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Abstract: Maize landrace accessions constitute an invaluable gene pool of unexplored alleles that
can be harnessed to mitigate the challenges of the narrowing genetic base, declined genetic gains,
and reduced resilience to abiotic stress in modern varieties developed from repeated recycling of
few superior breeding lines. The objective of this study was to identify extra-early maize landraces
that express tolerance to drought and/or heat stress and maintain high grain yield (GY) with other
desirable agronomic/morpho-physiological traits. Field experiments were carried out over two years
on 66 extra-early maturing maize landraces and six drought and/or heat-tolerant populations under
drought stress (DS), heat stress (HS), combined both stresses (DSHS), and non-stress (NS) conditions
as a control. Wide variations were observed across the accessions for measured traits under each stress,
demonstrating the existence of substantial natural variation for tolerance to the abiotic stresses in the
maize accessions. Performance under DS was predictive of yield potential under DSHS, but tolerance
to HS was independent of tolerance to DS and DSHS. The accessions displayed greater tolerance
to HS (23% yield loss) relative to DS (49% yield loss) and DSHS (yield loss = 58%). Accessions
TZm-1162, TZm-1167, TZm-1472, and TZm-1508 showed particularly good adaptation to the three
stresses. These landrace accessions should be further explored to identify the genes underlying their
high tolerance and they could be exploited in maize breeding as a resource for broadening the genetic
base and increasing the abiotic stress resilience of elite maize varieties.

Keywords: Abiotic stress; climate change; combined drought and heat stress; drought; heat stress;
genetic resources; landrace accessions; maize

1. Introduction

Cultivation of maize (Zea mays L.) across the different agro-ecological zones of Africa dates
to precolonial times after its introduction by Portuguese sailors in the late fifteenth century [1].
Hybridization between different populations, natural and artificial selection, and cultivation in diverse
edaphic and climatic conditions, led to a plethora landraces/local varieties adapted to different
agro-ecological zones, cultivation practices, and uses [2]. Whereas about 45% of these landraces/local
varieties are still being grown across sub-Saharan Africa (SSA), many of these genotypes were collected
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and preserved in germplasm banks for avoiding the threat of extinction due to adoption of modern
varieties or hybrids [3]. Historically, maize breeders identified and composited the most productive
of these landraces to generate genetically diverse populations, constituting the foundation of hybrid
maize breeding and developing open-pollinated varieties (OPVs) that displayed high yielding with
tolerance to biotic and abiotic stresses [4,5].

Nonetheless, nowadays breeders are generally reluctant to use landraces because of the long-term
commitment required to identify useful, novel diversity and introgress it into well-adapted elite
cultivars while reducing the effects of undesired linked genes [6]. Breeders often resort to their own
working collection consisting of elite breeding lines and some germplasm lines as parents in crossing,
resulting in recirculating of the same germplasm. As a direct consequence, some newly developed
maize varieties, including hybrids exhibit reduced genetic diversity [7], which may limit genetic gains
and resilience to abiotic stresses. For example, by assessing the genetic diversity among selected elite
CIMMYT Maize Hybrids in East and Southern Africa (ESA), Masuka et al. [7] observed that repeated
use of four inbred parents resulted in narrowing of the genetic base of 29 to 58% of the hybrids, which
could pose major risk in case of pest or disease outbreaks that are most likely under the prevailing
climate changes.

The global climate over the past decade has changed rapidly, and temperatures are predicted
to increase [8]. Similarly, precipitation patterns are expected to change significantly, which could
adversely affect crop productivity either through drought or waterlogging [8]. Drought stress (DS)
and heat (HS) stress are the two most critical and frequently co-occurring abiotic factors on farmers’
fields. The tropical location, socio-economic, demographic, policy and farming characteristics of SSA
heighten the risk of these stresses [9,10]. Thus, climate change represents a major impediment to
African economy and subsistence.

Predicted impacts of climate change on major staple crops including maize in SSA are significant
and primarily negative [11,12]. Drought and HS impede maize performance at all stages of plant
growth and development. At flowering and early grain-filling stages of maize, DS and HS result
in longer anthesis-silking interval (ASI) owing to the delay of silk extrusion, premature lodging,
and reduced rates of net photosynthesis arising from oxidative damage to chloroplasts. Damage to
chloroplasts is initiated by other detrimental effects of stomatal closure, leaf firing, tassel blasting,
and senescence [13–18]. Consequently, reduced pollination efficiency, abnormal development of the
embryo sac, as well as zygotic and early kernel abortion occur [14,15]. For these reasons, DS and HS
occurring just before and shortly after pollination have the most profound negative effects on maize
grain yield (GY) [16]. Yield losses attributable to DS and HS at flowering and the early grain-filling
stages of maize were estimated at between 46–90% [17–19] and 45–55%, respectively [19,20]. Worse of
all, DS and HS often co-occur under natural field conditions and their combined effects on growth,
GY and related traits can either be synergistic, antagonistic or hypo-additive [21–24]. Recently, we
screened 36 early maturing maize accessions for tolerance to abiotic stresses and found that on average,
GY was reduced by 46%, 55% and 66% under DS, HS and DSHS conditions, respectively [19]. The high
GY loss under DSHS reflects hypo-additive effect of DS and HS, which under extreme conditions could
force farmers to abandon their farmlands [18,25].

To meet the food and feed needs of the projected population by 2050, it is essential for maize
improvement programs in SSA to focus on the development of maize varieties with climate-adaptive
traits, specifically, enhanced DS and/or HS tolerance either through conventional or biotechnology
means. Genetic resources of maize are crucial to this goal. In particular, the landraces of maize,
given their millennia evolutionary history and adaptation to low-input agricultural systems, harbor
wide genetic diversity for improved productivity, climate adaptation, nutritional value, and quality
attributes [26]. Despite their potential, most genetic diversity studies on maize landraces have focused
on the analysis of variation in genetic parameters without much consideration for traits that confer
tolerance to abiotic stress conditions. Only few studies have assessed the amount and nature of
variation in landrace accessions of maize under individual and combined DS and HS [19,27].
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Besides high yield potential, an appropriate cultivar for large areas of West and Central Africa
(WCA), especially the Sudan savanna agro-ecological zone where growing cycles are short, must
be DS and/or HS-tolerant at an extra-early stage (requiring 80–85 days to maturity) or early stage
(90–95 days to maturity) [28]. The success of maize improvement for DS tolerance in tropical maize
is well acknowledged [29]. Nonetheless, new DS tolerant source populations are needed to sustain
increased genetic gains for food security [29]. Moreover, in comparison to DS, research on HS tolerance
in tropical maize is still at the infant stage [29,30], and more studies are needed to complement these
breeding efforts. Therefore, performing phenotypic screens to capture the genetic diversity that exist in
extra-early landrace accessions of maize resting idle in germplasm banks under DS, HS and DSHS
conditions is a promising strategy to uncover new genetic sources, which when introgressed into
breeding stocks could contribute to the broadening of the genetic base and development of ‘next
generation’ maize varieties with enhanced quality and other end-user preferred traits.

The present study aimed at identifying DS, HS and DSHS tolerant extra-early maturing maize
landraces by exploring agronomic and morpho-physiological traits along with grain yield.

2. Materials and Methods

2.1. Plant Materials

One hundred and ninety-six (196) landrace accessions of maize from Burkina Faso, Ghana and
Togo, were randomly sampled from gene banks at the International Institute of Tropical Agriculture
(IITA), Nigeria and the Plant Genetics Resources Institute of Ghana in January 2017. Records on
collection dates and geographical co-ordinates of the collection sites of these landraces were not
available. However, the agro-ecologies/environments in these countries differ in a number of ways
in terms of temperature and precipitation, and the adaptation of the accessions to these contrasting
agro-ecologies may have been different. We characterized the maize collections under non-stress
(NS) conditions for two years, and identified traits related to adaptation to local environmental
conditions [31]. A total of 66 landraces were selected for the present study based on variation in
standability, plant architecture, agronomic traits (lodging, earlier flowering, anthesis-silking interval,
ear husk cover) and grain yield potential under optimal conditions. Six extra-early maturing drought
and /or heat-tolerant populations developed by the Maize Improvement Program at the International
Institute of Tropical Agriculture (IITA-MIP), Ibadan, Nigeria were included as checks. Details on the
72 maize accessions assessed in this study are available in Supplementary Table S1.

