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This topic is a unique attempt to simultaneously tackle theoretical and practical aspects 
in drought phenotyping, through both crop-specific and cross-cutting approaches. It is 
designed for – and will be of use to – practitioners and postgraduate students in plant 
science, who are grappling with the challenging task of evaluating germplasm performance 
under different water regimes.

In Part I, different methodologies are presented for accurately characterising 
environmental conditions, implementing trials, and capturing and analysing the 
information this generates, regardless of the crop.

Part II presents the state-of-art in research on adaptation to drought, and recommends 
specific protocols to measure different traits in major food crops (focusing on particular 
cereals, legumes and clonal crops).

The topic is part of the CGIAR Generation Challenge Programme’s efforts to disseminate 
crop research information, tools and protocols, for improving characterisation of 
environments and phenotyping conditions. The goal is to enhance expertise in testing 
locations, and to stimulate the development and use of traits related to drought tolerance, 
as well as innovative protocols for crop characterisation and breeding.
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It is estimated that the planet’s demand for food and feed crops
will almost double by 2050 (Foley et al., 2011). Globally, rain-
fed agriculture is practised in 80% of the total agricultural area
and generates 62% of the world’s staple food (FAOSTAT, 2011).
Taking into consideration global water scarcity and increases in
demand for non-agricultural uses of water, expansion of the area
under irrigation in developing countries does not appear to be a
realistic scenario to address the challenge of food security.

According to the latest climate change scenarios, 20-year
extreme annual daily maximum temperature will likely increase
by about 1–3◦C by mid-21st century, and by about 2–5◦C by the
late 21st century, depending on the region and emissions scenario
(IPCC, 2012). Based on historical data collected in Africa on more
than 20,000 trials (1999–2007), each “degree day” spent above
30◦ reduced yield by 1% under optimal conditions, and that
penalty rose up to 1.7% under water-limited conditions (Lobell
et al., 2011). The impact of a changing climate is not only about
temperature increase, but it is also affecting the magnitude of
rainfall and its distribution, and therefore its availability at crit-
ical times of the crop cycle (Feng et al., 2013): in fact, while the
total amount of rain increased in Africa over the last few years,
the erratic and unpredictable nature of the drought and floods
cycle also increased (Douglas et al., 2008). As such, improving
the drought tolerance of crops, increasing the efficiency of water
use and enhancing agricultural water productivity under rain-fed
conditions is a number one priority today in a growing number
of countries.

The recent genomics and bioinformatics revolutions offer real
opportunities for dissecting drought tolerance into component
traits, and then using genomic approaches to select plants with
favorable alleles at the underlying genes. Although major achieve-
ments have been reported recently by the private sector, the devel-
opment of effective systems for breeding complex traits such as
drought tolerance continues to be a major challenge in the public
sector, despite significant investments in research and develop-
ment. Adoption of molecular breeding in developing countries
remains very limited. This is due mainly to a shortage of well-
trained personnel, inadequate high-throughput capacity, poor
phenotyping infrastructure, and a lack of information systems or
adapted analytic tools (Ribaut et al., 2010).

Created in 2003, the CGIAR Generation Challenge
Programme (GCP) is a time-bound initiative ending in 2014.
GCP’s mission is to use plant genetic diversity, advanced genomic

science and comparative biology to develop tools and technolo-
gies that will support plant breeders in the developing world in
their efforts to produce better crop varieties for resource-poor
farmers in drought-prone environments. Generic facilitating
technologies developed by GCP include standardized pheno-
typing protocols, whole-plant physiology modeling, molecular
breeding simulation studies, decision-support tools, procedures
for creating low-cost trait diagnostics and high-throughput
array-based genotyping systems. Since 2009, GCP has been
coordinating the Integrated Breeding Platform (IBP). IBP is a
one-stop shop where breeders can access the analytical tools and
support services to manage their projects, find new knowledge
and training opportunities, and access fora for discussion with
peers.

Drought tolerance is the main target trait of the Programme,
and genomics-assisted breeding for better crop production under
water-limited conditions is at the heart of the research sup-
ported by GCP during its second phase. Good genetic studies
are impossible without reliable phenotypic data, and plant phe-
notyping must be conducted locally. Most national breeding
programmes from developing countries working in partnership
in the GCP network have in common a scarcity of suitable field
infrastructure for collection of accurate phenotypic data, espe-
cially for stresses such as drought. Therefore, GCP recognizes
that accurate and reliable phenotyping is the main bottleneck in
drought-tolerance research, and is allocating significant resources
to improve crop phenotyping in target environments under dif-
ferent water regimes.

To achieve this objective, geographic information system (GIS)
tools and soil water balance models have been used to describe the
drought scenario faced by the crops in different target GCP envi-
ronments, and to compare and cluster the phenotyping locations
for GCP projects. Facilities and expertise in the different locations
have been evaluated, needs have been prioritized, and today GCP
is investing about four million US dollars to improve the local
infrastructure of partners involved in GCP projects.

Complementary to the effort to improve infrastructure is the
need to develop tools and protocols for improving characteriza-
tion of environments and plant phenotypes, enhancing expertise
in testing locations, and stimulating the development and use
of innovative drought tolerance-related traits and protocols (e.g.,
carbon isotope discrimination, spectroradiometry, thermal imag-
ing). This manual contributes to this effort.
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Okono et al. Facing drought in global agriculture

The first part of this manual addresses—from a generic
perspective—global issues and challenges related to environ-
ment selection and characterization, experimental field design,
trait selection, and data analysis and management. The sec-
ond part of the manual is crop-specific for a set of GCP
target crops. Each article presents the state-of-the-art of
research on drought tolerance and the protocols that are more

specifically used to measure different traits for each of those
crops.
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Improving crops yield under water-limited conditions is the most daunting challenge
faced by breeders. To this end, accurate, relevant phenotyping plays an increasingly
pivotal role for the selection of drought-resilient genotypes and, more in general, for a
meaningful dissection of the quantitative genetic landscape that underscores the adaptive
response of crops to drought. A major and universally recognized obstacle to a more
effective translation of the results produced by drought-related studies into improved
cultivars is the difficulty in properly phenotyping in a high-throughput fashion in order to
identify the quantitative trait loci that govern yield and related traits across different water
regimes. This review provides basic principles and a broad set of references useful for
the management of phenotyping practices for the study and genetic dissection of drought
tolerance and, ultimately, for the release of drought-tolerant cultivars.

Keywords: drought tolerance, phenomics, genomics, QTL, breeding, yield, phenology, modeling

INTRODUCTION
Crops are exposed to the ravages of drought in various ways
and to different extents. Regrettably, global climate change will
increase the occurrence and severity of drought episodes, not least
due to the higher evapotranspirative demand created by rising
temperatures. Altogether, these changes have already been shown
to offset a significant portion of the increases in average yields
that during the past three decades arose from technology, CO2

fertilization and other factors (Lobell et al., 2011). Therefore,
food security in the twenty-first century will rely increasingly
on the release of cultivars with improved resistance to drought
conditions and with high yield stability (Swaminathan, 2005;
Borlaug, 2007; Pennisi, 2008; Luo, 2010; Tester and Langridge,
2010; Reynolds et al., 2011; Serraj et al., 2011; Chapman et al.,
2012).

