. agronomy MBPY

Article

Combining Ability of Early-Maturing Yellow Maize
Inbreds under Combined Drought and Heat Stress
and Well-Watered Environments

Laouali M. Nasser !, Baffour Badu-Apraku >*{, Vernon E. Gracen 3

and Hortense N. A. Mafouasson 4

1 Institut National de la Recherche Agronomique du Niger, INRAN/CERRA MARADI, Maradi BP 240, Niger;
manall2dz@yahoo.fr

2 International Institute of Tropical Agriculture (IITA), IITA (UK) Ltd., 7th floor Grosvenor House,

125 High Street, Croydon CR0 9XP, UK

West African Center for Crop Improvement (WACCI), University of Ghana, Legon,

PMB LG 30 Legon-Accra, Ghana; vg45@cornell.edu

Institut de Recherche Agricole pour le Développement, IRAD, Yaoundé BP 2123, Cameroon;

mafouasson@yahoo.fr

*  Correspondence: b.badu-apraku@cgiar.org; Tel.: +234+810-8482-590

check for

Received: 10 September 2020; Accepted: 9 October 2020; Published: 16 October 2020 updates

Abstract: Grain-yield potential of maize (Zea mays L.) is limited by the harsh climatic conditions
during dry seasons in the savanna of sub-Saharan Africa (SSA). One hundred and five hybrids derived
from diallel crosses involving 15 early-maturing yellow maize inbreds were screened under combined
drought and heat stress (CDHS) and well-watered (WW) conditions at four locations representative of
the dry savannas of Niger, 2012-2014. The objective of the study was to examine the general combining
ability (GCA) effects of the inbred lines and specific combining ability (SCA) of the crosses under
CDHS and WW environments, assess yield and stability of the derived hybrids under contrasting
environments and investigate inter-relationships among traits of the hybrids under contrasting
environments. GCA and SCA effects for grain yield and other measured traits were significant,
with preponderance of GCA effects over SCA effects under both the CDHS and WW environments.
Inbred ENT 13 possessed positive and significant GCA effects for grain yield under both CDHS and
WW environments indicating that the inbred could be used for developing outstanding hybrids with
good levels of tolerance to CDHS. This also implied that the inbred line could serve as invaluable
genetic resource for introgression of favorable alleles into tropical early-maturing maize populations
for accelerated genetic gains from selection for improved grain yield. Hybrids ENT 13 x TZEI 167
and TZEI 157 x ENT 13 were the most stable and among the highest yielding hybrids across research
environments. These outstanding hybrids could be tested extensively for commercialization in SSA
to improve food security. Plant and ear aspects and days to 50% silking could be combined with
grain yield in a selection index for improvement of yield under CDHS without yield penalties under
WW environments.

Keywords: combining ability; drought management; heat stress; gene action; Zea mays L.

1. Introduction

Maize is a major staple food crop that supports household and national food security in many
African countries [1]. Its production in the savannas of sub-Saharan Africa (SSA) is challenged by
several major production factors, prominent among which are simultaneous occurrence of drought and
heat stress. As aresult of the current global climate variability associated with an increase in temperature
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and erratic rainfall patterns, losses in grain yield are anticipated to rise in major maize-producing
environments [2], especially in the Sudan and northern Guinea savanna agro-ecologies of SSA.
According to Badu-Apraku et al. [3], all the countries in the dry savanna agro-ecological zones of the
sub-region experience drought during the growth cycle of maize. In this sub-region, drought causes
an average yield loss of 15 percent in grain yield annually [4], including areas where total rainfall is
high [5]. NeSmith and Ritchie [6] reported that greater grain yield reduction occurs when drought
coincides with flowering and grain-filling stages of maize. According to Pswarayi and Vivek [7],
drought may cause a much higher economic loss because in drought-prone environments, the high
probability of drought occurrence dissuades farmers from applying adequate levels of fertilizers and
using high planting densities.

Drought affects maize production and productivity through reduction in the duration of the
rainy season, irregular rainfall distribution patterns and reduced rainfall intensity during the growing
season [8,9]. The effects of moisture stress on maize plants include poor crop stand, delay in silking,
tassel blasting, leaf firing, barrenness, poor seed set, reduction in kernel size, which ultimately lead to
reduction in grain yield [10]. The physical separation and non-synchronous maturation of male and
female inflorescences predispose maize to cross-pollination. Under stress conditions (especially water
stress), the interval between pollen-shed and silk-emergence increases. The vulnerability of maize to
induced drought stress at the crop reproductive stage is usually associated with the separation of the
male and female flowers and their exposure to the stress environment [11,12]. These could result in an
average yield loss of 20% to 50% under drought stress [13,14].

With the advent of climate change in sub-Saharan Africa during the last two decades, heat
stress, both alone and in combination with drought have become an increased constraint to maize
production [15]. Lobell and Burke [16] demonstrated that an increase in temperature of 2 °C would result
in a greater reduction in maize yields than a decrease in precipitation of 20%. Additionally, studies have
revealed the need to incorporate heat tolerance as well as enhanced drought tolerance into the
International Institute of Tropical Agriculture (IITA) maize germplasm to reduce yield losses under
combined heat and drought stress. Therefore, a program was initiated by the IITA-Maize Improvement
Program (MIP) through the Drought Tolerant Maize for Africa (DTMA) Project in 1997.

In contrast to drought research, relatively less research effort had been devoted to breeding
specifically for combined heat and drought stress tolerance in maize by the inception of the project on
breeding for combined heat and drought stress in 2019. Using the modified drought stress screening
method proposed by Badu-Apraku and Fakorede [17], results of genetic studies revealed that both
the additive and nonadditive gene actions conditioned the expression of maize traits under drought
stress but additive effects were more important than the non-additive component. The implication was
that drought tolerance in maize could be improved by recurrent selection and that drought-tolerant
inbred lines with good combining ability could be extracted from improved cycles of selection in
drought tolerant breeding populations for inbred line development. Several cycles of recurrent
selection were effective for improvement of drought tolerance and high-yielding cultivars, as well
as several drought-tolerant hybrids have been developed in the IITA-MIP and commercialized in
SSA. An important lesson learnt from the drought-tolerant studies covering over three decades of
breeding was that the drought tolerant traits had differential responses to the levels of stress severity.
Therefore, breeders must determine the level of stress tolerance of the most appropriate germplasm
and traits of interest before initiating a breeding program for drought tolerance. In contrast to drought
research, no serious effort had been devoted to breeding specifically for heat stress tolerance in the
IITA-MIP until 2019 when the program on combined heat and drought (CDHS) stress was initiated.
However, earlier studies in the temperate zone had reported on the negative impact of increased
growing season temperatures on temperate maize yields. For example, Thompson [18] showed that
an increase in temperature from 22 to 28 °C during the grain filling period in the U.S. Corn Belt
resulted in a 10% yield loss while Badu-Apraku et al. [19] showed a 42% yield reduction when mean
daily temperatures were increased by 6 °C. Muchow et al. [20], reported that heat stress in maize
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was associated with shortened life cycle and reduced light interception [21], increased respiration
and reduced photosynthesis [22] and pollen sterility [23,24]. Dupuis and Dumas [25] compared the
response of male and female reproductive tissues to heat stress and reported that female tissues had
greater tolerance, with pollen production and/or viability identified as the major factors controlling
reduced fertilization under high temperatures. However, the period between silk pollination and
ovary fertilization in the female reproductive tissues have recently been highlighted as a critical period
that controls grain yield under heat stress [26].

Besides drought stress, heat stress resulting from temperatures rising above 30 °C can cause severe
reduction in grain yield of maize because of adverse effects of high temperature on physiological
processes [27]. These lead to increased respiration, reduced photosynthesis and shortening of the
developmental stages [21,28]. The flowering stage of the maize plant is characterized as the most
vulnerable to heat stress, since under such conditions, the female part of the maize plant is less
vulnerable compared to the male reproductive part [15]. Like drought stress, high temperature causes
tassel blasting, reduces anthesis-silking synchrony, shortens the duration of grain filling period, lowers
kernel set and grain weight causing significant reduction in grain yield [26,29,30]. According to
Badu-Apraku et al. [19], 6 °C rise in mean daily temperature caused about 42% grain yield reduction.
Similarly, Lobell et al. [31] demonstrated in field trials in southern Africa that temperatures above
30 °C caused corresponding decrease in maize production. However, the consequences of heat stress
are projected to be more devastating in environments prone to drought [32], implying that these areas
are expected to encounter the challenges of severe heat stress. Consequently, heat stress occurring both
singly and combined with drought is expected to become a major limitation to maize production in
SSA [15].