2.2. Agronomic Management

In the present study, each location-year combination was regarded as an environment. At all
environments, the experiment was arranged in a 9 × 8 alpha lattice design with two replications.
Each plot consisted of one-row plots each 3-m long with plants within and between rows spaced
0.40 m and 0.75 m apart, respectively. Three seeds were sown per hill and thinned to two, two weeks
after emergence, resulting in a final plant population density of 66,666 plants per hectare. All stress
trials were conducted during the dry season to allow DS, HS and DSHS to be imposed at the period
considered most critical for maize growth and development [16].

As control, trials conducted under NS conditions were planted between June and July at the
IITA experimental stations at Ikenne (6◦53’ N, 3◦42’ E, 60 m altitude, 1200 mm annual rainfall) and
Mokwa (9◦18’ N, 5◦185 4’ E, altitude 457 m, 1100 mm annual rainfall), all in Nigeria, in 2017 and 2018.
At 2 weeks after planting (WAP), 60 kg ha–1 each of nitrogen (N), phosphorus (P) and potassium (K)
was applied. Four weeks later, the trials were top-dressed with 30 kg ha−1 of urea. In the stress trials,
all plots received 60 kg N ha−1, 60 kg P ha−1 and 60 kg K ha−1 as NPK 15–15–15 at sowing. A second
application of N (30 kg N ha−1) was applied as urea two weeks later. Weeds were controlled with
herbicides and/or manually.
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2.2.1. Drought Stress Trials

Drought experiments were planted at Ikenne during the last week of November in 2017 and 2018,
so that flowering and early grain filling stages occurred in January when the incidence of rainfall was
negligible. In both years, irrigation was applied using a sprinkler system (flow rate 17 mm day−1)
for the first 25 days after planting (DAP). Irrigation was suspended two weeks before anthesis until
physiological maturity, so that the maize plants depended on stored water in the soil for growth
and development.

2.2.2. Heat and Combined Drought and Heat Stress Trials

HS and DSHS trials were carried out at Kadawa (11◦39’ N, 8◦27’ E, 500 m altitude), Nigeria,
where extreme DS at elevated temperatures occur between February and June each year. During
this period, air temperature often varies between 33 and 45 ◦C [18], allowing for the establishment
of trials under HS and DSHS. The HS and DSHS trials were laid in adjacent blocks, 15 m apart and
planting was done on the same day in mid-February 2018 and 2019. Temperature and rainfall patterns
during the experiment were measured by an automatic weather station installed at Kano, Nigeria.
The average temperature at the experimental sites during the study period ranged from 36 ◦C/17 ◦C
(day/night) to 40 ◦C/24 ◦C (day/night) in 2018, and from 31 ◦C/18 ◦C (day/night) to 39 ◦C/26 ◦C
(day/night) in 2019 (Figure 1). There were minor incidences of rainfall after grain filling in May and
June in both years (Figure 1). Flowering and grain-filling stages occurred in April, coinciding with
extreme DS at elevated temperatures, which resulted in irreversible tissue injuries (leaf firing and
tassel blasting) to susceptible genotypes (Supplementary Figure S1). During the reproductive stages in
April, the minimum temperature was 36 ◦C/18 ◦C (day/night) in 2018, and 36 ◦C/23 ◦C (day/night)
in 2019. The maximum temperature observed was 41 ◦C/27 ◦C (day/night) in 2018, and 41 ◦C/29 ◦C
(day/night) in 2019, with a mean of 39 ◦C/23 ◦C (day/night) and 39 ◦C/26 ◦C (day/night) in 2018 and
2019, respectively (Figure 2). Irrigation was applied twice weekly on both HS and DSHS blocks using a
furrow irrigation system. Irrigation was suspended on the DSHS block at 32 DAP but was resumed
after grain-filling and applied once in order to avoid complete loss of trials. The HS block on the hand
continued to receive irrigation every four days until physiological maturity.

2.3. Trait Measurement

At flowering, days to anthesis (AD) and silking (SD) were recorded when 50% of the plants in
a plot had shed pollen and extruded silks, respectively. ASI was computed as SD minus AD. Plants
with leaf firing (LF) and tassel blasting (TB) were counted on HS and DSHS plots and converted to
percentages. At physiological maturity, plant and ear heights (PLHT and EHT) were measured on ten
representative plants per plot as the length from the base of the plant to the height of the first tassel
branch and the node bearing the upper ear, respectively. Plant aspect (PASP) was visually scored
based on the general appeal of plants in a plot (standability, vigour, plant, and ear height, uniformity
of plants, ear placement and size, as well as disease damage and lodging) using a scale of 1 to 9, where
1 = excellent overall phenotypic appeal; 2 = very good overall phenotypic appeal; 3 = good overall
phenotypic appeal; 4 = satisfactory overall phenotypic appeal; 5 = acceptable phenotypic appeal;
6 = undesirable phenotypic appeal, 7 = poor overall phenotypic appeal, 8 = very poor phenotypic
appeal and 9 = completely undesirable phenotypic appeal. Similarly, husk cover (HC) was rated on a
scale of 1 to 9, where 1 = husks tightly arranged and extended beyond the ear tip and 9 = exposed
ears. Stay green characteristic (SG) was recorded on all stressed plots at 70 DAP using a scale of1 to 9,
where 1 = 10% dead leaf area; 2 = 20% dead leaf area; 3 = 30% dead leaf area, 4 = 40% dead leaf area;
5 = 50% dead leaf area; 6 = 60% dead leaf area; 7 = 70% dead leaf area; 8 = 80% dead leaf area and 9
represented 90–100% dead leaf area. Few days before harvest, root and stalk lodging (RL and SL) were
recorded as the percentage of plants leaning more than 30◦ from the vertical, and percentage plants
broken at or below the highest ear node, respectively then all plants were hand harvested. At harvest,
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ear aspect (EASP) was rated based on the general appeal of the ears without the husks (ear size and
number; uniformity of size, colour, and texture; extent of grain filling, insect and disease damage)
using a scale of 1 to 9, where 1 = excellent (clean, uniform, large, and well-filled and disease-free ears);
2 = very good ears with no disease damage and fully filled grains; 3 = good ears with no disease
damage and fully filled grains; 4 = no disease, fully filled grains, one or two irregularity in cob size
poor; 5 = mild disease damage and fully filled grains, one or two irregularity in cob size, 6 = severe
disease damage and fully filled grains, smaller cobs, non-uniform cob size; 7 = severe disease, scanty
grain filling, few ears, non-uniformity of cobs; 8 = severe disease damage, very scanty grain filling, few
ears, and 9 = only one or no ears produced (Supplementary Figure S2). Ears with rot (EAROT) were
counted on plot basis and converted to percentage. Grain yield (kg ha−1) was estimated based on 80%
shelling percentage for NS plots. In contrast, total shelled grain weight was obtained for stress plots
and GY was adjusted to 15% moisture content.
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Figure 1. Monthly average temperature and rainfall during the experimental period at Kadawa, 
Nigeria. Note: Dotted rectangles represent flowering and early grain filling stages. (a)Trial period in 
2018 (b) Trial period in 2019. 
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Figure 1. Monthly average temperature and rainfall during the experimental period at Kadawa, Nigeria.
Note: Dotted rectangles represent flowering and early grain filling stages. (a) Trial period in 2018
(b) Trial period in 2019.
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2.4. Statistical Analysis

Variance components were estimated for each trial/environment by restricted maximum likelihood
(Reml) using PROC Mixed of SAS version 9.4 [32]. The corresponding linear mixed model for the
response variable was represented by:

Yikl = µ+ Rk + IB(R)lk + Gi + eikl (1)

where Y is the trait of interest, µ is the overall mean, Rk is the effect of the kth replicate, IB(R)lk is the
effect of the incomplete block within the kth replicate, Gi is the effect of the ith genotype, and eikl is the
experimental error. All effects were considered random except replicates. Broad-sense heritability (H)
of grain yield was estimated for each environment as:

H =
σ2

g(
σ2

g +
σ2

e
r

) (2)

where σ2
g and σ2

e represented genotypic and residual variance, respectively and r denote the number of
replicates. Trials with H of GY less than 0.30 were highly influenced by the environment and were
removed from the analyses.

