DS Drought stress

EA Ear aspect

EHT Ear height

GCA General combining ability
GY Grain yield
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HGCAMT Heterotic grouping based on GCA of
multiple traits

High-N High soil nitrogen
Low-N Low soil nitrogen

MC Moisture content

EPP Number of ears per plant
PA Plant aspect

PHT Plant height

QPM Quality protein maize
SCA Specific combining ability
SG Stay-green characteristics
wWw Well-watered
Introduction

Maize (Zea mays L.) is one of the world’s most
important cereal crops, serving multiple applications
as food, feed and industrial crop. In sub-Saharan
Africa (SSA), its cultivation cut across a wide range
of agro-ecological zones. Despite its broad adap-
tation, maize grain yield (GY) in SSA is very low
(< 1.8 t/ha) compared to the global average of 5.4 t/ha
(FAOSTAT 2020). The low yield can partly be attrib-
uted to poor soils (low soil nitrogen) and intermittent
droughts occurring during the growing season, which
causes significant GY losses.

In SSA, over 300 million people obtain up to 70%
of their daily calories from maize-based diets (Mar-
tin et al. 2000; Abe et al. 2013). In most households,
maize also supplies 17-60% of daily dietary pro-
tein requirements (Krivanek et al. 2007). However,
the commonly cultivated maize varieties in SSA are
nutritionally deficient in two key amino acids, lysine
and tryptophan, leading to malnutrition particularly in
households that cannot afford animal protein sources
or protein food supplements (Prasanna et al. 2001).
Quality Protein Maize (QPM) is a maize variety rich
in lysine and tryptophan and can supply up to 73%
of the human dietary protein requirement compared
to 46% from normal endosperm varieties (Prasanna
et al. 2001; Krivanek et al. 2007; Twumasi-Afriyie
et al. 2016). Therefore, the development and promo-
tion of QPM varieties will help mitigate the incidence
of malnutrition-related ailments in SSA.

Nitrogen (N) deficiency (Bellon 2001; Abe et al.
2013) and drought (Meseka et al. 2006; Badu-Apraku
et al. 2011; Wang et al. 2019) are two major abiotic
stresses that affect the growth and productivity of
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maize in SSA. Whereas human activities have con-
tributed to the reduction soil fertility in SSA, the
incidence of drought has been compounded by global
climatic changes, resulting in reduced amounts and
poor distribution of rainfall. Studies have shown that
maize GY losses due to low soil nitrogen (low-N) and
drought stress (DS) vary between 10 and 50% (Wolfe
et al. 1988; Meseka et al. 2006; Annor and Badu-
Apraku 2016) and 40 and 90% (NeSmith and Ritchie
1992; Bénziger et al. 2006; Annor and Badu-Apraku
2016), respectively. These two stresses can occur
simultaneously on farmers’ fields and their combined
effect could be more severe than the individual effects
(Kim and Adetimirin 1997; Wegary et al. 2014).
Therefore, the development of QPM varieties with
tolerance to low-N and DS is crucial to sustainable
food and nutritional security, as well as poverty alle-
viation among most maize-growing farmers in SSA.
Breeding stress-tolerant hybrids require knowl-
edge of the combining ability (general and specific
combining abilities), heterotic grouping and gene
actions controlling the inheritance of traits (Dhillon
and Pollmer 1978). This important information is
limited on the multiple stress tolerant QPM inbred
lines held at the maize breeding program of CSIR-
Crop Research Institute, Kumasi, Ghana. There is
therefore the need to assess the effect of low-N and
DS on the combining ability and performance of the
QPM inbred lines for GY and other traits. Some stud-
ies on combining abilities have been reported by ear-
lier workers, but there is more to achieve in terms of
knowledge of gene actions largely responsible for the
inheritance of GY among QPM inbred lines under
low-N and DS conditions (Annor and Badu-Apraku
2016; Bhadmus et al. 2021; Owusu et al. 2021).
Under the DS, reports from previous studies (Wegary
et al. 2014; Ofori et al. 2015; Owusu et al. 2021)
involving QPM inbred lines revealed significant
effects of both GCA and SCA for GY, although GCA
effects were greater than the SCA’s effects; suggest-
ing that additive gene action largely controlled the
inheritance of the GY. Other reports involving QPM
inbred lines (Bhatnagar et al. 2004; Njeri et al. 2017)
indicated that non-additive gene action was largely
responsible for the variations in GY under DS condi-
tions. Under low-N conditions, some studies involv-
ing QPM inbred lines (Musila et al. 2010; Obeng-Bio
et al. 2019; Oyekale et al. 2020) revealed that addi-
tive gene action primarily controlled the inheritance
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of GY, whereas Wegary et al. (2014), Bhadmus et al.
(2021) and Dosho et al. (2021) reported the superior-
ity of non-additive gene action in the inheritance of
GY under low-N condition. In the light of this con-
flicting information in the literature, further studies
are required to unravel the gene action mainly respon-
sible for the inheritance of GY and other traits in
QPM inbred lines under low-N and DS conditions.

