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Selection of extra-early white
quality protein maize (Zea
mays L.) inbred lines for
drought and low soil nitrogen
resilient hybrid production

Benjamin Annor! and Baffour Badu-Apraku?*

tDepartment of Crop and Soil Sciences, Faculty of Agriculture, Kwame Nkrumah University of Science
and Technology, Kumasi, Ghana, ?Maize Improvement Program, International Institute of Tropical
Agriculture (IITA), Ibadan, Oyo State, Nigeria

In West and Central Africa (WCA), drought and low soil nitrogen (low N)
impede increased maize (Zea mays L.) productivity and production. Due to
climate change, the two stresses usually occur together, leading to food,
nutritional, and economic insecurity in the sub-region. There is, therefore, the
need for the development and availability of high-yielding extra-early maturing
white Quality Protein Maize (QPM) synthetics and hybrids with resilience to
the prevailing stresses through the identification of superior climate smart
(extra-early maturing) QPM inbreds under stress (drought and low soil N)
conditions. The study was conducted to identify stress-resilient QPM inbred
lines for hybrid production and assess the association between grain yield and
other studied characters. During the 2012 minor and major rainy seasons, 96
extra-early white QPM inbreds and four (4) normal endosperm maize inbred
checks were assessed in multi-location trials under stress and optimal conditions
in Nigeria. The experiments were laid out in a 10 x 10 simple lattice design
with two replications. Data were recorded on grain yield and other agronomic
traits. Significant variations (p < 0.01) were detected among the inbred lines for
measured characters, indicating adequate genetic variability among the inbreds
to allow for selection and improvement of grain yield and other measured
traits. Grain yield was interrelated with all the traits used in the selection
index. Moderate to high estimates of heritability were observed for most of the
measured traits under stress conditions, indicating that the traits could be easily
transmitted to the progenies. Fifty-seven out of the 96 QPM inbreds evaluated
exhibited varying degrees of resilience to drought and low N. The QPM inbreds
with desired traits may be used as genetic resources for the incorporation
of tolerance genes into QPM populations in the tropics, as well as for the
development of drought and low N resilient synthetics and hybrids in WCA.

KEYWORDS

climate change, drought, indirect selection for high yield, low soil nitrogen, quality
protein maize, stress resilient maize

1 Introduction

Maize is an important staple crop for about half of the human population in
sub-Saharan Africa (SSA). Due to its economic importance, it is anticipated to become
the most important cereal crop by 2025 across the world (FAOSTAT, 2017; Bhadmus et al.,
2021). However, factors such as drought and low soil N severely hamper its productivity
and production across the sub-region, thereby increasing food and nutritional insecurity
(Badu-Apraku et al., 2011; Annor and Badu-Apraku, 2016; Kountche et al., 2019).
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The current poor maize grain yield of 2.01 t ha~! in SSA compared
to the global estimate of 5.75t ha=! (FAOSTAT, 2020) is caused
largely by low soil N and drought. Due to climate change and
farmers’ inability to afford adequate quantities of fertilizers, the
effects of the two stresses are very severe under farmers field
conditions in SSA (Annor and Badu-Apraku, 2016; Ertiro et al.,
2017).

Maize reaction to low soil nitrogen and drought is controlled
by similar mechanisms (Badu-Apraku et al., 2012a,b; Obeng-Bio
etal., 2019), and the two stresses frequently occur jointly in farmers’
fields (Kim and Adetimirin, 1997; Badu-Apraku et al., 2011; Ertiro
etal, 2017). Separately, drought and low N can cause grain output
reduction of 40-50% (Wolfe et al., 1988; Amegbor et al., 2017;
Annor et al.,, 2019) and 30-90% (Menkir and Akintunde, 2001;
Annor et al,, 2019), respectively. When these stresses occur jointly
and the cultivated varieties are vulnerable, the combined effect
could be a total (100%) grain yield loss (Kim and Adetimirin, 1997;
Annor and Badu-Apraku, 2016). Therefore, combined nitrogen
use efficiency and resilience to drought must be considered when
developing maize genotypes for cultivation in SSA.

Normal endosperm maize grain contains ~10% protein.
However, the levels of lysine and tryptophan are inadequate. This
makes children fed on non-quality protein maize (non-QPM)
without other dietary protein sources suffer growth deformities
such as kwashiorkor due to malnutrition (Olakojo et al., 2007;
Upadhyay et al,, 2009; Mbuya et al, 2011; Annor et al., 2019;
Bhadmus et al., 2021). Quality protein maize, however, can provide
73% of the protein needs of human beings and contains nearly
twice the quantity of tryptophan and lysine in the non-QPM
endosperm (Annor et al,, 2019; Bhadmus et al., 2021). Conversely,
the normal endosperm maize grain can supply only ~46% of the
human protein requirements and has a protein content of ~1.81%
lysine and 0.35% tryptophan (Krivanek et al., 2007; Obeng-Bio
et al, 2019). Studies aimed at enhancing the creation of stress
(combined drought and low N)-resilient extra-early white QPM
inbred lines that reach physiological maturity between 80 and 85
days after planting (Oluwaranti et al., 2008; Badu-Apraku et al,
2012a,b) are therefore crucial in reducing nutritional and food
insecurity among the rural, peri-urban, and urban populations
in SSA. According to Badu-Apraku and Oyekunle (2012), extra-
early maize genotypes mature before the onset of the dry season
and are capable of escaping tropical drought. Extra-early maturing
white QPM genotypes that contain alleles for resilience to low
soil N and drought can survive the drought at the flowering and
grain-filling periods during the growing seasons. The drought and
low-N resilient maize can overcome the effects of climate change
in the tropics, resulting in the reduction of the unpredictability
of maize grain yields in SSA, particularly in the savannah zones,
and the relatively shorter second growing season in the forest
agro-ecological zones of the tropics (Badu-Apraku et al., 2013).