Combined analysis of variance (ANOVA) across environments were performed for each treatment
(NS, HS, DS, and DSHS) with PROC GLM in SAS 9.4 using a RANDOM statement with the TEST
option [32]. In the ANOVA, test environments, replicates, blocks and their interactions were considered
as random factors while accessions were regarded as fixed effects.

Repeatability of the traits [33] under each treatment were computed on accession-mean basis
using the following formula:

R =
σ2

g

σ2
g +

σ2
ge
e + σe

re

(3)

where σ2
g is the genotypic variance, σ2

ge is the variance of genotype × environment, σe is the residual
variance; e is the number of environments, and r is the number of replicates per environment.

Phenotypic correlations among grain yield of the treatments were computed to determine the
mechanism of abiotic stress tolerance using R library Performance Analytics [34]. Genetic correlations
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between phenology (AD and SD) and other secondary traits were estimated following the procedure
of Cooper et al. [35] using Multi Environment Trial Analysis (META) [36].

Sequential path coefficient analysis [37] was used to identify traits with significant contributions to
GY of the maize accessions under the evaluation conditions. A stepwise regression analysis was used to
categorize the predictor traits into first, second and third order based on their individual contributions
to total variation in GY with minimized multicollinearity [38]. The first step involved the regression of
all the traits on GY and those with significant contributions to GY at p < 0.05 were identified as first
order traits. Subsequently, traits that were not identified as first order traits were regressed on each
of the first order traits to identify those with significant contributions to GY through each of the first
order traits and were categorized as second-order traits. The procedure was repeated to identify traits
in subsequent orders. The path coefficients were represented by the standardized b-values obtained
from the regression analysis [38–40]. The sequential path coefficient including the stepwise regression
analyses was done using the Statistical Package for Social Sciences, SPSS version 17.0 [41]

A base index (BI) that integrated superior grain yield, EPP, ASI, PASP, EASP, and SG was used
to select the best and worst performing genotypes under each treatment [40]. Each trait was first
standardized with standard deviation of 1 and a mean of zero to minimize the effect of the different
scales prior to integrating into the BI. The BI was computed using the equation:

BI = [(2×YLDS) + EPP−ASI − PASP− EASP− SG] (4)

where YLDS is GY under stress, PASP is plant aspect, EASP is ear aspect, EPP is ears per plant, ASI is
anthesis-silking interval and SG is the stay-green characteristic. A positive BI value indicated tolerance
to the applied stress while negative values indicated susceptibility [40].

Principal components analysis (PCA) was performed and the results were graphically visualized in
a biplot that displayed different genetic groups (highlighted with different colours) and the association
between accessions and measured traits. Grain yield was regressed on TB scores, plotted on a graph to
show the effect of TB on GY of the maize accessions under HS and DSHS. Standardized data of the traits
included in the BI selection were subjected to cluster analysis, in which phylogenetic constellation plots
were generated, depicting the genetic relationships among the accessions under each stress treatment.
The PCA, regression and cluster analysis were performed using JMP pro 14.10 [32].

3. Results

3.1. Analysis of Variance and Broad-Sense Heritability

Detailed values for variance components are presented in Tables 1 and 2. There was a large
variation among the accessions for GY and other traits under NS, DS, HS and DSHS, which facilitated
the grouping of abiotic stress-tolerant genotypes from their susceptible counterparts, as well as
identification of traits that maximize variance in tolerance to the imposed stresses. Broad-sense heritability
estimates of GY of individual trials ranged from 0.88 to 0.96 under NS, 0.51 to 0.61 under DS, 0.48 to 0.55
under HS, and 0.51 to 0.68 under DSHS (Supplementary Table S1). Hence, no trial was eliminated from
the combined analysis. Within-treatments, repeatability measured across environmental conditions
ranged from 0.41 for HC to 0.94 for GY under NS, 0.30 for EPP to 0.95 for EHT under DS, 0.21 for TB to
0.94 for AD under HS, and from 0.25 for EPP to 0.95 for AD under DSHS (Tables 1 and 2).
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Table 1. Mean squares, and repeatability of grain yield and other traits of 72 extra-early maturing maize accessions evaluated under non-stress and drought stress
conditions between 2017 and 2019 at Kadawa, Nigeria.

Non-Stress Conditions (NS)

SV df GY AD SD ASI PLHT EHT HC EPP PASP EASP SG RL SL EAROT

Env 2 5,746,960.3** 1.3 108.8* 133.4** 83913.4** 32981.7** 86.7** 0.5** 24.5** 3.3* - - - -
Rep (Env) 3 169,368.8 9.5* 0.8 5.4 1485.9* 1260.4** 7.6** 0 1.4* 0 - - - -

Block (Env × Rep) 42 530,887.1* 3.4 8 5.2 690.1** 139 1.3** 0 0.9* 1.2* - - - -
Genotype 71 2,466,309.9** 47.7** 75.6** 13.2** 686.7** 344.2** 0.8* 0.1** 1.7** 3.8** - - - -

Env × Genotype
Error

142
171

84,207.7
204,531.2

5.5**
2.5

13.9*
7.9

6.8*
5.1

180.3
214.4

85.9
95

0.5
0.4

0
0

0.4
0.4

0.4
0.7

-
-

-
-

-
-

-
-

Repeatability 0.94 0.89 0.81 0.5 0.75 0.77 0.41 0.7 0.82 0.86 - - - -
Grand Mean 2992.38 47 50 3 152.72 68.81 4 0.92 5 5 - - - -

Drought Stress (DS)

Env 1 3,976,484 75.4** 130.7** 19.4** 10811.4** 852.3** 54.2** 1.6** 24.3** 34.9** 9.4** 0.9** 0.5** -
Rep (Env) 2 2,258,791 4.9* 6.5* 0.5 280.5 206.4* 0.9 0 0.6 0.7 4.8** 0.2** 0 -

Block (Env × Rep) 28 1,039,093 3.2* 3.4* 0.6 402.9** 177.5** 0.7 0 0.5 0.5 0.94* 0 0 -
Genotype 71 6,056,025.5 ** 72.4** 76.4** 2.6** 1531.6** 946.2** 3.0** 0.1** 4.2** 4.2** 1.6** 0* 0** -

Env × Genotype 71 1,840,190 3.9** 5.2** 1.5** 105.2 43 1.0* 0.0** 0.6* 0.8** 0.37 0 0 -
Error 114 1,638,119 1.6 2 0.8 109.5 60 0.7 0 0.4 0.4 0.39 0 0 -

Repeatability 0.69 0.94 0.93 0.45 0.94 0.95 0.68 0.3 0.86 0.82 0.79 0.33 0.68 -
Grand Mean 1523.92 46 50 4 116.73 54.95 4 0.68 5 5 4 0.1 0.22 -

Reduction (%) 0.49 1 - 1 0.24 0.20 - 0.26 - - - - - -

*, ** Significance at 0.01 and 0.001, respectively; GY: Grain yield (kg/ha); AD: Days to 50% anthesis; SD: Days to 50% silking; ASI: Anthesis-silking interval; PLHT: Plant height (cm); EHT:
Ear height (cm); HC: Husk cover (scale:1-9); EPP: Ears per plant; PASP: Plant aspect (scale:1-9); EASP: Ear aspect (scale:1-9); SG: Stay green characteristic (scale:1-9); RL: Root lodging (%);
SL: Stalk lodging (%); EAROT: Ear rot.
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Table 2. Mean squares and repeatability of grain yield and other traits of 72 extra-early maturing maize accessions evaluated under heat stress and combined drought
and heat stress conditions between 2017 and 2019 at Kadawa, Nigeria.