The study therefore, sought to (i) determine the
combining ability for GY and other traits in QPM
inbred lines under low-N and DS conditions (ii)
examine the nature of the gene action responsible
for the inheritance of GY and other traits in QPM
under conditions of low-N and DS and (iii) classify
the QPM inbred lines into heterotic groups based on
GCA effect of multiple traits.

Materials and methods
Genetic materials

The genetic materials used for this study con-
sisted of 13 QPM inbred lines [CRIZEQ-77 (P-77),
CRIZEQ-55 (P-55), CRIZEQ-54 (P-54), CRIZEQ-49
(P-49), CRIZEQ-46 (P-46), CRIZEQ-45 (P-45),
CRIZEQ-44 (P-44), CRIZEQ-42 (P-42), CRIZEQ-40
(P-40), CRIZEQ-25 (P-25), CRIZEQ-24 (P-24),
CRIZEQ-14 (P-14) and CRIZEQ-5 (P-5)] sourced
from the Maize Breeding Programme at the Crops
Research Institute, Fumesua, Ghana. The lines were
crossed in half-diallel to generate 78 single-cross
hybrids which were evaluated along with three com-
mercial checks (Enibi, Etubi and Mamaba geno-
types). The three checks were selected based on their
enhanced levels of tryptophan and lysine, and GY

stability across low-N and DS conditions (Twumasi-
Afriyie et al. 2016).

Evaluation of genetic materials for yield
and yield-related characters

Three independent trials, in terms of management
conditions, were used to assess the performance of
the genetic materials. All trials were arranged using
a 9x9 alpha-lattice design and replicated three times.
Plots comprised two rows that were 3 m long, with
0.75 m inter-row and 0.40 m intra-row spacing. Three
seeds were sown per hill and later thinned to two
seedlings per stand after two weeks of emergence to
achieve a plant population of about 66,667 per hec-
tare. Pre-emergence weed control was done using a
herbicide composed of metolachlor, mesotrione and
terbuthylazine as active ingredients at 4 L/ha.

In the first trial, the 78 single-cross hybrids and
three standard checks were evaluated over two rainy
seasons (June—September) from 2019 to 2020 at
two locations, Branam (Lat. 007° 54°N, Long. 002°
01°’W, 160 masl) and Fumesua (Lat. 06° 41’N, Long.
01° 28°W) under low-N (30 kg N/ha) and high-N
(90 kg N/ha) conditions. The trial fields had previ-
ously been depleted of N through repeated growing
and complete removal of residues of maize during
harvest for three consecutive years. Soil samples were
collected at a depth of 0-20 cm for the determina-
tion of N, P and K levels using the Kjeldahl method
as described by Bremer and Mulvaney (1982). The
laboratory analysis was performed at the Analytical
Services Division of CSIR-Soil Research Institute,
Kwadaso/Kumasi, Ghana in May 2019. Results of the
soil analyses (Table 1) showed that the experimental

Table 1 Pre-cropping soil
analysis for N, P and K

Soil samples

Al A4 B1 B2 B3 B4
Fumesua
N (g/kg) 0.08 0.07 0.04 0.07 0.06 0.13 0.07
P (mg/kg) 847.66 571.68 510.57 364.69 739.24 448.47 193.19
K (cmol/kg) 0.54 0.20 0.12 0.08 0.05 0.29 0.20
Al-A4, and B1-B4
represent the number of Branam
trial evaluation for low-N P (mg/kg) 802.32 637.26 711.83 636.67 711.43 621.09 714.19
and high-N conditions, K (cmol/kg) 0.20 0.08 0.04 0.03 0.02 0.06 0.06

