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Genetic gain estimation in a breeding program provides an opportunity to monitor
breeding efficiency and genetic progress over a specific period. The present study
was conducted to (i) assess the genetic gains in grain yield of the early maturing
maize hybrids developed by the International Maize and Wheat Improvement Center
(CIMMYT) Southern African breeding program during the period 2000-2018 and (ii)
identify key agronomic traits contributing to the yield gains under various
management conditions. Seventy-two early maturing hybrids developed by
CIMMYT and three commercial checks were assessed under stress and non-stress
conditions across 68 environments in seven eastern and southern African countries
through the regional on-station trials. Genetic gain was estimated as the slope of the
regression of grain yield and other traits against the year of first testing of the hybrid
in the regional trial. The results showed highly significant (p< 0.01) annual grain yield
gains of 118, 63, 46, and 61 kg ha™* year™* under optimum, low N, managed drought,
and random stress conditions, respectively. The gains in grain yield realized in this
study under both stress and non-stress conditions were associated with
improvements in certain agronomic traits and resistance to major maize diseases.
The findings of this study clearly demonstrate the significant progress made in
developing productive and multiple stress-tolerant maize hybrids together with
other desirable agronomic attributes in CIMMYT's hybrid breeding program.
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Introduction

Maize (Zea mays L.) is a widely grown staple crop in Africa
covering nearly 42 million hectares (ha) that accounting for 21% of
the total global maize area. Africa’s total share of maize production,
however, is 97 million tons, accounting only for approximately 8%
of the world’s production (FAOSTAT, 2023). The crop is an
important source of calories and protein for the poor households
of Sub-Saharan Africa (SSA) (Shiferaw et al., 2011). Average annual
maize consumption in Africa is 44 kg per capita yr'', and it supplies
391 Kcal per capita day' and 10 g protein per capita day
(FAOSTAT, 2023). Maize consumption in Southern Africa is
higher than the other regions, with food supply of 87 kg per
capita yr'' that represents 757 Kcal per capita day' and 20 g
protein per capita day' (Shiferaw et al, 2011; FAOSTAT, 2023).
Worldwide maize yields must double by 2050 to meet future needs
(Ray et al., 2011). This will require an increase in the rate of yield
gain from 1.6% yr' to 2.4% yr'. From 1961 to 2021, maize
production in Africa increased from 16 million metric tons to 97
million metric tons (FAOSTAT, 2023). This is a 6-fold increase in
maize production across the continent. However, the increased
production was mainly attributed to expansion in the area under
maize production, as opposed to other regions of the world where
an increase in maize production is largely associated with increased
yields (Onyutha, 2019). Several studies indicated the potential of
increasing maize productivity in Africa beyond the current levels
through adoption of improved maize varieties and sustainable and
intensive farming options (Abate et al., 2017; Cairns et al., 2021;
Epule et al., 2022; Prasanna et al., 2022).

Low maize yield in most parts of Africa could be attributed to
various factors, including inadequate adoption of climate-resilient
varieties, suboptimal crop management, and environmental and
socioeconomic conditions (Shiferaw et al.,, 2011). Maize is mainly
grown with limited inputs under rainfed conditions by resource-
limited farmers, often under the threat of diseases and insect pests
(Mebratu et al,, 2019; Prasanna et al., 2021). Low soil nitrogen (N),
drought, and heat stress have long been recognized as the most
important maize production constraints in Africa (Binziger and
Diallo, 2004; Diallo et al., 2004; Béanziger et al., 2006; Weber et al.,
20125 Cairns et al,, 2013). Under smallholder farmer conditions,
these abiotic stresses can occur simultaneously, and their combined
effect can cause a significant yield reduction (Cairns et al., 2021;
Badu-Apraku et al, 2022). In addition to the inherent low soil

Abbreviations: AD, anthesis date; ANOVA, analysis of variance; ASI, anthesis—
silking interval; BHC, bad husk cover; BLUE, best linear unbiased estimate;
CIMMYT, International Maize and Wheat Improvement Center; CGIAR,
Consultative Group on International Agricultural Research; CR, common rust;
DH, doubled haploid; EH, ear height; EPP, ears per plant; ER, ear rot; ESA,
Eastern and Southern Africa; GLS, gray leaf spot; GY, grain yield; HI, harvest
index; IITA, International Institute for Tropical Agriculture; MSV, maize streak
virus; N, nitrogen; OPV, open pollinated variety; PA, plant aspect; PH, plant
height; REML, restricted maximum likelihood; RL, root lodging; SD, silking date;
SEN, senescence; SL, stalk lodging; SSA, Sub-Saharan Africa; TEX, texture; TLB,
Turcicum leaf blight.
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fertility, low N stress is also due to removal of crop residues for use
as animal feed and source of fuel, soil erosion/leaching, and poor
weed control by the farmers (Binziger et al., 2006). This situation
may be worsened due to unavailability, inaccessibility, and
unaffordability of fertilizers (Bonilla Cedrez et al., 2020). In
addition, rainfall uncertainties and rise in temperature associated
with climate change will further aggravate the intensity and
frequency of drought in SSA (Shiferaw et al., 2014), increasing the
vulnerability of smallholder farmers (Cairns et al., 2021). While
drought can affect maize at all stages of growth and development,
flowering and early grain-filling stages are the most sensitive, as
drought stress disrupts pollination and reduces grain filling and
kernel development (Binziger et al., 2006; Edmeades et al., 2017).
To alleviate the negative impacts of these stress factors, the
development and deployment of multiple stresstolerant maize
varieties are an important component of strategies to improve
food security and income of smallholder farmers who mainly
depend on maize for their livelihoods.

CIMMYT maize breeding programs in Eastern and Southern
Africa (ESA), in close collaboration with various public and private
sector institutions, have been engaged in the development and
deployment of multiple stress-tolerant varieties (Cairns and
Prasanna, 2018; Prasanna et al, 2021). Results of on-farm trials
under low input and drought stress conditions showed that new
stress-tolerant maize in ESA yields up to 25% more than the current
commercial varieties (Setimela et al., 2017). Moreover, the yield
potential of such varieties is not compromised under optimal
growing conditions in climatically good years (Setimela et al,
2017; Cairns and Prasanna, 2018).

Estimating the rate of genetic gain within a breeding program
provides an opportunity not only to monitor breeding efficiency
and genetic progress (Eriksson et al., 2018) but also to identify gaps
and steps toward improvement strategies for more effective
breeding programs (Lee and Tollenaar, 2007). Genetic trends can
be estimated using historical trial data or era studies, whereby
varieties released in different years are evaluated in common trials.
“Era studies” provide the most unbiased estimates of genetic gain
because they avoid differences in agronomic management or
climate variability that can confound the genetic trend. When
genetic trends are estimated using historical data, nongenetic
trends can only be analyzed for data that come from long-term
trials conducted across years. In historical data, time trends are
incorporated to show differences associated with historic variation
in climate and crop management practices. All of the studies that
dissected genetic gains into nongenetic and genetic components
used historical trial data (e.g., Mackay et al., 2011; Laidig et al., 2014;
Piepho et al., 2014; Laidig et al., 2017; Kumar et al., 2021; Laidig
et al,, 2021; Hartung et al., 2023; Rahman et al., 2023; Raymond
et al., 2023). Using historical data collected over at least 10 years,
these studies analyzed the contribution of genotypes (genetic trend)
and of the environments (nongenetic trends) to quantify the impact
of plant breeding and environmental factors to grain yield (GY)
improvement over time. In the era studies, varieties from different
years are tested in the same environment (e.g., optimal, managed
drought, managed low N, and random stress) and year,
management practices and time. This approach avoids differences
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in agronomic management or climate change confounding the
genetic trend (Duvick, 2005; Badu-Apraku et al.,, 2017; Rutkoski,
2019, Badu-Apraku et al., 2021; Badu-Apraku et al., 2022; Masuka
et al., 2017a, Masuka et al., 2017b; Liu et al., 2021; Asea et al., 2023).
An era study was used for the first quantification of genetic gain
within the maize breeding program in ESA at CIMMYT over the
period 2000-2010 (Masuka et al., 2017a). Genetic gains for GY in
the hybrid breeding program under optimal conditions, managed
drought, random drought, low N, and maize streak virus (MSV)
were estimated to have increased by 109.4 kgha™" yr™!, 32.5 kg ha™"
yr', 22.7 kg ha ' yr', 20.9 kg ha™! yr', and 141.3 kg ha ' yr’,
respectively. In the open pollinated variety (OPV) maize breeding
program, genetic gains for GY under optimal conditions, random
drought, low N, and MSV were estimated to have increased by 109.9
kgha' yr™, 29.2 kgha ' yr!, 84.8 kgha™' yr', and 192.9 kg ha™
yr~ " in the early-maturity group and 79.1 kg ha " yr™!, 42.3 kg ha™"
yr ', 53.0 kgha ' yr'!, and 108.7 kg ha™"' yr™" in the intermediate-
late maturity group (Masuka et al., 2017b). Using historical data
from 2013 to 2021, Prasanna et al. (2022) reported genetic trends
across CIMMYT’s tropical maize breeding pipelines globally. In the
early-maturity breeding pipeline for Southern Africa, genetic trends
were 138 kg ha™ yr' (1.99% yr'') under optimal conditions, 45 kg
ha™ yr' (2.13% yr'') under managed drought, and 108 kg ha™ yr™'
(2.87% yr'") under random stress. There was no significant trend in
GY under low N stress. Badu-Apraku et al. (2022) reported annual
genetic gains in GY of 75 kg ha™' yr ' (2.91%) and 55 kg ha™" yr'
(1.33%) under low- and high-N environments, respectively. Era
study conducted in Ethiopia showed genetic gain in GY of 62.26 kg
ha™' yr™' (1.24% yr ') in varieties released between 1973 and 2015;
however, this study combined varieties ranging from old OPVs to
new hybrids (Kebede et al, 2020). Asea et al. (2023) compared
genetic trends of National Agricultural Research Organization
(NARO)-Uganda, CIMMYT, and private seed companies’ hybrids
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droughtandlow N
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phenotyping network
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exchange
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released between 1999 and 2020 in Uganda and reported genetic
gains of 1.30% yr~' (59 kg ha™' yr™'), 1.98% yr~' (106 kg ha™" yr’,
and 1.71% yr' (79 kg ha™' yr™"), respectively.