Heat Stress (HS)

SV df GY AD SD ASI PLHT EHT HC EPP PASP EASP SG RL SL TB LF EAROT

Env 1 16,037,142.5** 9.8 20.1* 1.8 40110.6** 23562.6** 103.9** 1.8** 0.2 8.7* 48.3** 0.2** 0.1* 0.2** 0.0* -
Rep (Env) 2 8,533,488.5** 11.9 11.6 1 287.9 652.8* 1.7 0.6** 0.8 2.9* 3.5* 0.1** 0 0.0* 0 -

Block (Env × Rep) 28 1,970,909.7* 9.1* 9.2* 1.1 1363.7** 501.8** 1 0.1 0.6 1.3* 0.7 0 0 0 0 -
Genotype 71 2,330,918.4** 59.9** 51. 0** 3.4** 1181.9** 716.6** 1.5* 0.1** 2.0** 2.0** 1.4** 0 0.0** 0.0* 0.0* -

Env × Genotype 71 753,004.1 4.5 3.2 1.3 286.3 168.4 0.9 0 0.3 0.6 0.6 0.0* 0 0.0* 0 -
Error 114 841,366 4.3 4.6 1.5 336.8 135.6 0.7 0 0.4 0.7 0.5 0 0 0 0 -

Repeatability 0.67 0.94 0.93 0.63 0.76 0.79 0.34 0.63 0.85 0.69 0.56 0.37 0.64 0.21 0.38 -
Mean 2301.39 57 60 3 144.12 59.65 4 0.82 5 5 3 7.33 12.71 3.91 4.19 -

Reduction (%) 0.23 −10 −10 - 0.06 0.13 - 0.11 - - - - - - -

Combined Drought and Heat Stress (DSHS)

Env 1 613,509,9.7* 1.9 0.1 2.5 155177.3** 58356.3** 38.9** 2.3* 0.1 5.7* 23.0** 0.1* 0 0 0.1* -
Rep (Env) 2 843,164.7 14.4* 17.2* 0.3 522.3* 21.3 1.4 0.1 0.5 2.9* 0.4 0 0 0 0.1* -

Block (Env × Rep) 28 1,522,778.5* 7.7* 13.0** 2.8* 913.3** 263.3** 2.0** 0.3 0.7 2.8** 0.9 0 0.0* 0 0.0* -
Genotype 71 2,575,212.4** 47.3** 46.6** 4.1** 1010.2** 719.7** 1.6** 0.2* 1.8** 3.5** 2.1** 0.0* 0.0** 0.0** 0.0* -

Env × Genotype 71 4,923,88.2 2.3 3.1 0.7 254.1* 113.4** 0.6 0.2 0.3 0.8 0.6 0 0 0 0 -
Error 114 595,224.5 3.2 4.7 1.7 161.7 46.8 0.7 0.2 0.5 0.8 0.6 0 0 0 0 -

Repeatability 0.79 0.95 0.93 0.66 0.77 0.86 0.62 0.25 0.78 0.77 0.69 0.57 0.62 0.64 0.55 -
Grand Mean 1258.51 56 58 3 142.68 58.59 4 0.68 5 5 4 9.75 15.71 9.94 11.97 -

Reduction (%) 0.58 −9 −8 - 0.07 0.15 - 0.26 - - - - - - - -

*, ** Significance at 0.01 and 0.001, respectively; GY: Grain yield (kg/ha); AD: Days to 50% anthesis; SD: Days to 50% silking; ASI: Anthesis-silking interval; PLHT: Plant height (cm); EHT:
Ear height (cm); HC: Husk cover (scale:1-9); EPP: Ears per plant; PASP: Plant aspect (scale:1-9); EASP: Ear aspect (scale:1-9); SG: Stay green characteristic (scale:1-9); RL: Root lodging (%);
SL: Stalk lodging (%); TB: Tassel blast (scale:1-9); LF: Leaf firing (scale:1-9); EAROT: Ear rot.
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Mean GY under NS was ~2992 kg/ha, ~2301 kg/ha under HS, ~1524 kg/ha under DS,
and ~1259 kg/ha under DSHS (Tables 1 and 2). Compared with the NS environment, DS reduced
GY by between 2.5% to ~85% (mean = 49%), 1.1% to 68.4% with an average of 23% under HS and,
between 10% to 94% with a mean of 58% under DSHS. Anthesis was, on average, reached after 47
and 46 days under NS and DS conditions, respectively. Under HS, anthesis was delayed by 10 days
and by 9 days under DSHS. Similarly, silking was on the average reached after 50 days under both
NS and DS conditions but delayed by 10 days under HS and 8 days under DSHS. Despite the stress,
ASI remained largely unchanged under all the treatments (averaging 3 days under NS, HS and DSHS,
and 4 days under DS). Plant height was reduced by ~24% under DS and by 6% and 7% under HS and
DSHS, respectively. Reduction in EPP was highest under DS (26%) and DSHS (26%) and lowest under
HS (11%). Traits such as HC, and PASP and EASP were unaffected by the stresses as indicated by the
average score of 4 and 5 under all the contrasting conditions. Leaf senescence, RL, SL, TB, and LF were
on average, higher under DSHS relative to HS conditions.

3.2. Genetic Correlations and Sequential Regression Analysis

Phenotypic correlations between grain yields under NS, DS, HS and DSHS are presented in Table 3.
Grain yield observed under NS was strongly and positively correlated with GY under HS (r = 0.75;
p < 0.0001) while the correlation between GY under NS and those under DS, and DSHS were moderate
and positive. Similarly, the correlation between GY under DS and DSHS was positive and moderate
(r = 0.60; p < 0.0001). However, weak and positive phenotypic correlations were observed between GY
under DS and HS (r = 0.48; p < 0.001) as well as HS and DSHS (r = 0.37; p < 0.001). Strong and positive
correlations (r ≥ 0.73; p < 0.0001) were observed for both AD and SD under NS and those under DS,
and DSHS as well as between DS and DSHS. No significant correlation was observed between EPP
under the different treatments except between NS and DS (r = 0.37; p < 0.001). Weak to moderate
correlations were recorded for PASP under the different treatments except those between HS and DS
(r = 0.19) and, HS and DSHS (r = 0.05). A similar trend was observed for EASP under the treatments.
Negative genetic correlations were observed between phenology (AD and SD) and GY, HC, PASP,
EASP, SG, LF, and TB under the applied stresses whereas, genetic correlations between flowering traits
(AD and SD) and ASI, PLHT and EHT were positive (Table 4).

Table 3. Coefficient of phenotypic correlations between treatments for traits of 72 extra-early maturing
maize accessions evaluated between 2017 and 2019 in Nigeria.

Trait NS vs. DS NS vs. HS NS vs. DSHS HS vs. DS DS vs. DSHS HS vs. DSHS

Grain yield 0.66*** 0.75*** 0.62*** 0.48** 0.60*** 0.37***
Anthesis days 0.90*** −0.05 0.87*** −0.04 0.82*** −0.13

Silking 0.80*** −0.07 0.84*** −0.08 0.73*** −0.08
Anthesis-Silking

Interval 0.23* −0.09 0.42*** −0.13 0.13 −0.28*

Plant height 0.48*** 0.30* 0.64*** 0.18 0.29* 0.23*
Ear height 0.60*** 0.21 0.77*** 0.24* 0.14 0.55***

Ears per plant 0.37** 0.11 0.06 0.03 0.22 −0.07
Ear aspect 0.54*** 0.32** 0.33** 0.19 0.52*** 0.05

Plant aspect 0.46*** 0.14 0.63*** 0.18 0.46*** 0.04
Stay green - - - 0.08 0.38*** 0.03
Leaf firing - - - - - −0.20
Tassel blast - - - - - −0.10

*, **, *** Significant at 0.05, 0.01 and 0.001 probability levels, respectively.
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Table 4. Genetic correlation between phenology (days to anthesis and silking) and other secondary
traits of 72 extra-early maize accessions evaluated under contrasting environments between 2017 and
2019 in Nigeria.