respectively
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fields were ideal for screening maize genotypes for
tolerance to low-N (Page et al., 1982; Landon 2014).
Based on the results of the soil analyses, nitrogen fer-
tilizer was applied to bring the total available N of the
low-N block to 30 kg/ha at two weeks after sowing
(WAS). Also, 60 kg/ha each of single superphosphate
(P,05) and muriate of potash (K,0) were applied at
two WAS. Timely insect pest management, especially
against fall armyworm was done as and when neces-
sary, by spraying emamectin benzoate at the rate of
0.30 L/ha. Post-emergence weed management was
done as and when necessary, using manual weeding
and selective herbicide spraying using dicamba (1.0
L/ha). As a control, the genetic materials were evalu-
ated under high-N condition within the same period
and location in adjacent blocks, about 10 m away
from the low-N trial. Based on pre-cropping soil test
values, fertilizers were applied at a rate of 60 kg N/ha,
60 kg P/ha and 60 kg K/ha at two WAS and later top-
dressed with an additional 30 kg N/ha at four WAS to
bring the total available N to 90 kg N/ha. Apart from
the different N fertilizer application rates, manage-
ment of both low-N and high-N trials was the same.
The 78 single-cross hybrids along with three com-
mercial checks were also evaluated over two dry sea-
sons (2018/2019; 2019/2020) at the research field of
the Crops Research Institute, Fumesua (Lat. 06° 41’N
and Long. 01° 28°W, 280 masl) under managed DS
and well-watered (WW) conditions. The trials were
conducted during the last fortnight of November so
that the flowering and grain filling stages of the DS
trial occurred in mid-January when the incidence of
rainfall was negligible, thus predisposing the plants to
DS at reproductive stage. Pre-emergence weed control
was done by spraying a combination of terbuthylazine,
mesotrione and S-metolachlor at a rate of 4 L/ha. The
plants were watered using an overhead sprinkler irriga-
tion system at a flow rate that supplied 17 mm of water
to the plants each week for the first 25 days after sow-
ing (DAS). The supply of irrigation water was there-
after withdrawn to ensure that the plants depended on
retained soil moisture for their growth and develop-
ment. Moisture was maintained at 100% field capac-
ity during the first 25 days only. Thereafter, the plants
were predisposed to severe drought at reproductive
stage when irrigation was fully withdrawn. On the other
hand, the WW block continued to receive irrigation
water, thus maintaining 100% field capacity until physi-
ological maturity. For both DS and WW trials, NPK
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15-15-15 compound fertilizer was applied at a rate of
60 kg N/ha, 60 kg P/ha and 60 kg K/ha at two WAS
and later top-dressed with additional 30 kg N/ha at four
WAS. Post-emergence weed control was done by spray-
ing a combination of dicamba and topramezone at a
rate of 0.30 L/ha. Attack by fall armyworm (FAW) was
controlled by spraying emamectin benzoate and aceta-
miprid at a rate of 0.30 L/ha.

Data collection

Under each condition, data were recorded on days to
50% anthesis (AD) as the number of days from the
sowing date to the date when half of the plants in a plot
shed pollen, days to 50% silking (SD) as the number of
days from sowing date to date when half of the plants in
a plot have emerged silks, and anthesis-silking interval
(ASI) as the difference between SD and AD. Measure-
ment of plant height (PHT) in centimeters, was done
from soil level to the first tassel branch of five com-
petitive plants at physiological maturity (Badu-Apraku
et al. 2011). Also, ear height (EHT) in centimeters,
was measured from soil level to the upper ear insertion
node of five competitive plants and the average values
were recorded (Badu-Apraku et al. 2011). Data was
recorded for plant aspect (PA) on a score of 1 to 9 based
on uniformity in plant and ear heights, lodging char-
acteristics, reaction to pests and diseases, etc., where
1 =excellent and, 9=poor (Badu-Apraku et al. 2011).
Also, ear aspect (EA) was rated on a scale of 1 to 9,
where 1 =excellent and 9 =poor phenotypic appearance
of ears harvested. The number of ears per plant (EPP)
was estimated as the ratio of the number of harvested
ears to plant stand count at harvest (Owusu et al. 2021).
Stay-green characteristics (SG) for trials under low-N
and DS conditions were rated at 70 days after sowing
on a scale of 1 to 9, where 1=all the leaves of plants
remaining green and 9 =all the leaves of plants dead in
appearance (Obeng-Bio et al. 2019). All harvested ears
of each plot were shelled and weighed and the grain
moisture content (MC) was determined. Estimation of
grain yield (kg/ ha) at 15% MC was done as:

GW(100 — MC) % (10000)
85 (34x0.75%x2)
ey
where GW is the grain weight in kilograms of all ears
harvested and MC is the grain moisture content after
shelling (Owusu et al. 2021).

Grain yield (kg/ha) =
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Data analyses

Data collected on EPP, PA, EA and SG were trans-
formed using log transformation method as log(x + 1)
where x represents the raw count or scored data. The
data for all measured traits were then subjected to the
Bartlett’s test for homogeneity of variances (Sned-
ecor and Cochran 1989). Results of the homogeneity
tests across environments (condition-year-location)
for grain yield showed no significant differences, and
thus combined analysis of variance (ANOVA) was
separately performed across each condition-year-loca-
tion combinations for all the measured traits using
the PROC GLM procedure in SAS (SAS version 9.4,
SAS Institute 2017). The research conditions, geno-
type X environment interactions, and replications were
considered random factors, while the entries (geno-
types) were considered fixed. The estimated values
for repeatability (R) of traits were determined as:

0.2
— @
2
o2 4 & 4 &
8 e re

Repeatability (R) =

where ¢? is a variance of additive gene effect (Hal-

lauer et al. 2010), o-?e is the variance of geno-
type X environment interaction, r is the number of
replications,e is the number of research conditions,
and o, is the variance of experimental error.