The early-maturity white maize market segment accounts for
approximately 3.7 million hectares (M ha) in Southern Africa
(including Malawi, Mozambique, South Africa, Zambia, and
Zimbabwe), with an annual production of 5.0 million metric tons
(MMT) and an estimated value of US$ 1.12 billion (https://
ebs.excellenceinbreeding.org/wp-content/uploads/2023/03/MS-
publichtml). The market segment covers almost 2 million people
and is largely comprising female-headed households (Cairns et al.,
2022). The pipeline has undergone significant changes over the past
25 years (Figure 1). In 2006, increased donor investment allowed
the expansion of the abiotic phenotyping network and regional trial
network. In 2016, breeding pipelines moved from trait-based
(project-based) to genetic gain breeding and transitioned into
product profile by incorporating market intelligence. Over the
past decade, the early-maturity breeding pipeline was modernized
by wide adoption of electronic data capture (FieldBook), doubled
haploid (DH) technology, forward breeding for MSV and genomic
selection for GY under drought tolerance (Prasanna et al., 2021;
Prasanna et al., 2022).

Masuka et al. (2017a) previously estimated genetic trends in
southern Africa up to 2010; however, the newest hybrids in this
study were developed in 2006. Given the extensive changes made in
the CIMMYT Southern African early maize breeding pipeline over
the past decade, it is important to reevaluate genetic progress. Thus,
this study was conducted to (i) assess the genetic gains in GY of
early maturing maize hybrids developed during 2000-2018 by the
CIMMYT-Southern African early maturing maize breeding
program and (ii) identify key agronomic traits that have
contributed to the genetic progress of GY under various stress
and non-stress conditions.

Realignmentinto
product profiles
based on market

segmentation

StressTolerant Maize for
Africa (STMA) project

Establishment of
doubled haploid facility
inKiboko, Kenya

Expansion of on-
farm network

Routine
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genomicselection

and forward
breeding
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FieldBook (data
management system)

Expansion of
drought
screening
network
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for African Soils

(SADLF) and African Maize
Stress (AMS) projects

FIGURE 1

Key milestones in CIMMYT's Southern African early-maturity maize breeding pipeline over the past two decades.
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Materials and methods mixture of several uncontrolled stress conditions that have

happened intermittently at any stage during crop growing season
Germplasm affecting the yielding potential of the crop (Setimela et al.,, 2017;
Prasanna et al., 2022). Geographical locations, weather, and soil

An era panel was assembled from CIMMYT Southern African ~ Parameters of the test locations are described in Figure 2 and

early maturing maize breeding program (<70 days to anthesis under ~ Supplementary Table S All of the optimally managed and low

normal growing conditions at CIMMYT-Harare Breeding Station) soil N and random stress trials were implemented during the

between 2000 and 2018. The hybrids were selected based on superior ~ fespective main growing seasons of each country, whereas the

performance in the regional trials conducted across ESA and managed drought stress trials were conducted on-station during

organized by the year they were first tested in the regional trials. A the dry or winter seasons entirely under irrigation. Fertilizer rates

total of 75 hybrids, including 72 test hybrids and three benchmark ~ Were applied based on site-specific recommendations. The optimal

commercial check hybrids, were used in the study. The number of trial sites were managed through crop rotation and incorporation of

hybrids tested per year ranged from 2 to 4, except for 2014, 2016 residues to maintain good soil health. All low N trials were planted

2017, and 2018, where 5, 6, 6, and 7 hybrids, respectively, were 1 N-depleted plots and received no N fertilizer. Nitrogen depletion

included. Almost all of the hybrids tested were three-way crosses W3S achieved by continuously planting maize on the same plot for at

developed from fixed inbred lines that were generated through ~ least 5 years without N fertilizer application and by removing

pedigree breeding or DH technology. The inbred line parents were residues at harvest. Drought stress was induced by withholding

selected through a series of testcross performance across stress and ~ [ITigation 2 weeks ahead of anticipated flowering date through grain

non-stress conditions from Stage 1 to Stage 3 trials. In addition, per ~ Maturity. The targets of managed low N and drought stress

se performances of the lines were assessed for yield performance, ~ €XPeriments were to achieve 30%-40% of the average GY under
optimum management condition at the same location (Banziger
et al., 2000; Menkir et al., 2022). Random stress trials were planted

under rainfed conditions during the main growing seasons with

stress tolerance, and combining other desirable agronomic traits
during the process of line development as well as in organized inbred
line performance field trials. The breeding schemes adopted in
generating the inbred lines and hybrids used in this study were suboptimal management at locations often experiencing
described in detail by Prasanna et al. (2022). The three benchmark simultaneous occurrence of several biotic and abiotic stresses
commercial check hybrids used were SC403 (released in 1998), including drought, pests, and diseases (Setimela et al, 2017
SC513 (released in 1999), and Pan4l3 (released in 1998) that Prasanna et al., 2022). The hybrids were hand-planted in two-row
plots of 4.0 m long with spacing of 0.75 m between rows and 0.25 m

between plants and a final plant density of 53,333 plants ha™'.
Initially, two seeds per hill were sown and then thinned to one

represented early maturing hybrids widely grown in ESA.

Trial management seedling per hill 3 weeks after emergence. An alpha-lattice
experimental design was used with three replications per entry.

A total of 68 trials, each consisting of a complete set of 75
hybrids, were planted during 2018-2019 across seven ESA
countries, namely, Ethiopia, Kenya, Malawi, Mozambique, South Measurements
Africa, Zambia, and Zimbabwe (Table 1). The trials were conducted
at the experimental sites under management conditions that were Grain weight was measured from all of the shelled ears of
representative of the maize-growing ecologies of the SSA  each plot, and the percentage grain moisture content was
(Hartkamp et al., 2000). These included 32 optimal (well-watered  determined. GY was calculated from the grain weight, adjusted
and well-fertilized), 14 low N stress, nine managed drought stress, ~ to moisture content of 12.5%, and expressed in tons ha™". In the
and 13 environments that have undergone random stresses, low N and drought stress trials, data were collected from well-
including abiotic and biotic stresses (Table 1). Random stress is a  bordered plants by eliminating the plant nearest to the alley of

TABLE 1 Summary of test locations by country for different trial management conditions in the present study.

South

Management Ethiopia Kenya Malawi = Mozambique Africa Zambia Zimbabwe Total
Optimum 2 4 2 1 2 4 17 32
Low

nitrogen stress 2 2 2 1 2 1 4 14
Managed drought - 2 - - - - 7 9
Random stress 1 - - - - 6 6 13
Total 5 8 4 2 4 11 34 68

Frontiers in Plant Science 04 frontiersin.org


https://doi.org/10.3389/fpls.2023.1321308
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Tarekegne et al.

Sesonal rainfalltotal (mm) A Seasonal mean temp. (oC|
500 g <15
500-800 [ sor 7
[ 1800-1.000 o121
[ 1.000- 1,200 a0
36 20125
o2
—
d foea
{/ Uganda.
g -3
f 7
/
h
&
&
f

{

Nt

FIGURE 2
Spatial variability of (A) seasonal rainfall total (m

each row to avoid border effects. Days to anthesis (AD) and
silking (SD) were captured as the number of days from planting
to when 50% of the plants had shed pollen and silk emergence,
respectively. Anthesis-silking interval (ASI) was recorded as the
difference between SD and AD. Nearly 2 weeks after silking, the
averages of five representative plants were used to measure plant
(PH) and ear (EH) heights as the distance from the soil level to
the first tassel branch and the uppermost ear node, respectively.
Root lodging (RL) and stem lodging (SL) were recorded as
percentages of plants per plot that leaned more than 30° from
vertical and had stems broken below the node bearing the upper
ear, respectively. The number of ears per plant (EPP) was
obtained by dividing the total number of ears harvested by the
corresponding number of plants harvested. An ear was counted
when it had at least one fully developed grain. Kernel texture
(TEX) was rated using 1-5 scale, where 1 = flint and 5 = very
dent. Bad husk cover (BHC) was recorded as a percentage of ears
with exposed tips in a plot. Ear rot (ER) was expressed as a
percentage of rotten ears to the total number of ears harvested
per plot. Plant aspect (PA) was rated using a 1-5 scale as an
overall phenotypic appearance of the plants per plot using visual
assessment, where 1 = plots with uniform plants, good ear
placement, big cob size, and less disease incident, and 5 = very
poor overall appearance of the plants. Ear aspect (EA) was rated
on a 1-5 scale, where 1 indicates large, well-filled, clean, and
uniform ears, and 5 represents ears with undesirable
characteristics using visual assessment. Leaf senescence (SEN)
was scored for the low N and drought stress experiments on a
scale of 1-10, where 1 indicates less than 10% the leaf area dead,
and 10 indicates 100% dead leaf area (Binziger et al., 2000).
Harvest index (HI) was estimated at harvest as the ratio of GY to
total aboveground biomass expressed in percentages. Diseases
such as gray leaf spot (GLS), Turcicum leaf blight (TLB), and
common rust (CR) were recorded on a scale of 1-9, where 1 =
slight leaf infection and 9 = very severe leaf infection.
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m), (B) seasonal mean temperature (°C), and (C) soil texture in Eastern and Southern Africa regions
with overlay of testing sites and management conditions used for the study.

Statistical analyses

Analysis of variance (ANOVA) for individual environment was
carried out for GY and other traits using restricted maximum
likelihood (REML) approach (Alvarado et al.,, 2020).
Environments with heritability <0.2 were excluded from
combined analyses. The analyses were conducted across all trials
and separately for each management condition (optimal, low N,
managed drought, and random stress). In each of these
management conditions, site by year combinations were
considered as environments. Variance components and best
linear unbiased estimates (BLUEs) were determined for GY, other
agronomic traits, and disease scores using a linear mixed model,
treating test environment, replications, and incomplete blocks
within replications as random and hybrids as fixed effects.