Trait NS DS HS DSHS

Days to anthesis

Grain yield 0.34 −0.71 −0.42 −0.23
Silking days 0.95 0.99 0.98 0.97

Anthesis-silking interval 0.42 0.12 0.51 0.20
Husk cover −0.48 −0.71 −0.92 −0.63
Plant height 0.58 0.80 0.91 0.79
Ear height 0.65 0.87 0.98 0.87

Plant aspect −0.31 −0.76 −0.87 −0.62
Ear aspect −0.32 −0.83 −0.41 −0.12

Ears per plant 0.06 −0.89 0.19 −0.34
Stay green - −0.49 −0.88 −0.49
Leaf firing - - −0.79 −0.26
Tassel blast - - −0.98 −0.12

Days to Silking

Grain yield 0.14 -0.65 -0.31 -0.14
Anthesis-silking interval 0.68 0.25 0.34 0.01

Husk cover −0.24 −0.64 −0.82 −0.60
Plant height 0.35 0.80 0.87 0.81
Ear height 0.40 0.86 0.95 0.85

Plant aspect −0.06 −0.71 −0.81 −0.59
Ear aspect −0.09 −0.78 −0.26 −0.04

Ears per plant −0.33 −0.77 0.08 −0.53
Stay green −0.28 - −0.76 −0.45
Leaf firing - - −0.79 −0.20
Tassel blast - - −0.98 -

NS: Non stress; DS: Drought stress; HS: Heat stress; DSHS: Combined drought and heat stress.

Under DS, stepwise multiple regression analysis identified EASP, PASP, and SL as the first order
traits with significant contributions to GY (explaining 96 % of the total variation in GY) of the maize
accessions (Figure 3). Of these first order traits, PASP had the highest negative direct effect on GY (−0.87)
while SL contributed the least (−0.42) to GY. Traits, which contributed indirectly to GY through one or
two of the first order traits, included EPP, EHT, RL, HC, SG, and AD. These traits were thus, classified
into the second order. The traits classified into the third order were ASI, PLHT, SD, and EAROT, each
contributing to variation in GY of the maize accessions through one or more of the second order traits.

Across the HS treatments, EASP, EPP, SG, SL, and LF were identified as first order traits responsible
for 83% of the total variation in GY (Figure 4). Of these first order traits, EASP had the highest negative
direct effect on GY (−0.54), while LF recorded the least direct negative effect on GY (−0.12). Only EPP
had direct positive contribution to GY (0.25). Six traits, namely PASP, SD, EAROT, ASI, HC and TB
contributed indirectly to GY through one or more of the first order traits and were thus categorized
into the second order. Among the second order traits, ASI and TB contributed indirectly to GY through
SG, and LF and SL, respectively. Plant aspect had the highest negative (−0.43) indirect contribution to
GY through EPP, while the highest positive indirect contribution to GY was also observed for PASP
through EASP (0.85). Four traits (EHT, AD, RL and PLHT) contributed indirectly to GY through one or
two of the second order traits and were categorized into third order traits.
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Figure 3. Path analysis diagram depicting the causal relationship of measured traits of the 72 maize
accessions under drought-stressed conditions. Note: Value written in bold is the error effect; the direct
path coefficients are values in parenthesis and other values are correlation coefficients. R1 is error
effects, R2 = coefficient of determination. AD: Days to 50% anthesis; SD: Days to 50% silking; ASI:
Anthesis-silking interval; PLHT: Plant height; EHT: Ear height; HC: Husk cover; EPP: Ears per plant;
PASP: Plant aspect; EASP: Ear aspect; SG: Stay green characteristic; RL: Root lodging; SL: Stalk lodging;
TB: Tassel blast; LF: Leaf firing; EAROT: Ear rot.Agronomy 2019, 9, x FOR PEER REVIEW 3 of 26 
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3.3. Performance of Accessions under the Contrasting Environment 

Figure 4. Path analysis diagram depicting the causal relationship of measured traits of the 72 maize
accessions under heat stress conditions. Note: Values in bold are the error effect; the direct path
coefficients are values in parenthesis and other values are correlation coefficients. R1 is error effects,
R2 = coefficient of determination. AD: Days to 50% anthesis; SD: Days to 50% silking; ASI: Anthesis-silking
interval; PLHT: Plant height; EHT: Ear height; HC: Husk cover; EPP: Ears per plant; PASP: Plant aspect;
EASP: Ear aspect; SG: Stay green characteristic; RL: Root lodging; SL: Stalk lodging; TB: Tassel blast; LF:
Leaf firing; EAROT: Ear rot.

Under DSHS, traits classified in the first order (EASP, SG, PASP and ASI) explained 88% of the total
variation in GY of the maize accessions (Figure 5). Each of these traits had direct negative contribution
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to GY with EASP being the highest contributor (−0.66). Seven traits, namely EPP, LF, AD, RL, HC, EHT
and EAROT were categorized into the second order traits, each contributing to GY through one or two
of the first order traits. Of the second order traits, EPP was found to have the highest negative indirect
effect on GY through EASP (−0.69). Traits contributing to variation in GY through two or more of the
second order traits included TB, SL, SD, and PLHT. Of these, TB contributed negatively to variation in
GY through EPP (−0.35), AD (−0.26) while PLHT contributed positively to GY through EHT (0.62).
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Figure 5. Path analysis diagram depicting the causal relationship of measured traits of the 72 maize
accessions under combined drought and heat stressed conditions. Note: Values in bold is the error
effects; the direct path coefficients are values in parenthesis while other values are correlation coefficients.
R1 is error effects, and R2 = coefficient of determination. AD: Days to 50% anthesis; SD: Days to 50%
silking; ASI: Anthesis-silking interval; PLHT: Plant height; EHT: Ear height; HC: Husk cover; EPP: Ears
per plant; PASP: Plant aspect; EASP: Ear aspect; SG: Stay green characteristic; RL: Root lodging; SL:
Stalk lodging; TB: Tassel blast; LF: Leaf firing; EAROT: Ear rot.

3.3. Performance of Accessions under the Contrasting Environment

The distribution of the accessions in terms of GY performance under the abiotic stresses is
presented in Figure 6. Under DS, DSHS and HS, about 38%, 29% and 7% of the accessions yielded
below 1000 kg/ha, respectively while about 47%, 42% and 31% of the accessions produced yields
between 1001 to 2000 kg/ha under DSHS, DS, and HS, respectively. Whereas under HS, 42% of the
maize accessions yielded between 2001–3000 kg/ha, only a small proportion of them produced yields
between 2001–3000 kg/ha (9% under DS and 18% under DSHS). None of the landrace accessions
yielded >4000kg/ha under any of the stresses.

Given that selection solely for GY potential under abiotic stress condition is considered inefficient
for accelerating genetic gain [42], a base index that integrated GY with other important secondary traits
(ASI, EPP, PASP, EASP, and SG) was used as criterion to select accessions tolerant to each of the stresses
(accessions with positive BI values) as well as across the contrasting environments. Summary of the
top accessions (best check, and 15 landraces) and worse five landraces identified by the base index
under each research condition is presented in Table 5. Under DS, the BI values ranged from −10.6
for TZm−1510 (with GY of ~543 kg/ha) to 13.4 for the check 3-TZEE-W HDT C3 STR C5 (with GY of
~3863 kg/ha). Of the top 15 landrace accessions based on the BI values, four (TZm-1440, TZm-1163,
TZm-1162, TZm-1500) yielded between 3000 and 3487 kg/ha, six (TZm-1486, TZm-1160, TZm-1508,
TZm-1449, TZm-1472 and TZm-1159) yielded between 2000 kg/ha and 3000 kg/ha while the remaining
yielded below 2000 kg/ha. All accessions with negative BI values yielded below 1000 kg/ha (Table 5).
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Figure 6. Distribution of grain yield of 72 extra-early maize accessions evaluated under drought, heat
and combined drought and heat stress conditions during 2017 and 2019 at Ikenne and Kadawa, Nigeria.