The general combining ability (GCA) of the par-
ents and specific combining ability (SCA) of the
crosses, as well as environmental effects for each
research condition were determined following Griff-
ing’s method 4, model 1 (Griffing 1956), using the
DIALLEL-SAS program (Zhang et al. 2005) in SAS
software (version 9.4, SAS Institute 2017). The sta-
tistical linear model used for the combining ability
analysis for each condition was as follows:

Yy =u+E +8+8+S;+8E,+sE, +e;  (3)

where Y, is the observed performance for a trait
of the combination between the parents i and j in the
k™ environment, u is the grand mean, g; + g; are the
GCA effects, S,_-,- is the SCA effect, gEeg is the interac-
tion between GCA and the environment (E), sE, is
the interaction between SCA and the environment and
€ 1s error associated with the ii™ cross evaluated in
the k™ replication and E, environment (Hallauer and
Miranda, 2010). Significant effects of GCA and SCA

were compared using t-fest statistics. The relative
contributions of GCA and SCA effects of traits were
determined based on Baker’s ratio (Baker 1978) as:

2MSgca

Baker's ratio = —————°— 4)
2MSgca + MSsca

where MSgca and MSsca are mean square estimates
of GCA and SCA effects of traits, respectively.

The contributions of GCA and SCA variances
were calculated as the percentage of the GCA compo-
nents to the total genetic variance based on the sum of
squares (Baker 1978).

Heterotic grouping based on the GCA effects of
multiple traits (HGCAMT) was used to classify the
13 QPM inbreds into heterotic groups. The significant
effects of GCA on a trait for the inbreds were stand-
ardized and subjected to Ward’s minimum variance
cluster analysis (SAS Institute 2017). Identification
of testers was based on criteria described by Pswarayi
and Vivek (2008), that inbred testers must (i) have
a high and positive GCA effect for the GY (ii) be
assigned to a heterotic group, and (iii) manifest a rea-
sonable from the GY. Similarly, hybrid testers were
identified based on the assumption that (i) the inbred
lines must show high and positive GCA effects for the
GY, (ii) the inbred lines must be assigned to the same
heterotic group, and (iii) the single-cross hybrid must
be high yielding.

Results
Variability of traits among entries

Under low-N stress conditions, significant (p <0.05)
environment, genotype, and genotype Xenviron-
ment interaction effects were obtained for the GY
and some traits (Table 2). A significant environment
effect was obtained for GY and other traits except for
EA, while the genotypic effect was significant for the
GY and other traits, except ASI, EHT, SG and EPP.
Genotype X environment interaction effect was sig-
nificant for the GY and other traits, except for the
EPP. Significant GCA and SCA effects were obtained
for the GY and all traits, although GCA effect was
twice as large as SCA effect. Significant GCA X envi-
ronment interaction effects were obtained for GY
and other traits, except AD, SD, ASI and PA. Also,
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SCA x environment interaction effect was significant
for GY and some traits, but not ASI, EA and EPP.
The repeatability estimates ranged from 9.0% for ASI
to 63.7% for PA (Table 2).

Under high-N conditions, a significant environ-
ment effect was obtained for the GY and other yield
characters, except EHT, and PA, while the genotype
effect was significant for the GY and other traits
except for ASI and EA. A significant genotype X envi-
ronment interaction effect was obtained for GY and
other traits, except for the ASI, PHT, EHT, EA and
SG (Table 2). The General combining ability effect
was significant for GY and all measured traits, while
a significant SCA effect was obtained for GY and
other traits, except ASI, EA and SG. The significant
GCA effect for GY and other traits was twice as large
as SCA effect. Significant GCA X environment inter-
action effect was obtained for GY and other traits,
except for the ASI, PHT, EHT, EA and EPP, while
SCA xenvironment interaction effect was obtained
for GY and other traits, except ASI, PHT, EHT, PA,
EA and SG. The repeatability estimates ranged from
61.9% for ASI to 95.7% for AD (Table 2).

A significant environment effect was obtained for
GY and other traits under DS condition, while the
genotypic effect was significant for GY and other
traits, except for AD, SD, ASI and PHT. Geno-
type X environment interaction effect was significant
for GY and other traits, except PA and EPP. Signifi-
cant GCA and SCA effects were obtained for GY and
other traits except for EPP. Also, the significant GCA
effect for GY and other traits was twice as large as
SCA effect. A significant GCA X environment inter-
action effect was obtained for GY and other traits,
except ASI, PA, and EPP. SCA X environment inter-
action effect was significant for GY and other traits,
except PA, EA, SG and EPP. Repeatability estimates
ranged from 16.2% for SD to 87.3% for PA (Table 3).