Yijkl: u+ G1+E]+Rk(EJ)+B1(RkE])+GEl]+ Eijkl

where Y is the performance of the i hybrid at j
environment in the k™ replication of the 1™ incomplete block; w
is the overall mean; G; is the effect of the i'™ hybrid; E; is the effect of
the j™ environment; Ri(E)) is the effect of the k' replication in the

jth environment; By(RyE;) is the effect of It

incomplete block nested
into the k™ replication in the jth environment; GEij is the ijth hybrid
x environment interaction effect; and €y is the residual effect.
Broad sense heritability (H) for individual experiment with r

replications was calculated as follows:
2

2, &

O +%

Heritability for measured traits was estimated across each
management condition as follows:

2
Hza—g
0F + Ok + 62
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where &, represents hybrid variance, &, is the variance due to
hybrid by environment interactions, &e is the error variance, e is
the number of test environments, and r is the number of
replications within a test environment.

A multi-environment trial analysis (META-R) package in the R
software (Alvarado et al., 2020) was used to analyze phenotypic and
genetic correlation coefficients among pairs of stress and non-stress
environments. Adjusted mean GY and other measured traits of the
hybrids developed over the 19-year period were used to estimate the
genetic gain. As described by Khanna et al. (2022), the genetic gain
was estimated separately for the four management conditions, viz.,
(a) optimum, (b) low N stress, (c) managed drought stress, and (d)
random stress by regressing trait mean against the year of first testing
of the hybrid in the regional/advanced trial. Data from the
commercial checks were excluded from the regression analysis. The
genetic gain was represented by the regression coefficient (b value);
mean GY and other traits of the hybrid were dependent variables (y);
and the year of first testing of the hybrid was an independent variable
(x). A genetic gain was declared significant when the probability of
the regression coefficient was less than 0.05. The regression model
used for the estimation of genetic gain was as follows:

y,»P=a+in + £ip

where y;, represents the adjusted mean of the i™ genotype first
tested in p™ year, a is intercept, b is linear regression coefficient
(genetic gain expressed in t ha™'y™"), x; is year of first testing of the
hybrid in the regional/advanced trial, and €ip is experimental error
plus deviation from the regression model.

The genetic gain per annum was estimated by dividing the b
value as the numerator by the intercept as the denominator and
multiplied by hundred (Badu-Apraku et al., 2021) as follows:

b
ggyr = 2 x 100

where gg yr'' is genetic gain per year, b is linear regression
coefficient, and a is intercept.

The statistical method used for genetic gain analysis in this era
trial was selected based the genotypes studied and structure of the
data. In this trial, breeding materials from different years were
evaluated in a common set of environments that would overcome
the confounding effects of changes in agronomic practices or
climate change that cause nongenetic trends (Piepho et al., 2014;
Rutkoski, 2019; Kumar et al., 2021; Rahman et al., 2023). Thus, the
genetic trends in this dataset are due to breeding efforts, which can
be assessed based on the year a genotype first entered the
regional trial.

Results

Broad-sense heritability and
variance components

Across optimum management conditions, heritability among all of
the measured traits ranged from 0.13 for CR to 0.99 for AD, and most
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traits had high heritability of >0.60 except CR (Table 2). Under low N
stress, heritability among measured traits ranged from 0.25 to 0.96
(Table 3). Traits such as GY, AD, SD, ASL, PH, EH, and TEX had high
heritability ranging between 0.69 and 0.96, whereas the remaining traits
showed low to moderate heritability of 0.25 to 0.56. Similarly,
heritability under managed drought stress ranged from 0.22 for ASI
to 0.96 for AD (Table 4). Several traits assessed under this stress had
high heritability, except ASI (0.22), PA (0.49), and SL (0.40). Under
random stress condition, heritability ranged from 0.32 (EPP) to AD
(0.94). Most traits, including GY, AD, SD, PH, EH, TEX, and PA had
high heritability of >0.85 (Table 5). Overall, heritability values for most
traits were higher under optimum management conditions as
compared to stress environments. For instance, GY had the highest
heritability of 0.97 under optimum management, but heritability of
0.89, 0.88, and 0.84 under low N, managed drought, and random stress,
respectively. In each environment, GY heritability ranged from 0.42 to
0.92 with a mean of 0.70 under optimum environments. Under each
stress environment, heritability ranged from 0.20 to 0.73 (mean = 0.50),
0.56 to 0.79 (mean = 0.68), and 0.20 to 0.69 (mean = 0.46) under low N,
managed drought, and random stress, respectively.

The analyses of variance showed highly significant genotypic
(G), environment (E), and G x E interaction effects for most studied
traits under all management conditions, except for CR under
optimum, SL under low N, and EPP under random stress
environments (Tables 2-5). Variances due to environments were
higher under all management conditions followed by genotypic
variances, whereas G x E variances were very low. Across all trials,
variances due to E and G x E were significantly higher than G
variances, since the management conditions of the test
environments were distinctly different from each another
(Supplementary Table S2).

Performances of era hybrids

Mean, minimum, and maximum performances of all traits
measured under various management conditions were presented
in Tables 2-5 and Supplementary Table S3. Under optimum
management (Table 2), mean GY was 7.77 t ha!, with a range
between 5.73 and 9.59 t ha™'. Under low N stress conditions, GY
varied from 2.36 to 4.22 t ha'!, with a mean of 3.46 t ha* (Table 3).
Mean GY was 2.62 t ha'!, with a range of 1.90-3.27 t ha™" under
managed drought environments (Table 4). Across random stress
environments, GY ranged from 2.95 to 5.19 t ha’!, with a mean of
430tha™ (Table 5). Among agronomic traits, AD, SD, ASL, ER, and
percent of lodged plants increased under stress conditions as
compared to optimum management, while significant reduction
was observed in EPP under stress environments (Tables 2-5).

Effects of stress environments on
grain yield

The era hybrids had higher GY than the commercial checks
under all management conditions (Supplementary Figure S1). On
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TABLE 3 Means and genetic parameters for grain yield and other agronomic traits of early maturing maize hybrids evaluated under low nitrogen
stress across 13 environments in Eastern and Southern Africa.

Mean/
variance
Heritability | 0.88 096 091 0.69 0.94 092 0.56 025 0.86 038 036 049 0.48 032
o 0.18% | 500% | 506 | 024 | 9647 4LI12* | 634 266 0.15% | 7.84* 187 001 001  0.01*
Ol 008 | 146% 18 0357 | 1257 | 1228% | 671%* | 951 003 | 1891 | 224* 003 | 0.01*  0.04*
o 052 | 8414% | 36.16* | 102 | 81467  4312% | 0001 2601 | 029% | 23532 | 158  015% | 018%  024*
Ol 62 410 9.24 226 184.83 92.77 5662 93.25 042 100.08 3326 017 0.09 0.15
Mean 3.46 72.1 727 205 184.4 89.8 5.1 8.8 218 122 46 3.23 2.81 241
Minimum 236 67.1 66.5 0.75 1459 733 05 3.0 1.39 35 02 291 245 1.96
Maximum 422 77.0 77.7 375 200.9 105.1 213 214 314 236 10.8 37 35 297
LSD 0.45 1.33 1.98 094 7.06 554 634 8.24 0.44 10.19 513 035 037 049
cv 27 28 42 732 7.4 10.7 1467 110.1 296 817 1256 129 11 162
#Locs 12 13 10 10 13 12 5 5 7 4 4 6 3 3

*GY, grain yield (tha™); AD, days to anthesis (d); SD, days to silking (d); ASI, anthesis-silking interval (d); PH, plant height (cm); EH, Ear height (cm); RL, root lodging (%); SL, stalk lodging (%);
EPP, number of ears per plant; TEX, kernel texture (1-5); BHC, bad husk cover (%); ER, ear rot (%); HI, Harvest index (%); PA, plant aspect (1-5); EA, ear aspect (1-5); SEN, leaf senescence (1-

10). *, ** Significant at P < 0.05 and 0.01. respectively.

Under low N stress, significant (p< 0.05) changes in the
performance of hybrids were observed for RL, SL, TEX, and PA
but nonsignificant for all other traits (Table 7). Percent change in
RL and SL over the study period was -2.9% and -1.6%, respectively.
Kernel TEX score showed an annual increase of 1.5%, whereas PA
score decreased by 0.01 per year, denoting a yearly decrease of
0.40%. Under managed drought, regression analyses showed
significant changes in SL, EPP, and TEX only but not for the
other traits (Table 8). Annually, SL decreased by 1.6%, whereas EPP
and TEX increased by 0.40% and 0.53%, respectively. Under

random stress, only RL, SL, and TEX had significant regression
coefficient of -0.21, -0.12, and 0.03, representing relative annual
changes of -1.79%, -2.06%, and 1.20%, respectively.

Discussion

The current study was conducted to assess the genetic gains of
hybrids developed during a period of 19 years (2000-2018) by
CIMMYT-Southern Africa early-maturity white maize breeding

TABLE 4 Means and genetic parameters for grain yield and other agronomic traits of early maturing maize hybrids evaluated under managed drought
across nine environments in Eastern and Southern Africa.

Mean/ +
Variance i
Heritability 0.84 0.96 0.94 0.22 0.93 0.89 0.64 0.40 0.56 0.76 0.65 0.60 0.49 0.35 0.65
oy 0.11% | 4.07* 3.9 0.05% | 10155 | 6632 | 7.29% | 136%™ | 002 008" 556" | 1691 | 0.02* | 0.03  0.08"*
Oore 0.1 | 056% | 0.78% | 0.65* | 217 | 27.67° | 1564 | 552 | 0.03* | 0.04% | 441% | 1493* | 003" | 006" = 0.04*
o? 0.53% | 89.81* | 94.29% | 352 | 613.96"* | 3244 | 62.98% | 445 | 0.09% | 042  16™ | 47.25% | 078" | 0.00 = 3.84**
- 27 3.07 438 1.84 139.81 13235 4013 | 3297 | 001 017 2338 55.00 0.17 0.17 0.51
Mean 2.62 68.8 70.0 117 200.7 104.5 8.0 45 0.78 3.18 36 13.7 3.69 32 593
Minimum 1.90 62.0 624 0.97 160.9 83.9 4.6 33 0.70 2.55 12 8.5 3.50 2.95 5.26
Maximum 3.27 73.0 74.1 1.42 2215 119.4 17.5 6.6 0.83 3.66 10.3 325 3.90 3.54 6.58
LSD 0.4 1.35 1.53 0.56 8.34 8.00 4.67 2.55 0.08 0.39 3.96 7.45 0.26 0.4 0.48
cv 20 2.5 3 116.2 59 11 79.7 1283 | 142 127 134 54.1 111 12.9 12
#Locs 9 9 9 7 9 9 7 8 5 4 4 3 5 2 5

"GY, grain yield (t ha'); AD, days to anthesis (d); SD, days to silking (d); ASI, anthesis-silking interval (d); PH, plant height (cm); EH, ear height (cm); RL, root lodging (%); SL, stalk lodging (%);
EPP, number of ears per plant; TEX, kernel texture (1-5); BHC, bad husk cover (%); ER, ear rot (%); HI, harvest index (%); PA, plant aspect (1-5); EA, ear aspect (1-5); GLS, gray leaf spot (1-9);
CR, common rust (1-9); TLB, Turcicum leaf blight (1-9). **Significant at P< 0.01.
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TABLE 5 Means and genetic parameters for grain yield and other agronomic traits of early maturing maize hybrids evaluated under random stress
across nine environments in Eastern and Southern Africa.