Table 5. Grain yield and base index values of the best check and the top 15, and worse five landrace
accessions evaluated under drought, heat, and combined drought and heat stress environments at
Ikenne and Kadawa, Nigeria between 2017 and 2019.

Drought Stress (DS) Heat Stress (HS) Combined Drought and Heat
Stress (DSHS)

Accession GY (kg/ha) BI Accession GY (kg/ha) BI Accession GY (kg/ha) BI

Check 3 3863 13.4 Check 5 4723 14.5 Check 4 3899 10.9
TZm-1440 3287 11.4 TZm-1167 3895 12.3 TZm-1486 3167 8.2
TZm-1163 3487 11.3 TZm-1157 3614 9.1 TZm-1162 3174 7.7
TZm-1500 3086 11.1 TZm-1178 3896 8.0 TZm-1472 2334 4.8
TZm-1162 3256 10.5 TZm-1472 3238 7.8 TZm-1171 2070 4.7
TZm-1486 2815 9.2 TZm-1163 3673 6.4 TZm-1440 2373 4.5
TZm-1160 2215 7.4 TZm-1158 3247 6.3 TZm-1470 2391 4.2
TZm-1174 1886 6.5 TZm-1352 2524 6.1 TZm-1160 2187 3.9
TZm-1349 1932 5.1 TZm-1162 3137 4.7 TZm-1481 2039 3.8
TZm-1496 1685 4.9 TZm-1179 3956 4.5 TZm-1508 1797 3.1
TZm-1449 2404 4.9 TZm-1508 3350 4.2 TZm-1483 2042 2.6
TZm-1508 2521 4.5 TZm-1329 3415 3.9 TZm-1485 1735 2.5
TZm-1472 2015 4.3 TZm-1443 2984 3.9 TZm-1167 1700 2.5
TZm-1159 2026 4.3 TZm-1561 3277 3.9 TZm-1496 1802 2.4
TZm-1511 1861 4.1 TZm-1511 2793 3.9 TZm-1506 2210 2.2
TZm-1167 1926 3.7 TZm-1454 3194 3.4 TZm-1448 1853 2.0

TZm-1169 530 −8.8 TZm-1497 907 −9.36 TZm-1510 336 −6.8
TZm-1493 571 −9.0 TZm-1493 907 −9.37 TZm-1509 281 −7.3
GH-4863 430 −9.6 TZm-1177 936 −9.41 TZm-1176 366 −7.3
TZm-1165 501 −10.4 TZm-1170 932 −12.08 TZm-1480 467 −8.6
TZm-1510 543 −10.6 TZm-1498 501 −12.29 TZm-1173 152 −11.3

GY = Grain yield; BI = Base index; Check 3 = TZEE-W HDT C3 STR C5; Check 4 = TZEE-Y HDT C3 STR C5; Check
5 = 2014 TZEE-Y DTH STR.
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Under HS, the BI values ranged from −12.29 for TZm-1498 (GY = 501 kg/ha) to 14.5 for the
check5 -2014 TZEE-Y DTH STR (GY = 4723 kg/ha). All the top 15 landrace accessions based on the BI
values yielded above 2500 kg/ha with TZm-1167, TZm-1157, TZm-1178, TZm-1163, and TZm-1179
yielding above 3500 kg/ha. As with DS, all accessions with negative BI values under HS yielded below
1000 kg/ha (Table 5).

Similarly, under DSHS, the BI values ranged from −11.3 for TZm-1173 (GY = 152 kg/ha) to 10.9 for
check 4-TZEE-Y HDT C3 STR C5 (GY = 3899 kg/ha). Two of the top-yielding 15 landrace accessions
identified by the BI (TZm-1486 and TZm-1162) yielded approximately 3000 kg/ha while TZm-1472,
TZm-1440 and TZm-1470 yielded above 2300 kg/ha. The worse five landrace accessions under DSHS
yielded below 500 kg/ha (Table 5).

Based on the BI values, seven landrace accessions (TZm-1159, TZm-1162, TZm-1163, TZm-1167,
TZm-1472, TZm-1500 and TZm-1508) were tolerant to both DS and HS, eight (TZm-1160, TZm-1162,
TZm-1167, TZm-1440, TZm-1472, TZm-1486, TZm-1496 and TZm-1508) were tolerant to both DS and
DSHS. Only five landrace accessions (TZm-1167, TZm-1162, TZm-1472, TZm-1508 and TZm-1506)
were tolerant to both HS and DSHS, while four (TZm-1162, TZm-1167, TZm-1472 and TZm-1508)
showed good performance across all the individual and combined stresses.

3.4. Principal Component Biplot and Cluster Analysis

The biplot of principal components 1 and 2 under the different treatment conditions are presented
in Figure 7. Under DS, the PCA biplot explained ~68% of the total variability among the genotypes
(Figure 7a), 63% under HS (Figure 7b) and 55% under DSHS (Figure 7c). Under each stress condition,
tolerant to very tolerant accessions were largely located in the lower left of the plot and were mainly
associated with increased GY and EPP whiles their susceptible to very susceptible counterparts, which
were characterized by increased ASI, LF, TB, SG, RL, and SL, poor HC, EASP, and PASP, and to some
extent increased AD, and SD were found sparingly distributed in the upper and lower right sides of the
biplot. The strong positive correlation between GY and EPP was evident by the acute angle between
their respective vectors of similar length. Similarly, the negative correlation between GY and ASI, LF,
TB, SG, RL, SL, HC, EASP, and PASP can be seen from the opposite direction of the variable vectors.

Agronomy 2019, 9, x FOR PEER REVIEW 6 of 26 

 

GH-
4863 

430 −9.6 TZm-
1177 

936 −9.41 TZm-1176 366 −7.3 

TZm-
1165 501 

−10.
4 

TZm-
1170 932 

−12.0
8 TZm-1480 467 −8.6 

TZm-
1510 543 

−10.
6 

TZm-
1498 501 

−12.2
9 TZm-1173 152 −11.3 

GY = Grain yield; BI = Base index; Check 3 = TZEE-W HDT C3 STR C5; Check 4 = TZEE-Y HDT C3 
STR C5; Check 5 = 2014 TZEE-Y DTH STR. 

3.3. Principal Component Biplot and Cluster Analysis  

The biplot of principal components 1 and 2 under the different treatment conditions are 
presented in Figure 7. Under DS, the PCA biplot explained ~68% of the total variability among the 
genotypes (Figure 7a), 63% under HS (Figure 7b) and 55% under DSHS (Figure 7c). Under each stress 
condition, tolerant to very tolerant accessions were largely located in the lower left of the plot and 
were mainly associated with increased GY and EPP whiles their susceptible to very susceptible 
counterparts, which were characterized by increased ASI, LF, TB, SG, RL, and SL, poor HC, EASP, 
and PASP, and to some extent increased AD, and SD were found sparingly distributed in the upper 
and lower right sides of the biplot. The strong positive correlation between GY and EPP was evident 
by the acute angle between their respective vectors of similar length. Similarly, the negative 
correlation between GY and ASI, LF, TB, SG, RL, SL, HC, EASP, and PASP can be seen from the 
opposite direction of the variable vectors. 

Results of the regression of GY on TB showed that, largely accessions with high TB (%) had low 
grain yields (Figure 8). TB accounted for 15% and 28% of the yield reduction of the extra-early maize 
accessions under DSHS and HS, respectively. 

 

a 

Figure 7. Cont.