Under WW conditions, a significant environmen-
tal effect was obtained for GY and other traits, except
ASI, PHT, EHT, and PA, while the genotypic effect
was significant for GY and other traits except for EA.
A significant genotype X environment interaction
effect was obtained for GY and other traits, except
PHT and EHT. Partitioning the genotypic effect
into its components revealed significant GCA and
SCA effects for GY and other traits, except the SCA
effect for EA. The GCA effect was twice as large as
the SCA effect, except for AD and PA. Significant

GCA and SCA xenvironment interaction effect was
obtained for GY and other traits, except PHT, and
EHT. Repeatability estimates ranged from 17.2% for
ASI to 93.8% for PHT (Table 3).

Relative contributions of additive
and non-additive gene effects

The GCA and SCA effects obtained for GY and
other traits indicated that both additive and non-
additive gene actions were involved in the inherit-
ance of those traits under low-N and DS conditions.
In this study, the proportion of additive gene action
obtained for GY was greater under optimal (84.4%)
than under low-N (80.00%), DS (69.85%) and across
low-N and DS conditions (74.93%) (Table 4). In gen-
eral, the additive gene effect was largely responsible
for the inheritance of GY and other measured traits
under low-N and DS (Fig. 1). Under low-N, additive
gene action was more important in the inheritance of
GY and other traits, ranging from 69.57% for PA to
90.21% for SG (Fig. 1). Under the DS condition, the
proportion of additive gene effect was greater than
the non-additive gene effect for GY and all meas-
ured traits ranging from 58.58% (PA) to 90.23% (EA)
(Fig. 1). Across low-N and DS conditions, the propor-
tion of additive gene effect for GY and other traits was
greater than the non-additive gene effect. The propor-
tion of additive gene effect ranged from 64.08% for
PA to 89.37% for EA across low-N and DS conditions
(Fig. 1). Additive gene effect contributed 74.93% of
the total genetic variance in GY across low-N and DS
conditions. Under optimal conditions, additive gene
effect of GY and other yield traits were greater than
non-additive gene action, ranging from 67.08% (AD)
t0 91.77% (SD) (Fig. 1). Also, the additive gene effect
contributed 84.40% of the total genetic variance in
GY (Fig. 1).

General combining ability effect of inbred lines

A significant GCA effect for GY and other yield traits
was obtained for inbred lines under low-N and DS
conditions. Under the low-N condition, a significant
positive GCA effect of GY was obtained for inbred
lines CRIZEQ-49, CRIZEQ-77, CRIZEQ-42 and
CRIZEQ-44 while a significant positive GCA effect
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Fig. 1 The proportion of additive (lower bar) and non-addi-
tive (upper bar) gene actions to the total genetic variance for
grain yield and other yield traits of QPM single-cross hybrids
was evaluated under low-N, drought stress and optimal condi-
tions. Grain yield (GY), Silking date (SD), Anthesis date (AD),

of GY was obtained for inbred lines CRIZEQ-44,
CRIZEQ-14, CRIZEQ-77 and CRIZEQ-49 under DS
condition (Table 4). The inbred lines CRIZEQ-49,
CRIZEQ-44 and CRIZEQ-77 manifested signifi-
cant positive GCA effects for GY, while a significant
negative GCA effect was obtained for CRIZEQ-25,
CRIZEQ-24, CRIZEQ-5, CRIZEQ-45, CRIZEQ-40
and CRIZEQ-54 across DS and low-N conditions.
Also, the inbred lines CRIZEQ-42, CRIZEQ-25,
CRIZEQ-77, CRIZEQ-49 and CRIZEQ-44 mani-
fested significant positive GCA effect for GY
across the optimal conditions. However, a signifi-
cant negative GCA effect for GY was obtained for
CRIZEQ-55, CRIZEQ-24, CRIZEQ-54, CRIZEQ-40
and CRIZEQ-5.

The results obtained for other yield related traits
revealed a significant negative GCA effect of AD for
inbred lines CRIZEQ-5, CRIZEQ-40, CRIZEQ-44,
CRIZEQ-54 and CRIZEQ-55 across low-N and
DS conditions. A significant positive GCA effect
for SD was obtained for inbred lines CRIZEQ-14,
CRIZEQ-40, CRIZEQ-44 and CRIZEQ-54,
while a significant negative GCA effect for ASI