In this challenging scenario, molecular approaches offer novel
opportunities for the dissection and more targeted manipula-
tion of the genetic and functional basis of yield under drought
conditions (Forster et al., 2000; Sinclair et al., 2004; Bohnert
et al., 2006; Mackill, 2006; Tuberosa and Salvi, 2006; Jenks et al.,
2007; Nelson et al., 2007; Ortiz et al., 2007a; Vij and Tyagi,
2007; Leung, 2008; Xu and Crouch, 2008; Ashraf, 2010; Mittler
and Blumwald, 2010; Yadav et al., 2011; Deikman et al., 2012).
Additionally, the “-omics” platforms now allow for extensive
mining of the transcriptome (Rabbani et al., 2003; Poroyko
et al., 2007; Degenkolbe et al., 2009; Ergen and Budak, 2009;
Sreenivasulu et al., 2010; Deokar et al., 2011; Hiremath et al.,
2011), metabolome (Fernie and Schauer, 2009) and proteome
(Timperio et al., 2008). Although, some may not consider
“-omics” data as phenotypes sensu stricto, they should be treated
as such, considering that they represent crucial steps that are pro-
gressively removed from genes to their ultimate phenes (Houle
et al., 2010; Furbank and Tester, 2011). Not with standing

the deluge of molecular data produced in the past decade,
the applicable results reported so far with non-conventional
approaches have not met expectations (Edmeades et al., 2004;
Araus et al., 2007, 2008; Collins et al., 2008; Xu and Crouch,
2008; Heffner et al., 2009; Passioura, 2010; Sinclair, 2011), partly
because the progress in high-throughput, quality phenotyping
has lagged behind.

Before analyzing the factors that affect the quality of
phenotypic data collected under water-limited conditions, it is
important to define the nomenclature and mechanisms of crop
adaptation to drought and clarify their functional basis. Most
of the examples and references provided in this review refer to
cereals, which, as compared to other crops, have been more exten-
sively investigated under drought conditions. Nevertheless, most
concepts presented herein are equally valid for other crops as well.

DROUGHT ADAPTATION: CONCEPTS, NOMENCLATURE,
AND MECHANISMS
In agriculture, the term “drought” refers to a condition in which
the amount of water available through rainfall and/or irrigation
is insufficient to meet the transpiration needs of the crop. The
examples presented in this review provide some general guide-
lines on the different mechanisms that allow plants to withstand
and eventually mitigate the negative effects of water deficit. In
general, a clear distinction should be made between traits that
help plants to survive a severe drought stress and traits that mit-
igate yield losses in crops exposed to a mild or intermediate level
of water stress. Modern breeding activities, including phenotyp-
ing conditions, have predominantly targeted the latter levels of
stress. Although, yield remains an elusive and neglected concept
in most molecular studies carried out under water-limited con-
ditions, it is an appropriate way to gauge the overall phenotypic
value of any accession.
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Tuberosa Phenotyping for drought tolerance

THE FUNCTIONAL BASIS OF DROUGHT RESISTANCE
Among the several definitions of drought resistance that have
been provided during the past decades, the original one
formulated by Levitt (1972) retains its validity and offers a ratio-
nal approach to classify the strategies that allow plants to mitigate
the negative effects of water deficit. Levitt (1972) classified the dif-
ferent mechanisms or strategies of drought resistance into two
broad categories: dehydration avoidance and dehydration toler-
ance. In this respect, morpho-physiological features [e.g., deep
roots, early flowering, deposition of epicuticular waxes, osmotic
adjustment (OA), etc.] that enable the plant, or parts thereof, to
maintain hydration are classified under dehydration avoidance.
Conversely, features (e.g., remobilization of stem water-soluble
carbohydrates (WSC), accumulation of molecular protectants,
etc.) that allow the plant to maintain, at least partially, proper
functionality in a severely dehydrated state are classified under
dehydration (desiccation) tolerance. Carefully planned experi-
ments conducted under controlled conditions allow us to separate
the action of loci imparting avoidance from those providing
tolerance to drought (Yue et al., 2006). Several reviews and
dedicated volumes have addressed the mechanisms underlying
drought resistance and the strategies that can improve yield under
such conditions (Blum, 1988, 1996, 2009, 2011; Ludlow and
Muchow, 1990; Ceccarelli and Grando, 1996; Passioura, 1996,
2007, 2010; Richards, 1996; Turner, 1997; Ribaut, 2006; Fischer
et al., 2003; Boyer and Westgate, 2004; Chaves and Oliveira,
2004; Tuberosa, 2004; Araus et al., 2008; Kumar et al., 2008;
Morison et al., 2008; Reynolds and Tuberosa, 2008; Farooq et al.,
2009; Passioura and Angus, 2010; Yang et al., 2010; Sadok and
Sinclair, 2011; Sinclair, 2011; Cairns et al., 2012; Mir et al.,
2012).

The first step is to define the population of environments
to be targeted, also identified as the TPE (target population
of environments). Differences in TPE are largely determined
by long-term patterns of genotype-by-environment interactions
(GEI). The identification and characterization of a TPE is facil-
itated by the use of crop simulation models based on historic
records of weather data. Simulation can describe a TPE by the
frequency of occurrence of specific abiotic stresses and be based
on the soil moisture profile along the crop cycle (Chapman et al.,
2003). In Mediterranean environments, wheat and barley usu-
ally experience terminal drought caused by high temperatures
during the grain-filling period (Araus et al., 2008). Nevertheless,
within each TPE and GEI are frequently observed relating to
yearly fluctuations in environmental factors (e.g., rainfall, tem-
perature, etc.), diseases (e.g., foliar disease), and/or parasites (e.g.,
insects). Ideally, phenotyping for drought tolerance and yield sta-
bility should be carried out across a broad range of environments
present within the TPE. During past decades, these multienviron-
ment trials have been instrumental in increasing yield potential
and also in maintaining yield stability under drought-stressed
conditions in temperate maize (Tollenaar and Wu, 1999; Duvick,
2005; Tollenaar and Lee, 2006) as well as in other crops (Lafitte
et al., 2006; Crossa et al., 2007; Acuna et al., 2008). In a few cases,
they have also allowed for the identification of major QTLs consis-
tently affecting yield across a range of water availability (Bernier
et al., 2007, 2009; Maccaferri et al., 2008; Venuprasad et al.,

2009a,b, 2012; Vikram et al., 2011; Dixit et al., 2012; Ghimire
et al., 2012).

WATER-USE EFFICIENCY AND GRAIN YIELD UNDER
WATER-LIMITED CONDITIONS
Water-use efficiency (WUE) is the amount of dry matter
produced [grain yield (GY) in the case of grain crops when
considering seasonal WUE] per unit of water lost through evap-
otranspiration. A classical formula that highlights the critical role
of WUE in determining GY in crops grown in water-limited
conditions was suggested by Passioura (1977):

GY = W × WUE × HI

where W is the total amount of water transpired by the crop
and evaporated from the field and HI is the harvest index, i.e.,
the ratio between GY and total biomass. Salekdeh et al. (2009)
identify phenotyping protocols that address each formula’s fac-
tors, describe their key features and illustrate their integration
with different molecular approaches. When using this formula,
one should consider the possible interdependence of these vari-
ables, with the result that selection for improving WUE in order
to increase GY may be partially counterbalanced by a reduction
in the amount of water extracted from the soil. In fact, a number
of traits influence both W and WUE.