Because of the significance of QPM, numerous extra-early
white QPM inbreds have been developed by scientists of the
International Institute of Tropical Agriculture Maize Improvement
Program (IITA-MIP). The major thrust of the maize improvement
program has been to develop drought-resilient and high-yielding
QPM synthetic cultivars and hybrids that are resilient to the
prevailing stresses for the release and commercialization in SSA.
However, this objective cannot be promptly achieved without
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adequate knowledge and a clear understanding of the responses
of inbred lines developed in the program to stress conditions,
especially low soil N and drought. According to Betran et al.
(2003) and Meseka et al. (2011), hybrid maize potential is largely
linked with the performance of the parents, and hybrids or varieties
that have one or two stress-resilient parents usually produce
higher yields compared to those with both parents susceptible.
Information on the responses of the parental inbreds under the
prevailing stress conditions would enhance the development of
efficient breeding strategies for generating maize genotypes for
stress environments in SSA (Meseka et al,, 2006). Hence, the
reaction of inbred lines to stresses should be considered by breeders
when developing stress-resilient hybrids aimed at overcoming the
effects of climatic change in the tropics. However, data on the
reaction of the existing extra-early maturing white QPM inbred
lines to combined low soil N and drought is insufficient. The
present study sought to (i) identify climate-smart QPM inbred lines
that can tolerate drought and low N stresses and (ii) determine the
association between grain yield and other agronomically desirable
characters of 96 extra-early maturing white QPM inbred lines and
four inbred checks under drought and low-N conditions.

2 Materials and methods

2.1 Experimental materials

The ninety-six (96) QPM inbreds used in the present study were
developed from a cross between Pool 15 SR (a QPM donor source)
and two extra-early Striga-resistant (SR) white normal endosperm
inbreds by scientists of the IITA-MIP in Nigeria. Backcrossing
the single cross hybrids (F; hybrids) to the normal endosperm
parents resulted in the first backcross (BC;) and second backcross
(BC,) filial generations. Subsequently, the BC, individuals were
repeatedly self-pollinated to obtain 245 extra-early white QPM
Se inbred lines. Based on the assessment of the opaqueness of
the maize kernels under a light box and the results of the field
evaluations under drought at locations in Nigeria, 96 QPM inbred
lines (Table 1) were selected for the present study.

2.2 Field experiments

The 96 extra-early white QPM parental inbreds and four low
N and drought-resilient normal endosperm maize checks (Table 1)
were assessed in low soil nitrogen and moisture stress conditions in
Nigeria. The experiment was conducted in drought environments
at Bagauda, which is drought-prone lying at longitude 8°22'E,
latitude 12°00'N, with an elevation of 580 m and an annual rainfall
of 800 mm, during the 2012 rainy season (July-October).! It was

1 Although the data were collected about a decade ago, this study is still
very relevant because there are no high-yielding extra-early white QPM
hybrids combining drought and low-N resilience currently released and
commercialized in the sub-region. It is therefore important to make any
information that could aid the development and identification of outstanding
extra-early QPM varieties available to all relevant stakeholders across the

globe.
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TABLE 1 List of 96 Sg extra-early maturing white quality protein maize inbred lines and four checks used in the study.

