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Abstract

Breeding for drought tolerance in plants is challenging because it is controlled by multiple genes. Grain yield, the trait of primary
interest in maize, is characterized by low heritability, high genotype by environment interaction, and low variation under drought
conditions, which further complicates selection. To circumvent these challenges, secondary traits that are highly correlated with
grain yield are indirectly selected under drought conditions. Although considerable success in terms of yield gains under drought
stress has been reported in both temperate and tropical maize breeding programmes, climate change exacerbated droughts
coupled with high population growth necessitates continuous improvement of maize varieties. Understanding the genetics of
associated secondary traits is essential in elucidating drought tolerance. The identification of quantitative trait loci (QTL) and
candidate genes conferring drought tolerance and the subsequent development of relevant molecular markers ushered in the era
of molecular assisted breeding. There is empirical evidence that marker-assisted selection and genomic selection have great
potential to increase the yield gains while comprehensive and accurate phenotyping using secondary traits remains the pillar of
drought tolerance breeding.
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Introduction

Maize (Zea mays L., 2n = 2x = 20) is one of the important breeding studies (Zia et al., 2013; Reynolds and Langridge,
crops in the world, particularly in Africa, where it is a 2016; Kondwakwenda et al., 2019). Phenotypic methods
common staple crop. However, climate change exacerbated range from the conventional low throughput manual-based
recurrent and episodic droughts are threatening maize to sophisticated high-throughput remote sensing-based
productivity and agriculture worldwide. This puts food methods (Badnziger et al., 2004; Makanza et al., 2018).
security at risk, especially in sub-Saharan Africa (SSA), where Molecular methods include the use of candidate genes (CGs)
maize is mostly grown by poorly resourced subsistence and quantitative trait loci (QTL) analysis (Nikoli¢ et al., 2012;
farmers under dryland conditions (Cairns et al., 2012). Xu et al.,, 2014). Biochemical based phenotyping methods
Genetic improvement of maize for drought tolerance have not been adequately explored for large scale drought
through breeding provides a sustainable means of tolerance phenotyping in maize despite wide application in
cushioning maize farmers from drought (Blum, 2011). It can other crops (Flexas et al., 2004).

reduce maize grain yield loss due to drought by 20-25% Despite all these challenges, drought tolerance breeding is
(Edmeades, 2013). However, drought tolerance is a complex quite an achievable task as evidenced by many drought-
trait that is controlled by many genes, each with minor tolerant maize cultivars released and considerably high
effects on the ultimate performance of the cultivar. Grain genetic gains reported under drought stress in both tropical
yield, which is the primary trait of interest has low variation and temperate environments (Abdulmalik et al., 2017;
and heritability under drought conditions (Banziger et al., Masuka et al., 2017a; Araus et al., 2018). However, empirical
2004). Drought tolerance is also greatly affected by evidence has shown that the rates of genetic gain and
genotype and environment interaction. These aspects cultivar turnover are inferior to what can be achieved by
complicate selection for drought tolerance. molecular assisted approaches (Beyene et al., 2019; Vivek et
To remedy the challenges of selecting for grain yield under al., 2017). Overall, great strides have been made in breeding
drought conditions, breeders indirectly select for secondary for drought tolerance maize in terms of genetic gains and
traits (Edmeades, 2013). Secondary traits constitute application of molecular assisted breeding approaches, but
morphological, physiological, and biochemical mechanisms the information is often reported in a disjointed manner.
of responding to water stress. Many phenotypic and Therefore, this review seeks to (i) consolidate and discuss
molecular-based methods of phenotyping maize for drought some of the key morpho-physiological and biochemical traits
tolerance have been developed and applied in many that are applicable for drought tolerance breeding in maize
drought tolerance (ii) highlight some of the modern breeding strategies
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appropriate to drought tolerance improvement in maize and
(iii) compile some of the latest yield genetic gains reported
in maize breeding for drought tolerance under drought
stress conditions focusing on tropical and subtropical SSA.

Effects of drought on maize plant

Drought disturbs the water status of the soil, plant, and
atmosphere continuum (SPAC), disrupting the physiological,
morphological, and biochemical processes of crops at a cell,
tissue and whole plant levels. In severe cases, drought stress
can trigger remobilisation of stem reserves, causing xylem
embolism and cavitation, which in turn leads to premature
and excessive stem and root lodging (Cochard, 2002).
Drought can affect maize plants at any stage of growth. At
seedling stages, drought affects plant establishment while at
the reproductive stage it can cause poor fertilization and
grain filling. Different genotypes react to drought stress in
different manners and intensities, which allows breeders to
make selections.