The most important factor is matching the phenological devel-
opment pattern of the crop and the seasonal rainfall pattern
(Richards, 1996; Turner, 1997; Araus et al., 2003; Morison et al.,
2008; Soltani and Sinclair, 2012). Early vigor potentially improves
both W and WUE, while deep roots and/or osmoregulation
under appropriate conditions increase water extraction from the
soil (Blum, 1988, 2011; Ludlow and Muchow, 1990; Richards,
2006; Reynolds and Tuberosa, 2008; Sadok and Sinclair, 2011).
However, we should keep in mind that farmers eventually harvest
grain and not WUE, which means that a lower WUE may actu-
ally be desirable when WUE is negatively associated with GY, as
is well-known in cereals differing in their intrinsic WUE (Blum,
2005, 2006, 2009). Therefore, WUE should not be equated to
drought tolerance. The best example is provided by a popula-
tion of related progeny such as recombinant inbred lines (RILs)
that differ in their capacity to extract soil moisture due to differ-
ences in root depth, and hence greater capacity to access moisture
stored in deeper soil layers. Because, WUE is higher in geno-
types characterized by low stomatal conductance, often resulting
from a lower water status, the genotypes that are more waste-
ful (i.e., with a lower WUE) and able to extract more water
from the soil (Merah, 2001; Rebetzke et al., 2002; Blum, 2006,
2009, 2011), whilst maintaining higher stomatal conductance,
will have higher yield. Conversely, under conditions of limited
soil moisture, low WUE resulting from excessive evapotranspi-
ration will not allow sustained accumulation of dry matter and
its partitioning to reproductive organs (Monneveux and Ribaut,
2006; Richards, 2006; Tambussi et al., 2007; Barnabas et al., 2008;
Sinclair et al., 2008). This finding introduces an essential concept
for interpreting cause–effect relationships between morphophys-
iological traits and GY under drought conditions: the sign and
magnitude of this relationship at the whole-plant or QTL level are
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not universal and can change widely according to the dynamics
(i.e., frequency and timing) and intensity of the drought episode/s
(Collins et al., 2008; Sinclair et al., 2010; Tardieu, 2012).

An alternative formula to address properly the factors influ-
encing WUE in crops grown under water-limited conditions has
been proposed by Richards (1991):

WUE (biomass) = TE/(1 + Es/T)

where TE is the transpiration efficiency (above ground dry
weight/transpired water), Es is the water lost by evaporation from
the soil surface and T is water lost through transpiration by the
crop. Analysis of the variables in this formula provides a useful
framework for identifying the agronomic and breeding strate-
gies, and hence phenotyping targets, most suitable for optimizing
WUE and maximizing yield in environments that differ in rainfall
distribution during the crop cycle.

At the leaf level, “intrinsic WUE” indicates the ratio of the
instantaneous rates of CO2 assimilation and stomatal transpi-
ration. Condon et al. (2002) discussed the factors influencing
intrinsic WUE and how an increased intrinsic WUE can be
achieved through either lower stomatal conductance, higher pho-
tosynthetic capacity, or both. The same authors caution about the
possible penalties in terms of yield through manipulation of each
variable. They conclude that to achieve more widespread gains in
cereal yield derived from greater intrinsic WUE, it is necessary to
decouple intrinsic WUE and low crop growth rate. In practical
terms, WUE becomes more important when crops grow predom-
inantly on stored soil moisture (Condon et al., 2002), as reflected
by the release of wheat cultivars Drysdale and Rees (Richards,
2006), specifically selected for target areas where wheat is grown
under such conditions.

WHICH TRAITS SHOULD BE TARGETED?
The morphophysiological traits and the corresponding QTLs
that affect yield in drought conditions can be categorized as
constitutive (i.e., also expressed under well-watered conditions)
or drought-responsive (i.e., expressed only under pronounced
water shortage; Lafitte and Edmeades, 1995; Blum, 2006). While
drought-responsive traits/QTLs usually affect yield only under
rather severe drought conditions, constitutive traits/QTLs can
affect yield at low and intermediate levels of drought stress as
well. The response of QTLs for drought-adaptive traits (e.g., accu-
mulation of osmolytes, relocation of WSC, etc.) to drought is
probably due to regulation of the expression of the underlying
structural genes in response to signaling cues such as abscisic
acid (ABA) accumulation (Bray, 2002) that are reinforced by cel-
lular dehydration. Under appropriate soil moisture conditions,
the presence of QTLs for traits usually classified as constitu-
tive but difficult to measure (e.g., root depth) can be revealed
by the collocation of QTLs for traits indicative of the water
status of the plant such as ABA concentration, stomatal con-
ductance, canopy temperature depression (CTD), etc., (Lebreton
et al., 1995; Tuberosa et al., 2002b; Reynolds et al., 2009, 2011).
Experimental evidence indicates that the progress achieved by
breeders during the last century can mainly be accounted for by
changes in constitutive traits that affect dehydration avoidance

rather than drought-responsive traits (Blum, 2005, 2006, 2011).
In this respect, emphasis is increasingly being placed on pheno-
typing traits that constitutively enhance yield per se (Blum, 2009;
Passioura, 2010), rather than on characteristics that enhance plant
survival under extreme drought (Bartels et al., 2006), in view of a
possible negative trade-off under less severe circumstances (Blum,
1996, 2005, 2006; Passioura, 2002, 2007, 2010; Sinclair, 2011).

The traits to be considered as potential selection targets
for improving yield under water-limited conditions must be
genetically (i.e., causally) correlated with yield, and should
have a greater heritability than yield itself (Blum, 1988, 2011;
Monneveux and Ribaut, 2006). Additional desirable features are
the presence of sufficient genetic variability and lack of yield
penalties under favorable conditions. Ideally, measurement of the
target trait should be non-destructive, rapid, accurate, and inex-
pensive. It should also be possible to measure the trait using a
small number of plants and without lengthy procedures to cali-
brate sensors to individual plants. Finally, rather than reporting
on short-term features at the cellular level, the nature of the sec-
ondary trait should be integrative across the growing cycle, or part
thereof, and relate to higher levels of functional organization (e.g.,
the canopy level rather than the single leaf), thereby providing
information on the long-term ecophysiological performance of
the crop. General information and examples are now provided on
a number of traits that have been investigated for their influence
on drought resistance and/or WUE.

EARLY VIGOR
Early vigor under conditions of low evapotranspiration may allow
annual crops to optimize WUE and limit the loss of water due to
direct evaporation from the soil surface. This leaves more stored
water available for later developmental stages when soil mois-
ture becomes progressively exhausted and increasingly limiting
for yield (Slafer et al., 2005; Richards, 2006; Rebetzke et al., 2007;
Richards et al., 2007). Early establishment also reduces the occur-
rence of inhibition of stomatal conductance as a consequence of
root-borne signaling such as from ABA through the xylem flow
(Davies et al., 2000; Ren et al., 2007) caused by shallow and super-
ficial roots (Blum, 1996; Giuliani et al., 2005). As a trade-off,
excessively vigorous canopy development may cause early deple-
tion of soil moisture. The optimal degree of vigor will thus depend
on the environmental characteristics of the TPE. Early vigor has
been exploited to improve WUE and yield in wheat (Asseng et al.,
2003; Richards, 2006; Rebetzke et al., 2007). QTLs for the growth
rate of wheat seedlings (Spielmeyer et al., 2007) are being targeted
at CSIRO (Commonwealth Scientific and Industrial Research
Organization, Australia)1.

ROOT ARCHITECTURE
Roots exhibit an astounding level of morphological plasticity in
response to soil physical conditions (Passioura, 1983; Bengough
et al., 2006; Gerald et al., 2006; Ito et al., 2006; Kato et al., 2007;
Lynch, 2007; Forde, 2009; Siopongco et al., 2009), a peculiarity
that allows plants to adapt better to the chemical and physi-
cal properties of the soil, particularly under drought conditions

1http://www.csiro.au/files/files/p2ki.pdf
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(Bacon et al., 2002; Yu et al., 2007). The concept of root ideotype
should be elaborated only after gaining a detailed understand-
ing of: (1) the factors that limit the availability of soil moisture
to the crop; and (2) the metabolic cost sustained by the plant
to develop and maintain a more vigorous root system. Notably,
recurrent selection for increased GY in drought-stressed tropi-
cal maize was associated with a decrease in root mass (Bolaños
and Edmeades, 1993). Accordingly, the effects of root size and
architecture on final yield will depend on the distribution of soil
moisture and the level of competition for water resources within
the plant community (King et al., 2009). Therefore, when addi-
tional stored moisture is available in deeper soil layers, selection
for faster growing and deeper roots could enhance water harvest
and help stabilize yield under drought conditions.