S/N Inbred S/N Inbred S/N Inbred ‘
1 TZEEQI 1 36 TZEEQI 66 71 TZEEQI 153

2 TZEEQI 3 37 TZEEQI 67 72 TZEEQI 156

3 TZEEQI 6 38 TZEEQI 69 73 TZEEQI 157

4 TZEEQI 7 39 TZEEQI 71 74 TZEEQI 162

5 TZEEQI 8 40 TZEEQI 72 75 TZEEQI 164

6 TZEEQI 9 41 TZEEQI 73 76 TZEEQI 169

7 TZEEQI 11 42 TZEEQI 75 77 TZEEQI 175

8 TZEEQI 12 43 TZEEQI 78 78 TZEEQI 176

9 TZEEQI 13 44 TZEEQI 80 79 TZEEQI 178

10 TZEEQI 17 45 TZEEQI 87 80 TZEEQI 179

11 TZEEQI 20 46 TZEEQI 94 81 TZEEQI 181

12 TZEEQI 21 47 TZEEQI 95 82 TZEEQI 183

13 TZEEQI 27 48 TZEEQI 96 83 TZEEQI 184

14 TZEEQI 28 49 TZEEQI 99 84 TZEEQI 187

15 TZEEQI 29 50 TZEEQI 100 85 TZEEQI 190

16 TZEEQI 33 51 TZEEQI 101 86 TZEEQI 191

17 TZEEQI 34 52 TZEEQI 102 87 TZEEQI 196

18 TZEEQI 35 53 TZEEQI 105 88 TZEEQI 198

19 TZEEQI 36 54 TZEEQI 109 89 TZEEQI 206

20 TZEEQI 38 55 TZEEQI 111 90 TZEEQI 212

21 TZEEQI 39 56 TZEEQI 115 91 TZEEQI 213

22 TZEEQI 40 57 TZEEQI 123 92 TZEEQI 215

23 TZEEQI 41 58 TZEEQI 127 93 TZEEQI 223

24 TZEEQI 43 59 TZEEQI 132 94 TZEEQI 228

25 TZEEQI 44 60 TZEEQI 133 95 TZEEQI 230

26 TZEEQI 45 61 TZEEQI 134 9% TZEEQI 239

27 TZEEQI 49 62 TZEEQI 136 97 Check-TZEEI 13
28 TZEEQI 52 63 TZEEQI 137 98 Check-TZEEI 21
29 TZEEQI 57 64 TZEEQI 138 99 Check-TZEEI 39
30 TZEEQI 59 65 TZEEQI 139 100 Check-TZEEI 49
31 TZEEQI 60 66 TZEEQI 140

32 TZEEQI 61 67 TZEEQI 142

33 TZEEQI 62 68 TZEEQI 144

34 TZEEQI 63 69 TZEEQI 145

35 TZEEQI 64 70 TZEEQI 152

also conducted under imposed drought stress during the dry season
(November-March) of 2012/2013 at the IITA drought research field
at Ikenne. Furthermore, the trial was established under low soil
nitrogen and optimal nitrogen environments at Mokwa and low
soil nitrogen at Ile-Ife during the 2012 rainy season. A 10 x10
simple lattice design with two (2) replications was utilized for all
the experiments at the various sites. The experiments were made
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up of one-row plots, 4-m long with 0.75-m inter-row spacing and
0.40-m within-row spacing. Three seeds were sown per hole at
planting and thinned to two 14 days after planting (DAP) to achieve
~66,000 plants ha~! population density. The experimental site at
Ikenne has ~1,200 mm of annual rainfall and is found in Nigeria at
longitude 6°87'N, latitude 3°7'E, and 30 meters elevation. On the
other hand, Mokwa is situated at longitude 5°4’E, latitude 9°18'N,
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457 m altitude, and has an average annual rainfall of 1,100 mm,
whereas Ile-Ife records an average annual rainfall of 1,200 mm and
is positioned at a longitude 4°33" E, latitude 7°28' N, and 244 m
above sea level in Nigeria.

At Ikenne, drought stress was imposed by stopping the
irrigation water application 21 DAP to ensure the drought occurred
at the bloom and grain-producing stages. Throughout the first
21 days of crop growth and development, a sprinkler irrigation
system was utilized to make available 17 mm of water each week, as
demonstrated in a similar research conducted by Annor and Badu-
Apraku (2016) and Annor et al. (2019). The Tkenne experimental
site is characterized as eutric nitisol soils with a high water-holding
capacity. At planting, the drought experiments were fertilized by
applying 60 kg ha~! of phosphorus (P), 60kg ha=! of nitrogen
(N), and 60kg ha~! of potassium (K). Additionally, 60kg ha~!
of nitrogen was applied at 14 DAP. To ensure that the trials were
weed-free, gramoxone and atrazine were applied as post- and pre-
emergence weedicides at 5 l/ha of paraquat and primextra. The
weedicides application was supplemented by manual weeding.

The selected maize inbreds were also assessed at the Mokwa and
Ile-Ife experimental sites, which had been continuously depleted of
nitrogen for several years by removing the biomass of cultivated
maize after each harvesting. To ascertain the amount of nitrogen
in the soil, samples of soil were taken from 0 to 15cm depth
for analysis at the soil laboratory of IITA in Ibadan, Nigeria,
before planting (after land preparation). The soil analysis was done
following the Association of Official Analytical Chemists (AOAC,
1984) procedure. Based on the nitrogen level in the soil (soil
analysis results), urea fertilizer was applied to bring the nitrogen
content of the low soil nitrogen plots to about 30 kg ha~!, while the
level of the optimal nitrogen block was increased to 90kg ha~! at
14 DAP. This brought the N, P, and K fertilizers applied to the low
N conditions to 30, 60, and 60 kg ha—1, respectively, while the N, P,
and K fertilizers applied to the optimum N conditions were 90, 60,
and 60 kg ha™!, respectively.

Muriates of potash and single superphosphate were applied
to the low soil N and optimal N fields to achieve 60kg ha=! of
K,0 and 60kg ha=! of P,0s. To reduce the nitrogen fertilizer
movement from one block to the other, the low and optimal
nitrogen experiments were carried out in adjacent blocks set apart
by a 10-m alley. The other agronomic practices carried out were as
reported earlier for the drought trials.