Mean/variance = GY™* AD SD ASI PH EH RL SL EPP TEX | BHC ER EA
Heritability 0.89 0.94 0.93 0.71 0.91 0.91 0.55 0.51 0.32 0.92 0.51 0.45 0.65
0'5,2 0.24** 2.49** 2.45%* 0.17** 86.84** 51.07** 7.95%¢ 3.36%* 0.001 0.12** 5.93*%* 6.26* 0.02**
of,xe 0.06** 0.96** 0.87** 0.19** 21.53** 9.0* 20.28** 4.12%* 0.000 0.03** 11.73%* 2.80 0.04**
(')'e2 0.57** 35.96** 40.77** 0.34** 764.18** 427.83** 66.94** 3.33% 0.000 0.19** 16.9** 2.96 0.18**
Osid- 63 1.77 2.10 1.12 280.78 161.55 96.10 35.43 0.01 0.10 49.35 37.68 0.21
Mean 4.30 65.7 66.6 1.18 190.5 88.76 9.7 47 1.02 2.45 6.0 8.6 293
Minimum 2.95 61.3 61.9 0.36 153.3 69.9 14 0.8 0.86 1.72 1.0 1.6 2.60
Maximum 5.19 69.6 70.0 2.57 207.4 101.8 23.8 13.2 1.20 3.31 14.5 22.0 3.46
LSD 0.51 1.19 1.20 0.76 8.74 6.67 7.45 5.14 0.15 0.29 6.75 7.89 0.32
Ccv 18.5 2 2.2 89.2 8.8 14.3 101.2 127.6 11.7 12.8 118 71.6 15.6
#Locs 9 9 9 8 13 12 8 5 2 6 5 2 9

*GY, grain yield (t ha'); AD, days to anthesis (d); SD, days to silking (d); ASI, anthesis-silking interval (d); PH, plant height (cm); EH, ear height (cm); RL, root lodging (%); SL, stalk lodging (%);
EPP, number of ears per plant; TEX, kernel texture (1-5); BHC, bad husk cover (%); ER, ear rot (%); HI, harvest index (%); PA, plant aspect (1-5); EA, ear aspect (1-5); GLS, gray leaf spot (1-9);
CR, common rust (1-9); TLB, Turcicum leaf blight (1-9). *, ** Significant at P < 0.05 and 0.01. respectively.

program. Most measured traits had high broad-sense heritability = conditions. Similar to the current findings, Binziger et al. (1997)
(>0.60) under all management conditions, indicating that these  and Ertiro et al. (2022) reported 29% and 30%, respectively, less
traits are highly heritable and selection for improvement of the  heritability under low N as compared to optimum conditions.

traits would be effective. However, heritability values under stress Significant genotypic variances for GY and most measured
environments were lower than that of optimal, which attributed to  traits in both the stress and non-stress environments indicate the
high residual variances in the stress trials (Weber et al., 2012;  presence of considerable genetic variability among the era hybrids
Masuka et al., 2017a; Masuka et al, 2017b; Das et al, 2019). As  studied. This suggests that further genetic gains from selection can
shown in Tables 2-5, residual variances for GY under low N and  be achieved for improvements in GY and other studied traits under
managed drought stress were 2.9 and 4.7 times higher than genetic  the target environments. Significant environmental variances for
variances under the same management. Under optimum  almost all of the studied traits show that each test environment was
management and random stress conditions, however, residual  unique in identifying superior hybrids. The significant G x E
variances for the same trait were 2.4 times that of genetic  variances observed for GY and other traits under stress and
variance. The higher heritability of GY and other measured traits ~ optimal environments indicated inconsistent expression of the
under optimum conditions implied greater genetic variance under  traits and change in the ranking of the era hybrids across the test
optimum conditions compared to stress environments, suggesting  environments. This result signifies the need for extensive testing of
the efficiency of selection for these traits under optimum  the hybrids under different management conditions to identify

Low nitrogen stress Managed drought stress o
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- 25 0=)
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FIGURE 3
Mean grain yield and number of hybrids evaluated across contrasting environments in Eastern and Southern Africa during 2018-2019. Hybrids from
the years 1998 and 1999 are commercial checks.
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FIGURE 4

Mean grain yield (t ha™) of era hybrids evaluated under optimal, low N, managed drought, and random stress management conditions in trials

conducted in 2018 and 2019.

hybrids with consistent performance. Similar findings were
previously reported in an era study for maize hybrids evaluated in
West Africa under stress and non-stress environments (Badu-
Apraku et al., 2017; Badu-Apraku et al., 2022). Badu-Apraku
et al. (2017) indicated that the variable response of genotypes to
varying environmental conditions constitutes a major challenge in
the identification of superior maize hybrids for wide or narrow
adaptation. Thus, breeders need to devise a suitable breeding
strategy to identify elite multiple stress-tolerant hybrids with
stable performance across a targeted population of environments.

The hybrids used in this era study showed variable
performances as depicted by hybrid means and ranges of values

for various traits under stress and non-stress environments. Almost
all of the hybrids had higher GYs and other desirable traits than the
benchmark commercial check hybrids, indicating the potential for
identifying and commercializing new sets of hybrids with superior
performance over the commercial hybrids that were under
production in ESA when the era hybrids under study were
identified. Advantages of newly developed stress-tolerant hybrids
over the commercial check hybrids in GY and other desirable traits
have been previously reported by various investigators (Badu-
Apraku et al., 2017; Setimela et al, 2017; Worku et al., 2020;
Menkir et al., 2022). The era hybrids showed higher GY
advantage over the commercial checks under stress conditions

& Low Nitrogen “* Managed Drought

“® Optimal Management ® Random Stress

)

Grain Yield (t ha-1)
L ]

y=0.118x + 6.613
R?=0.636

y=0.061x + 3.720
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y =0.063x + 2.840
R?2=0.753

y =0.046x + 2.166
R?=0.598
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2010

FIGURE 5

2015
2020

Year

Genetic trends for grain yield in early maturing maize hybrids selected from 2000 to 2018. The hybrids were evaluated in Eastern and Southern
Africa regions during 2018 and 2019 under optimum, low nitrogen stress, managed drought stress, and random stress conditions.
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TABLE 6 Intercept, regression coefficients (b), relative genetic gain and coefficient of determination (R?) of grain yield, and other agronomic traits of
early maturing maize hybrids evaluated under optimum environments in Eastern and Southern Africa.

Trait abbreviation Intercept Rel(a%ti\;f_%ain R2 p-value  SE+b
Grain yield (t ha™) GY 6.61 0.1176 1.78 0.6359 0.0000 0.0106
Days to anthesis (d) AD 65.14 -0.0006 0.00 0.0000 0.9893 0.0439
Days to silking (d) SD 66.44 -0.0036 -0.01 0.0001 0.9288 0.0407
Anthesis-silking interval (d) ASI 1.19 0.0002 0.02 0.0000 0.9877 0.0127
Plant height (cm) PH 229.2 04177 0.18 0.0346 0.1176 0.2636
Ear height (cm) EH 116.4 0.1226 0.11 0.0048 05625 02107
Root lodging (%) RL 5.18 -0.1546 -2.98 0.1449 0.0008 0.0442
Stalk lodging (%) SL 541 -0.1353 -2.50 0.1607 0.0005 0.0370
Ears per plant (#) EPP 1.06 0.0024 0.23 0.0378 0.1019 0.0015
Kernel texture (1-5) TEX 233 0.0399 1.71 0.2097 0.0093 0.0094
Bad husk cover (%) BHC 5.80 0.0179 031 0.0010 0.7886 0.0665
Ear rot (%) ER 5.94 -0.0209 -0.35 0.0069 0.4880 0.0300
Harvest index (%) HI 4223 -0.0687 -0.16 0.0091 0.4258 0.0858
Plant aspect (1-5) PA 2.90 -0.0240 -0.83 0.2306 0.0000 0.0052
Ear aspect (1-5) EA 2.89 -0.0079 -0.27 0.0504 0.0580 0.0041
Gray leaf spot (1-9) GLS 4.04 -0.0514 -1.27 0.1363 0.0014 0.0155
Common rust (1-9) CR 244 -0.0074 -0.30 0.0216 02178 0.0060
Turcicum leaf blight (1-9) TLB 3.96 -0.0403 -1.02 0.1661 0.0004 0.0108

TABLE 7 Intercept, regression coefficients (b), relative genetic gain and coefficient of determination (R?) of grain yield, and other agronomic traits of
early maturing maize hybrids evaluated under low nitrogen stress environments in Eastern and Southern Africa.

Trait abbreviation Intercept I_Rele;tive_l R? p-value  SE+b
gain (% yr™)

Grain yield (t ha™) GY 2.84 0.0629 221 0.7529 0.0000 0.0043
Days to anthesis (d) AD 72.14 0.0004 0.00 0.0000 0.9931 0.0484
Days to silking (d) SD 72.56 0.0105 0.01 0.0006 0.8345 0.0501
Anthesis-silking interval (d) ASI 1.88 0.0131 0.70 0.0162 0.2866 0.0122
Plant height (cm) PH 181.0 03576 0.20 0.0411 0.0878 0.2066
Ear height (cm) EH 89.22 0.0700 0.08 0.0035 0.6222 0.1414
Root lodging (%) RL 727 -0.2097 -2.89 0.1217 0.0027 0.0673
Stalk lodging (%) SL 10.72 -0.1758 -1.64 0.0867 0.0120 0.0682
Kernel texture (1-5) TEX 1.87 0.0282 1.51 0.1509 0.0007 0.0080
Bad husk cover (%) HC 12.75 0.0599 0.47 0.0057 05288 0.0947
Ear rot (%) ER 3.61 0.0730 2.02 0.0393 0.0950 0.0432
Plant aspect (1-5) PA 322 -0.0003 -0.01 0.0001 0.9345 0.0033
Ear aspect (1-5) EA 292 -0.0116 -0.40 0.1461 0.0009 0.0033
Senescence (1-10) SEN 241 0.0004 0.02 0.0001 0.9360 0.0044
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TABLE 8 Intercept, regression coefficients (b), relative genetic gain and coefficient of determination (R?) of grain yield, and other agronomic traits of
early maturing maize hybrids evaluated under managed drought stress environments in Eastern and Southern Africa.