Drought and heat stress could occur at the same time in farmers’ fields when rainfall distribution
is irregular and the cropping season is hot [14]. Maize yield deficits attributable to CDHS range from
15% to 40% and could surpass 70% [31,33], depending on the timing, duration and severity of the
individual stresses. Under such extreme stress conditions, yield losses may be as high as 100% [21] and
could compel farmers to abandon their farmlands [34]. According to Meseka et al. [14], drought stress
and CDHS caused 58% and 77% shortfall in grain yield, respectively. Similarly, Nelimor et al. [35]
reported a grain yield deficit of 46% under induced drought stress, 55% under heat stress and 66%
under CDHS, revealing the devastating effects of individual and combination of drought and heat
stress on maize yield.

Combining ability may be defined as the potential of an individual inbred line to contribute
superior fitness-related traits to hybrid progeny [36]. In maize breeding programs, knowledge of
general combining ability (GCA) of inbreds and specific combining ability (SCA) of hybrid combinations
as well as the identification and exploitation of heterotic groups, are crucial for successful hybrid
production. This is because, information on the type of gene action controlling yield and related
traits under stress is key to identifying useful parents and hybrids, as well as designing appropriate
strategies for breeding for CDHS tolerant hybrids. This information is obtainable from combining
ability studies. Elmyhun et al. [37] studied the type of gene action conferring grain yield and related
traits in eight maize inbreds crossed to two testers. The results of the study revealed significant
GCA and/or SCA mean squares (or variances) for most measured traits including grain yield, days to
anthesis and silking, anthesis-silking, plant and ear aspects and the number of ears per plant, indicating
that additive and non-additive gene effects were both important in the inheritance of the measured
traits. However, larger SCA mean squares were obtained in most cases, implying that the non-additive
genetic effects mainly governed the traits. Similarly, Oyekunle et al. [38] reported higher SCA
than GCA mean squares for grain yield of early yellow maize inbreds under contrasting growing
conditions, emphasizing the major role of non-additive gene effects in the expression of the measured
traits in the progeny. Contrarily, Akinwale et al. [39] observed a major role of additive gene action in
determining grain yield in a diallel study of a set of maize inbreds under contrasting growing conditions.
Furthermore, Oyekunle and Badu-Apraku [40] reported comparable results for early-maturing white
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and yellow maize inbreds. The implication therefore is that different breeding strategies could be
adopted to develop hybrids for the different research environments. Derera et al. [41] showed a greater
role of additive and non-additive genetic effects for grain yield under drought and well-watered
conditions, respectively. The inconsistencies obtained in gene interaction conferring grain yield in
tropical maize germplasm under CDHS have necessitated studies to determine the type of gene action
modulating grain yield and related traits in the set of elite maize inbreds used in the present study.

Librando and Magulama [42] and Kanyamasoro et al. [43] reported that heterotic grouping of
maize inbred lines with contrasting genetic backgrounds helps in maximizing the exploitation of
heterosis for the development of outstanding hybrids. Cairns et al. [15] reported that CDHS tolerance
was genetically different from tolerance to individual stresses and tolerance to either stress singly
did not confer CDHS tolerance. Therefore, there is a need for rapid advancement to develop maize
varieties with tolerance to CDHS to achieve sustained food security in those agro-ecologies in the dry
savannas of SSA. However, there is a dearth of information available on the combining ability and
type of gene action regulating yield and other important secondary traits of the newly developed
IITA early-maturing yellow-endosperm inbred lines under CDHS conditions. There is therefore the
need to study the combining ability of this set of new inbred lines. This information is a prerequisite
for adopting appropriate breeding strategies to ensure accelerated genetic gains from selection and
deciding the best parental combinations for superior CDHS tolerant hybrid development in the
ITA-MIP program. Consequently, during the past decade, the MIP-IITA has been engaged in the
evaluation and selection of maize inbred lines and hybrids with tolerance to CDHS environments.
Through this program, many early maturing maize inbred lines that are well-adapted to the climatic
conditions of SSA countries have been identified. However, few studies have been carried out on
the combining abilities of the IITA inbred lines under CDHS environments. Such information would
be invaluable in developing productive and stable hybrids [7,39,44,45] with tolerance to CDHS for
commercialization in SSA. Additionally, combinations between IITA inbreds and elite inbred lines
from the International Centre for Maize and Wheat Improvement (CIMMYT) selected under CDHS
could result in superior hybrids with CDHS tolerance.

Selection for stress tolerance based on yield performance alone without considering the expression
of other appropriate secondary traits has proved ineffective according to Badu-Apraku et al. [4]
and Bolafios and Edmeades [46]. Thus, information on secondary traits that contribute significantly
to variations in grain yield under CDHS are required by breeders for index selection to guarantee
accelerated genetic gains from selection. Therefore, there is an urgent need for studies on trait
associations to identify appropriate traits and effective breeding strategies to enhance progress
in the improvement of early- maturing yellow-endosperm maize for tolerance to CDHS [47].
This study therefore examined the combining ability effects of 15 early-maturing yellow maize
inbred lines developed in IITA and CIMMYT when evaluated under CDHS as well as in well-watered
environments. Additionally, the study examined the stability and productivity of selected single-cross
hybrids under CDHS and investigated the inter-relationships among studied traits in contrasting
research environments.

2. Materials and Methods

2.1. Genetic Materials and Generation of Diallel Crosses

Fifteen drought tolerant and susceptible, early-maturing, tropical, yellow-endosperm maize inbred
lines (Figure 1) selected from the IITA and CIMMYT maize inbred panels were used in the present
study (Table 1). The inbred lines were crossed following Griffings’ diallel method IV, without parents
and assuming no reciprocal effects of parents under CDHS in maize. The crosses were generated at
the National Agronomic Research Institute (INRAN) Maradi, Niger in 2012. One hundred and five
single-cross hybrids derived from the diallel crosses were evaluated under CDHS as well as WW
environments from 2012 to 2014. Four IITA early-maturing single-cross hybrids (TZEI 23 x TZEI 13,



Agronomy 2020, 10, 1585 50f 26

TZEQI 82 x TZEQI 93, TZEI 16 x TZEI 8 and TZEI 9 X TZEI 16) and an open-pollinated variety (OPV)
(P3Kollo) from INRAN, Niger were used as checks in the field evaluations.

Drought tolerant : Drou-ght susceptifle

Figure 1. Drought tolerant and drought susceptible inbred lines.
2.2. Field Evaluations

The 105 single-cross hybrids plus the 5 checks were assessed under CDHS during the dry seasons
of 2012/2013 and 2013/2014 at Konni (13°47” N 5°14’ E, 260 m asl, 530 mm annual rainfall) and Maradi
(13°26” N 7°06’ E, 350 m asl, 490 mm annual rainfall), respectively. The trials were also evaluated
under WW conditions using a furrow irrigation system during the dry season of 2012/2013 at Konni
and Maradi and during the rainy season of 2013 at Maradi and FESA Seed Co. (13° 39’ N 7° 04’ E,
382 m asl; 500 mm annual rainfall). All trials were evaluated using a 10 X 11 randomized incomplete
block design with two replications. Each experimental unit was a single-row plot, 5 m long with
inter-row spacing of 0.75 m and intra-row spacing of 0.40 m. Three seeds were sown per hill and the
seedlings later thinned to two at about two weeks after emergence to obtain a population density of
approximately 66,667 ha~!. Fertilizer was applied at planting in the WW and CDHS trials at a rate
of 52 kg ha™! each of N, P and K (15-15-15), while an additional 46 kg ha™! of urea was top-dressed
20 days after planting. Weed control was done manually at all test sites.