2.3 Data collection

Data were taken on: days to 50% silking (DS) = the number of
days between planting and when 50% of the plants’ silks appeared;
days to 50% anthesis (DA) = the number of days from planting and
when 50% of the plants began to shed pollen grains. The anthesis-
silking interval (ASI) was estimated as the difference between DA
and DS; plant height (cm) = the distance between the plant’s base
and the height of the first tassel branch (for 10 randomly selected
plants); ear height (cm) = the distance between the plant’s base and
the height of the node carrying the upper ear (mean of 10 randomly
selected plants); root lodging was taken as the percentage of plants
that leaned more than 30 degrees from the vertical; stalk lodging
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= the proportion of plants that had broken at or below the highest
ear node; husk cover = measurement of how tight or loose the ear
tip was (rating was on a scale of 1 to 9, with 1 indicating husks
densely packed and extending beyond the ear tip and 9 indicating
ear tips exposed); ear aspect = the overall look of the ears without
the husks (ear aspect was graded on a scale of 1-9 based on ear
size, uniformity of size, color, and texture, level of grain filling, and
insect and disease damage); ears per plant (EPP) = the number of
ears collected per plot divided by the number of plants in a plot
at harvest; plant aspect was scored on a scale of 1 to 9 (Amegbor
et al, 2017) based on the assessment of overall design of plants in
a plot as they appealed to sight; and stay-green characteristic was
rated at 70 DAP (10 WAP) on a scale of 1-9 (Annor and Badu-
Apraku, 2016) based on the percentage of dead leaves in the low
N and drought trials. Harvested ears from each plot were shelled,
and grain weight was assessed in tests conducted under low N and
drought conditions. The moisture content of the grains was tested
using the Kett moisture tester PM-450. Grain yield in kg ha™!
was determined using shelled grain weight and a moisture level of
15%. However, for the optimal experiment, a shelling percentage
of 80% for inbred lines per plot was assumed, and grain yield
(obtained from ear weight converted to kg ha=!) was adjusted to
15% moisture content.

2.4 Statistical analysis

The square root transformation method was used to transform
the data recorded for stalk lodging, ear rot, and root lodging
after converting them to percentages. The Statistical Analysis
System (SAS) (SAS Institute, 2011) was used for the analysis of
variance (ANOVA) of the data taken across the stresses (low N
and drought) and under optimal conditions. The entries (inbreds)
were considered fixed factors, while the environments, incomplete
blocks within replicates x environment interactions, and replicates
within the environments were considered random factors in
the ANOVA across the stress conditions. The means that were
estimated with SAS were separated by the standard error (S.E).

To identify stress-resilient inbred lines for the present study, a
base index (BI), which comprised grain yield, plant aspect (PASP),
ears per plant (EPP), anthesis-silking interval (ASI), stay-green
characteristic (STGR), and ear aspect (EASP), was used as reported
by Annor and Badu-Apraku (2016). The stress BI was estimated
as follows:

BI
= [(2 x grain yield) + EPP — —PASP — —ASI — —STGR — —EASP]

To minimize the effects of the different scales, a mean of zero
and a standard deviation of BI were used to standardize the traits.
A negative BI estimate was an indicator of the susceptibility of
an inbred, while a positive estimate was a sign of an inbred’s
resilience to stress, as reported by other researchers (Annor and
Badu-Apraku, 2016).

The SAS PROC Varcomp was used to compute the heritability
in the broad sense (H2) for the observed variables under stress
conditions by estimating the phenotypic and genetic variation
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of the inbreds. The heritability values were obtained using the g
formula below: b <
2 P % PO
s i 388835 3
2 o= ~ el | e
H? = % e IS
24 % 4 9% 5
O+ + % =
2
where o;e is the genotype x environment interaction, agz is the g E
genotypic variance, 022 is the error variance, r is the number of § L%’a i% 5| = iﬂ IS SRR
replicates per environment, and e is the number of environments ~ £ oL s S| 2 s 2 ° s = s °
(Fehr, 1991). E i
The association between the measured traits was determined %
by estimating the correlation coefficients using the PROC CORR in g 5
SAS. Employing the grain yield data for the inbreds, the genotype 7 8-:% 2 S S R o e f |z
P el o = — o | =
main effects plus genotype x environment interaction (GGE) biplot g’ § ‘_|| E S 2132 S| S 2z
analysis was performed to break down the inbred x environment g &
interactions into their components and to obtain the information %
on the most promising inbreds across the research conditions as o | i3
described by Yan (2001). §, ] t PO N - |
27 EIEITEAENEI I I
T RS g " |s|s|s|° s| e &S
= ]
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parameters except for ear and plant heights. The ANOVA also £ gf
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for TZEEQI 60, with an overall mean of 1,020 kg ha~!. Under g E]
- o
optimum conditions, grain yield ranged from 744kg ha=! for ¢ o7 Elelslelzl e wle e L2
TZEEQI 239-2,582 kg ha~! for TZEEQI 7, with a mean of 1,838 kg g :‘ o % % § E E E ﬁ é % § %
ha~!. Among the best 15 and worst 10 of the 96 extra-early 2 T2 |2 B |a= AE-IE-S N )
= o~ -
QPM inbred lines selected based on their performance under stress ¢ o E
conditions using the IITA base index, viz. inbreds TZEEQI 60, g é
TZEEQI 7, TZEEQI 111, TZEEQI 78, and TZEEQI 137 with mean &+ . e
grain yield of 1,560, 1,404, 1,529, 15,667, 1,494, and 1,382 kg ha~!, % ol R g Q a ” 28| = g
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resilience to drought and low nitrogen stresses in comparison with 2 g = S E
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TABLE 3 Grain yield and other agronomic traits of etra-early white quality protein maize inbred lines (the best 15 and the worst 10 based on base index) and four normal checks evaluated under low -N, drought
stress, and optimum conditions in Nigeria, 2012.