Ideal secondary traits in maize breeding for drought
tolerance

Given the poor heritability and lack of genetic yield variation
under drought stress, morpho-physiological and biochemical
traits can be selected during drought tolerance breeding
(Edmeades, 2013). An ideal trait should be highly correlated
to grain yield, have high genetic variation, highly heritable,
easy and cheap to measure, and be stable during the data
collection period. The following subsections discuss some of
the key morpho-physiological and biochemical traits that can
be used as proxies for grain yield when selecting maize for
drought tolerance. Table 1 shows some of the secondary
traits associated with drought tolerance and their respective
level of heritability and correlation to grain yield.

Anthesis-silking interval and number of ears per plant
Anthesis-silking interval (ASI) and the number of ears per
plant (EPP) are the most applicable and utilised traits in
breeding maize for drought tolerance (Betran et al., 2003;
Badu-Apraku et al., 2012; Bolafios and Edmeades, 1996).
Anthesis-silking interval is the difference between the
number of days to silking and anthesis, while EPP is the
number of ears with at least one fully developed grain
divided by the number of harvested plants in a plot
(Banziger et al., 2004). Anthesis-silking interval determines
the pollen-silk synchronisation which is a critical aspect in
maize hybrid development (Bolafios and Edmeades, 1996).
Unlike grain yield, the heritability and variation of ASI do not
decrease under drought stress but remain stable or even
increase in some occasions (Bolafios and Edmeades, 1996).
Moderate to high correlation coefficient values of -0.6 and
-0.9 between GY, and ASI and EPP, respectively, have been
reported under drought conditions (Bolafios and Edmeades,
1996). Thus, genotypes with reduced or negative ASI and
high EPP should be selected under drought conditions
(Banzinger et al., 2000). Indirect selection for GY via ASI and
EPP has been the cornerstone of many successful drought
tolerance breeding programs in both tropical and temperate
environments (Bolafios and Edmeades, 1996; Magorogosho
et al.,, 2003; Campos et al., 2004; Beyene et al., 2016). In
their review Ribaut et al. (2009) ranked ASI and EPP as best
drought tolerance associated traits with high heritability and
correlation values with grain yield, requiring less time and
cost for data collection.
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Stay green

Stay green or delayed leaf senescence refers to reduced
cell/tissue death under environmental stress factors such as
drought. Loss of chlorophyll and progressive reduction in
photosynthetic capacity are the typical symptoms of leaf
senescence (Tao et al., 2000). It is a post-anthesis trait,
which should be measured during the grain-filling period. At
the whole plant level, senescence reduces the receptiveness
of silk and the viability of pollen, which can then result in
poor fertilisation (Bassetti and Westgate, 1993). It is
genetically controlled and exhibits a considerably high
positive correlation with grain yield under drought
conditions in maize (Banziger et al., 2004; Zheng et al.,
2009). Therefore, genotypes that exhibit delayed senescence
should be selected under drought stress conditions by
visually scoring during the grain filling stage. However,
caution should be taken when scoring for a stay-green trait
as other factors such as soil fertility status, especially
nitrogen content can have confounding effects on the stay-
green trait (Borrell et al., 2001; Subedi and Ma, 2005).
Delayed plant senescence has also been linked to stem and
root lodging resistance (Belicuas et al., 2014).

Stomatal conductance and leaf rolling

Plants respond to drought stress by closing the stomata and
rolling their leaves. Reduced stomatal conductance under
drought stress reduces xylem embolism and cavitation,
which then increases maize survival (Cochard, 2002). The
rate of stomatal closure and level of leaf rolling during
drought stress varies genetically among different maize
genotypes, which makes room for selection. Drought
tolerant genotypes exhibit lower stomatal conductance,
which is associated with increased leaf temperature and
reduced water loss (Khan et al.,, 2007; Araus et al., 2012).
Heritability ranges of stomatal conductance in maize under
drought conditions are not well established. The ability of a
plant to adjust osmotically when drought stress sets in
determines the level of leaf rolling in which plants with high
osmotic adjustment exhibit less leaf rolling and vice versa for
those that exhibit high leaf rolling. Thus, genotypes with
reduced leaf rolling should be earmarked as drought-
tolerant candidates (Kadioglu and Terzi, 2007).