Trait abbreviation Intercept F_{ela;tive_l R® p-value  SE+b
gain (% yr™)

Grain yield (t ha™) GY 2.17 0.0462 2.133 0.5975 0.0000 0.0045
Days to anthesis (d) AD 68.55 0.0185 0.027 0.0025 0.6749 0.0439
Days to silking (d) SD 69.77 0.0208 0.030 0.0033 0.6309 0.0430
Anthesis-silking interval (d) ASI 1.02 0.0138 1.359 0.0254 0.1815 0.0102
Plant height (cm) PH 196.4 0.4124 0210 0.0498 0.0596 02154
Ear height (cm) EH 103.6 0.0933 0.090 0.0036 0.6142 0.1843
Root lodging (%) RL 8.87 -0.0842 -0.949 0.0191 0.2469 0.0722
Stalk lodging (%) SL 5.26 -0.0826 -1.569 0.0630 0.0335 0.0381
Ears per plant (#) EPP 0.75 0.0030 0.400 0.1014 0.0064 0.0011
Kernel texture (1-5) TEX 3.01 0.0159 0.529 0.0822 0.0146 0.0064
Bad husk cover (%) HC 3.15 0.0300 0.952 0.0035 0.6198 0.0602
Ear rot (%) ER 12.86 0.0191 0.148 0.0009 0.8057 0.0774
Plant aspect (1-5) PA 3.67 0.0007 0.019 0.0005 0.8573 0.0037
Ear aspect (1-5) EA 3.24 -0.0063 -0.194 0.0165 0.2816 0.0058
Senescence (1-10) SEN 6.06 -0.0096 -0.159 0.0264 0.1727 0.0070

(40%-41%) than under optimal environmental conditions (26%), (Banziger et al., 2000; Banziger et al., 2006; Setimela et al., 2017;
indicating the substantial progress made by CIMMYT, in  Worku et al, 2020; Prasanna et al., 2021; Prasanna et al., 2022).

collaboration with public and private sector institutions, in The yield reductions observed under the stress conditions used
improving tropical maize germplasm for stress tolerance. The  for this study, as compared to the optimal environments, were
improvement has been mainly attributed to increased stress  comparable to the 40%-60% average yield reductions reported by
tolerance, primary drought, and low soil fertility tolerance  Binziger et al. (2000) to characterize maize genotypes for stress

TABLE 9 Intercept, regression coefficients (b), relative genetic gain and coefficient of determination (R?) of grain yield, and other agronomic traits of
early maturing maize hybrids evaluated under random stress environments in Eastern and Southern Africa.

Trait abbreviation Intercept Relaotive_l R2 p-value  SE+b
gain (% yr™)

Grain yield (t ha™) GY 372 0.0608 1.635 0.5523 0.0000 0.0065
Days to anthesis (d) AD 65.73 -0.0018 -0.003 0.0000 0.9578 0.0348
Days to silking (d) SD 66.50 0.0111 0.017 0.0015 0.7479 0.0343
Anthesis-silking interval (d) ASI 1.03 0.0126 1.227 0.0216 02181 0.0101
Plant height (cm) PH 187.9 0.2694 0.143 0.0240 0.1938 0.2053
Ear height (cm) EH 88.35 0.0557 0.063 0.0017 0.7282 0.1597
Root lodging (%) RL 11.79 -0.2114 -1.793 0.0948 0.0085 0.0781
Stalk lodging (%) SL 5.92 -0.1220 -2.059 0.0697 0.0251 0.0533
Ears per plant (¥) EPP 1.02 0.0006 0.058 0.0031 0.6403 0.0013
Kernel texture (1-5) TEX 217 0.0260 1.198 0.1680 0.0003 0.0069
Bad husk cover (%) HC 4.60 0.1033 2243 0.0331 0.1261 0.0667
Ear rot (%) ER 7.83 0.0235 0.300 0.0021 0.7015 0.0610
Ear aspect (1-5) EA 2.90 0.0000 0.001 0.0000 0.9904 0.0035
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tolerance. Similar to the current findings, Setimela et al. (2017)
reported average GY reductions of 77%, 68%, and 54% under low N,
managed drought, and random stress as compared to optimum
management in regional yield trials conducted in ESA. Regional
collaborative yield trials conducted for 8 years in West Africa
showed that drought stress reduced average hybrid maize yields
by 54%-80% (Menkir et al., 2022). Variable levels of GY reductions
would be expected under managed and random stress conditions
depending on the intensity of stress under which the crop is grown
(Mebratu et al., 2019).

Comparative performances of the hybrids used in this study
relative to the commercial checks were assessed in the regional trials
conducted during 2000-2018. Commercial checks included in the
regional trials and in this era trial were the best available hybrids
widely grown in the ESA region. This study consisted of the best
hybrids selected from the regional trials, with GY advantages of at
least 10% or significantly better performance for other key traits as
compared to the mean of the commercial checks in the regional/
advanced trials. Prerelease maize hybrids selected based on regional
performance data are announced on the CIMMYT website
(www.cimmyt.org) for licensing by NARS and seed company
partners that will register and commercialize the selected hybrids.
Several hybrids from this era panel were registered and
commercialized in one or more countries. For example, hybrids
CZH1258, CZH142055, and CZH15467 (Supplementary Table S3)
were commercialized each in more than five countries with
different names.

Poor correlation of low N and managed drought stress
environments with other stress and non-stress environments
indicated that selection under one management condition for high
GY performance was less efficient than selection under the target
environmental condition. Therefore, maize breeding programs
targeting stress and non-stress production conditions in SSA
should include the desired selection environments to improve the
selection efficiency (Banziger et al, 1997; Ertiro et al., 2020). As
suggested by Binziger et al. (2006) and Weber et al. (2012), combined
evaluations across optimum management, low N, managed drought,
and random stress conditions might be of advantage for indirect
selection. A relatively strong association among optimum and
random stress environments (Supplementary Table S3) showed
that greater improvements under random stress were predicted for
direct selection and indirect selection under optimum
management conditions.

Significant genetic gains of 118 kgha ™' yr ™!, 63 kgha ' yr', 46
kg ha™' yr!, and 61 kg ha™' yr ' were observed for GY under
optimal, low N stress, managed drought stress, and random stress
conditions, respectively, in the CIMMYT Southern Africa early-
maturity breeding program over the past two decades. The yield
gains were higher than those of most studies previously reported
(Table 10). Particularly, higher genetic gain was observed under
optimal management and low N stress as compared to the reports of
Masuka et al. (2017a); Masuka et al., (2017b) and Prasanna et al.
(2022) on CIMMYT’s breeding pipelines in ESA. This is, in part,
due to the longer period this study covered, the methodology used,
and genotypes studied. In this study, era hybrids selected from the
southern African early maturing maize breeding pipeline regional
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TABLE 10 Estimates of genetic gain across various breeding programs under different management conditions.
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trials conducted from 2000 to 2018 were evaluated in common trials
across various management conditions. Prasanna et al. (2022) used
historical data from 2013 to 2021 regional hybrid trials to monitor
real-time genetic trends and provide a baseline for future
investments in tropical maize breeding. Masuka et al. (2017a)
evaluated era panel of 67 best-performing hybrids selected from
the regional trials of CIMMYT ESA maize breeding pipelines
conducted from 2000 to 2010 in eight locations across six
countries. These hybrids were drawn from various breeding
pipelines and were not disaggregated by maturity groups and
adaptation agroecology. Masuka et al. (2017b) documented
genetic gain for maize GY within the CIMMYT ESA OPV
breeding pipeline using varieties selected from regional trials over
a 12-year period (1999-2011).

Genetic gains in GY within CIMMYT’s Southern Africa early-
maturity maize breeding program are likely to be, in part, associated
with the significant donor investment over the past two decades.
The continued investment in the breeding program has allowed
expansion of the phenotyping network and use of innovative
breeding tools and technologies. Expansion of testing networks
from very few CIMMYT and NARS research stations in early 2000s
to diverse on-station testing environments across ESA has led to
improved selection accuracy for important traits. Some of the lines
and testers used to constitute the recent maize hybrids included in
this study were developed using DH technology, besides
introgression of drought-tolerant, disease-resistant, and expired
Plant Variety Protection (ex-PVP) temperate maize germplasm.

Although considerable gains in GY were observed in this study
under various management conditions, actual yield gain was higher

“'yr™") as compared to

under optimum management (118 kg ha
those of stress trials (46-63 kg ha™' yr™!). Percent annual yield
gains, on the other hand, were higher under low N (2.21% yr ') and
managed drought (2.13% yr™") stresses than those under optimum
management (1.78% yrfl) and random stress (1.64% yrfl)
environments, indicating that the hybrids selected for the study
had favorable alleles or allele combinations responsible for
increased GY under non-stress conditions. In this study, the
random stress environments consisted of seasonal drought, late
planting, low soil fertility, and weed infestation. These
environments accurately simulate the stress conditions
experienced by smallholder farmers in SSA (Masuka et al., 2017a).

The significant gains in GY realized in this study under both
stress and non-stress conditions were associated with improvements
in certain agronomic traits and resistance to major diseases (GLS and
TLB). Moreover, there was a significant reduction in SL and RL
across all environments (with the exception of RL under drought
stress). Both RL and SL are key traits used in the stage-gate
advancement of candidate hybrids within CIMMYT’s Southern
Africa early-maturity maize breeding program. Badu-Apraku et al,
2017; Badu-Apraku et al,, 2022) also reported that genetic gain in GY
was strongly associated with improved lodging resistance.