Grain yield Days to 50% silking Plant aspect Earaspect Earsplant™! LD % YRD Base Index
ST OPT ST OPT ST OPT ST OPT ST OPT
kg ha™!
TZEEQI 7 1,559.5 2,581.9 58.5 552 1.0 0.7 3.1 2.2 27 2.1 0.8 1.0 33 39.6 10.8
TZEEQI 78 1,404.3 2,101.2 59.2 56.3 02 0.1 3.3 25 3.0 2.7 0.8 0.9 3.3 332 8.6
TZEEQI 111 1,529.0 2,082.5 59.2 56.3 2.1 02 3.1 2.6 3.0 32 0.9 0.9 33 26.6 8.5
TZEEQI 60 1,566.9 2,111.8 59.7 61.5 15 3.7 3.1 2.7 3.0 2.8 0.7 0.9 33 25.8 8.2
TZEEQI 61 1,493.7 2,265.9 56.9 56.3 1.4 0.9 3.1 3.0 3.0 23 0.8 1.1 36 34.1 7.3
TZEEQI 137 1,381.9 2,251.1 57.8 54.1 17 0.5 3.1 3.0 2.8 2.6 0.8 0.9 37 38.6 6.9
Check-TZEEI 21 1,122.4 2,362.2 56.9 56.2 1.1 0.7 3.1 2.1 3.1 25 0.7 13 25 52.5 6.8
TZEEQI 66 1,426.5 2,185.3 61.0 55.1 3.1 13 2.9 2.8 2.9 25 0.6 11 3.3 34.7 6.6
Check-TZEEI 49 1,328.6 2,010.1 50.6 52.8 0.8 1.1 32 3.0 3.0 2.8 0.8 1.0 37 33.9 6.5
TZEEQI 139 1,398.2 2,285.2 56.9 53.9 23 1.4 3.1 23 2.9 25 0.7 0.9 3.5 38.8 6.3
TZEEQI 6 1,387.8 1,975.6 55.5 54.9 13 0.5 33 3.8 2.8 2.9 0.7 1.0 36 29.7 6.3
TZEEQI 8 1,492.6 2,290.0 57.7 56.1 22 19 32 27 2.9 2.0 0.6 0.7 36 34.8 6.2
TZEEQI 12 1,388.6 2,216.4 58.4 55.4 24 1.2 31 22 2.9 24 0.7 1.0 3.6 37.3 5.8
TZEEQI 63 1,379.5 22353 59.4 56.7 1.0 1.6 3.1 23 33 24 0.6 1.1 35 38.3 5.6
TZEEQI 33 1,508.3 22925 60.0 56.6 0.4 2.7 34 2.7 3.1 23 0.7 1.0 38 34.2 5.6
TZEEQI 72 1,148.5 1,739.7 56.2 54.2 0.7 0.1 34 2.8 2.9 3.1 0.8 1.1 34 34.0 55
TZEEQI 11 1,279.0 2,348.9 57.0 55.4 22 1.2 32 2.8 3.0 24 0.7 1.1 33 45.6 52
Check-TZEEI 39 1,218.0 1,698.9 57.5 56.9 2.1 1.1 35 3.0 27 2.7 0.8 0.8 35 28.3 4.9
Check-TZEEI 13 1,243.8 2,019.7 58.2 56.4 1.8 0.8 34 25 3.0 2.7 0.8 11 3.9 38.4 3.5
TZEEQI 132 638.3 12123 61.1 55.0 3.9 13 37 3.4 34 3.4 04 0.7 4.0 473 -8.8
TZEEQI 230 526.5 1,317.9 62.1 66.6 2.9 43 36 32 35 3.6 0.5 0.4 44 60.1 9.1
TZEEQI 179 497.8 1,182.7 61.4 64.4 32 5.1 38 35 37 33 0.5 1.2 3.9 57.9 -10.2
TZEEQI 206 572.7 1,847.6 61.9 64.0 3.8 23 36 3.1 3.8 3.3 0.6 0.8 44 69.0 -10.5
TZEEQI 184 547.0 1,006.9 63.1 63.0 3.1 43 37 3.9 35 3.7 0.5 1.1 4.6 457 —10.5
TZEEQI 239 537.6 743.7 64.5 68.0 4.6 7.1 3.6 3.1 3.6 3.8 04 0.4 43 27.7 —11.0
(Continued)
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base index), with a mean grain yield of 1122kg ha~!. However,
the grain yield produced by the QPM inbreds was not significantly
different from that of TZEEI 49, which recorded the highest yield
among the checks. The grain yield produced by the QPM inbreds
TZEEQI 78, TZEEQI 7, TZEEQI 60, and TZEEQI 111 were also
significantly higher than those of TZEEI 13 and TZEEI 39. Under
optimum conditions, the QPM inbred line, TZEEQI 7, produced
much more grain (2,582 kg ha~!) than all the checks except TZEEI
21 (2,362 kg ha™!). An average yield decrease of 44% was revealed
for the inbred lines across drought and low nitrogen stresses. The
grain yield reduction was accompanied by fewer ears per plant, a
rise in ASI, days to silking, and poor ear and plant aspects (Table 3).