Agronomy 2020, 10, 318 16 of 23

Agronomy 2019, 9, x FOR PEER REVIEW 7 of 26 

 

 

 
Figure 7. Biplot of 72 extra-early maize accessions and variables under drought (a), heat (b), and 
combined drought and heat stress (c) conditions. NB: The length of each variable vector is 
proportional to its contribution to total variation of the accessions, and the direction of the vector 
indicates its relative contribution to the principal components. AD: Days to 50% anthesis; SD: Days to 
50% silking; ASI: Anthesis-silking interval; PLHT: Plant height; EHT: Ear height; HC: Husk cover; 
EPP: Ears per plant; PASP: Plant aspect; EASP: Ear aspect; SG: Stay green characteristic; RL: Root 
lodging; SL: Stalk lodging; TB: Tassel blast; LF: Leaf firing; EAROT: Ear rot. 

b 

c 

Figure 7. Biplot of 72 extra-early maize accessions and variables under drought (a), heat (b), and
combined drought and heat stress (c) conditions. NB: The length of each variable vector is proportional
to its contribution to total variation of the accessions, and the direction of the vector indicates its relative
contribution to the principal components. AD: Days to 50% anthesis; SD: Days to 50% silking; ASI:
Anthesis-silking interval; PLHT: Plant height; EHT: Ear height; HC: Husk cover; EPP: Ears per plant;
PASP: Plant aspect; EASP: Ear aspect; SG: Stay green characteristic; RL: Root lodging; SL: Stalk lodging;
TB: Tassel blast; LF: Leaf firing; EAROT: Ear rot.

Results of the regression of GY on TB showed that, largely accessions with high TB (%) had low
grain yields (Figure 8). TB accounted for 15% and 28% of the yield reduction of the extra-early maize
accessions under DSHS and HS, respectively.
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Figure 8. Regression of grain yield (kg/ ha) of 72 extra-early maize landraces including six drought
and/or heat-tolerant populations/varieties, on tassel blast under heat stress (a) and combined drought
and heat stress (b).

Under DS, the phylogenetic constellation plot generated using GY and the secondary traits
included in the index selection classified the 72 extra-early maize accessions into five major groups,
each further divided into subgroups (Figure 9). The number of accessions in the major clusters ranged
from six in cluster IV to 31 in cluster III. Accessions in cluster I and II were characterized by high GY
(>2000 kg/ha), increased EPP (≥0.80), delayed senescence (average rating of 3), desirable PASP and
EASP (4 to 5). Consequently, the average BI values of these groups were high (averaging, 11.72 for
cluster I and 5.0 for cluster II) (Supplementary Table S3).Agronomy 2019, 9, x FOR PEER REVIEW 9 of 26 
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Figure 9. Phylogenetic constellation plots displaying the relationships between 66 extra-early maize
landraces and six improved populations/varieties evaluated under managed drought stress (a), heat
stress (b) and combined drought and heat stress (c). For each treatment, clusters I, and II were represented
largely by tolerant accessions, while the remaining clusters consisted of susceptible accessions.

Similarly, under HS, the phylogenetic constellation plot separated the 72 accessions into five major
clusters, with each further separated into sub-clusters that ranged from two in cluster I to four in
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cluster II (Figure 9). The first major cluster contained nine genotypes while the second consisted of
27 individuals. Individuals of the two clusters (I and II) were characterized by short ASI (2 to 3 days),
good plant and ear aspect scores (4 to 5), and increased GY (>2800 kg/ha), hence the positive average
BI values (9.73 for cluster I and 2.72 for II). Of the nine accessions in cluster I, five were landraces
(TZm-1157, TZm-1167, TZm-1178, TZm-1352, and TZm-1472) and the other four were improved
population checks. Accessions of the remaining clusters had very poor plant and ear aspect scores,
reduced EPP, low GY and hence, negative BI values (Supplementary Table S3).

Under DSHS, six major groups of accessions were revealed by the phylogenetic constellation plot
(Figure 9). The number of individuals in the clusters varied from eight in cluster IV to 21 in cluster II.
The first major group consisted of nine accessions, including four checks, and five landrace accessions
(TZm-1486, TZm-1162, TZm-1440, TZm-1171, and TZm-1470). The accessions of this group displayed
desirable plant and ear aspect scores, and had good ears per plant and GY, which was reflected in their
high positive index values (Supplementary Table S3). The second major group comprised accessions
with good plant and ear aspect scores and had relatively good ears per plant, moderate grain yield as
well as positive index values. The remaining four clusters contained accessions that recorded poor
plant and ear aspect scores, reduced ears per plant, low GY, and negative BI values (Supplementary
Table S3).

4. Discussion

Frequent occurrence of extreme weather conditions owing to global climate change has heightened
the need for genetic improvement of major staple crops for tolerance to abiotic stresses. However,
as selection pressure increases for a specific trait, genetic variability inevitably decreases [43], leading
to reduced breeding gains. This is particularly true for tropical maize in which little additional
gain in maximum drought-tolerance has been achieved in the last decade [29]. Addressing this
issue and hence, ensuring progress in genetic improvement of maize under abiotic stress conditions
requires identification of donor lines with beneficial traits that will bring new genetic variation [29,44].
Landrace gene pools of maize from areas that frequently experience DS at elevated temperatures may
provide a useful source of novel alleles for abiotic stress tolerance [27,45]. In the present study, we
evaluated 66 extra-early landrace accessions of maize representing gene pools from Burkina Faso,
Ghana, and Togo, together with six abiotic stress-tolerant populations from the IITA-MIP under field
conditions of DS, HS and DSHS imposed at the reproductive stages of crop growth and development
for two years.

As shown in Figure 1, the HS trials were performed under high temperatures, while the DSHS
trials were exposed to prolonged DS at elevated temperatures. In particular, temperatures during
flowering and early grain-filling stages substantially exceeded the optimal threshold for lowland
tropical maize (34 ◦C during the day and 23 ◦C at night; Figure 2) with no incidence of rainfall,
indicating that the sites selected for this study were appropriate for screening the maize accessions for
tolerance to HS and DSHS. These sites were used for screening maize for high levels of tolerance to DS
and/or HS in earlier studies [13,18,19].

The presence of significant genotypic differences for all measured traits of the maize accessions
under DS, HS, and DSHS conditions suggested that superior genotypes and traits conferring tolerance
to the stresses could be identified and selected. Even though highly significant statistical differences
were detected among genotypes, genotype × environment interaction was not significant for most traits
indicating that the environments were similar in stress severity. This observation could be attributed
to the coincidence of the imposed stresses at stages most critical for growth and development of the
maize accessions. Moreover, the high repeatability estimates observed for majority of the measured
traits including GY indicated that most of the variances observed in the present study can be attributed
to differences among the studied accessions. These observations largely provided credibility in the
performance of the accessions for breeding purposes. Low repeatability estimates across sites for some
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measured traits were probably the result of inconsistent expressions as indicated by high genotype ×
environment variance. Similar findings were reported in maize under multiple stresses [19,29].

In agreement with previous studies [19], the wide range of variation in GY losses observed in
this study indicated that indeed the applied stresses were severe and that the yield levels observed
could be attributed to stress tolerance. Compared with the NS environment, HS, DS, and DSHS, on the
averaged reduced GY by ~23%, 49%, and 58%, respectively (Tables 1 and 2), suggesting that the effect
of the combined stresses on GY of the extra-early maize accessions was higher than the individual
effects but lower than their sum (hypo-additive effect). These results corroborated the findings of
earlier workers who reported higher yield losses from the combined effects of DS and HS than DS and
HS applied alone in cereals including maize [17,19,29,46]. The high GY loss under DSHS compared to
HS and DS could be attributed to the interaction effects of HS and DS on stomatal movements [46].
Stress-induced changes in morpho-physiological properties of the maize accessions might have caused
osmotic imbalances under DSHS, resulting in the high yield losses. Under DS at elevated temperatures,
plants either close their stomata to prevent water loss or keep stomata opened to cool the leaves
through transpiration [46]. The long delay in anthesis and silking (by ≥8 days) under HS and DSHS
was most likely the result of severe cold stress due to harmattan at the time of planting, that might
have delayed seed emergence and extended pre-flowering developmental stages. Reduction in plant
and ear heights were on the average, higher under DS (26%) compared to HS (6%) and DSHS (7%).
These results suggested the occurrence of DS during the early stages of growth and development of
the maize accessions and that the plants were only affected by HS and DSHS towards the end of the
vegetative phase. Indeed, in the present study, DS was imposed at the early growth stages (25 DAP)
compared to the HS and DSHS, which had the treatments imposed at 32 DAP. Under DS and DSHS,
the number of ears per plant were strongly reduced (26%) relative to HS conditions, and this might
have contributed to the high yield losses observed under DS (49%) and DSHS (58%) compared to HS
(23%). This was further evident from the strong association of EPP and GY with the high yielding
accessions as revealed by the PCA biplot analysis (Figure 7).