While the early-maturity maize market segment in Southern
Africa contains both flint and dent (except in Malawi), we found a
significant shift toward dent kernels. In Malawi, the market
demands flint maize varieties, and low market penetration of new
improved maize varieties was linked to the release of dent varieties
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(Lunduka et al., 2012). In most ESA countries, however, farmers
prefer maize varieties with semi-flint texture (Kassie et al., 2017;
Ekpa et al,, 2018). Flint maize varieties are resistant to storage pests
and provide higher flour output per unit of grain, while dent
textured grains are softer and can easily be pounded compared to
flint maize (Kassie et al., 2017). The shift toward dent kernel texture
was due to indirect selection for improved GY, since maize
genotypes with dent kernel texture tend to show higher GY than
flint genotypes (Tamagno et al, 2015). Tamagno et al. (2015)
observed that kernel number and weight were significantly higher
in dents when compared to those of flints. The trend toward
selection for dent type was also reported in the NARO (Uganda)
breeding program (Asea et al., 2023).

There was no change in EPP in this study except under drought
stress where the number of ears increased by 0.4% between 2000 and
2018. No significant change was observed in ASI since the hybrids
used in this study have already undergone at least three successive
stages of performance evaluation and selection under stress and non-
stress conditions. Badu-Apraku et al., 2021; Badu-Apraku et al.,
2022) also reported no change in ASI in early and extra early
maturing hybrids developed during 2008-2016. There were no
significant changes in DA and DS across environments. These are
to be expected since days to flowering as indicators of maturity are
key traits used in variety advancement and germplasm that falls
outside the range would not be selected. PH and EH were not
changed during the study period, indicating that the hybrids were
selected for stable plant stature that is tolerant to lodging. Several
reports on tropical maize germplasm indicated the lack of strong
association between gain in GY and change in other agronomic
traits, including maturity and plant stature (Badu-Apraku et al,
2021, Badu-Apraku et al., 2022; Masuka et al., 2017a). Masuka et al.
(2017a) argued that yield gain is not a function of an increase in the
length of the photosynthetic period associated with increased
maturity but rather a direct increase in tolerance to multiple
stresses and/or an increase in overall yield potential. Duvick (2005)
found no change in plant and ear heights in temperate germplasm
over 70 years. The results of the present study also showed no
significant changes in HI, which might be due to lack of direct
selection for the trait in the breeding process. Despite the importance
of HI for productivity, limited attention has been given to this trait in
tropical maize breeding. Ruiz et al. (2023) provided the most
comprehensive assessment of maize HI evolution over years of
commercial maize breeding programs of temperate germplasm.
The study indicated little or no increase in HI until the 1980s, but
in the last half-century, positive genetic gains were reported for HI.

Average N fertilizer use in maize production in SSA is estimated
at 17.9 kg N ha™", with fertilizer use often lower on female-managed
plots or within female-headed households (Jayne and Sanchez,
2021; Cairns et al., 2022). Using historical trial data between 2013
and 2021, Prasanna et al. (2022) found no significant yield gains
under low N stress in this pipeline. The period used by Prasanna
et al. (2022) covered the separation of the low N breeding pipeline
and subsequent merger with multiple stress-tolerant maize breeding
programs in ESA. The results from the present study suggest that
significant genetic gains are being made within the early-maturity
maize breeding pipeline in Southern Africa.
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Era trials that compare the performances of older and newer
cultivars in a common set of environments and management
conditions have been the most popular methods used to estimate
genetic gains attributable to the effects of plant breeding and
selection (Rutkoski, 2019). Several studies were conducted using
this approach (Duvick, 2005; Badu-Apraku et al.,, 2017; Masuka
et al., 2017a; Masuka et al., 2017b; Badu-Apraku et al., 2021; Badu-
Apraku et al., 2022; Menkir et al., 2022; Asea et al., 2023). Unlike the
use of historical data from long-term trials, the genetic gains
estimated using data from era trials are not confounded due to
nongenetic trends raising from change in agronomic practices and
increased climate variability (Piepho et al, 2014; Rutkoski, 2019;
Kumar et al,, 2021; Rahman et al., 2023). The results of this study
suggest that the gains observed in GY and other important traits of
CIMMYT’s early maturing maize hybrid breeding program were
associated with genetic improvement efforts.

Conclusions

Increased investment in hybrid maize breeding in Southern
Africa and a culture of continuous improvement over the past two
decades has resulted in significant genetic gains in GY across a
range of stress and non-stress environments. Gains were higher
than those reported by Masuka et al. (2017a); that study included
only candidate hybrids up to 2010 and did not coincide with
increased donor investment in stress-tolerant maize breeding in
Southern Africa through various projects (e.g, DTMA, WEMA,
IMAS, and STMA). Our results highlight that these investments
have translated into significant genetic gains in CIMMYT-Southern
African early-maturity maize breeding program. The study also
underscores the importance of smallholder farmers having access to
a steady stream of improved early maturing maize varieties adapted
to today’s climate. One of the commercial checks included in this
study (SC513) was released before the first candidate hybrid
included in this study; SC513 remained a market-dominant
hybrid over the past two decades. While absolute gains in
farmers’ fields could be lower than on-station yield levels, by
growing more recently released multiple stress-tolerant maize
varieties, smallholder farmers will have greater opportunity to
benefit from these gains and improve their food security,
climate adaptation, and livelihoods. Even small gains in GY on-
farm can have significant impact on the livelihoods of resource-
constrained smallholder farmers (Hansen et al, 2019; Lunduka
et al., 2019).

To realize sustainable progress in terms of genetic gains in the
maize breeding pipelines especially in the stress-prone tropical
environments, continuous investment is required. This will enable
integration of innovative breeding tools and technologies as well as
continued utilization of an expanded germplasm testing networks
in the relevant target population of environments to improve
selection efficiency. Genetic gains observed in on-station trials of
maize breeding pipelines need to be successfully translated into
gains on-farm through timely replacement of old and obsolete
hybrids with new and more productive genetics that can improve
the productivity of targeted farming communities.

Frontiers in Plant Science

15

10.3389/fpls.2023.1321308

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Author contributions

ATa: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Project administration, Supervision,
Validation, Visualization, Writing - original draft, Writing -
review & editing, Resources. DW: Data curation, Formal analysis,
Investigation, Methodology, Validation, Visualization, Writing -
original draft, Writing - review & editing. JC: Investigation,
Methodology, Validation, Visualization, Writing - review &
editing. MZ-A: Investigation, Methodology, Validation,
Visualization, Writing - review & editing. YB: Investigation,
Methodology, Resources, Validation, Visualization, Writing -
review & editing, Funding acquisition. DN: Investigation, Writing
- review & editing. ATe: Investigation, Methodology, Validation,
Visualization, Writing - review & editing. KT: Methodology,
Resources, Software, Visualization, Writing — review & editing.
M]J: Investigation, Writing — review & editing. BD: Data curation,
Investigation, Resources, Writing - review & editing. EN:
Investigation, Writing - review & editing. KS: Investigation,
Writing - review & editing. KK: Investigation, Writing - review
& editing. KM: Investigation, Writing — review & editing. NT:
Investigation, Writing — review & editing. XM: Writing - review &
editing. BP: Funding acquisition, Resources, Writing — review
& editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by the Bill & Melinda Gates Foundation, USAID,
and FFAR, through the project Accelerating Genetic Gains for
Maize and Wheat Improvement (B&KMGF Grant number INV-
003439) and the Bill & Melinda Gates Foundation and USAID
funded Project Stress Tolerant Maize for Africa (B&MGF grant
number OPP1134248). The CGIAR Research Program MAIZE also
contributed to the work reported in this study. MAIZE received
W1&W?2 support from the Governments of Australia, Belgium,
Canada, China, France, India, Japan, Korea, Mexico, Netherlands,
New Zealand, Norway, Sweden, Switzerland, U.K,, U.S,, and the
World Bank.

Acknowledgments

We thank all the partners in the public and private sector
institutions in the ESA, and CIMMYT researchers and technicians
for running the era trial network. We also acknowledge the

frontiersin.org


https://doi.org/10.3389/fpls.2023.1321308
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Tarekegne et al.

administrative staff at the CIMMYT-Zimbabwe office for
coordinating and distributing the seed shipments.

Conflict of interest

Author ATa, formerly employed by CIMMYT, is currently
employed by Zambia Seed Company Limited.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

Abate, T., Fisher, M., Abdoulaye, T., Kassie, G. T., Lunduka, R., Marenya, P.,
et al. (2017). Characteristics of maize cultivars in Africa: How modern are they and
how many do smallholder farmers grow? Agric. Food Secur. 6, 30. doi: 10.1186/s40066-
017-0108-6

Alvarado, G., Rodriguez, F., Pacheco, A., Burguenio, J., Crossa, J., Vargas, M., et al.
(2020). META-R: a software to analyze data from multi-environment plant breeding
trials. Crop J. 8, 745-756. doi: 10.1016/j.¢j.2020.03.010

Asea, G., Kwemoi, D. B., Sneller, C., Kasozi, C. L., Das, B., Musundire, L., et al.
(2023). Genetic trends for yield and key agronomic traits in pre-commercial and
commercial maize varieties between 2008 and 2020 in Uganda. Front. Plant Sci. 14.
doi: 10.3389/fpls.2023.1020667

Badu-Apraku, B., Fakorede, M. A. B., and Abubakar, A. M. (2022). Accelerated
Genetic Gains in Early-Maturing Maize Hybrids following Three Periods of Genetic
Enhancement for Grain Yield under Low and High Soil-Nitrogen Environments.
Plants. 11, 1208. doi: 10.3390/plants11091208

Badu-Apraku, B., Obisesan, O., Abiodun, A., and Obeng-Bio, E. (2021). Genetic
gains from selection for drought tolerance during three breeding periods in extra-early
maturing maize hybrids under drought and rainfed environments. Agron. 11, 831.
doi: 10.3390/agronomy11050831

Badu-Apraku, B., Yallou, C. G., Obeng-Antwi, K., Alidu, H., Talabi, A. O,
Annor, B, et al. (2017). Yield gains in extra- early maize cultivars of three breeding
eras under multiple environments. Agron. J. 109, 418-431. doi: 10.2134/agronj2016.
10.0566

Binziger, M., Betran, F. J., and Lafitte, H. R. (1997). Efficiency of high nitrogen
selection environments for improving maize for low-nitrogen target environments.
Crop Sci. 37, 1103-1109. doi: 10.2135/cropscil997.0011183X003700040013x

Binziger, M., and Diallo, A. O. (2004). “Integrated approaches to higher maize
productivity in the new millennium,” in Proceedings of the Seventh Eastern and
Southern Africa Regional Maize Conference, Nairobi, Kenya: CIMMYT (International
Maize and Wheat Improvement Center) and KARI (Kenya Agricultural Research
Institute). 89-194.