TABLE 4 List of 53 S¢ extra-early maturing white quality protein maize
inbred lines and four checks identified in the present study.

Inbred Inbred

TZEEQI 7 10.8 Check-TZEEI 13 35
TZEEQI 78 8.6 TZEEQI 95 35
TZEEQI 111 8.5 TZEEQI 1 3.0
TZEEQI 60 8.2 TZEEQI 43 2.9
TZEEQI 61 7.3 TZEEQI 40 2.8
TZEEQI 137 6.9 TZEEQI 69 2.7
Check-TZEEI 21 6.8 TZEEQI 228 25
TZEEQI 66 6.6 TZEEQI 99 2.4
Check-TZEEI 49 6.5 TZEEQI 57 1.9
TZEEQI 139 6.3 TZEEQI 28 1.8
TZEEQI 6 6.3 TZEEQI 21 1.7
TZEEQI 8 6.2 TZEEQI 36 1.7
TZEEQI 12 58 TZEEQI 181 17
TZEEQI 63 56 TZEEQI 41 1.6
TZEEQI 33 56 TZEEQI 153 1.6
TZEEQI 72 55 TZEEQI 73 1.6
TZEEQI 11 52 TZEEQI 183 1.6
TZEEQI 100 5.1 TZEEQI 67 1.5
TZEEQI 64 5.0 TZEEQI 134 1.4
Check-TZEEI 39 49 TZEEQI 39 0.8
TZEEQI 49 46 TZEEQI 35 0.6
TZEEQI 136 46 TZEEQI 178 0.6
TZEEQI 45 43 TZEEQI 138 0.5
TZEEQI 44 43 TZEEQI 13 0.3
TZEEQI 80 43 TZEEQI 175 0.2
TZEEQI 133 42 TZEEQI 102 0.2
TZEEQI 157 40 TZEEQI 109 0.1
TZEEQI 20 38

TZEEQI 71 37

TZEEQI 27 37
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Based on the base index, 57 out of the 96 QPM inbred lines assessed
across low nitrogen and drought stresses showed variable degrees of
stress resilience (Table 4).

3.3 Relationship among the measured
characters across stress environments

In the current study, grain yield had a high positive association
with EPP but significant and negative relationships with days to
50% anthesis, ASI, days to 50% silking, ear height, plant aspect, ear
aspect, and leaf death scores across the two (2) stress environments
(Table 5). Heritability estimates for the measured traits varied from
0.00 for husk cover to 0.85 for days to 50% silking. The results
revealed low heritability for root lodging (0.14), husk cover (0.00),
and stalk lodging (0.26). Moderately high heritability estimates
were observed for plant aspect (0.46), anthesis-silking interval
(0.50), ear aspect (0.56), number of ears per plant (0.39), leaf death
(0.47), and ear rot (0.42), while grain yield (0.65), days to 50%
silking (0.85), days to 50% anthesis (0.84), ear height (0.73), and
plant height (0.72) recorded very high heritability estimates across
the two stress conditions (Table 5).

3.4 Grain yield performance and stability of
selected QPM inbred lines across stress and
optimum growing conditions

The significant genotype x environment interactions and
genotypes for most measured traits across stress and optimum
conditions justified using the GGE biplot to examine the yield
performance and stability of the QPM inbreds across test
environments. The GGE biplot is based on the grain yield
performance of the 25 (20 best and five worst) QPM inbreds and
four normal endosperm inbred checks studied across the stress
and optimal conditions. The stability of inbred lines is determined
by their projections onto the ATC abscissa. Thus, the longer the
projection of an inbred line onto the ATC, the less the stability of
the line. Based on these criteria, TZEEQI 7 (Entry 1) was the most
stable and highest yielding, followed by inbred lines TZEEQI 60
(Entry 2) and TZEEQI 12 (Entry 10). Contrarily, TZEEI 63 (Entry
11) and TZEEQI 6 (Entry 13) were the least stable and lowest across
test environments (Figure 1).