The importance of a deep and vigorous root system for higher
yield has been recognized in bean (Mohamed et al., 2002), soy-
bean (Sadok and Sinclair, 2011), chickpea (Varshney et al., 2011),
lettuce (Johnson et al., 2000), maize (Tuberosa et al., 2003, 2007b,
2011b; Hammer et al., 2009; Landi et al., 2010; Hund et al., 2011),
barley (Forster et al., 2005), wheat (Manschadi et al., 2006, 2010;
Wasson et al., 2012), and especially, in rainfed rice (Nguyen et al.,
1997; Price and Tomos, 1997; Ali et al., 2000; Babu et al., 2003;
Courtois et al., 2003, 2009; Steele et al., 2006, 2007; Kamoshita
et al., 2008; Witcombe et al., 2008; Bernier et al., 2009; Henry
et al., 2011). However, other experiments in rice have shown a
lack of correlation between root features and drought resistance
(Pantuwan et al., 2002; Subashri et al., 2009).

The main drawback to the study of root features and their
use as selection criteria relates to the difficulty of phenotyping
field-grown plants (Richards, 2008). A number of techniques
allow for the estimation of root mass and its distribution in
the soil profile. These techniques require different amounts of
labor and plot destruction for sample collection. The fastest but
most destructive technique measures the vertical pulling strength
required to uproot the plant, as a proxy for root mass and archi-
tecture (Lebreton et al., 1995; Sanguineti et al., 1998; Landi
et al., 2002). Recently, a high-throughput, albeit equally destruc-
tive approach also known as “shovelomics,” has been deployed to
investigate several root architectural features in field-grown maize
(Trachsel et al., 2011). Other less destructive but much more
time-consuming techniques such as excavation and coring meth-
ods have also been used to estimate root mass and distribution
(Nissen et al., 2008).

Minirhizotrons provide a non-destructive, in situ method for
directly viewing and studying fine roots (Johnson et al., 2001;
Smit and Groenwold, 2005). Tube installation is critical, and steps
must be taken to ensure good soil/tube contact without com-
pacting the soil. Tube installation causes some degree of soil
disturbance and has the potential to create artifacts in root data
collection and analysis, resulting in biased values. Therefore, a
waiting period of a few months between tube installation and
image collection is recommended to allow roots to recolonize the
space around the tubes and to permit nutrients to return to pre-
disturbance levels (Johnson et al., 2001). The frequency of image
collection depends upon the root parameters being measured or
calculated, and the time and resources available for collecting
images and extracting data.

In maize, a fast non-destructive method to estimate root mass
has relied on the use of a hand-held capacitance meter (van Beem
et al., 1998; McBride et al., 2008). The accuracy of this method
was tested by comparing the results with direct measurements
taken on uprooted plants grown in the greenhouse and in the
field. The significant correlation (r from 0.56 to 0.73) between the
methods suggests the feasibility of using capacitance meters for
routine, non-destructive observations repeated over time. Despite
this possibility, the method has not been widely applied.

Heterogeneity in soil structure and composition hinders the
acquisition of accurate values for root features in field-grown
plants. As an alternative to root phenotyping in field experiments,
a number of studies have measured roots in plants grown under
controlled conditions (Arihara and Crosbie, 1982; Price et al.,
1997a, 2002b,c; Landi et al., 1998, 2001a; Tuberosa et al., 2002b;
de Dorlodot et al., 2005, 2007; Kimurto et al., 2005; Zhu et al.,
2006, 2011; Hochholdinger and Tuberosa, 2009; Zaman-Allah
et al., 2011a; Ren et al., 2012). This allows more rapid and accurate
analysis of root features. A major shortcoming of these studies is
the unnatural environment in which the roots grow, suggesting
great caution in extrapolating the results to field-grown plants.
In maize, a significant, albeit weak, positive association has been
reported between seminal root traits in hydroponics and root
pulling resistance in the field (Landi et al., 2001a; Tuberosa et al.,
2002b). A reasonable compromise to avoid both the unnatural
conditions present in hydroponics and/or aeroponics and the dif-
ficulty of studying roots in the field is offered by growing plants
in pots, columns and/or observation chambers filled with soil
(Azhiri-Sigari et al., 2000; Wade et al., 2000; Zaman-Allah et al.,
2011a). Pot experiments also allow for a precise measurement of
the amount of water provided to each plant, hence water use and
WUE (Price et al., 2002b), and to estimate the capacity of roots to
penetrate a wax layer of high mechanical impedance mimicking a
soil hardpan, often the main constraint that limits access of roots
to soil moisture in deeper soil layers (Cairns et al., 2004; Nhan
et al., 2006; Acuna et al., 2007). In rice, an enhanced capacity to
penetrate a soil hardpan is considered an essential feature for the
development of deeper roots under rainfed lowland conditions
(Fukai and Cooper, 1995) and is a key factor in drought adap-
tation in areas where water supply is limited (Siopongco et al.,
2009).

Gel- or soil-filled chambers, soil sacs, pouches, paper rolls,
X-ray microtomography, and magnetic resonance imaging (MRI)
have also been used to investigate bi- and tri-dimensional root
architecture (Bengough et al., 2004; Sanguineti et al., 2007;
Hargreaves et al., 2009; Norton and Price, 2009; Ruta et al., 2010;
Tracy et al., 2010; Bovina et al., 2011; Clark et al., 2011; Rascher
et al., 2011; Singh et al., 2011; Alhosein et al., 2012; De Smet
et al., 2012; Hamada et al., 2012; Mace et al., 2012). These exper-
iments are particularly suited to the discovery of QTLs that are
prevalently expressed in a constitutive fashion and which, as such,
are more likely to influence root architectural features (e.g., root
angle) across different soil conditions.

FLOWERING TIME
Flowering time is recognized as the most critical factor to opti-
mize adaptation, hence yield, in environments differing in water
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availability and distribution during the growing season (Richards,
2006). Positive associations between plasticity of yield and flow-
ering time across different levels of water availability have been
reported in different crops (Sadras et al., 2009). Therefore, in
addition to phenology per se (i.e., mean time to a phenological
stage), plasticity of phenological development merits consider-
ation as a distinct trait influencing crop adaptation and the
outcome of any QTL experiment where the effects of phenology
on yield are not duly recognized and accounted for (Pinto et al.,
2010; Sabadin et al., 2012).

Many studies have investigated the genetic basis of flower-
ing time, reflecting the economic importance of this trait. In
annual crops, the genetic basis of flowering time is more complex
in temperate species (e.g., barley, wheat, rye, etc.) as compared
to tropical species (e.g., rice, sorghum, maize, etc.), due to the
presence in the former group of verbalization genes influencing
flowering time in response to low temperatures. In cereals, the
switch from the vegetative to the reproductive phase is controlled,
according to the species, by several genes responsive to verbaliza-
tion and/or daylength as well as by loci for earliness per se (Salvi
et al., 2002, 2007, 2011; Distelfeld et al., 2009).