Plants were irrigated twice a week in all blocks from planting till two weeks before flowering. It is
worth noting that during the dry season (October to May) in Niger, the weather was so harsh that plants
could not have survived if the moisture stress had been imposed from planting until physiological
maturity. Therefore, the stress intensity was carefully monitored and a “rescue irrigation” was
employed when plants started showing signs of severe drought stress (i.e., leaf rolling, leaf senescence,
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tassel blasting, bending of stems and wilting) very early in the morning (Figure 2). In contrast, irrigation
continued in the well-watered blocks until physiological maturity. Apart from the water treatments,
all management practices were the similar for both WW and CDHS experiments.

Table 1. Characteristics of 15 early yellow maize inbred lines evaluated in the diallel study under
combined drought and heat stress and well-watered environments in Niger, 2012-2014.

Reaction to

No Entries Origin Pedigree Drought Stress
[[KILIMA ST94A]-30/MSV-03-2-10-B-1-B-B-xP84c1
1 ENT 4 CIMMYT F26-2-2-6-B-3-B] F17-1-2-1-1 x Tolerant
P43C9-1-1-1-1-1-BBBB-1-Xp
2 ENT 13 CIMMYT [M37W/ZM607#bF37sr-2-3s1-6- . .. 1-B X CML486]-1 Tolerant
3 ENT 15 CIMMYT CLA149 Tolerant
4 ENT 17 CIMMYT [(87036/87923)-X-800-3-1-X-1-B-B-1-1-1 Tolerant
5 TZEI 14 ITA TZE Comp5-Y C6 S6 Inbred 21 Tolerant
6 TZEI 16 ITA TZE Comp5-Y C6 S6 Inbred 31 Tolerant
7 TZEI 129 ITA TZE-Y Pop STR Co S6 Inbred 16-1-3 Susceptible
8 TZEI 23 ITA TZE-Y Pop STR CO0 S6 Inbred 62-2-3 Tolerant
9 TZEI 124 ITA TZE-Y Pop STR Co S6 Inbred 3-1-3 Susceptible
10 TZEI 135 ITA TZE-Y Pop STR Co S6 Inbred 17-2-3 Tolerant
11 TZEI 157 ITA TZE-Y Pop STR Co S6 Inbred 102-1-2 Tolerant
12 TZEI 161 IITA TZE-Y Pop STR Co S6 Inbred 103-2-3 Tolerant
13 TZEI 167 IITA TZE Comp5-Y C6 S6 Inbred 13 Susceptible
14 TZEI 160 ITA TZE-Y Pop STR Co S6 Inbred 102-2-3 Tolerant
15 TZEI 182 IITA TZE-Y Pop STR Co S6 Inbred 152-2-2 Tolerant

LR Al R X R\ . "
(A). Stressed maize plants under (B) Stressed maize plants under (C). Combined drought and heat stress
combined drc-T.lgEht apd heat stress combined drought and heat tolerant and susceptible maize
before rescue irrigation. stress after rescue irrigation. hybrids after flowering.

Figure 2. Reaction of maize plants under combined drought and heat stress.

2.3. Data Collection

In the WW and CDHS environments, data were recorded on days to anthesis and silking
(DYA and DYS), anthesis-silking interval (ASI), plant and ear heights (PLTH and EHT), husk cover
(HUSK), plant and ear aspects and number of ears per plant (EPP), previously described by
Badu-Apraku et al. [48]. Plant aspect (PASP) was scored based on the general architectural appeal of
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plants in a plot using a scale of 1 to 5, where 1 = excellent overall phenotypic appeal and 9 = completely
undesirable phenotypic appeal. Ear aspect (EASP) was recorded based on the size and uniformity
of the ears, extent of grain filling, freedom from insect and disease damage using a scale of 1 to 5,
where 1 = clean, uniform, large and fully filled ears with no disease/insect damage; and 5 = only one
or no ears. The husk cover (HUSK) was rated on a scale of 1 to 5, where 1 = husks tightly arranged and
extended beyond the ear tip and 5 = exposed ear tips.

In addition, under CDHS conditions, data were collected on stay-green characteristic (STGR1 and
STGR2) at 90 and 100 DAP, on a scale of 1 to 9, where 1 indicated almost all leaves were green and
9 virtually all leaves were dead. The delay in recording the stay-green characteristic was due to the
low night temperature during the dry season in Niger that prolonged the flowering and the maturity
periods of plants by 30 to 34 days. Leaf firing (LFR) was recorded on a scale of 1 to 9 as the percentage
of plants in a plot with leaf firing symptoms; 1 = no plant with leaf firing in the plot, 9 = over 90 percent
of plants with leaf firing. Tassel blasting was also recorded as no tassel blast (tassels with normal pollen
production) or blasted tassels (tassels which were white, dry and without any pollen). Under the
CDHS environments, ears harvested from each plot were shelled and used to determine the percentage
grain moisture and weight of shelled kernels. Grain yield (kg ha™!) was computed from the weight of
the shelled kernels per plot, adjusted to a moisture content of 15%. Furthermore, grain yield (kg ha™)
of the optimal experiments were estimated from field weight of ears per plot, assuming a shelling
percentage of 80, adjusted to 15% moisture content.

2.4. Statistical Analysis

Analysis of variance (ANOVA) was conducted separately for each test environment using PROC
GLM procedure in SAS software, version 9.2 TS2MO0 [47]. The data for measured traits were subjected
to the Bartlett’s test for homogeneity of variances [49]. Since the tests for homogeneity of the variances
for the stress environments (location/ year combinations) on one hand and the optimal environments
on the other, were not significant, combined ANOVA was performed separately across the three
CDHS environments and across the four well-watered environments for grain yield, days to anthesis
and silking, anthesis silking interval, plant height, ear height, plant aspect, ear aspect, husk cover
and number of ears per plant. The hybrids (105 single-cross hybrids and 5 checks) were considered
as fixed factors whereas environments, replications and blocks were considered as random factors.
Significant means were separated using the least significant difference (LSD). Genetic analysis of the
GCA effects of the parents and SCA effects of the crosses as well as the mean squares for each and
across research environments followed Griffing’s method 4 and model 1 [50], using the DIALLEL-SAS
program described by Zhang et al. [51]. Only the crosses (excluding the checks) were used in the diallel
analysis. The GCA and SCA effects for grain yield and other measured traits were calculated from the
mean values adjusted for the block effects under each research condition and across test environments.
The relative importance of GCA and SCA based on the performance of the F; hybrids was estimated as

the ratio:
202GCA

(262GCA + 02SCA)’

where 0>GCA is the variance of effects obtained from the mean squares of GCA and 0?SCA is the
variance of effects derived from the mean squares of SCA [52]. Since the total genetic variation among
single-cross progenies equals two times the proportion of genetic variation due to GCA plus the
SCA component, the closer this ratio was to unity, the greater the predictability of a specific hybrid’s
performance based on GCA alone.

The statistical model used for the combined diallel analysis under CDHS and WW environments
was as follows:

Yijk =pn+ Ee+ g+ Sj + Sij + gEeg + sEeg+ Eijk,
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where Yj was the observed measurement for the ijth cross grown in the kth environment; p was
the grand mean; g; and gj were the GCA effects; sij was the SCA effects; gEeg was the interaction
effect between GCA and the environment; sE.s was the interaction effect between SCA and the
Environment and ;i was the error term associated with the jjth cross evaluated in the kth replication
and E environment.

To identify productive single-cross hybrids under combined drought and heat stress conditions,
a base index (I) that integrated superior grain yield under CDHS with plant aspect, ear aspect and the
stay-green characteristic at 100 DAP, short anthesis-silking interval and increased number of ears per
plant was adopted [45]. Since each trait was standardized to achieve a mean of zero and a standard
deviation of 1 to minimize the effects of different scales, a positive value of I was therefore an indicator
of tolerance to CDHS while a negative value indicated susceptibility. The base index was estimated
using the following equation:

I =[(2 x Yield) + EPP — ASI — PASP — EASP — STGR2].

The genotype main effect plus genotype X environment interaction (GGE) biplot analysis was
used on the grain yield means adjusted for block effects to obtain information on yield performance
and stability of the single-cross hybrids across the seven test environments [53].