4 Discussion

To reduce malnutrition and improve food security in SSA, there
is a pressing need for drought-resilient QPM inbreds with high
nitrogen utilization efficiency (resilient to low N) and genes for
drought resilience. Such inbred lines could be utilized to develop
high grain-producing QPM hybrids and synthetic cultivars resilient
to both stresses. The differences detected among the inbreds,
inbred x environment interactions (GEI), and environments
observed in this study for most measured traits under stress and
optimum conditions suggested that the test environments varied
enough to enable the selection of inbred lines with outstanding
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performance, as indicated by Badu-Apraku et al. (2011, 2016).
The results also suggested that adequate genetic variation existed
among the genotypes to allow them to be utilized as sources of
beneficial alleles for the development of extra-early white QPM
breeding populations for resilience to low soil N and drought
conditions. The current result agrees with the reports of Badu-
Apraku and Oyekunle (2012) and Adu et al. (2021). Moreover, the
varied GEI and environments revealed for most of the measured
parameters of the inbreds across stress conditions indicated that
there could be differences in the expression of the traits under
the stress conditions. The implication is that the evaluations of
the inbreds in more stressful environments would be required
for the identification of the most outstanding inbred lines, as
stated by other researchers under drought stress conditions (Badu-
Apraku et al., 2011; Edmeades, 2013; Adu et al, 2021) and
under low soil N (Meseka et al., 2006). This result endorses the
substantial role that the growing environment plays in detecting
genotypes with an outstanding performance across the two
stress conditions.

The most important aim of the current study was to discover
outstanding inbred lines for generating climate-smart synthetic
cultivars and hybrids for SSA. Such outstanding inbred parents
could also be used as sources of valuable alleles for stress resilience.
Stress-resilient inbred lines would be priceless in maize breeding
programs to develop stress-resilient and high grain-producing
synthetic cultivars and hybrids (Betran et al., 2003; Meseka et al.,
2011) for cultivation in SSA. Fifty-seven (57) out of the 96 QPM
inbred lines assessed under the stress conditions were found to
be resilient to stress at different levels. The stress-resilient hybrids
identified also had high grain yield, superior ear aspect, short ASI,
high number of ears per plant, good stay-green characteristics,
and better plant aspect. Therefore, the superior inbreds identified
under stress situations would be valuable for the development
of QPM populations in addition to the generation of high-
yielding and stress-resilient synthetic cultivars and hybrids for
commercialization in SSA. They will also be a good source of
invaluable alleles for stress resilience.

The QPM inbreds TZEEQI 60 and TZEEQI1 7 were the best
in terms of stability and yield across environments. The most
stable and highest yielding QPM inbred, TZEEQI 7, out-yielded
the best low nitrogen and drought-resilient normal endosperm
check, TZEEI 21, by 28.0% under stress and 8.5% under optimum
conditions. The low levels of yield reduction observed for the
top-yielding inbred lines, compared to the checks, indicated the
presence of genes for stress resilience in the inbred lines evaluated.
The reduction in grain yield, along with an increase in ASI and
days to silking, poor plant and ear aspects, and few ears per plant,
suggested that the selection for reduced days to anthesis, shorter
ASI, increased ears per plant, and good plant and ear aspects is the
best method for breeding for stress resilience in the set of inbred
lines used. The results in the current study concord with those by
Badu-Aprakuetal. (2011) and Adu et al. (2021), who suggested that
the stay-green characteristic, plant aspect, ASI, and EPP should be
considered for selecting genotypes in drought environments. Guei
and Wassom (1992) and Badu-Apraku et al. (2023) also indicated
that improvement in stress tolerance requires a good stay-green
characteristic, shorter ASI, and an improved number of ears per
plant. Short ASI, delayed leaf senescence, and an increased number
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TABLE 5 Heritability estimates and Pearson’s correlation coefficients for grain yield and other agronomic characters of 96 extra-early white quality protein maize inbred lines and four checks evaluated across
drought and low N environments in Nigeria, 2012.

PASP EASP
POLLEN —0.44**
DASK —0.61** 0.91
ASI —0.61** 0.27** 0.65**
PLHT —0.10 0.25* 0.31%* 0.24*
EHT —0.27% 0.42** 0.44** 0.24* 0.66**
RL 0.05 —0.29** —0.32** —0.20* —0.25* —0.12
SL 0.00 —0.33** —0.31** —0.12 —0.05 0.14 0.46**
HUSK —0.07 —0.03 —0.03 —0.02 —0.12 —0.25* 0.03 —0.14
PASP —0.63** 0.29%* 0.36** 0.30** —0.25* —0.04 0.19 0.02 0.16
EASP —0.77** 0.45** 0.56** 0.47%* 0.13 0.26** —0.08 —0.08 0.11 0.66™*
LD —0.51** 0.23* 0.33** 0.33** 0.09 0.37** 0.04 0.26** —0.08 0.47** 0.46**
EPP 0.56** —0.44** —0.51** —0.36** —0.17 —0.11 0.20* 0.17 —0.03 —0.43** —0.56** —0.19
EROT 0.09 —0.03 —0.11 —0.18 —0.13 —0.14 0.01 —0.15 0.19 —0.09 0.04 —0.03 0.14
Heritability 0.65 0.84 0.85 0.50 0.72 0.73 0.14 0.26 0.00 0.46 0.56 0.47 0.39 0.42

*

plant aspect; EASP, ear aspect; LD, leaf death; EPP, number of ears per plant; EROT, ear rot.