Bénziger, M., Edmeades, G. O., Beck, D., and Bellon, M. (2000). Breeding for drought

and nitrogen stress: From theory to practice (Mexico City: International Maize and
Wheat Improvement Center CIMMYT).

Binziger, M., Setimela, P. S., Hodson, D., and Vivek, B. (2006). Breeding for
improved abiotic stress tolerance in maize adapted to southern Africa. Agric. Water
Manage. 80, 212-224. doi: 10.1016/j.agwat.2005.07.014

Bonilla Cedrez, C., Chamberlin, J., Guo, Z., and Hijmans, R. J. (2020). Spatial
variation in fertilizer prices in Sub-Saharan Africa. PloS One 15 (1), e0227764.
doi: 10.1371/journal.pone.0227764

Cairns, J. E., Baudron, F., Hassall, K. L., Ndhlela, T., Nyagumbo, I., McGrath, S. P.,
et al. (2022). Revisiting strategies to incorporate gender-responsiveness into maize
breeding in southern Africa. Outlook Agric. 51, 178-186. doi: 10.1177/
00307270211045410

Frontiers in Plant Science

10.3389/fpls.2023.1321308

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1321308/

full#supplementary-material

SUPPLEMENTARY FIGURE 1

Percent grain yield (t ha™!) advantages of era hybrids over the mean of
benchmark commercial checks under optimal, low N, managed drought
and random stress environments in the era trials conducted in 2018 and 2019.

SUPPLEMENTARY FIGURE 2
Relative grain yield reduction (%) under stress environments as compared to
optimal management.

Cairns, J. E., Chamberlin, J., Rutsaert, P., Voss, R. C., Thokozile, N., and
Magorokosho, C. (2021). Challenges for sustainable maize production of smallholder
farmers in sub-Saharan Africa. J. Cereal Sci. 101, 103274. doi: 10.1016/j.jcs.2021.103274

Cairns, J. E.,, Crossa, J., Zaidi, P. H., Grudloyma, P., Sanchez, C., Araus, J. L., et al.
(2013). Identification of drought, heat, and combined drought and heat tolerant donors
in maize. Crop Sci. 53, 1335-1346. doi: 10.2135/cropsci2012.09.0545

Cairns, J. E., and Prasanna, B. M. (2018). Developing and deploying climate-resilient
maize varieties in the developing world. Curr. Opin. Plant Biol. 45, 226-230.
doi: 10.1016/§.pbi.2018.05.004

Das, B., Atlin, G. N,, Olsen, M., Burgueno, J., Tarekegne, A., Babu, R, et al. (2019).
Identification of donors for low-nitrogen stress with maize lethal necrosis (MLN)
tolerance for maize breeding in sub-Saharan Africa. Euphytica. 215, 80. doi: 10.1007/
s10681-019-2406-5

Diallo, A. O,, Kikafunda, J., Wolde, L., Odongo, O., Mduruma, Z. O., Chivatsi, W. S.,
et al. (2004). “Drought and low nitrogen tolerant hybrids for the moist mid-altitude
ecology of eastern Africa,” in 7th ESA Reg. Maize Conf, , 11-15 February 2001. 206-212.

Duvick, D. N. (2005). The contribution of breeding to yield advances in maize (Zea
mays L.). Adv. Agron. 86, 83-145. doi: 10.1016/S0065-2113(05)86002-X

Edmeades, G. O., Trevisan, W., Prasanna, B. M., and Campos, H. (2017). “Tropical
maize (Zea mays L.),” in In: genet. Improv. Trop. crops. (New York City: Springer), 57—
109. doi: 10.1007/978-3-319-59819-2_3

Ekpa, O., Palacios-Rojasb, N., Kruseman, G., Fogliano, V., and Linnemann, A. R.
(2018). Sub-Saharan African maize-based foods: Technological perspectives to increase
the food and nutrition security impacts of maize breeding programmes. Glob. Food Sec.
17, 48-56. doi: 1041016/j.gfs.2018403.007

Epule, T. E., Chehbouni, A., and Dhiba, D. (2022). Recent patterns in maize yield and
harvest area across africa. Agron. 12, 374. doi: 10.3390/agronomy12020374

Eriksson, D., Akoroda, M., Azmach, G., Labuschagne, M., Mahungu., N., and Ortiz,
R. (2018). Measuring the impact of plant breeding on sub-Saharan African staple crops.
Outlook Agric. 47, 163-180. doi: 10.1177/0030727018800723

Ertiro, B. T., Das, B., Kosgei, T., Tesfaye, A. T., Labuschagne, M. T., Worku, M., et al.
(2022). Relationship between grain yield and quality traits under optimum and low-
nitrogen stress environments in tropical maize. Agronomy 12 (2), 438. doi: 10.3390/
agronomy12020438

Ertiro, B. T., Olsen, M., Das, B., Gowda, M., and Labuschagne, M. (2020). Efficiency
of indirect selection for grain yield in maize (Zea mays L.) under low nitrogen
conditions through secondary traits under low nitrogen and grain yield under
optimum conditions. Euphytica. 216, 134. doi: 10.1007/s10681-020-02668-w

FAOSTAT. (2023) Statistical database of the Food and Agriculture of the United
Nations (Rome: FAO). Available at: https://www.fao.org/faostat/en/#data/QCL
(Accessed 29 August 2023).

Hansen, J., Hellin, J., Rosenstock, T., Fisher, E., Cairns, J., Stirling, C,, et al. (2019).
Climate risk management and rural poverty reduction. Agric. Syst. 172, 28-46.
doi: 10.1016/j.agsy.2018.01.019

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2023.1321308/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2023.1321308/full#supplementary-material
https://doi.org/10.1186/s40066-017-0108-6
https://doi.org/10.1186/s40066-017-0108-6
https://doi.org/10.1016/j.cj.2020.03.010
https://doi.org/10.3389/fpls.2023.1020667
https://doi.org/10.3390/plants11091208
https://doi.org/10.3390/agronomy11050831
https://doi.org/10.2134/agronj2016.10.0566
https://doi.org/10.2134/agronj2016.10.0566
https://doi.org/10.2135/cropsci1997.0011183X003700040013x
https://doi.org/10.1016/j.agwat.2005.07.014
https://doi.org/10.1371/journal.pone.0227764
https://doi.org/10.1177/00307270211045410
https://doi.org/10.1177/00307270211045410
https://doi.org/10.1016/j.jcs.2021.103274
https://doi.org/10.2135/cropsci2012.09.0545
https://doi.org/10.1016/j.pbi.2018.05.004
https://doi.org/10.1007/s10681-019-2406-5
https://doi.org/10.1007/s10681-019-2406-5
https://doi.org/10.1016/S0065-2113(05)86002-X
https://doi.org/10.1007/978-3-319-59819-2_3
https://doi.org/10.1016/j.gfs.2018.03.007
https://doi.org/10.3390/agronomy12020374
https://doi.org/10.1177/0030727018800723
https://doi.org/10.3390/agronomy12020438
https://doi.org/10.3390/agronomy12020438
https://doi.org/10.1007/s10681-020-02668-w
https://www.fao.org/faostat/en/#data/QCL
https://doi.org/10.1016/j.agsy.2018.01.019
https://doi.org/10.3389/fpls.2023.1321308
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Tarekegne et al.

Hartkamp, A. D., White, ]. W., Aguila, A. R, Banziger, M., Srinivasan, G., Granados,
G., et al. (2000). Maize production environments revisited: A GIS-based approach
(Mexico City: CIMMYT).

Hartung, J., Laidig, F., and Piepho, H. P. (2023). Effects of systematic data reduction
on trend estimation from German registration trials. Theor. Appl. Genet. 136, 21.
doi: 10.1186/s12284-022-00559-3

Jayne, T. S., and Sanchez, P. A. (2021). Agricultural productivity must improve in
sub-Saharan Africa. Sci. 372, 1045-1047. doi: 10.1126/science.abf5413

Kassie, G. T., Abdulai, A., Greene, W. H., Shiferaw, B., Abate, T., Tarekegne, A.,
etal. (2017). Modeling preference and willingness to pay for drought tolerance (DT)
in maize in rural Zimbabwe. World Dev. 94, 465-477. doi: 10.1016/
j.worlddev.2017.02.008

Kebede, M., Mekbib, F., Abakemal, D., and Bogale, G. (2020). Genetic gain of maize
(Zea mays L.) varieties in Ethiopia over 42 year- 2015). Afric. J. Agric. Res. 15, 419-430.
doi: 10.5897/AJAR2019.14564

Khanna, A., Anumalla, 1 M., Catolos, M., Bartholome, J., Fritsche-Neto, R., Platten, J.
D., et al. (2022). Genetic trends estimation in IRRIs ricedrought breeding program and
identification of high yielding drought-tolerant lines. Rice 15, 14. doi: 10.1186/512284-
022-00559-3

Kumar, A., Raman, A., Yadav, S., Verulkar, S. B, Mandal, N. P., Singh, O. N, et al.
(2021). Genetic gain for rice yield in rainfed environments in India. Field Crops Res.
260, 107977. doi: 10.1016/j.fcr.2020.107977

Laidig, F., Feike, T., Hadasch, S., Rentel, D., Klocke, B., Miedaner, T., et al. (2021).
Breeding progress of disease resistance and impact of disease severity under natural
infections in winter wheat variety trials. Theor. Appl. Genet. 134, 1281-1302.
doi: 10.1007/s00122-020-03728-4

Laidig, F., Piepho, H. P., Drobek, T., and Meyer, U. (2014). Genetic and non-genetic
long-term trends of 12 different crops in German official variety performance trials and
on-farm yield trends. Theor. Appl. Genet. 127, 2599-2617. doi: 10.1007/s00122-014-
2402-z