Root characteristics

The maize root system is made up of embryogenic and
postembryonic roots (Hochholdinger, 2009). The embryonic
root system consists of single primary and seminal roots that
are formed during embryogenesis and are responsible for
water and nutrient uptake during the seedling stage of a
maize plant. Hochholdinger, (2009) reported genetic
variation in seminal roots, an indication that they can be
used for selection in maize breeding. The postembryonic
root system is composed of shoot borne and lateral roots
that are responsible for water and nutrient transmission
during the post seedling stage of a plant (Wang et al., 1995).
The life span of the embryogenic root system varies among
maize of different genetic backgrounds, which can also be
the basis of selecting genotypes for drought tolerance. In
some genotypes, it becomes obsolete with the emergence of
the postembryonic root systems, while with others, it can
remain functional throughout the life cycle of a plant
supporting the postembryogenic roots. However, there is a
need to establish the correlation of these traits with grain
yield to justify their application in drought tolerance
breeding. In their study of rooting depth and water use



efficiency, Hund et al. (2009) found out that deep root
system coupled with high water use efficiency (WUE) can
enhance drought tolerance in maize.

Despite the importance of root characteristics in breeding
for maize drought tolerance, there is a scarcity of
information about their heritability levels. One of the major
limitations of using the root structure as a trait for selection
had been the difficulty in measuring non-destructively.
Lately, root capacitance meters have been introduced to
measure root parameters without uprooting the plants, but
they are too expensive for most of the under-resourced
maize breeding programs, especially in developing countries
(Messmer et al., 2011).

Abscisic acid and proline content

Drought stress causes cell osmotic adjustments increasing
stress signaling hormones and key enzymes under drought
(Yang et al., 2010; Shakeel et al., 2011). Abscisic acid (ABA)
and proline accumulation are some of the notable
biomolecules that are associated with drought response in
plants. Abscisic acid induces stomatal closure, growth
reduction, and is responsible for maintaining root elongation
at low water potential (Ober and Sharp, 1994; Jovanovic et
al., 2000). It is also involved in the transcription and
translation of several ABA-responsive genes, which are
involved in plant water stress management (Obata and
Fernie, 2012). Proline is an amino acid that plays an
osmoregulatory role in plants exposed to drought
conditions. Both ABA and proline content have been shown
to increase with an increase in drought stress in most plants,
including maize (Kondwakwenda et al. 2019). Hong-Bo et al.
(2006) reported correlations between proline content and
soil water stress threshold in their wheat drought tolerance
study. In another study with rice, Vajrabhaya et al. (2001)
observed a significant accumulation of proline in the leaves.
In another study, Zegaoui et al. (2017) reported significant
variation in proline accumulation among cowpea genotypes
under drought conditions. Given these findings, the
accumulation of proline under stress is linked with stress
tolerance in many plant species. Although several studies
have been done on proline accumulation under drought
stress in other plants, its suitability for large scale drought
tolerance selection in maize is worth investigating. Thus,
there is a need to establish its expected heritability range
and correlation level with maize grain yield under drought.

It is important to note that the ultimate criteria for selecting
drought-tolerant candidate genotypes should not be based
on a single trait but rather a set of ideal traits computed
using tolerance indices (Banzinger et al., 2000; Blum, 2011).

Genetics of maize drought tolerance

Understanding the genetics of morpho-physiological and
biochemical traits is vital in elucidating drought tolerance.
Drought is a complex quantitative trait; therefore, its
genetics is reported in terms of quantitative trait loci (QTLs)
and candidate genes (Tsonev et al., 2009; Xu et al., 2014;
Zhao et al., 2018). Following the advent of QTL mapping
tools such as linkage and association mapping, several QTLs
encoding for some of the key drought tolerance related
morpho-physiological traits have been identified in maize
and other major crops such as maize, rice, and wheat. For
instance, QTLs for maize grain yield and yield components,
ASI, root structure, stay green, leaf ABA among others have
been reported (Landi et al., 2007; Hund et al.,, 2011;
Messmer et al., 2011; Almeida et al., 2014).
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Despite tremendous strides in QTL studies for drought
tolerance improvement in maize, there is still a great
challenge of identifying major and stable QTLs. Most QTLs
reported are minor QTLs accounting for less than 10% of the
phenotypic variation (Sehgal and Yadav, 2009; Mir et al.,
2012; Shikha et al., 2017). Also, QTLs identified using given
populations and environments may not be detected using
different genotypes and environments, making it difficult for
breeders to use the QTL in developing different populations
(Hao et al., 2010). Modern technologies such as next-
generation sequencing (NGS) technologies have become
instrumental in identifying candidate genes underlying
drought tolerance QTLs in major crops like maize.