Grain yield measured under NS conditions was to some extent predictive of the performance
under the applied stresses as indicated by the correlations across the treatments, suggesting that
similar physiological mechanisms may be conditioning yield potential under NS and DS, HS and
DSHS conditions. These observations, in part agreed with the results of previous studies [18,29].
The correlation between GY under NS and DS (0.66) observed in this study is similar to that (0.63)
reported by Cairns et al. [29] but slightly lower than that (0.75) recorded by Meseka et al. [18]. In the
present study, the moderately strong positive correlation between GY under DS and DSHS (r = 0.60;
p < 0.0001) relative to DS and HS (r = 0.48; p < 0.001) as well as HS and DSHS (r = 0.37; p < 0.001)
suggested that while yield performance under DS was predictive of attainable yield under DSHS,
tolerance to HS was independent of tolerance to DS and DSHS in the extra-early maize accessions.
Cairns et al. [29] suggested that tolerance to combined DS and HS in maize was genetically distinct
from tolerance to the individual stresses, and tolerance to either stress alone did not confer tolerance to
DSHS conditions. Similarly, Meseka et al. [18] found that tolerance to DS was independent of tolerance
to DSHS. The discrepancy between our results and those of Cairns et al. [29] and Meseka et al. [18]
particularly for the mechanism of DS and DSHS tolerance could be attributed to differences in maturity
classes of the genetic materials investigated. Cairns et al. [29] evaluated early, intermediate and late
maturing inbred lines while Meseka et al. [18] assessed drought-tolerant three-way cross maize hybrids,
and a local variety that were intermediate to late maturing as compared to the present study where
extra-early maturing maize accessions were studied. The strong correlations observed between the
measured traits under the different treatments implied the presence of common genetic elements
regulating the expression of these traits under the research conditions. The negative genetic correlations
observed between phenology and GY, PASP, EASP and HC under DS, HS and DSHS indicated that
early flowering was associated with higher GY and desirable PASP, EASP, and HC, which might have
contributed resilience to the stresses.
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It is widely acknowledged that selection for increased GY together with highly heritable secondary
traits can lead to remarkable progress in genetic gains under abiotic stress conditions [42]. For example,
significant genetic gains were reported under low nitrogen stress and DS by complementing selection for
GY potential with key secondary traits [47]. In the present study, sequential multiple regression analysis
identified EASP, PASP, SL, and SG, and to some extent, EPP, and LF as the principal determinants of
GY, explaining more than 80% of the differences in GY levels observed under the different stresses
(Figures 3–5). This together with the moderate to high repeatability estimates of these traits indicated
their potential to improve selection efficiency for GY under the abiotic stresses. Regression of TB on
GY revealed that TB accounted for 15% and 25% of the yield reduction of the maize accessions under
DSHS and HS conditions, respectively (Figure 8). Reduction in GY by 28% was attributed to TB under
DSHS [18].

To allow efficient identification and selection of accessions tolerant to the stresses, we used a base
index that integrated superior grain yield, EPP, anthesis-silking interval, plant and ear aspects, and the
stay-green characteristic under each applied stress [38]. Promising accessions were identified, most of
them tolerant to the individual stresses (Table 4). The tolerant landraces might contain novel resistance
genes or combinations of resistance gene that would be valuable for ‘climate smart’ maize breeding
efforts. In particular, eight landrace accessions were tolerant to DS and DSHS. Only five landrace
accessions performed well across HS and DSHS, while four more accessions namely, TZm-1162,
TZm-1167, TZm-1472, and TZm-1508 had outstanding performance across the three stresses. Therefore,
development of lines from accessions that performed well across the stresses might be a successful
strategy for abiotic stress tolerance maize breeding since hybrids resulting from the combination of
the parents can have high performance for both DS and HS. The fact that only four accessions were
tolerant across all the stresses was most likely the result of different physiological and morphological
mechanisms conditioning tolerance to the three stresses applied in this study. Therefore, it is important
to evaluate maize germplasm under each abiotic stress separately.

The genetic relationships/relatedness among germplasm under abiotic stress conditions are
extremely important in determining specific groups of accessions that have good levels of tolerance to
a specific stress. Herein, GY and stress adaptive secondary traits included in the base index selection
were used to examine these relationships. The aggregation of the genotypes into four or more clusters
under each stress further highlighted the potential of the landrace accessions to provide new genetic
variation for abiotic stress tolerance in maize. In agreement with previous studies [18,19,48], cluster
analyses showed a clear distinction between tolerant accessions and their susceptible counterparts.
Under each stress condition, the highly tolerant landrace accessions clustered together with the most
tolerant drought and/or heat-tolerant checks. This result suggested that the outstanding landraces and
the resistant check cultivars were genetically similar. Majority of the outstanding landraces originated
from Burkina Faso (a Sahel country). Thus, natural and artificial selection under the drier and hotter
climatic conditions of the Sahel might have resulted in the excellent levels of abiotic stress resistance
in these landraces. This observation provided further evidence that the superior landrace accessions
identified in this study might contain novel resistance genes or combinations of resistance gene that
could be valuable for expanding genetic base and thus, enhancing genetic gains in maize under the
abiotic stress conditions.

5. Conclusions

This study uncovered striking levels of abiotic stress tolerance diversity among the extra-early
landrace maize accessions, and identified traits potentially associated with tolerance to the stresses.
Drought and heat stress, either individually or combined had significant negative effect on grain
yield and other morpho-physiological traits of the maize accessions. Plant and ear aspects, stay
green, lodging, leaf firing, and ears per plant were key to increased yield potential under the applied
stresses. The performance pattern of the superior landrace accessions was similar to those of the best
drought and/or heat-tolerant populations under DS, HS, and DSHS conditions. Therefore, they may be
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interesting for the development of germplasm tolerant to the stresses in SSA. In particular, accessions
TZm-1162, TZm-1167, TZm-1472, and TZm-1508 showed good adaptation to the three stress. These
landraces should be prioritised for further improvement of key adaptive traits and their introgression
into maize breeding programs in SSA can play a considerable role in addressing the effects of drought
and heat stress on maize. Extensive screening for abiotic stress tolerance in extra-early landrace
accessions of maize should be undertaken to unearth further sources of tolerance.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/3/318/s1,
Table S1: List of the 72 extra-early maize accessions evaluated for tolerance to drought, heat, and combined
drought and heat stress between 2017 and 2019 at Ikenne and Kadawa, Nigeria. Table S2: Genotypic and residual
variance, and broad-sense heritability estimates of grain yield (kg/ha) of individual trials. Table S3: Cluster means
(base index values and other secondary traits) of 72 extra-early maize accessions evaluated under non stress,
drought, heat stress, and combined drought and heat stress conditions between 2017 and 2019, in Nigeria. Table S4:
List of abbreviations and their explanations. Figure S1: Susceptible genotype (left) showing symptoms of leaf
firing and tassel blasting under drought stress at elevated temperature at Kadawa, Nigeria. Figure S2: Ear aspect
rating (plot basis) of extra-early maize accessions evaluated under heat stress conditions between 2017 and 2019 at
Kadawa, Nigeria.
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