Laidig, F., Piepho, H. P., Rental, D., Drabik, T., Meyer, U., and Huesker, A. (2017).
Breeding progress, environmental variation and correlation of winter wheat yield and
quality traits in German official variety trials and on-farm during 1983-2014. Theor.
Appl. Genet. 130 (2017), 223-245. doi: 10.1007/s00122-016-2810-3

Lee, E. A, and Tollenaar, M. (2007). Physiological basis of successful breeding
strategies for maize grain yield. Crop Sci. 47, 202-215. doi: 10.2135/
cropsci2007.04.0010IPBS

Liu, G, Yang, H,, Xie, R, Yang, Y., Liu, W., Guo, X,, et al. (2021). Genetic gains in

maize yield and related traits for high-yielding cultivars released during 1980s to 2010s
in China. Field Crops Res. 270, 108223. doi: 10.1016/j.fcr.2021.108223

Lunduka, R., Fisher, M., and Snapp, S. (2012). Could farmer interest in a diversity of
seed attributes explain adoption plateaus for modern maize varieties in Malawi? Food
Policy. 37, 504-510. doi: 10.1016/j.foodpol.2012.05.001

Lunduka, R. W., Mateva, K. I., Magorokosho, C., and Manjeru, P. (2019). Impact of
adoption of drought-tolerant maize varieties on total maize production in southeastern
Zimbabwe. Clim Dev. 11, 35-46. doi: 10.1080/17565529.2017.1372269

Mackay, I, Horwell, A., Garner, J., White, J., McKee, J., and Philpott, H. (2011).
Reanalyses of the historical series of UK variety trials to quantify the contributions of
genetic and environmental factors to trends and variability in yield over time. Theor.
Appl. Genet. 122, 225-238. doi: 10.1007/s00122-010-1438-y

Masuka, B., Atlin, G. N., Olsen, M., Magorokosho, C., Labuschagne, M., Crossa, J.,
et al. (2017a). Gains in maize genetic improvement in Eastern and Southern Africa i)
CIMMYT hybrid breeding pipeline. Crop Sci. 57, 168-179. doi: 10.2135/
cropsci2016.05.0343

Masuka, B., Magorokosho, C., Olsen, M., Atlin, G. N., Binziger, M., Pixley, K., et al.
(2017b). Gains in maize genetic improvement in Eastern and Southern Africa ii)

Frontiers in Plant Science

17

10.3389/fpls.2023.1321308

CIMMYT open pollinated varieties (OPVs) breeding pipeline. Crop Sci. 57, 180-191.
doi: 10.2135/cropsci2016.05.0408

Mebratu, A., Wegary, D., Mohammed, W., Teklewold, A., and Tarekegne, A. (2019).
Genotype x Environment interaction of quality protein maize hybrids under
contrasting management conditions in eastern and southern africa. Crop Sci. 59,
1576-1589. doi: 10.2135/cropsci2018.12.0722

Menkir, A., Dieng, L., Meseka, S., Bossey, B., Mengesha, W., Muhyideen, O., et al.
(2022). Estimating genetic gains for tolerance to stress combinations in tropical maize
hybrids. Front. Genet. 13. doi: 10.3389/fgene.2022.1023318

Onyutha, C. (2019). African food insecurity in a changing climate: The roles of
science and policy. Food Energy Secur. 8, €00160. doi: 10.1002/fes3.160

Piepho, H. P., Laidig, F., Drobek, T., and Meyer, U. (2014). Dissecting genetic and
non-genetic sources of long-term yield trend in German official variety trials. Theor.
Appl. Genet. 127, 1009-1018. doi: 10.1007/s00122-014-2275-1

Prasanna, B. M., Burgueno, J., Beyene, Y., Makumbi, D., Asea, G., Woyengo, V., et al.
(2022). Genetic trends in CIMMYT’s tropical maize breeding pipelines. Sci. Rep. 12,
20110. doi: 10.1038/s41598-022-24536-4

Prasanna, B. M., Cairns, J. E., Zaidi, P. H., Beyene, Y., Makumbi, D., Gowda, M., et al.
(2021). Beat the stress: Breeding for climate resilience in maize for the tropical rainfed
environments. Theor. Appl. Genet. 134, 1729-1752. doi: 10.1007/s00122-021-03773-7

Rahman, N. M. F,, Malik, W. A, Shahjahan, K., Baten, M. A., Hossain, M. L, Paul, D.
N. R, et al. (2023). 50 years of rice breeding in Bangladesh: genetic yield trends. Theor.
Appl. Genet. 136, 18. doi: 10.1007/s00122-023-04260-x

Ray, D. K., Mueller, N. D., West, P. C,, and Foley, J. A. (2011). Yield trends are
insufficient to double global crop production by 2050. PloS One 8, ¢66428. doi: 10.1371/
journal.pone.0066428

Raymond, J., Mackay, I, Penfield, S., Lovett, A., Philpott, H., and Dorling, S. (2023).
Continuing genetic improvement and biases in genetic gain estimates revealed in historical
UK variety trials data. Field Crops Res. 302, 109086. doi: 10.1016/j.fcr.2023.109086

Ruiz, A., Trifunovic, S., Eudy, D. M,, Sciarresi, C. S., Baum, M., Danalatos, G. J. N,,
etal. (2023). Harvest index has increased over the last 50 years of maize breeding. Field
Crops Res. 300, 8991. doi: 10.1016/j.fcr.2023.108991

Rutkoski, J. E. (2019). A practical guide to genetic gain. Adv. Agron. 57, 217-249.
doi: 10.1016/bs.agron.2019.05.001

Setimela, P. S., Magorokosho, C., Lunduka, R., Gasura, E., Makumbi, D., Tarekegne,
A, etal. (2017). Onfarm yield gains with stress tolerant maize in Eastern and Southern
Africa. Agron. J. 109, 406-417. doi: 10.2134/agronj2015.0540

Shiferaw, B., Prasanna, B. M., Hellin, J., and Bénziger, M. (2011). Crops that feed the
world. 6. Past successes and future challenges to the role played by maize in global food
security. Food Secur. 3, 307-327. doi: 10.1007/s12571-011-0140-5

Shiferaw, B., Tesfaye, K., Kassie, M., Abate, T., Prasanna, B. M., and Menkir, A.
(2014). Managing vulnerability to drought and enhancing livelihood resilience in sub-
Saharan Africa: technological, institutional and policy options. Weather Clim.
Extremes. 3, 67-79. doi: 10.1016/j.wace.2014.04.004

Tamagno, S., Grecob, I. A., Almeidac, H., and Borras, L. (2015). Physiological
differences in yield related traits between flint and dent Argentinean commercial maize
genotypes. Europ. J. Agron. 68, 50-56. doi: 10.1016/j.¢ja.2015.04.001

Weber, V. S., Melchinger, A. E., Magorokosho, C., Makumbi, D., Binziger, B., and
Atlin, G. N. (2012). Efficiency of managed-stress screening of elite maize hybrids under
drought and low nitrogen for yield under rainfed conditions in southern Africa. Crop
Sci. 52, 1011-1020. doi: 10.2135/cropsci2011.09.0486

Worku, M., DeGroote, H., Munyua, B., Makumbi, D., Owino, F., Crossa, J., et al.
(2020). On-farm performance and farmers’ participatory assessment of new stress
tolerant maize hybrids in Eastern Africa. Field Crops Res. 246, 107693. doi: 10.1016/
j.£cr.2019.107693

frontiersin.org


https://doi.org/10.1186/s12284-022-00559-3
https://doi.org/10.1126/science.abf5413
https://doi.org/10.1016/j.worlddev.2017.02.008
https://doi.org/10.1016/j.worlddev.2017.02.008
https://doi.org/10.5897/AJAR2019.14564
https://doi.org/10.1186/s12284-022-00559-3
https://doi.org/10.1186/s12284-022-00559-3
https://doi.org/10.1016/j.fcr.2020.107977
https://doi.org/10.1007/s00122-020-03728-4
https://doi.org/10.1007/s00122-014-2402-z
https://doi.org/10.1007/s00122-014-2402-z
https://doi.org/10.1007/s00122-016-2810-3
https://doi.org/10.2135/cropsci2007.04.0010IPBS
https://doi.org/10.2135/cropsci2007.04.0010IPBS
https://doi.org/10.1016/j.fcr.2021.108223
https://doi.org/10.1016/j.foodpol.2012.05.001
https://doi.org/10.1080/17565529.2017.1372269
https://doi.org/10.1007/s00122-010-1438-y
https://doi.org/10.2135/cropsci2016.05.0343
https://doi.org/10.2135/cropsci2016.05.0343
https://doi.org/10.2135/cropsci2016.05.0408
https://doi.org/10.2135/cropsci2018.12.0722
https://doi.org/10.3389/fgene.2022.1023318
https://doi.org/10.1002/fes3.160
https://doi.org/10.1007/s00122-014-2275-1
https://doi.org/10.1038/s41598-022-24536-4
https://doi.org/10.1007/s00122-021-03773-7
https://doi.org/10.1007/s00122-023-04260-x
https://doi.org/10.1371/journal.pone.0066428
https://doi.org/10.1371/journal.pone.0066428
https://doi.org/10.1016/j.fcr.2023.109086
https://doi.org/10.1016/j.fcr.2023.108991
https://doi.org/10.1016/bs.agron.2019.05.001
https://doi.org/10.2134/agronj2015.0540
https://doi.org/10.1007/s12571-011-0140-5
https://doi.org/10.1016/j.wace.2014.04.004
https://doi.org/10.1016/j.eja.2015.04.001
https://doi.org/10.2135/cropsci2011.09.0486
https://doi.org/10.1016/j.fcr.2019.107693
https://doi.org/10.1016/j.fcr.2019.107693
https://doi.org/10.3389/fpls.2023.1321308
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Genetic gains in early maturing maize hybrids developed by the International Maize and Wheat Improvement Center in Southern Africa during 2000–2018
	Introduction
	Materials and methods
	Germplasm
	Trial management
	Measurements
	Statistical analyses

	Results
	Broad-sense heritability and variance components
	Performances of era hybrids
	Effects of stress environments on grain yield
	Genetic gains in grain yield and other measured traits under optimal and stress environments

	Discussion
	Conclusions
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest 
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