@ Springer
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Traits

Anthesis-silking interval (ASI), Ear height (EHT), Plant height
(PHT), Ear aspect (EA), plant aspect (PA), number of ears per
plant (EPP), Stay-green characteristics (SG), Low soil nitro-
gen (Low-N), Drought stress (DS), Across high-N and well-
watered (OPT), Across low-N and drought stress (ACR)

was manifested by inbred lines CRIZEQ-14,
CRIZEQ-44 and CRIZEQ-46. Also, a signifi-
cant negative GCA effect for PHT and EHT was
obtained for inbred lines CRIZEQ-5, CRIZEQ-14,
CRIZEQ-40, CRIZEQ-42 and CRIZEQ-44. Inbred
lines CRIZEQ-44, CRIZEQ-49 and CRIZEQ-77
manifested a significant negative GCA effect for
PA, while inbred lines CRIZEQ-5, CRIZEQ-40,
CRIZEQ-54 and CRIZEQ-55 had significant posi-
tive GCA effect. Significant GCA effect for EA was
obtained for inbred lines CRIZEQ-5, CRIZEQ-24,
CRIZEQ-40, CRIZEQ-42, and CRIZEQ-55, while
inbred lines CRIZEQ-14, CRIZEQ-44, CRIZEQ-45,
CRIZEQ-46, CRIZEQ-49 and CRIZEQ-77 mani-
fested significant negative GCA effect for EA.
Inbred lines CRIZEQ-24, CRIZEQ-45, CRIZEQ-55
and CRIZEQ-77 had a significant negative GCA
effect for SG, while a significant positive GCA
effect was obtained for inbred lines CRIZEQ-5,
CRIZEQ-40, CRIZEQ-44, CRIZEQ-46, and
CRIZEQ-49. A significant positive GCA effect for
EPP was obtained for inbred lines CRIZEQ-49 and
CRIZEQ-55 (Table 4).
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Heterotic grouping of inbred lines

Classification of the inbreds into heterotic groups
was based on HGCAMT and illustrated with a den-
drogram. Under the low-N condition, the inbred
lines were classified into three heterotic groups at a
40.0% level of dissimilarity (r?=0.4). Inbred lines
CRIZEQ-5, CRIZEQ-40, and CRIZEQ-44 were
assigned to heterotic group 1. Heterotic group II com-
prised eight inbred lines, CRIZEQ-14, CRIZEQ-46,
CRIZEQ-54, CRIZEQ-24, CRIZEQ-25, CRIZEQ-42,
CRIZEQ-45, and CRIZEQ-55, while two inbred lines
CRIZEQ-49 and CRIZEQ-77 were classified into het-
erotic group III (Fig. 2).

Under DS conditions, the inbred lines were
assigned to three heterotic groups at a 40.0% dissimi-
larity level. Heterotic group I comprised four inbred
lines; namely, CRIZEQ-5, CRIZEQ-40; CRIZEQ-54
and CRIZEQ-55. Five inbred lines; namely,
CRIZEQ-14, CRIZEQ-46, CRIZEQ-49, CRIZEQ-44,
and CRIZEQ-77 were assigned to heterotic group
II, while CRIZEQ-24, CRIZE-25, CRIZEQ-42 and
CRIZEQ-45 were also assigned to heterotic group III.
Based on criteria proposed by Pswarayi and Vivek
(2008), CRIZEQ-14, CRIZEQ-49, CRIZEQ-44 and
CRIZEQ-77 were identified as testers belonging to
heterotic group II (Figs. 3, 4).

Averaged across low-N and DS conditions,
the inbred lines were assigned to two heterotic
groups at a 30.0% (*=0.3) dissimilarity level. Het-
erotic group I comprised six inbred lines; namely,

CRIZEQ-5, CRIZEQ-14, CRIZEQ-54, CRIZEQ-55
and CRIZEQ-44, while inbred lines CRIZEQ-24,
CRIZEQ-25, CRIZEQ-42, CRIZEQ-45, CRIZEQ-46,
CRIZEQ-49 and CRIZEQ-77 were also assigned to
heterotic group II.

Discussion

The development of QPM hybrids that are tolerant
to DS and can efficiently use the meager amounts of
nitrogen that farmers apply, is an important strategy
to reduce food insecurity and malnutrition in WCA.
In this study, 78 single-cross hybrids derived from
half-diallel mating of 13 QPM inbred lines were eval-
uated under low-N, high-N, DS and WW conditions.
The significant environment effect obtained for GY
and other yield traits, underscored the distinctiveness
of each condition and thus, the need to extensively
test the hybrids across multiple conditions of similar
effects to ascertain yield stability. The significant gen-
otype effect for GY and other traits indicated the pres-
ence of large genetic variability in the hybrids, which
is desirable to facilitate accelerated gains from selec-
tion for those traits under each and across stress con-
ditions. The significant genotype X environment effect
for GY and other yield traits under each and across
stress conditions indicated the varying responses of
the hybrids to the different conditions. This result is
consistent with the findings of Betran et al. (2003),
Machida et al. (2010), Obeng-Bio et al. (2020) under