The GGE biplot model used was:

Y — Bj = M&umyt + A2&ionp + &,

where Y;j; was the genetic value (yield) of the combination (hybrid) between Entry i (hybrid) and Tester
j (environment) for the trait of interest; 3; was the mean of all combinations involving Tester j; A; and A,
were the singular values for PC1 and PC2; &;; and &;, are the PC1 and PC2 eigenvectors, respectively,
for Entry i; nj; and nj are the PC1 and PC2 eigenvectors, respectively, for Tester j; ¢;; was the residual
of the model associated with the combination of Entry i and Tester j.

The procedure described by Mohammadi et al. [54] was adopted for the sequential path co-efficient
analyses, to illustrate the causal relationships among traits assayed under CDHS, WW and across
research environments.

Stepwise regression analyses were carried out using the software SPSS version 17.0 [55].
The procedure involved organizing the predictor traits into first, second and third orders based on
the respective contributions of the traits to the total variation observed in grain yield with minimized
multicollinearity [56,57]. Firstly, all measured traits were regressed on grain yield (the primary trait)
and those with significant contributions to grain yield at p < 0.05 were classified as first order traits.
Secondly, each of the traits identified in the first-order category were regressed on other measured
traits not in the first order category, to identify significant contributors to grain yield through the
first-order traits and this category of traits were classified as second-order traits. This procedure was
repeated as applicable to identify traits in subsequent orders. The standardized b values obtained
from the stepwise regression analysis provided the estimates of the path coefficients [54,56,57] which
were used for the t-test to detect significance (p < 0.05). Hence, only traits displaying significant
path coefficients were retained in the model along with the percentage of variation captured in the
dependent variable(s).

3. Results

3.1. Analyses of Variance and Combining Ability Estimates of Grain Yield and Other Traits

Analyses of variance of grain yield and other agronomic traits assayed separately under CDHS
and WW environments revealed significant hybrids (G), environments (E) and hybrids X environment
interaction (GEI) variances (mean squares) for all measured traits with the exception of E for ear
aspect and GEI for grain yield, days to silking, plant and ear heights and plant aspect under CDHS
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environments and GEI effects for ear height under WW environments (Table 2). Partitioning the
genotypic mean squares into its components revealed significant GCA and SCA variances for all
assayed traits under CDHS and WW environments. Similarly, GCA X E interaction variances were
significant for the measured traits under CDHS and WW environments, except for plant aspect under
CDHS conditions. Additionally, significant variances of the interactions of SCA x E were detected
for grain yield, days to silking, anthesis-silking interval, plant height and ear aspects under WW
environments. In contrast, significant variances of the interactions of SCA X E were obtained for only
husk cover under CDHS conditions (Table 2). The GCA effects were greater than the SCA effects
for grain yield and other traits assayed under CDHS and WW environments (Figure 3). In all cases,
GCA effects contributed more than 80% of the total genetic variation in the traits compared to the SCA

effects (Figure 3).
i | |
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Figure 3. Proportion of additive (lower bar) and non-additive (upper bar) genetic variance for grain
yield and other traits of 105 single cross hybrids derived from 15 x 15 diallel crosses among 15
early maturing maize inbred lines and evaluated across 3 drought + heat stress environments (WSC)
and 4 well-watered condition (WWC).YIELD: grain yield; DYA: days to anthesis; DYS: days to silk;
ASI: anthesis-silking interval; PLTH: plant height; EHT: ear height; PASP: plant aspect; EASP: ear aspect;
EPP: ear per plant; SGREEN2: stay-green characteristic.

Significant GCA effects were observed for grain yield and other measured traits of the early
maturing yellow endosperm inbreds under CDHS and WW environments (Table 3). The GCA effects
for grain yield under CDHS environments varied from —320 for TZEI 124 to 472 for ENT 13. However,
of the 15 inbreds used in generating the diallel crosses, inbreds ENT 13, TZEI 182 and TZEI 161 had
positive and significant GCA effects for grain yield as well as negative and significant GCA effects
for the stay green characteristic under CDHS. Under WW environments, GCA effects for grain yield
varied from —830 for TZEI 14 to 693 for ENT 13. Significant and positive GCA effects for grain yield
were detected for ENT 13, TZEI 124 and TZEI 129 under well-watered environments. ENT 13 was the
most outstanding inbred and displayed significant and positive GCA effects for grain yield across the
contrasting environments.
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Table 2. Mean squares from the combined diallel analysis of grain yield and other agronomic traits of 105 early maturing yellow endosperm hybrids evaluated under
combined drought and heat stress and well-watered environments in Niger from 2012 to 2014.

. GrainYield  Daysto  Daysto  Anthesis-Silking \ont Far Plant Far DS pusk Sy Green
Source of Variation DF ke ha-1) Anthesi Silkin Interval Height Height A ¢ A ¢ per Cover Characteristic
(kg ha ests J eva (cm) (cm) spec SPEC Plant  OVC (100 DAP)
Combined drought and heat stress environments
Env 2 33,974,256 ** 1732.5 ** 4016.7 ** 675.5 ** 4418 ** 376 % 25* 0.7m  480* 183* 106.3 **
Rep (Env) 3 6,374,226 ** 17.1% 153.9 ** 169.9 ** 1633 ** 591 ** 3.8 ** 6.8*  0.09™ 0.8 ** 4.3 **
Block (Rep x Env) 60 1,415,603 ** 8.8* 22.5** 14.5% 572.9 ** 254 ** 1.4%** 1.1*  006™ 027 3.2%*
Hybrids 104 1,388,241 ** 46.4 ** 65.4 ** 21.7 ** 594 ** 352 ** 1.4 % 09* 0.09*  0.7%* 2.8 **
GCA 14 4,439,140 ** 246.3 ** 342.4 ** 79.0 ** 2192 ** 1262 ** 2.7 ** 2.5 % 0.26 ** 3.0 ** 11.4**
SCA 90 913,656 ** 15.3 ** 22.3 ** 12.8 ** 346 ** 210 ** 1.2** 0.6* 0.07"s 0.3 ** 1.5%
Env x Hybrids 208 620,636 "¢ 6.9 ** 14418 11.3* 207 s 87 ns 0.7ms 0.5* 0.07*  03* 14*
Env x GCA 28 1,456,065 ** 12.6 ** 26.8 ** 23.3** 323 * 160 * 091 09* 010*  0.5* 2.4 **
Env x SCA 180 490,680 "¢ 6.0ms 12.51s 9.57ms 189 s 761 0.6™ 04m 0077  02* 1378
Residual 312 531,587 5.0 12.7 8.6 206 91 0.6 0.4 0.05 0.2 1.1
Well-watered environments
Env 3 120,650,005 ** 31,206.0 **  29,741.4 ** 76.5 ** 49,811 ** 74,953 ** 8.2 %* 204 626%  9.2*
Rep (Env) 4 7,391,247 ** 24.8 ** 34.4 ** 3.1n 1325 ** 674 ** 0.71s 1.4 ** 0.07 * 04*
Block (Rep x Env) 80 1,880,461 ** 3.3™m 41" 1.7 718 13718 83 ns 0.5* 0.02™  0.30* 021
Hybrids 104 5,555,332 ** 28.1** 40.7 ** 5.4 ** 1570 ** 490 ** 1.7 ** 1.6* 0.07*  09*
GCA 14 16,217,668 ** 148.9 ** 241.1 ** 27.9 ** 9041 ** 2379 ** 6.1** 6.6* 525 32
SCA 90 3,896,747 ** 9.4 ** 9.5 1.9 * 408 ** 196 ** 1.0 * 09*  0.06*  05*
Env x Hybrids 312 1,296,562 ** 4.0** 5.9 ** 3.0 ** 183 ** 95 ** 0.5 ** 03*  0.04* 02*
Env x GCA 42 3,049,903 ** 10.9 ** 17.6 ** 8.2 ** 273 ** 254 ** 1.1** 0.6*  0.04* 05*
Env x SCA 270 1,023,820 * 29ns 4.0* 2.2* 169 * 70 ms 0.4 18 02* 0.02* 01"™
Residual 416 804,728 2.5 32 1.7 139 64 0.3 0.2 0.01 0.1

*, **_Significant at the 0.05 and 0.01 probability levels; ns—not significant; ¥ Env—environment; Rep—replication.
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Table 3. General combining ability effects of grain yield and other agronomic traits of early maturing maize inbred lines under combined drought and heat stress
(CDHS) and well-watered environments (WW) in Niger from 2012 to 2014.