In maize, a valuable selection target for improving drought
resistance is provided by the anthesis-silking interval (ASI), a
trait of intermediate heritability that is usually negatively corre-
lated with GY under drought conditions (Bolaños and Edmeades,
1996; Monneveux and Ribaut, 2006). Because ASI can be phe-
notyped quite easily and effectively under the right experimental
conditions, substantial breeding efforts have targeted this trait
through conventional breeding (Chapman and Edmeades, 1999)
or, once QTLs have been identified (Ribaut et al., 1996; Li et al.,
2003a; Hao et al., 2008), with marker-assisted selection (MAS)
(Ribaut et al., 2004; Ribaut and Ragot, 2007). The negative associ-
ation reported between the effects of QTLs that have been shown
to influence both leaf elongation and ASI suggests turgor main-
tenance as a possible common mechanism accounting for the
correlation (Welcker et al., 2007).

CARBON ISOTOPE DISCRIMINATION
Carbon isotope discrimination (�13C) measures the ratio of sta-
ble carbon isotopes (13C/12C) in the plant dry matter compared
to the ratio in the atmosphere (Condon et al., 1990). Because of
differences in leaf anatomy and the mechanisms of carbon fixa-
tion in species with the C3 or C4 pathway, studies on �13C have
wider implications for C3 species where the variation in �13C is
larger than in C4 species and has a greater impact on crop yield
(Condon et al., 1990, 2006). Commonly, but not always (Turner
et al., 2007), �13C is negatively associated with WUE over the
period of dry mass accumulation (Condon et al., 1990, 2004;
Araus et al., 2002; Rebetzke et al., 2002; Xu et al., 2007; Royo et al.,
2008).

Under drought stress, �13C is a good predictor of stom-
atal conductance (Condon et al., 2002) and WUE in different
crops (Turner, 1997; Tambussi et al., 2007). A number of stud-
ies conducted in bread wheat under varying conditions of water
availability have shown that the correlation between �13C and
final GY varies from positive, when ample water is available to the
crop, to negative in drought conditions, with no correlation at

all in intermediate conditions (Condon et al., 1993, 2004). These
results can be interpreted based on the influence of both stom-
atal conductance and photosynthetic activity on �13C, and on
the fact that biomass production is limited in wet years by a lower
stomatal conductance—an advantage under drought conditions
(Turner, 1997). �13C measured in grains correlates positively
with growth cycle duration (Araus et al., 1997) and negatively
with leaf temperature (Richards et al., 2002). Therefore, the rela-
tionship between �13C and GY depends on the environmental
conditions, the phenology of the crop and the plant organ (e.g.,
leaf or grain) from which the samples are collected (Araus et al.,
1997; Merah et al., 2001; Condon et al., 2004).

High genetic variation for grain �13C has been reported in
C3 species (Turner, 1997; Chen et al., 2012), with high heritabil-
ity (e.g., from 0.76 to 0.85 in durum wheat; Merah et al., 2001)
and a low GEI (Richards, 1996; Rebetzke et al., 2008a). For these
characteristics, �13C is an attractive breeding target for improv-
ing WUE and yield, while the high cost required to measure each
sample makes it an interesting candidate for MAS.

STOMATAL CONDUCTANCE
Stomatal conductance plays a pivotal role in regulating the water
balance of the plant and determining �13C and WUE (Condon
et al., 2002; Richards et al., 2002, 2007; Sinclair et al., 2008, 2010).
A retrospective study conducted by Fischer et al. (1998) on a
historical series of successful bread wheat cultivars released by
CIMMYT from 1962 to 1988 showed a strong positive correlation
between stomatal conductance and GY (r = 0.94; Fischer et al.,
1998), indicating the possibility of raising the yield potential,
hence the amount of water used by the crop, through an indirect
selection for stomatal conductance and/or leaf temperature.

Given the laborious nature of measuring stomatal conduc-
tance, identifying the corresponding QTLs would allow for the
implementation of MAS. In fact, it is difficult to accurately mea-
sure stomatal conductance in a reasonably large number of plants
while properly accounting for the fluctuation in the main envi-
ronmental factors known to affect stomatal conductance during
the day (wind, solar radiation, humidity, etc.). A number of stud-
ies have reported QTLs for stomatal conductance (Lebreton et al.,
1995; Price et al., 1997b, 2002a; Sanguineti et al., 1999; Ulloa et al.,
2000; Takai et al., 2006; Khowaja and Price, 2008).

A more attractive and integrative way to indirectly monitor
stomatal conductance through an extended time-period is based
on the measurement of the natural oxygen isotope composition
(d18O) in leaf and grain materials (Barbour et al., 2000; Ferrio
et al., 2007). Compared with stomatal conductance, measuring
d18O in plant material offers four advantages: (1) it provides an
integrated measure of stomatal conductance and leaf tempera-
ture over the period that the analyzed tissue was formed; (2) it
avoids a number of experimental problems typical of measuring
stomatal conductance; (3) it allows for the collection of a large
number of samples, and (4) requires very little labor in the field.
In the historical series of CIMMYT wheat cultivars tested under
irrigated conditions (see above), leaf d18O was strongly correlated
with stomatal conductance (r = −0.93; Barbour et al., 2000).
In this case, GY was more strongly correlated with leaf d18O
(r = −0.90) as compared to leaf d13C (r = −0.71). However, the
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authors caution that d18O is a questionable yield predictor when
stomatal conductance and GY are not strongly correlated.

CANOPY TEMPERATURE DEPRESSION
CTD as measured by thermal imaging is the difference in tem-
perature between the canopy surface and the surrounding air.
CTD is a highly integrating trait resulting from the effects of sev-
eral biochemical and morphophysiological features acting at the
root, stomata, leaf, and canopy levels. In the field, genotypes with
a cooler canopy temperature under drought stress, or a higher
CTD, use more of the available water in the soil to avoid excessive
dehydration (Blum, 1988; Ludlow and Muchow, 1990; Reynolds
et al., 2007, 2009). Infrared thermometry can report subtle differ-
ences in leaf temperature in both field and controlled conditions
(Blum et al., 1982; Jones et al., 2003, 2009; Chaerle et al., 2007;
Winterhalter et al., 2011a,b). Importantly, data collection is fast
and non-destructive.

CTD is useful mainly in hot and dry environments typical of
countries with a Mediterranean climate. Measurements should
preferably be made on recently irrigated crops on cloudless and
windless days with high vapor pressure deficits. Under these con-
ditions and provided that data are collected when the canopy is
sufficiently expanded to cover the soil, CTD can be a good pre-
dictor of wheat GY (r = 0.6–0.8; Reynolds and Pfeiffer, 2000).
In bread wheat, yield progress was found to be associated with
cooler canopies (Fischer et al., 1998) and significant genetic gains
in yield have been reported in response to direct selection for CTD
(Reynolds et al., 1999, 2009; Brennan et al., 2007). The addition
of CTD as a selection criterion in wheat nursery improved con-
siderably the identification of the highest yielding materials (van
Ginkel and Ogbonnaya, 2007). These results are in keeping with
the conclusions of Olivares-Villegas et al. (2007): “Canopy temper-
ature epitomises a mechanism of dehydration avoidance expressed
throughout the cycle and across latitudes, which can be utilized as a
selection criterion to identify high-yielding wheat genotypes or as an
important predictor of yield performance under drought.”

Grant et al. (2006) investigated the robustness and sensitivity
of thermal imaging for detecting changes in stomatal conductance
and leaf water status in a range of plant species (grapevine, bean
and lupin) under greenhouse or controlled environment condi-
tions. In particular, they compared absolute leaf temperatures
and thermal indices of plant stress with stomatal conductance
and water potential. Thermal imaging successfully distinguished
between irrigated and non-irrigated plants of different species,
with strong correlations between thermal indices and stomatal
conductance as measured with a leaf pyrometer. Their results also
highlighted factors such as leaf angle that should be addressed
when using thermal imaging for indirect measurement of the level
of drought stress of the tested materials. Additionally, these results
are valuable for the design of protocols for application in crop
production or ecosystem monitoring.