Fig. 2 Classification of entry

inbred lines into heterotic CRIZEQ-5

groups pased on general CRIZEO-40

combining ability effect of }
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Fig. 3 Classification of entry
inbred lines into heterotic CRIZEO-5
groups based on general CRIZEQ-40

combining ability effect
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Fig. 4 Classification of entry
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et en
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low-N and high-N conditions, and Musila et al.
(2010), Njeri et al. (2017), Bhadmus et al. (2021) and
Owausu et al. (2021) under DS and WW conditions.
Partitioning the genotypic effect into components
of GCA and SCA revealed a significant effect for GY
and other yield traits under low-N and high-N condi-
tions. This result indicated that both additive and non-
additive gene actions contributed to the inheritance of
those traits, although additive gene action was largely
involved. This result agrees with the findings of
Musila et al. (2010), Wegary et al. (2014), Annor and
Badu-Apraku (2016), Abu et al. (2021), and Bhadmus
et al. (2021). In contrast, this result disagrees with

@ Springer
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the findings of Betran et al. (2003) and Machida et al.
(2010) who reported a preponderance of non-addi-
tive gene action in the inheritance of GY for QPM
inbred lines under low-N conditions. The preponder-
ance of additive gene action over the non-additive,
as well as the inherent genetic variability among the
QPM inbred lines suggested that selection based on
the GCA effect alone could be effective for develop-
ing superior hybrids (Baker 1978). The significant
GCA and SCA xenvironment interaction effect for
GY and other yield traits underscored the existence
of genetic variations among the QPM inbred lines
used for the present study. The present result agrees
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with the findings of Betran et al. (2003), Musila et al.
(2010), Njeri et al. (2017) who reported significant
GCA X environment interaction effect for GY under
low-N and high-N conditions. Also, the present
result is consistent with the findings of Oyekale et al.
(2020) who reported a significant SCA X environment
interaction effect for GY among QPM inbred lines
under high-N conditions. The non-significant GCA
and SCA Xenvironment interaction effects for yield-
related traits such as AD, SD, ASI and PA indicated
that the performance of the QPM inbred lines based
on these traits was consistent under low-N condi-
tions. This result agrees with the findings of Oyekale
et al. (2020) who reported a non-significant GCA and
SCA x environment interaction effect of GY for QPM
inbred lines under low-N conditions. Also, the non-
significant SCA X environment effect of ASI and EA
under high-N conditions was consistent with the find-
ings of Oyekale et al. (2020) for QPM inbred lines
evaluated under high-N conditions.

The high repeatability of GY, AD, SD and PA
under low-N, and GY and all yield-related traits under
high-N suggested a possibility of achieving acceler-
ated genetic gain from selection based on these traits.
This result is consistent with the findings of Bhad-
mus et al. (2021). The low repeatability of ASI, PHT,
EHT, EA, SG and EPP under low-N conditions sug-
gested that direct selection for improved performance
based on these traits alone would not be effective.

Under DS conditions, the significant GCA and
SCA effects for GY and other yield traits suggested
that both additive and non-additive gene effects were
important in the inheritance of those traits, although
additive gene action was largely involved. The result
suggested selection for improved performance based
on the GCA effect alone would be effective (Baker
1978). Also, the result suggests that the develop-
ment of superior hybrids could be achieved through a
crossing of inbred lines with positive GCA effect for
GY. The present result is consistent with the findings
of Betran et al. (2003), Wegary et al. (2014), Owusu
et al. (2021). Contrarily, Machida et al. (2010), Annor
and Badu-Apraku (2016), and Njeri et al. (2017)
reported that non-additive gene action largely contrib-
uted to the inheritance of GY under DS conditions.
The significant GCA and SCA X environment interac-
tion effect obtained for GY and other traits indicated
that the performance of the hybrids was not consist-
ent, and thus, suggested the need to extensively test

the hybrids for years before possible release and
commercialization. This result is consistent with the
findings of Owusu et al. (2021) for QPM inbred lines
under DS conditions.

Under WW conditions, the significant GCA and
SCA eftects for GY and yield traits indicated that
both additive and non-additive gene actions con-
trolled the inheritance of those traits. The preponder-
ance of GCA sum of squares over SCA in the inher-
itance of GY and other traits suggested that additive
gene action largely controlled the inheritance of GY
and other yield traits under WW conditions. This
result further suggested that the development of supe-
rior hybrids could be achieved through early genera-
tion testing based on the GCA effect. This result is
consistent with the findings of Njeri et al. (2017) and
Owusu et al. (2021) who reported that additive gene
action was more important in the inheritance of GY
and other traits among QPM inbred lines under WW
conditions. The significant GCA and SCA Xenvi-
ronment interaction effect for GY and other traits
indicated that GCA and SCA effects for those traits
of the parental lines and their derived hybrids were
influenced by the test condition. In contrast, the non-
significant GCA and SCA effects for PHT and EHT
indicated that the performance of the parental lines
and their derived hybrids were consistent under WW
conditions. This result agrees with the findings of
Musila et al. (2010), Wegary et al. (2014) and Owusu
et al. (2021) for QPM inbred lines under WW condi-
tions. In this study, the magnitude of the GCA X envi-
ronment interaction effect for GY and other traits was
consistently lower than the respective GCA effect
of these traits, suggesting that the interaction effect
may be of lower effect compared to the main effect,
to influence the identification of top and bottom per-
forming inbred lines based on GCA effect. The mod-
erate to high repeatability for GY and other yield
traits under DS and WW conditions suggested the
reliability of these traits for improved selection. This
result agrees with the findings of Owusu et al. (2021).