Stay Green
Grain Yield (kg/ha) Days to Silking Plant Height Plant Aspect Ears per Plant Characteristic
Inbreds (100 DAP)
WW CDHS WW CDHS WW CDHS WW CDHS WW CDHS CDHS
TZEI 160 —49 s 114 s -19n D24 —12** —4.4** 0.2* —-0.07 ™ 0.04 s 0.04 s —0.05 s
TZEI 129 517 ** 30" -04m  —017m 14 ** 7.5%* -0.1*% 0.03 s —-0.01 M8 0.08 * -0.14 18
ENT 15 -109 s —286 ** l1.6™M 2.2 % 5% 0.17ms 0.17ms 0.24 ** -0.03™ -0.07 * 1.15**
ENT 17 37ns -651¢ 0.7m 1.3* 4ns -25m 0.1m -0.02 M 0.06 ** -0.02 M 0.23 71
TZEI 182 —446 ** 333 ** -12™  -26* -8 ** 031 0.2 ** -0.20* -0.01m 0.07 * —0.86 **
TZEI 167 -270* —12271 1478 1.3* —5** —4.4** -0.1ms 0.06 s —0.05* 0.00 "s 0.03 s
TZEI 14 —830 ** -210* 26% 3.0 ** -9 ** —8.3 ** 0.2 ** 0.16 M —-0.02 s -0.06 * -0.15"m
TZEI 124 612 ** -320** —-03™ 14* 11 ** 9.7 ** —0.6 ** 0.04 ™ -0.02 1 —0.12 ** 0.92 **
TZEI 16 -1217"¢ -202 % 2.0m 2.0** 3ns -0.7 1 01m -0.03 ™ 0.08 ** 0.03 ms —-0.04 M
ENT 4 -96 1 —253 ** 1.0m 2.1** 3ns -0.418 0.1* 0.31 ** -0.01™ —-0.04 "™ 0.63 **
TZEI 161 59 s 222* -1.8" 24 =7 ** -0.471¢ 0.1* -0.01™ 0.00 s —-0.02 71 -0.38*
TZEI 23 —-168 M 151 7¢ -25% -3.3** —18** —8.4 ** 0.2 ** -0.06 0.01 18 0.04 s -0.26 M
ENT 13 693 ** 472 ** 0.0m -0.8 18 13 ** 6.2 ** —0.4 ** —0.47 ** -0.01m 0.07 * —0.74 **
TZEI 135 -0.1"m -20m™  -05™ 0.1m 5% 2218 01m 0.13 ™ -0.01™ 0.00 "s -0.19m
TZEI 157 17218 157 ns -0.8m  -19%* 3ns 3.7% -0.2*% -0.10™ —-0.02 s 0.03 ns —0.14 s
SE + 43 34 0.4 0.3 0.7 0.6 0.02 0.03 0.03 0.01 0.06

*, **—Significant at the 0.05 and 0.01 probability levels; ns—not significant.
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3.2. Performance and Stability of the Single Cross Hybrids across Different Environments

The significant G, E and GEI variances detected for grain yield across CDHS and WW environments
prompted the use of GGE biplot to decompose the G + G X E interactions to examine the yield potential
of the single cross hybrids. The results of the GGE biplot analysis involving the 25 diallel crosses
(the best-yielding 15 and the worst 10-yielding hybrids selected using the IITA base index) plus five
checks evaluated across seven contrasting environments are presented in Figure 4. The GGE biplot
analysis revealed that PC1 and PC2 together accounted for 69.3% of the total variance for grain yield
across test environments. The PC1 explained 47.5% of the total variance while PC2 explained 21.8%.
The GGE biplot was based on genotype- metric preserving (SVP = 1) which is more appropriate for
comparing genotypes. The single-arrowed line is the average environment abscissa (AEA) that points
to higher mean grain yield across environments. Therefore, the five top-yielding hybrids across test
environments in descending order were TZEI 124 x ENT 13, TZEI 167 x ENT 13, TZEI 182 x ENT
13, TZEI 124 x TZEI 23 and TZEI 160 x TZEI 157. The top three yielding hybrids were derived from
crosses involving ENT 13.

PCT = 47.5%, PC2~21.8%, Sum = 69 mA\, < Entry Pedigree Entry Pedigree
80 ranstom = 0,scaing =, Centerng = 2'}VP: 1 1 TZEI182 xENT13 16 ENT1S xTZEI 167
K ET~, 3 2 TZEI160xTZEI157 17 TZEI167 xTZEI124
40— 3 . *E6 : \

ol s Y “\\ 3 ENT13xTZEI 157 18 ENT15 xENT17
4 TZEI161xENT 13 19 TZEI167 xENT4
5 TZEI160xENT 13 20 ENT15 xENT4

6 TZEI129xENT 17 21 TZEI124 xTZEI135

7  TZEI124 xENT 13 22 ENT15 xTZEI 14

8 TZEI129xTZEI182 23 ENT17 xTZEI 124

9 TZEI182 xTZEI161 24 ENT15 xTZEI 124

10 TZEI124 xTZEI 23 25 TZEI124 xENT4

11 TZEI 160 x ENT 17 26 TZEQI 82 x TZEQI 93 Chk

50— 12 TZEI167 xENT 13 27 TZEI 23 x TZEI 13 Chk

s B i - S 13 TZEI16 xENT13 28 TZEI16xTZEI8 Chk

T T T T T T T T T T T T l T 14 TZEI23xENT 13 29  TZEI9xTZEI 16 Chk
-70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80 90

PC1

15 TZEI129xENT 13 30 P3Kolo Check

Figure 4. Mean performance and stability of 25 early maturing maize hybrids and 5 checks in terms of
grain yield as measured by principal components across seven environments (E1 to E4: Well-watered
environments; E5 to E7: drought + heat stressed environments).

The lowest yielding hybrids were ENT 15 x ENT 4, ENT 15 x TZEI 14 and TZEI 167 x ENT 4.
The double- arrowed line is the average environment ordinate and points to greater variability or
poorer stability in either direction. Therefore, hybrids TZEI 167 X ENT 13 and ENT 13 x TZEI 157 were
the best hybrids in terms of stability and yield performance across the test environments. The hybrid,
TZEI 124 x ENT 13 was the most outstanding across test environments in terms of grain yield but was
less stable than TZEI 167 x ENT 13. The single crosses TZEI 182 x TZEI 161 and TZEI 124 x ENT 4
were the most unstable in this study.

The best 25 hybrids selected using the base index and the five checks were subjected to the
“which-won-where” function of the GGE biplot to determine the winning hybrids in one or more of
the test environments (Figure 5). The perpendicular lines to the sides of the polygon are equality lines
between adjacent genotypes in the polygon; they facilitate visual comparison among the genotypes.
Figure 5 identified the winning hybrid for each sector of the polygon defined by the equality lines
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as the one located on the respective vertex. The seven environments were between three sectors.
The single cross hybrid TZEI 124 x ENT 13 (entry 7) was the best hybrid in terms of grain yield in the
four well-watered environments (E1, E2, E3 and E4), while TZEI 182 x ENT13 (entry 1) was the best
hybrid in the three CDHS environments (E5, E6 and E7).

P T T Entry Pedigree Entry Pedigree
5( —{Transform = 0, Scaling = 0, C¥¢ 1 TZEI182 xENT 13 16 ENT 15 xTZEI 167
40— 2 TZEI160xTZEI1S7 17 TZEI 167 xTZEI 124
3 ENT13xTZEI157 18 ENT15 xENT17
0 4 TZEI161xENT13 19 TZEI 167 xENT 4
20— 5 TZEI160 x ENT 13 20 ENT15 xENT4
P 10 6 TZEI129xENT 17 21 TZEI124 xTZEI135
C 7 TZEI124 xENT13 22 ENT1S xTZEI 14
: 0 8 TZEI129xTZEI182 23 ENT17 xTZEI 124
10 9 TZEI182 xTZEI161 24 ENT15 xTZEI124
20— 10 TZEI124 xTZEI23 25 TZEI124 xENT4
11 TZEI160x ENT 17 26 TZEQI 82 x TZEQI 93 Chk
-30 12 TZEI167 xENT13 27 TZEI 23 x TZEI 13 Chk
40— 13 TZEI16 xENT 13 28 TZEI 16 x TZEI 8 Chk
14 TZEI23xENT13 29  TZEI9 x TZEI 16 Chk

1T 17T 17 1T 17 1T 1T T T T T T T T71
-0 60 -50 -40 -30 -20 10 0 10 20 30 40 S50 60 70 80 90 15 TZEI129xENT13 30 P3Kolo Check

PC1

Figure 5. A “which won where” genotype main effect plus genotype X environment interaction (GGE)
biplot of grain yield of 25 selected early maturing single cross hybrids and five checks evaluated
across seven environments (E1 to E4: well-watered environments; E5 to E7: drought + heat stressed
environments).