, “significant at 0.05 and 0.01 probability levels, respectively; YIELD, grain yield; DA, days to 50% anthesis; DS, days to 50% silking; ASI, anthesis-silking interval; PLHT, plant height; EHT, ear height; SL, stalk lodging; RL, root lodging; HUSK, husk cover; PASP,
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FIGURE 1

Baguada drought stress; IK-DS = Ikenne drought stress).
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The yield performance and stability of 25 extra-early maturing white QPM inbred lines and four normal endosperm extra-early maize inbred checks
evaluated under drought, low N, and optimum growing conditions at Bagauda, lkenne, Ile-Ife, and Mokwa (1 = TZEEQI 7; 2 = TZEEQI 60; 3 = TZEEQI
33;4=TZEEQI 8; 5 =TZEEQI 6; 6 = TZEEQI 111; 7 = TZEEQI 66; 8 = TZEEQI 139; 9 = TZEEQI 137; 10= TZEEQI 12; 11 = TZEEQI 63; 12 = TZEEQI
78; 13 =TZEEQI 6; 14 = TZEEQI 11; 15 = TZEEQI 136; 16 = TZEEQI 73; 17 = TZEEQI 64; 18 = TZEEQI 134; 19 = TZEEQI 35; 20 = TZEEQI 133; 21 =
TZEEQI 179; 22 = TZEEQI 212; 23 = TZEEQI 239; 24= TZEEQI 213; 25 = TZEEQI 223; 26 = Check-TZEEI 13; 27 = Check-TZEEI 21; 28 =
Check-TZEEI 39; 29 = Check-TZEEI 49; IF-LN = lle-Ife low nitrogen; MK-LN = Mokwa low nitrogen; MK-HN = Mokwa high nitrogen; BG-DS =

PC1

of ears per plant in stress environments, according to Edmeades
etal. (1993) and Zhao et al. (2022), are signs of better growth rates
of ovules under stress and increased allocation of assimilates to the
emerging ear. The grain yield losses of 44.4% for inbreds under
stress conditions in the current study is within the range reported
by workers in other studies (NeSmith and Ritchie, 1992; Menkir
and Akintunde, 2001; Derera et al., 2008; Badu-Apraku et al., 2011).

The moderate to very high estimates of heritability (>0.30)
recorded in the current study for the plant aspect, anthesis-silking
interval, grain yield, days to 50% anthesis, ear aspect, number of
ears per plant, leaf death, ear rot, days to 50% silking, ear, and plant
heights in stress environments showed that the parameters might
be easily transferred to the progenies and phenotypic selection
would also be effective since additive gene action is more important
than non-additive gene action for most of the measured traits.
The results also suggested that early generation selection for the
characters under stress could be effective, as reported in other
studies by Banziger et al. (1999), Badu-Apraku et al. (2013),
and Annor and Badu-Apraku (2016). The results of the present
study are at variance with those of Badu-Apraku et al. (2011),
who evaluated a set of inbred lines in stress environments and
reported that selection for grain yield directly would not be
effective due to the low heritability recorded for the trait. The
low heritability recorded for husk cover, stalk lodging, and root
lodging under stress conditions implied that phenotypic selection
of the traits might not be promising, and therefore, the use of
selection indices or indirect selection method would be required
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to assess the genetic values of the traits as indicated by Mhike et al.
(2011).

The relationship found between grain yield and EPP suggested
that the indirect selection of an increased number of ears per
plant could result in improved grain yield across the two stress
environments. Musila et al. (2010) also reported a strong positive
connection between grain yield and the number of ears per plant
across stress conditions. Contrarily, a negative relationship was
displayed between grain yield and ASI, days to 50% anthesis, ear
height, days to 50 % silking, plant aspect, leaf death, and ear
aspect, indicating that selection for reduced ASI, ear height, days
to 50% anthesis, plant aspect, days to 50% silking, ear aspect,
and leaf death could improve grain yield in stress environments.
A reliable secondary character for selecting genotypes for stress
tolerance must have a strong relationship with grain yield, be highly
heritable, and be very simple to record (Banziger et al., 2000; Adu
et al, 2021). Hence, grain yield, ASI, ear height, days to 50%
anthesis, plant aspect, days to 50% silking, ear aspect, EPP, and leaf
death could be very useful for selecting stress-resilient genotypes
among the QPM inbred lines utilized in the current study. This
report supported the discoveries of Betran et al. (2003), Badu-
Apraku et al. (2011), Badu-Apraku and Oyekunle (2012), Adu et al.
(2021) that the most dependable characters for the identification
of high yielding maize inbreds in stress environments were plant
aspect, ASI, EPP, leaf death, ear aspect, and grain yield. Inbred
lines TZEEQI 7, TZEEQI 12, and TZEEQI 60 were found to have
exceptional stability and yield across the research environments and
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could be employed to produce outstanding QPM synthetics and
hybrids for commercialization in SSA.

5 Conclusion

The inbred lines exhibited differences in the ability to tolerate
low N and drought, with an average grain yield reduction of
44.4%. Moderate to high estimates of heritability were displayed by
the majority of the studied characters across low N and drought,
indicating that several measured characters studied could be easily
transferred from the parental inbreds to the progenies and that
selection could be done directly. Fifty-seven QPM inbred lines were
found to be stress-resilient and could be easily employed as genetic
resources for the incorporation of low N and drought-resilient
genes into QPM populations in the tropics and the development
of stress-resilient synthetic and hybrid cultivars in SSA.
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