ABSCISIC ACID CONCENTRATION
One of the main factors influencing leaf temperature via an effect
on transpiration through stomatal conductance is the concen-
tration of ABA in the leaf tissue and, ultimately, in guard cells
(Wasilewska et al., 2008; Sirichandra et al., 2009). Therefore, ABA

is a fundamental component of the mechanisms allowing the
plant to match the water demand with the water supply and to
optimize growth and survival in response to both daily and more
long-term environmental fluctuations (Zhang and Davies, 1990;
Xiong et al., 2007). Indeed, an increase in ABA concentration is
a universal response observed in plants subjected to drought and
other abiotic stresses (Quarrie, 1991; Setter, 2006). Additionally,
ABA modulates the expression of a large number of genes whose
products protect the cell from the harmful effects of dehydration
(Bray, 2002; Seki et al., 2007).

ABA has been shown to affect many of the traits that influ-
ence the water balance of the plant through both dehydration
avoidance and dehydration tolerance (Thompson et al., 2007).
In maize seedlings subjected to artificially induced conditions of
water deprivation, an increased ABA concentration enhanced the
root/shoot ratio (Spollen et al., 2000; Sharp, 2002; Sharp et al.,
2004), an adaptive change beneficial for increasing water uptake.
It has also been shown that ABA facilitates water uptake into roots
as the soil begins to dry, particularly under non-transpiring con-
ditions, when the apoplastic path of water transport is largely
excluded (Hose et al., 2001). Under terminal drought, toler-
ant pearl millet [Pennisetum glaucum (L.) R. Br.] have high leaf
ABA and reduced transpiration at high vapor pressure deficit, a
feature that highlights the important role of constitutive water-
conserving mechanisms in maximizing yield under such condi-
tions (Kholova et al., 2010a,b). The positive role on yield of a
conservative water use, rather than deep or profuse rooting, has
also been highlighted in chickpea (Zaman-Allah et al., 2011a,b).

In cereals, an accumulation of ABA has been implicated as
one of the factors that influence reproductive fertility (Saini and
Westgate, 2000; Landi et al., 2001b; Setter et al., 2001; Boyer and
Westgate, 2004; McLaughlin and Boyer, 2007; Yang et al., 2007;
Tang et al., 2008; Zhang et al., 2009) and endosperm develop-
ment (Ober et al., 1991; Tuberosa et al., 1992; Setter et al., 1996;
Mambelli and Setter, 1998; Seiler et al., 2011). In rice, selection
for reduced ABA root signaling has been advocated as a means
for better exploitation of subsoil water under mild or transient
water deficit (Siopongco et al., 2008, 2009).

Sensitivity to ABA is also of interest for its implications on the
adaptive response of plants to drought (Cominelli et al., 2005).
Genetic variability for sensitivity to ABA has been reported in
maize (Frascaroli and Tuberosa, 1993). Gametophytic selection
carried out by spraying maize silks with an ABA solution before
pollination led to significant effects on early vigor and other
agronomic traits (Frascaroli and Landi, 1996; Landi et al., 2000).

Due to the availability of ABA-specific monoclonal antibodies
(Quarrie et al., 1988) that allow for the cost-effective measure-
ment of a large number of samples, several studies have been
devoted to the identification of QTLs for ABA concentration and
the analysis of their associated effects on other drought-related
traits and yield (Lebreton et al., 1995; Tuberosa et al., 1998, 2002a;
Sanguineti et al., 1999; Reymond et al., 2003; Giuliani et al., 2005;
Landi et al., 2005, 2007; Rahman et al., 2011). Altogether, these
studies do not provide a unifying picture of the role of ABA in
determining yield, perhaps not unexpectedly in view of the dif-
ferent species and genetic backgrounds involved. Nevertheless,
it is worth noting that the evaluation of an historical series of
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maize hybrids released in the past 60 years has shown a signifi-
cant decrease in the capacity to accumulate ABA in response to
a given level of water stress (Sanguineti et al., 2006) and, conse-
quently, a negative correlation (r = −0.62) between the capacity
to accumulate ABA at the seedling stage (a trait never selected for
by breeders) and GY.

OSMOTIC ADJUSTMENT
OA is a metabolic process entailing a net increase in intercellular
solutes in response to water stress (Morgan, 1984; Zhang et al.,
1999; Serraj and Sinclair, 2002). As soil moisture declines, OA
favors turgor maintenance, and hence the integrity of metabolic
functions. Importantly, OA can bias estimates of the value of rela-
tive water content, as has been shown in wheat and barley (Boyer
et al., 2008).

OA has been implicated in sustaining yield under conditions
of water deficit in oilseed Brassica species (Kumar and Singh,
1998), chickpea (Basu et al., 2007), cotton (Saranga et al., 2001),
rice (Babu et al., 1999; Jongdee et al., 2002; Praba et al., 2009),
sorghum (Tangpremsri et al., 1995), maize (Chimenti et al.,
2006), tef (Ayele et al., 2001), barley (Gonzalez et al., 2008), and
wheat (Ali et al., 1999; Blum et al., 1999; Salem et al., 2007;
Ehdaie et al., 2008; Fan et al., 2008; Izanloo et al., 2008). Yet
the value of OA as a desirable selection target from a breeding
standpoint has been questioned (Munns, 1988; Palta et al., 2007),
based on the notion that drought-tolerant genotypes endowed
with a higher capacity to adjust osmotically are likely to be char-
acterized by slow growth, and hence biomass production, due to
the metabolic requirements of osmolyte biosynthesis. Under con-
ditions of severe dehydration, a higher capacity to accumulate
osmolytes may help plants withstand a prolonged drought spell
and undergo a more prompt and complete recovery upon rehy-
dration. Even though, the interpretation of osmotic relations in
genetically engineered plants can be cumbersome (Blum et al.,
1996), transformation experiments have shed light on the mech-
anisms by which plants may benefit from an altered capacity to
accumulate osmolytes (Umezawa et al., 2006). Similarly to other
drought-adaptive traits, the trade-off between the metabolic
requirements of OA and the potential benefits for the crop varies
on a case-by-case basis as a function of the crop, and the dynamics
and severity of the drought episodes.

CHLOROPHYLL CONCENTRATION, STAY-GREEN, AND DELAYED
LEAF SENESCENCE
A well-sustained source capacity is a key factor to maximize yield
potential during both vegetative and reproductive phases, partic-
ularly under source-limiting conditions that commonly charac-
terize drought-stressed crops. Therefore, delaying leaf senescence
maintains transpiration and increases cumulative photosynthesis
over the crop life cycle (Borrell et al., 2001; Jiang et al., 2004; Vadez
et al., 2011). This is a strategy that is adequate for soils with appre-
ciable water reserves but may otherwise cause severe stress at the
end of the growth season due to increased transpiration.

The traits that have been monitored most frequently to obtain
indirect estimates of photosynthetic potential are chlorophyll
concentration, stay-green and delayed senescence, all of which
are interconnected (Tuinstra et al., 1998; Thomas and Howarth,

2000; Shukla et al., 2004). In US Corn Belt maize, stay-green has
improved significantly and steadily during the past six decades of
breeding, particularly under favorable conditions (Duvick, 2005).
Additionally, stay-green traits in maize correlate closely to GY, and
multiple intervals of stay-green QTLs overlap with yield QTLs
(Zheng et al., 2009). Although, stay-green in maize seems more
likely to be related to nitrogen use, in sorghum it has been related
to maintenance of a more favorable water status as related to root
features (Gallais and Hirel, 2004; Blum, 2006; Mace et al., 2012).
In sorghum, four major QTLs that control stay-green and GY
have been identified (Harris et al., 2007) and near isogenic lines
(NILs) for these QTLs have been derived, providing an opportu-
nity for a detailed analysis of stay-green physiology and positional
cloning of the underlying genes (Vadez et al., 2011).