3.3. Selection of the Best Hybrids under Drought Using the Base Index

Traits proposed by Badu-Apraku et al. [58] in the computation of the base index (ASI, PASP,
EASP, EPP and STGR2) were used to identify outstanding hybrids across CDHS environments.
The outstanding hybrids under CDHS included TZEI 182 x ENT 13 (2753 kg/ha); TZEI 160 x TZEI
157 (2570 kg/ha); ENT 13 x TZEI 157 (2560 kg/ha); TZEI 161 x ENT 13 (2383 kg/ha) and TZEQI 82 x
TZEQI 93 check (2309 kg/ha). The top three hybrids out yielded the best CDHS tolerant check TZEQI
82 x TZEQI 93 by 19.2, 11.3 and 10.8%, respectively (Table 4). Across WW environments, the five most
outstanding hybrids in terms of grain yield included TZEI 124 x ENT 13 (6584 kg/ha), TZEI 124 x TZEI
23 (5806 kg/ha), TZEI 160 x TZEI 157 (5708 kg/ha), ENT 13 x TZEI 157 (5454 kg/ha) and TZEI 182 x
ENT 13 (5416 kg/ha). The three top-yielding hybrids, TZEI 124 x ENT 13, TZEI 124 x TZEI 23 and
TZEI 160 x TZEI 157 across WW environments out yielded the best hybrid check, TZEI 23 x TZEI
13 (5063 kg/ha) by 30, 14.7 and 12.7%, respectively (Table 4). Grain yield of the single cross hybrids
across CDHS was 1684 kg/ha while the average yield across well-watered environments was 4571
kg/ha (Table 4). The intensity of the CDHS estimated as the ratio of the average grain yield of the
moisture stress environments to that of the WW environments was 36.84%.
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Table 4. Grain yield and other traits of hybrids (the best 10 and the worst 10 based on base index) and checks (Chk) evaluated under combined drought and heat stress
(CDHS) and well-watered environments (WW) in Niger from 2012 to 2014.

s s s L . Stay Green
Grain Yield 11s Anthesis-Silkiin; Plant Height Plant Ears per . .. Base
Hybrids (Kg/ha) Days to Silking Interval s (cm) s Aspect Plarlzt Ear Aspect Characteristic Index
(100 DAP)
WW CDHS WW CDHS WW CDHS WW CDHS WW CDHS WW CDHSWW CDHS CDHS
TZEI 182 x ENT 13 5416 2753 58 72 1 5 189 158 2.6 27 1.1 1.0 22 29 6.0 5.1
TZEI 160 x TZEI 157 5708 2570 57 72 1 5 182 157 2.8 3.0 1.2 1.1 25 3.0 6.7 44
ENT 13 x TZEI 157 5454 2560 60 75 1 6 195 161 2.1 27 1.2 1.0 2.0 29 55 44
TZEI 161 x ENT 13 4854 2383 57 73 0 4 182 150 2.8 2.8 1.2 1.0 25 3.1 6.5 3.9
TZEQI 8(2(;;113;ZEQI %3 3792 2309 65 78 2 4 175 147 29 2.3 1.0 1.0 33 3.5 52 3.8
TZEI 160 x ENT 13 5190 2222 57 73 -1 5 172 149 29 2.8 1.2 12 23 3.3 7.7 3.8
TZEI 129 x ENT 17 5141 2399 60 75 1 4 191 156 3.0 3.0 1.2 1.0 22 3.1 6.2 3.8
TZEI 124 x ENT 13 6584 1993 58 77 1 5 194 164 1.1 27 1.1 1.0 14 2.8 6.0 3.5
TZEI 129 x TZEI 182 4915 2216 58 77 1 6 176 144 3.3 3.2 1.1 1.2 24 3.1 6.0 35
TZEI 182 x TZEI 161 4045 2401 58 71 2 4 166 145 34 32 1.1 1.1 2.8 34 4.7 35
TZEI 124 x TZEI 23 5806 1897 56 70 1 5 170 151 2.5 2.8 1.1 1.1 22 29 6.3 34
TZEI 23 x TZEI 13 (Chk) 5063 1992 59 76 1 4 168 134 2.9 3.3 1.3 1.1 27 35 6.5 2.3
TZEI 16 x TZEI 8 (Chk) 4423 2008 59 76 1 7 156 135 2.8 3.2 1.2 1.0 28 34 7.3 1.4
TZEI 9 x TZEI 16 (Chk) 4981 1835 59 76 1 7 164 144 2.5 3.5 1.1 1.0 24 3.6 7.0 0.2
P3 Kolo (Chk) 4690 1439 55 70 1 6 172 156 3.0 3.8 1.3 09 29 41 6.8 -1.7
ENT 15 x TZEI 167 4354 1069 64 82 3 9 175 137 3.0 4.3 1.1 09 27 4.2 7.3 -3.8
TZEI 167 x TZEI 124 5149 1200 61 79 1 11 193 153 2.1 4.0 1.1 07 21 4.0 7.8 -4.0
ENT 15 X ENT 17 4043 984 61 82 1 8 183 139 3.1 4.3 1.1 0.7 26 41 7.5 -4.4
TZEI 167 x ENT 4 3996 952 82 3 8 174 138 3.0 4.3 1.0 08 25 44 7.7 -4.5
ENT 15 x ENT 4 2021 594 66 84 2 7 167 131 44 4.3 1.0 08 34 4.2 72 —4.8
TZEI 124 x TZEI 135 4634 949 60 81 2 10 187 154 2.8 4.2 1.1 07 23 4.2 72 -5.0
ENT 15 x TZEI 14 4020 849 63 83 3 9 177 137 34 4.3 1.1 0.7 26 4.3 7.2 =51
ENT 17 x TZEI 124 4859 721 60 84 1 10 190 142 2.8 4.5 1.2 0.7 22 4.6 7.8 -6.1
ENT 15 x TZEI 124 5290 736 61 83 3 12 189 156 2.5 4.2 1.2 05 21 4.2 7.7 -6.5
TZEI 124 x ENT 4 5097 649 60 82 2 14 182 154 2.5 4.2 1.1 07 21 43 7.3 -6.7
Grand mean 4571 1684 60 76 1 7 174 145 3.0 3.5 1.1 09 26 3.7 6.5
*LSD 865 775 1.7 39 1.3 3.2 12 15 0.50 0.90 0.10 0.30 0.40 0.70 1.10

* LSD—Ileast significant difference.
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3.4. Stepwise Multiple Regression and Sequential Path Analyses

The results of the stepwise multiple regression analysis identified EASP, DS, PASP, TBLAST,
EHT and LFR as the first order traits with significant direct contributions to the variations observed
in grain yield, under CDHS environments (Figure 6). The identified traits contributed about 86%
of the total variation in grain yield. The highest direct effect (~0.873) on grain yield was detected
for EASP while the LFR had the least contribution to grain yield (-0.102). Of the first order traits,
only EHT showed significant negative direct effect on grain yield. Seven traits including PLTH, EPP,
DA, STGR1, STGR2, HC and ASI were classified as second order traits. The DA displayed indirect
effect on grain yield through the six first order traits, EPP through five, PLTH, STGR2 and ASI through
four, HC through three and STGR1 through one trait. Six of the second order traits contributed to grain
yield through EASP and PASP while the contribution of four other traits was through TBLAST, EHT
and LFR and three traits through DS. Across well-watered environments, the six traits EASP, DS, PASP,
EHT, EPP and ASI were identified as the first order traits which explained 91% of the variation in grain
yield (Figure 7). The EASP had the highest direct effect (—0.867) on grain yield, followed by PASP, DS,
EHT, EPP and ASI in that order. The second order traits included PLTH, DA and HC. Each of PLTH
and DA indirectly influenced grain yield through four of the first order traits while HC had significant
indirect contributions to grain yield through three of the first order traits. Three second order traits
indirectly contributed to grain yield through EASP whereas two traits had indirect effects through
each of the traits: DS, PASP, EHT and ASI.