Candidate genes confer drought tolerance through specific
processes like encoding for proteins that are involved in cell
protection under drought stress and regulate other genes
participating in drought response (Mir et al., 2012).
Pyrroline-5-carboxylate synthetase (P5CS) is a typical
example of such genes. It is responsible for the enhanced
accumulation of proline, which in turn causes osmo-
tolerance (Sun et al.,, 2016). NADP-malic (NADP-Me) is
another gene, which is overexpressed to reduce stomatal
conductance under drought stress (Cattivelli et al., 2008).
Some other candidate genes are the DREBs which encode
the dehydration-responsive-element-binding proteins, which
are stress-induced transcription factors that trigger the
expression of downstream stress-related genes that confer
drought tolerance (Cattivelli et al., 2008; Sehgal and Yadav,
2009).

Knowledge of candidate genes encoding for drought
tolerance is useful for understanding drought tolerance and
can be utilised in developing drought-tolerant maize
cultivars through marker assisted selection (MAS, Mir et al.,
2012). Identification of candidate genes and their
subsequent validation enables the application of genetic
engineering techniques in drought tolerance improvement.
This area is still in its infancy in most developing countries
due to a lack of supportive policies. Many drought-tolerance
candidate genes have been identified (Ribaut et al., 2009;
Sehgal and Yadav, 2009; Hao et al., 2010).

Morden breeding approaches for drought tolerance in
maize

The identification of major and stable quantitative trait loci
(QTL) conferring drought tolerance and the subsequent
development of relevant molecular markers ushered in the
era of molecular assisted breeding (Cerrudo et al., 2018).
Major advantages of molecular assisted over exclusive
conventional approaches include reduced breeding cycles
and less dependence on environmental conditions. This
speeds up the variety development process and increases
variety turnover. The following sections discuss some of the
molecular breeding approaches that can be applied in
drought tolerance breeding in maize and the reported
successes.

Marker-assisted backcrossing

Marker-assisted backcrossing (MABC) for drought tolerance
improvement involves the introgression of validated
drought-tolerant major QTL by crossing a confirmed drought
tolerant donor with a commercially adopted less or non-
drought tolerant recipient inbred line for several generations



Table 1. morpho-physiological traits that are key in maize drought tolerance breeding, their level of heritability, and their relationship with grain yield under drought stress.

Trait Heritability Correlation with grain Selection References
yield
Anthesis silking interval Medium-high High Short ASI (Luetal., 2011)
Number of ears per plant High High Many ears per plant (Banzinger et al., 2000; Ribaut et al., 2009)
Plant height Medium Medium Short plants (Betran et al., 2003)
Stay green/ leaf senescence Medium Medium Delayed leaf senescence (Borrell et al., 2001)
Leaf rolling Medium to high Medium to low Unrolled leaves (Banzinger et al., 2000)
Stomatal conductance ... Medium to high Lower stomatal conductance (Cochard, 2002)
Tassel size Medium to high Medium Smaller tassel with fewer branches (Ribaut et al., 2009)
Root structure L. High Deep roots (Hochholdinger, 2009; Hund et al., 2009)
A0 . Higher A180 (Cabrera Bosquet et al., 2009)

Broad sense heritability classes are: 0 — 30% (low), 30 — 60% (moderate), and = 60% (high) according to Robinson et al., (1949). Correlation classes: + 0.9 to + 1.00 (very high), £
0.7 to £ 0.9 (high), £ 0.5 to £ 0.7 (medium), £ 0.3 to + 0.5 (low) and £ 0.00 to + 0.3 (negligible) according to Mukaka (2012).

Table 2. Some of the latest yield genetic gains reported under drought stress conditions for tropical maize.

Rate of yield increase Cultivar Targeted trait(s) Environment Reference

51 kghalyr? Hybrid GY, ASI Managed drought (Beyene et al., 2016)
118 kghalyr! Hybrid GY, ASI, PH Managed drought (Bankole et al., 2017)
163 kghalyr?! Hybrid GY, ASI, SEN Managed drought (Abdulmalik et al., 2017)
32.5 kghalyrt Hybrid GY, ASI, PH Managed drought (Masuka et al., 2017a)
22.7kghatyrt Hybrid ASl, GY, PH Random drought (Masuka et al., 2017a)
29.2 kg halyr? OoPV GY, ASI, PH Random drought (Masuka et al., 2017b)

GY- grain yield, ASI — anthesis silking interval, PH — Plant height, SEN — Leaf senescence.
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accompanied by marker-assisted selection (MAS) at every
generation. This approach is ideal in the case of major QTLs
as the one reported by Landi et al. (2007) of a root-ABA1
QTL responsible for root ABA production under drought
stress, which resulted in high leaf ABA accumulation in the
recipient cultivar under drought stress condition. Ribaut and
Ragot, (2007) improved the drought tolerance of inbred line
(CML287) by introgressing five QTLs responsible for yield
components and anthesis-silking intervals under drought
stress conditions. One of CIMMYT’s popular drought-
tolerant line CML247 was developed using MABC (Xu et al.,
2009).