REMOBILIZATION OF WATER-SOLUBLE CARBOHYDRATES
Remobilization of WSC from the stem and leaves can mitigate the
negative effects on grain filling caused by post-anthesis drought
tolerance (Blum, 1988, 1998; Araus et al., 2002; Reynolds et al.,
2007; Rebetzke et al., 2008b). QTLs for stem-reserve remobiliza-
tion have been reported in bread wheat (Salem et al., 2007; Snape
et al., 2007; Yang et al., 2007). Rebetzke et al. (2008b) pheno-
typed three wheat mapping populations for WSC concentration
(WSC-C) and for WSC mass per unit area (WSC-A). Genotypes
with high WSC-C were commonly shorter, flowered earlier and
produced significantly fewer tillers than those of low WSC-C. This
resulted in similar yields, lower final biomass, and fewer grains
per m2, but greater dry weight partitioning to grain and kernel
weight in high versus low WSC-C genotypes. In contrast, lines
high for WSC-A produced more fertile tillers associated with sim-
ilar or greater anthesis and maturity biomass, grain number and
yield, yet similar kernel weight or size compared with genotypes
with low WSC-A, thus suggesting an important role for WSC-A
in assuring stable yield and grain size in wheat.

This overview of drought-adaptive traits, far from being
exhaustive, indicates that genetic variability in drought tolerance
and WUE can be traced to the interaction of a multitude of quan-
titatively inherited morphophysiological features, whose effects
on yield can vary greatly both in terms of magnitude and direc-
tion according to the prevailing drought scenario and other yield
constraints. Therefore, the adoption of drought-adaptive traits as
selection criteria for yield should be exercised cautiously and only
after acquiring a clear understanding of the factors limiting yield
in the TPE. Identifying the QTLs underpinning such traits and
interpreting their cause–effect relationships allow us to partially
disentangle this complexity to an extent and, eventually, make it
amenable to a more direct and effective manipulation for breed-
ing purposes. In both cases, good phenotypic data are essential to
success.

COLLECTING GOOD PHENOTYPIC DATA
Plant scientists attempting to improve resistance to drought face
two contrasting and apparently irreconcilable requirements. The
first is to simplify “the system” in order to facilitate elucida-
tion of the function of the relevant loci for the target traits
(i.e., the reductionist approach). The second is to evaluate the
broader value of such findings in a breeding and agronomically
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sound context (i.e., the holistic approach), where the physi-
ology, epistatic interactions and pleiotropic effects of complex
traits inevitably limit and blur the identification of the main
factors leading to specific phenotypes (e.g., drought-resistant ver-
sus drought-susceptible). In a way, the reductionist approach
is like trying to understand the subject of an entire puz-
zle when only a few pieces are available. On the other hand,
the holistic approach selecting, for example, for yield per se
will provide a complete picture of the puzzle (i.e., the phe-
notype). However, it will often not allow us to tease the puz-
zle apart to the extent that we would need to apply targeted
approaches such as MAS and/or genetic engineering, because of
our incomplete understanding of the number and function of
the single pieces such are the QTLs for yield. Valuable oppor-
tunities to begin to reconcile this conundrum are provided by
bioinformatics (Sawkins et al., 2004) and modeling (Hammer
et al., 2004, 2006; Cooper et al., 2009; Tardieu and Tuberosa,
2010; Sinclair et al., 2010; Messina et al., 2011). Both mod-
eling and high-throughput phenotyping for drought-adaptive
features are at the very core of DROPS (DROught-tolerant
yielding PlantS; www.drops-project.eu), an ongoing EU-funded
project aiming at improving our understanding and capac-
ity to ameliorate yield and yield stability under water-limited
conditions.

Yet the objective of this review is not to dwell on the mer-
its and pitfall of the reductionist and holistic approaches (see
also Passioura, 2010). Rather, it seeks to introduce and discuss
a number of major issues on phenotyping that are relevant for
both approaches. These issues should be considered seriously in
planning and managing experiments under drought conditions,
collecting and analyzing the data and, eventually, in interpreting
the results properly.

Given the myriad of factors that can influence the quality of
phenotypic data, this review only addresses the most important
ones. Although, it is possible to define general rules, each exper-
iment has its own “phenotyping story” and the results should be
dealt with and interpreted accordingly. What follows is equally
relevant for the improvement of crop performance under water-
limited conditions and, more generally, for experiments in the
field or under controlled conditions aimed at dissecting the phys-
iological and genetic basis of crop adaptation to water-limited
conditions. However, given the importance of field evaluation
for breeding purposes, phenotyping under field conditions is
emphasized.

WHAT DOES “GOOD PHENOTYPING” MEAN?
Good phenotyping is pivotal for reducing the genotype–
phenotype gap, especially for quantitative traits, which are the
major determinants of drought resistance. Keeping a good record
of meteorological parameters (rainfall, temperatures, wind, evap-
otranspiration, light intensity, etc.) allows for more meaningful
interpretation of the results and identification of the environ-
mental factors limiting yield (Sadras, 2002). Equally important,
though often neglected or ignored, are the physical-chemical
properties of the soil, particularly those influencing the water bal-
ance of the crop under decreasing moisture conditions (Cairns
et al., 2011).

The basic attributes of good phenotyping carried out with
appropriate genetic materials are accuracy and precision of mea-
surements, coupled with relevant experimental conditions that
are representative of the TPE. Accuracy involves the degree of
closeness of a measured or calculated quantity to its actual (true)
value. Accuracy is closely related to precision, also termed repro-
ducibility or repeatability, the degree to which further measure-
ments or calculations show the same or similar results. For a
number of traits such as stomatal conductance, flow of xylem sap,
etc., measured with mechanical or electronic devices, accuracy
and precision in measurements require calibration of the instru-
ment prior to data collection. Failure to so do will produce biased
results with a difference between the mean of the measurements
and the true reference value. A further complexity of phenotyp-
ing a large number of genotypes (e.g., a mapping population
or an association mapping panel) for drought-adaptive features
is exemplified by those traits such as stomatal conductance and
tissue water potential, the value of which can vary considerably
within a rather short timeframe due to changing environmental
conditions.

An important distinction should be made between experi-
ments aimed at (1) collecting data useful to dissect the genetic
basis of target traits or (2) breeding activities for the release of
improved cultivars. In both cases, an adequate choice of materials
will be essential for successfully meeting the desired objectives. A
notable case that clearly underscores the importance of good phe-
notyping is provided by QTL cloning (Salvi and Tuberosa, 2007).
In this respect, the ideal scenario is when the alternative QTL alle-
les can be unequivocally scored phenotypically and the trait itself
is mapped as one of the markers.

PHENOTYPING IS KING AND HERITABILITY IS QUEEN
Good phenotyping means not only the collection of accurate
data to minimize the experimental “noise” introduced by uncon-
trolled environmental and experimental variability, but also the
collection of data that are relevant and meaningful from a biolog-
ical and agronomic standpoint, under the conditions prevailing
in farmers’ fields within the TPE. Although, hundreds of accu-
rate studies reporting thousands of drought-responsive genes
and QTLs can be found in the literature, the relevance of these
data to “real” field conditions is often marginal and even ques-
tionable; only seldom has it been appropriately addressed and
discussed. In the early stages following their development, eval-
uation of transgenic materials is limited to experiments carried
out in greenhouses, a condition that underlines the importance to
mimic as close as possible the drought stress conditions in fields
(Saint Pierre et al., 2012).