Across test environments, the sequential path analyses revealed EASP, EHT, DS, PASP, PLTH and
EPP as the first order traits, explaining 84% of the variation observed in grain yield (Figure 8). The EASP,
DS and PASP had negative direct effects on grain yield while the effects of EHT, PLTH and EPP were
positive. Like the observations under CDHS and WW research environments, EASP displayed the
highest direct effect (—0.722) on grain yield out of the six first order traits. It is striking that EPP
recorded the least direct effect on grain yield. The DA, HC and ASI were identified as second order
traits across test environments. The DA contributed to grain yield through three first order traits while
ASI and HC indirectly contributed to grain yield through two and one first order traits, respectively.
Two second order traits contributed to grain yield through DS and one each through EASP, EHT,
PASP and EPP. No second order trait contributed to grain yield through PLTH.
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Figure 6. Path analysis model diagram showing causal relationships of measured traits of 105 early maturing yellow endosperm hybrids plus 5 checks evaluated
under three combined drought and heat stress environments in Niger, 2012 to 2014. Bold value is the residual effect; values in parenthesis are direct path coefficients
while other values are correlation coefficients. R1 is residual effects; ASI, anthesis—silking interval; DYA, days to 50% anthesis; DYS, days to 50% silking; EHT, ear
height; EASP, ear aspect; EPP, ears per plant; HUSK, husk cover; LFR, leaf firing; PASP, plant aspect; PLTH, plant height; STGR1, stay green characteristics (90 DAP);

STGR2, stay green characteristics (100 DAP); TBLAST, tassel blast and YIELD, grain yield.
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Figure 7. Path analysis model diagram showing causal relationships of measured traits of 105 early maturing yellow endosperm hybrids plus 5 checks evaluated

under four well-watered environments in Niger, 2012 to 2014. Bold value is the residual effect; values in parenthesis are direct path coefficients while other values are
correlation coefficients. R1 is residual effects; ASI, anthesis—silking interval; DYA, days to 50% anthesis; DYS, days to 50% silking; EHT, ear height; EASP, ear aspect;
EPP, ears per plant; HUSK, husk cover; PASP, plant aspect; PLTH, plant height; and YIELD, grain yield.
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Figure 8. Path analysis model diagram showing causal relationships of measured traits of 105 early maturing yellow endosperm hybrids plus 5 checks evaluated across
seven test environments in Niger, 2012 to 2014. Bold value is the residual effect; values in parenthesis are direct path coefficients while other values are correlation
coefficients. R1 is residual effects; ASI, anthesis—silking interval; DYA, days to 50% anthesis; DYS, days to 50% silking; EHT, ear height; EASP, ear aspect; EPP, ears per
plant; HUSK, husk cover; PASP, plant aspect; PLTH, plant height; and YIELD, grain yield.
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4. Discussion

The presence of significant mean squares for grain yield and the associated traits separately under
CDHS and WW research environments indicated the existence of substantial genetic variability among
the hybrids for the measured traits to allow significant progress from selection for the traits under
the different environments. The significant environment mean squares observed for grain yield and
most other traits under CDHS as well as WW environments indicated that the test environments
were different. This result is important for assessing the performance and stability of the single cross
hybrids in contrasting environments. However, there is a need for extensive evaluation of the hybrids
in more environments over years to draw solid inferences about hybrid yield performance and stability.
The significant genotype X environment interaction effects observed for grain yield and associated
traits under CDHS and WW environments indicated the need for extensive testing of hybrids in
multiple environments over years before recommendations could be made. Similar findings have
been reported for early maturing tropical maize genotypes under contrasting environments by several
researchers [7,58].

A primary objective of this study was to investigate the combining ability of fifteen early
maturing inbreds for grain yield and other agronomic traits under CDHS and WW environments.
Statistically significant GCA and SCA effects detected for grain yield and most other measured
agronomic traits under the two contrasting research conditions revealed that both additive and
non-additive genetic effects were crucial to the inheritance of the traits. However, the GCA X
Environment interaction mean squares for grain yield and all other traits under CDHS and WW
environments also were significant indicating that GCA effects associated with parents were not
consistent over environments. This suggested the use of inbreds as desirable parents for the development
of hybrids and synthetics that should be recommended for specific environments. The preponderance
of the GCA over the SCA mean squares of grain yield and other measured traits across test environments
indicated that additive gene action was the most important in the inheritance of all the measured traits
and that the observed differences among the single cross hybrids were principally attributable to the
effects of the GCA.

Moreover, the preponderance of GCA over SCA effects suggested that the testing of early
generation progenies may be successful and promising hybrids may be identified and selected based
largely on the prediction from GCA effects. Nevertheless, the prediction of hybrid performance based
on GCA effects of the parents alone will not always be sufficient since SCA effects were also significant.
For example, even though the hybrid TZEI 160 x TZEI 157 was derived from inbreds with low GCA
effects, it was the third best performing hybrid across well-watered environments and the second
highest yielding across CDHS environments. The present results are consistent with those of Betran
et al. [59] and Badu-Apraku et al. [60] who reported that additive gene action mainly contributed to
the inheritance of grain yield under drought and well-watered conditions. Our results are also in
agreement with the findings of other researchers [7,40,41,61,62]. However, these results disagree with
those of Badu-Apraku et al. [45] who reported minor importance of GCA effects for grain yield and
over dominating SCA effects in a diallel study involving nine early maturing yellow inbred lines under
drought stress. The differences in these results could be attributed to the variations in the germplasm
used as well as the climatic and soil conditions. The predominance of the additive genetic effects
compared to the non-additive genetic effects in the present study suggested that additive gene action
largely modulated the inheritance of the studied traits under both CDHS and WW. The implication
is that the yield of the maize hybrids under moisture deficit could be enhanced through recurrent
selection methods, such as the S; family and the full-sib family selection schemes and that inbred
lines tolerant to CDHS with high GCA effects could be extracted from improved cycles of selection of
derived populations for hybrid development [63].

This result also indicated that substantial genetic enhancement could also be achieved by
employing breeding schemes that capitalize on non-additive gene action, such as hybridization and
pedigree selection. The implication is that selected inbred lines could be intercrossed to form heterotic
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populations which could be improved through recurrent selection methods, such as the S; family
and the full-sib family selection schemes. Subsequently, inbred lines tolerant to CDHS could then be
extracted from improved cycles of selection of the populations and used for hybrid development.

The GCA effects of inbred lines are of crucial importance for the improvement of target traits in a
population and for the development of synthetic varieties and hybrids [64]. The existence of positive
and significant GCA effects for grain yield and negative and significant GCA effects for the stay green
characteristic for inbreds ENT 13, TZEI 161 and TZEI 182 in the present study implied that significant
progress had been made in developing CDHS tolerant maize hybrids and that the parental inbred
lines possess genes for high grain yield and would delay the rate of leaf senescence in their progenies.
Additionally, this result implied that the favorable alleles for these traits could be easily introgressed
into tropical yellow maize populations for improving the yield performance of hybrids and synthetic
varieties. The positive and significant GCA effects observed under CDHS of the three inbred lines,
ENT 13, TZEI 161 and TZEI 182 implied that these lines had a high probability of transferring their
characteristics to their progenies and could therefore serve as sources of favorable alleles for genetic
enhancement of grain yield of tropical maize germplasm under CDHS conditions. High GCA indicates
the inherent genetic value of a parent due to the presence of additive genetic effects and is fixable [65].
Therefore, the parental inbreds characterized by high GCA values for traits could produce superior
segregants in the F, and later generations as they could serve as vital sources of beneficial alleles [35].
Furthermore, the presence of high GCA effects for grain yield suggested that continued advancement
could be made in selecting for increased grain yield.