The significant effect of both GCA and SCA sum
of squares for GY and other yield traits indicated
the contributions of additive and non-additive gene
actions to the inheritance of these traits under each
and across stress conditions. In this study, more than
50% of the total genetic variability in GY and other
yield traits was attributed to additive gene action,
except AD, PA and EPP under DS, and PA across
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stress conditions where non-additive gene action
was largely responsible for the inheritance of these
traits. This result underscored the general knowl-
edge in the literature that additive gene action is more
important in the inheritance of GY than non-additive
gene (Fan et al. 2004; Musila et al. 2010). Informa-
tion on the GCA effect of inbred lines in a diallel is
an important indicator of the potential of the lines
for generating outstanding hybrids. In this study,
the significant positive GCA effect for some of the
parental lines under each and across stress condi-
tions suggested the existence of genetic variabil-
ity of the inbred lines for GY and other yield traits.
Three inbred lines, CRIZEQ-44, CRIZEQ-49, and
CRIZEQ-77 consistently manifested significant GCA
effects for GY under each and across stress condi-
tions. This result indicated that these inbred lines
were the best general combiners for GY under each
condition, suggesting that these inbred lines could be
useful in crosses for developing outstanding hybrids
under all conditions. A similar finding was reported
by Musila et al. (2010) and Wegary et al. (2014) for
QPM inbred lines under DS, low-N, high-N and WW
conditions. Inbred lines manifesting significant nega-
tive GCA effect for AD, SD and ASI, suggested a
possibility of transferring the desirable attributes for
proper anthesis-silking synchrony in their hybrids. In
this study, inbred lines CRIZEQ-14 and CRIZEQ-44
with desirable GCA effects for GY were also good
general combiners for early AD and SD, as well as
reduced ASI under each and across conditions. The
development of early-maturing hybrids is very cru-
cial for farmers in most parts of WCA experiencing
short rainfall durations during their cropping seasons.
Inbred lines, CRIZEQ-49 and CRIZEQ-55 with a sig-
nificant positive GCA effect for EPP indicated that
this desirable trait could be transferred to their prog-
enies for the increased number of ears per plant, as
an indicator for high GY performance. Inbred lines
CRIZEQ-24, CRIZEQ-42, CRIZEQ-45, CRIZEQ-55
and CRIZEQ-77 had significant negative GCA effect
for SG, suggesting that these inbred lines could
be useful in breeding for delayed leaf senescence.
Inbred lines CRIZEQ-5, CRIZEQ-40, CRIZEQ-44
and CRIZEQ-55 were good general combiners for
reduced plant height, which is desirable as shorter
plants are less prone to lodging.

Based on the HGCAMT grouping method, the
13 QPM inbred lines were classified into three main

@ Springer

heterotic groups under low-N and DS conditions.
Under the low-N condition, inbred lines CRIZEQ-49
and CRIZEQ-77 were testers that could be exploited
for developing superior hybrids in cross combina-
tions. Interestingly, crosses of inbred lines from the
different heterotic groups manifested higher hetero-
sis under each and across stress conditions, suggest-
ing the effectiveness of the grouping method. Thus,
inbred lines classified into different heterotic groups
could be useful for the development of stress-tolerant
QPM hybrids with improved yield performance under
low-N, DS and across stress conditions (Terron et al.
1997).

Conclusion

This study revealed the existence of genetic variabil-
ity among the QPM inbred lines for GY and yield-
related traits under low-N and DS conditions, which
could be exploited for the development of superior
hybrids. Significant GCA and SCA effects were
obtained for GY and some traits under each and
across conditions, an indication that both additive and
non-additive gene effects were involved in the inher-
itance of GY and other traits. However, the additive
gene effect was largely responsible for the inherit-
ance of the traits. Inbred lines P7 (CRIZEQ-44), P10
(CRIZEQ-49) and P13 (CRIZEQ-77) manifested a
significant positive GCA effect for GY under low-N
and DS conditions. Interestingly, these inbred lines
were involved in crosses that produced outstanding
and most stable hybrid CRIZEQ-24 x CRIZEQ-77
under low-N and DS, and CRIZEQ-44 x CRIZEQ-77
under high-N and WW conditions. Inbred lines
CRIZEQ-44 and CRIZEQ-77 were found in different
heterotic groups as testers under low-N and DS con-
ditions, that could be exploited for the development
of stress-tolerant QPM hybrids.
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