Marker-assisted recurrent selection

Marker-assisted recurrent selection (MARS) involves a series
of intermating accompanied by MAS at every cycle (Tester
and Langridge, 2010). Lately, this method has been applied
in many maize drought tolerance breeding programmes
(Beyene et al., 2016; Abdulmalik et al., 2017; Bankole et al.,
2017). In comparison to MABC, MARS has the advantage of
increasing the frequency of other favorable alleles in
addition to the targeted alleles into the advanced population
as both intermated parents are selected for favorable
alleles. A typical example of this scenario was reported by
Abdulmalik et al. (2017) when they improved a maize
population for both drought tolerance and Striga
hermonthica resistance after three recurrent cycles. In
another study, Bankole et al. (2017) reported a genetic gain
of 7% per cycle of MARS under drought conditions.

Genomic selection

Genomic selection (GS) is one of the most recent molecular-
based selection methods that are suitable for complex
guantitative traits such as drought tolerance. It is based on
the prediction of the genomic estimated breeding values
(GEBV) of the selection candidates that have genotypic data
but lack phenotypic information. Prediction is made using
models that are developed using phenotypic and genotypic
data of breeding materials that referred to as the training
population (Newell & Jannink, 2014). Thus, GS differs from
other MAS approaches because of its predictive function. To
increase the accuracy and efficiency of GS, high-density
markers distributed throughout the whole genome should
be used. Hence, it is encouraged to use genotyping-by-
sequencing (GBS) to genotype the breeding materials. As the
cost of genotyping falling GS is becoming more ideal as it
reduces both the cost and time of phenotyping the selection
candidates. One of the main advantages of GS over marker-
assisted selection when breeding for drought tolerance is
that it encompasses both minor and major marker effects
(Meuwissen et al.,, 2001; Prasanna et al., 2020). In this
regard, GS accounts for more genetic variation for a given
trait than marker-assisted selection.

The applicability of GS to breeding was first proved in cattle
(Prasanna et al., 2020; VanRaden et al., 2009) and lately in
crops (Asoro et al., 2011; Beyene et al., 2019; Lorenz et al.,
2012). Genomic selection was found to be superior to MAS
for selecting grain yield and physiological traits under
drought stress conditions by Cerrudo et al. (2018). In a
comparative study Beyene et al., 2019 found out GS and
conventional phenotypic selected candidate genotypes with
similar yield performance under drought and optimum
condition by the cost of GS were lower.
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Drought tolerance breeding progress in the tropics

A lot of financial resources have been channelled into
tropical and sub-tropical maize drought tolerance
improvement projects in both public and private sectors
(Banziger et al., 2004; Campos et al., 2004). This has seen
several drought-tolerant maize lines and cultivars being
developed and released worldwide in the form of open-
pollinated varieties (OPVs) and hybrids (Anami et al., 2009;
Edmeades, 2013). In SSA, for example, major projects
focusing on drought tolerance maize improvement were
recently undertaken under the auspices of Drought Tolerant
Maize (DTMA), Water use Efficient Maize for Africa (WEMA),
and lately the Stress Tolerant Maize (STM).

Considerable success has been reported in terms of yield
genetic gains under both drought stress and non-drought
stress conditions through the improvement of one or more
morpho-physiological traits using conventional, molecular-
assisted, and transgenic breeding methods (Table 2).

Conclusion

Considerable progress has been made in breeding maize for
drought tolerance. However, there is no room for slowing
down the efforts given the predicted increases in maize
demand due to high population growth amidst increased
drought frequency and intensity due to climate change.
Marker-assisted  breeding, genomics, and genetic
engineering are proving to be useful tools in boosting maize
genetic gains under drought conditions. Comprehensive
phenotyping using secondary traits remains the cornerstone
of successful drought tolerance breeding. Thus, there is a
need for alternative low-cost high-throughput phenotyping
technologies primarily for the poorly resourced breeding
programmes in developing countries. Further studies should
also focus on identifying new traits associated with drought
tolerance in maize to increase the efficiency of phenotyping,
especially those related to the metabolic processes.
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