Under well-watered environments, the highest, significant and positive GCA effects for grain
yield were displayed by the inbred lines ENT 13, TZEI 124 and TZEI 129, suggesting a greater
contribution of these inbred lines to the yield performance of their progenies under WW environments.
The CIMMYT inbred ENT 13 had the highest significant and positive GCA effects for grain yield
under CDHS and WW environments. It combined well with TZEI 124, TZEI 167 and TZEI 157.
Furthermore, hybrids developed from this inbred line produced an average grain yield of 5214 kg ha~!
under WW environments and 2110 kg ha=! under CDHS environments. It also ranked among inbreds
with superior GCA effects for grain yield under low nitrogen and optimal growing environments as
reported in an earlier study by Makumbi et al. [66]. Inbred ENT 13 was therefore the most outstanding
general combiner. This inbred is presently an invaluable genetic resource for the development of
hybrids and synthetics as well as for population improvement in SSA, since it contributed favorable
alleles in the synthesis of new varieties [67]. The inbred lines TZEI 124 and TZEI 129 were also good
combiners under well-watered environments based on their high and significant positive GCA effects
for grain yield and outstanding grain yield (>5000 kg ha~!) in hybrid combinations involving the
inbreds under WW environments. However, these two inbred lines were very susceptible to CDHS,
suggesting that hybrids derived from them are likely to suffer severe yield losses under combined
drought and heat stress environments.

Another major focus of the present study was to identify superior hybrids in terms of grain yield
and stability across contrasting environments. The GGE biplot analysis identified TZEI 124 x ENT
13, TZEI 167 x ENT 13, TZEI 182 x ENT 13, TZEI 124 x TZEI 23 and TZEI 160 x TZEI 157 as the
highest yielding hybrids across test environments. Among these five hybrids, TZEI 167 x ENT 13 was
the most stable across the contrasting environments. The hybrid had an above-average grain yield
(>5700 kg ha!) across WW environments as well as under CDHS (>2200 kg ha™1) suggesting that
it should be extensively tested in on-farm trials to confirm the consistency of the yield performance
under WW and CDHS prone environments and commercialized. The single cross hybrid, TZEI 124
x ENT 13 was outstanding in terms of grain yield performance under optimal growing conditions.
However, this hybrid displayed significant yield reduction under CDHS probably because of the
combined drought and heat stress susceptible parental inbred, TZEI 124. The hybrid TZEI 124 x ENT
13 has been extensively tested in on-farm trials in Niger and already commercialized in high rainfall
areas in Niger (Nasser, Personal communication, 2018). The single cross hybrid, TZEI 182 x ENT 13
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was the best hybrid under the CDHS environments suggesting that it should be recommended to
farmers who produce maize under rainfed conditions and whose production is frequently constrained
by simultaneous occurrence of CDHS.

In the present study, a base index that integrated high grain yield under combined drought and
heat stress along with desirable ASI, EPP, STGR, PASP and EASP was used to identify the outstanding
hybrids under CDHS as well as WW environments (Table 4). The hybrids with combined tolerance to
drought and heat stress were expected to suffer less yield reductions under stress as well as possess
secondary traits strongly correlated with high grain yield under CDHS that is, reduced anthesis-silking
interval, increased number of ears per plant, excellent plant aspect and ear aspect and delayed leaf
senescence [2,62,68]. It is striking that the hybrids TZEI 182 x ENT 13 and TZEI 160 x TZEI 157
which were ranked as the best hybrids under combined drought and heat stress based on grain yield,
were also identified as the top-yielding hybrids based on the selection index. This is a confirmation of
the reliability of the IITA base index.

It is striking that the top-yielding hybrid under CDHS environments, TZEI 182 x ENT 13 was
derived from two drought tolerant inbreds. The outstanding performance of the hybrid under CDHS
suggested a dosage effect of drought tolerance genes in the hybrid. This corroborated the findings
of several authors [2,59,60,68] who reported significant dosage effect under drought. The authors
suggested the need to use drought tolerant lines as both parents of a hybrid to achieve acceptable
drought tolerance under severe stress. Under WW environments, the most outstanding single cross
hybrids included TZEI 124 x ENT 13, TZEI 124 x TZEI 23, TZEI 160 x TZEI 157 and ENT 13 x TZEI
157. Only the last two hybrids were identified among the five top-yielding hybrids under CDHS as
well as under WW conditions.

In the present study the interrelationships among traits under CDHS, WW and across research
environments were investigated. The identification of ear aspect, days to silking, plant aspect, tassel
blasting, ear height and leaf firing as first order traits under CDHS indicated that these traits were key
direct contributors to grain yield and could serve as indirect selection criteria for improved grain yield
under CDHS environments. Traits such as EASP and PASP were also identified by Talabi et al. [57]
as primary contributors to the variations in grain yield under drought stress as well as low soil
nitrogen. Similarly, Badu-Apraku et al. [48] identified ear aspect, plant aspect, anthesis-silking interval
and number of ears per plant as the important secondary traits for selection under drought stress.
The identification of TBALST and LFR as first order traits implied that the two traits which are
typically assayed under CDHS would be invaluable for selection for tolerance to combined drought
and heat stress. Furthermore, the PLTH, EPP, DA, STGR1, STGR2, HC and ASI which were identified
as second order traits could also be of potential value for selecting for improved grain yield under
CDHS environments.

Although breeders select for superior performance of maize hybrids under stress conditions,
the hybrids are also assessed under optimal growing environments to ascertain that the superior
performance of such hybrids under stress environments demonstrated value addition when evaluated
under optimal or non-stress environments. Therefore, the interrelationships among traits under WW
environments are also as important to breeders as the yield performance under stress environments.
The traits EASP, DS, PASP, EHT, EPP and ASI were the primary contributors to grain yield under
WW environments. Our findings are consistent with those of Badu-Apraku et al. [48] who identified
PLTH, EPP, PASP and EASP as reliable secondary traits under conditions where moisture and nitrogen
were not limiting factors. Traits of primary importance across environments included EASP, EHT,
DS, PASP, PLTH and EPP. It is striking that in the present study EASP, PASP, DS and EHT were
consistently categorized as first order traits under each and across research environments. This implied
that these traits in combination with grain yield could be useful for index selection for simultaneous
improvement of grain yield under CDHS, WW and across different environments. Results of this study
suggested that selection for ear height and/or plant height will improve grain yield. This may be done
only under the CDHS conditions evaluated in the present study because the stresses normally reduce
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both plant and ear heights which are known to be positively correlated with grain yield in tropical
maize. Thus, selection for taller plants under optimal production environments will increase lodging
and may lead to low grain yield. The highest direct effect observed for EASP under each and across
research environments in the present study indicated the importance of the trait as indirect selection
criterion for grain yield across research environments. Talabi et al. [57] identified ear aspect as the
primary contributor to grain yield under drought and low-N environments. Furthermore, the first
order traits accounted for 86%, 91% and 84% of the variation in grain yield under CDHS, WW and
across environments, respectively. This was an indication that the model was reliable in depicting the
causal relationships among the traits under each and across research environments.

5. Conclusions

The drought tolerant inbred line ENT 13 was the most outstanding general combiner across
research environments. Inbreds TZEI 124, TZEI 129 and ENT 13 were the most promising for hybrid
development under WW environments while TZEI 182, TZEI 161 and ENT 13 were the best parents
under CDHS environments. The drought tolerance genes from the outstanding inbreds could be
introgressed into tropical breeding populations to improve grain yield under heat and drought stress
and increase genetic diversity. The inbreds could also be used in hybrid combinations to develop
outstanding drought and heat stress tolerant hybrids and synthetics. The best hybrids identified
under WW environments included TZEI 124 x ENT 13 and TZEI 124 x TZEI 23 while TZEI 182 x
ENT 13 and TZEI 160 x TZEI 157 were the most outstanding hybrids under CDHS environments.
In addition, the hybrids TZEI 124 x ENT 13, TZEI 167 x ENT 13 and ENT 13 x TZEI 157 were the
highest yielding and most stable under the different environments. Thus, these outstanding hybrids
should be extensively assessed on-farm in combined drought and heat stress environments and
commercialized to improve food security in the dry savannas of SSA. The ear aspect could serve as
an indirect selection criterion for improved grain yield under each and across research environments.
Traits such as ear aspect, plant aspect and days to silking could be used in combination with grain yield
in a selection index for simultaneous improvement of grain yield under combined heat and drought
stress, well-watered and across test environments.
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