Collecting accurate phenotypic data that are relevant to the
TPE has always been a major challenge for the improvement
of quantitative traits. The success of this endeavor is intimately
connected with the heritability of the trait, namely the portion
of the phenotypic variability accounted for by additive genetic
effects that can be inherited through sexually propagated gen-
erations (Falconer, 1981). Trait heritability varies greatly (from
0 to 1) according to: (1) the genetic makeup of the materi-
als under investigation; (2) the environmental conditions under
which such materials are grown and evaluated; and (3) the
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accuracy and precision of the phenotypic data. With only a few
notable exceptions (e.g., flowering time and carbon-isotope dis-
crimination), most of the traits determining the performance
of crops under drought conditions usually have low (0.3–0.4)
or, at best, intermediate (0.4–0.7) heritability. This impairs our
capacity to dissect their genetic basis properly and, more impor-
tantly, reduces the effectiveness of phenotypic selection (Falconer,
1981). Despite this, careful evaluation and appropriate manage-
ment of the experimental factors that lower the heritability of
traits, coupled with a wise choice of the genetic material, can pro-
vide effective ways to increase heritability, and hence the response
to phenotypic selection.

Once a sound association has been established between a
marker and a locus affecting a target trait, the problems encoun-
tered in the conventional selection of quantitative traits, par-
ticularly the lowly-heritable ones, can been partially overcome
through the use of markers linked to QTLs for the target trait.
This enables individuals to be scored based on their genetic make-
up rather than their phenotypic features (Peleman and Van der
Voort, 2003; Langridge, 2005). Paradoxically, the probability of
identifying the relevant chromosomal regions and accurately esti-
mating their effects relies on good phenotyping of the genetic
materials originally used to establish the phenotype–genotype
associations. In other words, the effectiveness of marker-based
approaches intimately depends on how well and how accurately
the target trait has been assessed phenotypically in mapping
populations. In fact, a low heritability impairs the probability
of detecting the presence of QTLs (Bernardo, 2004), thereby
increasing Type II errors (i.e., false negatives). An accurate and
relevant phenotyping is of even greater importance when apply-
ing genome-wide selection, an approach that disregards QTL
identification and relies on the molecular profiling and accurate
phenotyping of each progeny (Bernardo and Yu, 2007; Bernardo,
2008; Heffner et al., 2009).

EXPERIMENTAL DESIGN, DEDICATED SOFTWARE, AND
STATISTICAL APPROACHES
It is widely recognized that a substantial part of the increased
efficiency of modern breeding is due to the accurate pheno-
typing of large numbers of plots, this scale-up being made
possible by more sophisticated and high-throughput experimen-
tal machinery as well as the streamlining and automation of
tedious manual operations. Thus, the labeling of a large number
of plots and samples, data collection and storage, and keep-
ing track of pedigrees, etc., are now facilitated by the use of
electronics (e.g., bar-coding) and dedicated software (e.g., spread-
sheets, databases, etc.). Additionally, the effectiveness of field
experiments and the management and interpretation of pheno-
typic data can be enhanced greatly through the utilization of the
most appropriate experimental designs to allow for better con-
trol of within-replicate variability and to reduce or remove spatial
trends. Equally important are statistical approaches to analyz-
ing the data, particularly for investigating the effects of GEI (van
Eeuwijk et al., 2005; van Eeuwijk, 2006; Malosetti et al., 2008;
Mathews et al., 2008; Messmer et al., 2009) and epistasis (Gao and
Zhu, 2007; Jannink, 2007). Coping with the temporal variability
of drought-adaptive features can be dealt with through in-depth

analysis of QTL-by-environment interactions (van Eeuwijk et al.,
2005; Vargas et al., 2006; Burgueno et al., 2008) or by identifying
intrinsic characteristics of each genotype relating to its interac-
tion with particular environmental conditions, which requires the
development of models able to identify these variables and to sim-
ulate the behavior of genotypes in a broad range of environments
(Tardieu, 2003; Yin et al., 2003; Reymond et al., 2004; Cooper
et al., 2009; Sinclair et al., 2010).

A number of studies have shown the importance of epistasis
in determining the genetic architecture of yield and other quanti-
tative traits (Li et al., 2003b; Maccaferri et al., 2008; Zhao et al.,
2008; Frascaroli et al., 2009; Messmer et al., 2009; Ravi et al.,
2011). However, mapping two-way epistatic interactions requires
adequately large mapping population, and detecting higher order
epistasis is practically out of reach. Once different sets of NILs
become available for loci that are known to interact epistatically,
it will be possible to produce different combinations at will for
further testing and characterization of the effects of such epistatic
interactions.

MONITORING PLANT–SOIL WATER RELATIONS
A sound interpretation of the results of an experiment conducted
under conditions of water shortage requires a good characteriza-
tion of the soil–plant–atmosphere continuum (SPAC), which, in
turn, relies on accurate monitoring of the water status of both soil
and plant. From an experimental standpoint, an important issue
is to what extent genotypic differences in drought-adaptive traits
measured in phenotyping platforms at different water regimes
reflect genotype performance across watering regimes under field
conditions. Along this line, encouraging results have recently been
reported in maize (Chapuis et al., 2012).

Regrettably, a unique means of measuring water status that
can be applied in all possible situations is not available. Choosing
the most appropriate method depends on the objective being
pursued, such as understanding drought-adaptive mechanisms,
selecting for drought resistance, investigating water movements,
or managing irrigation treatments (Boyer, 1995; Kirkham, 2004;
Jones, 2007). At the plant level, greater emphasis has tradition-
ally been devoted to water potential rather than sustained turgor,
the primary reason for sustained function under drought (Blum,
2006, 2009). Hence, examples of sustained function at low water
status as the main reason for drought tolerance are compara-
tively few. Maintenance of high leaf water potential and turgor
under dry conditions indicates dehydration avoidance (Blum,
1988; Ludlow and Muchow, 1990). Similarly, the relative water
content of the leaf also provides important information on the
water status of the plant, offering the advantage of collecting a
high number of samples in a short time (Sanguineti et al., 1999),
an important prerequisite for QTL studies trying to link variation
in physiological parameters to variation in yield. The precautions
to be adopted for measuring relative water content have been dis-
cussed by Blum2. Although, all components of leaf water relations
change during the day as irradiance and temperatures vary, the
change is small for about 2 h at and after solar noon. Therefore,

2http://www.plantstress.com/methods/index.asp
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this is an appropriate time window for investigating leaf water
relations in a large number of genotypes2.

It is equally important to monitor changes in soil moisture,
preferably at different depth of the rhizosphere, during the growth
and reproductive cycle of the crop. Root water uptake is one
of the pivotal processes within the SPAC. While the gravimetric
method (i.e., weighing samples of soil columns before and after
oven drying) provides accurate, albeit time-consuming, measure-
ment of soil moisture, other methods such as the neutron probe,
the capacity method and the “I-sensor” allow for quicker and
less labor-intensive measurement (Nagy et al., 2008; Cayci et al.,
2009).

During recent decades, progress in microelectronics has
allowed the development of several dielectric-based soil water
monitoring techniques, namely time-domain reflectome-
try (TDR), and single and multisensor capacitance probe
(SCP/MCP) systems (Fares and Polyakov, 2006; Vereecken et al.,
2008). These techniques have greatly simplified the real-time
determination of water content on a fine spatial and temporal
scale. Because of their relatively low cost and ease of operation,
MCP systems have met widespread acceptance as a means of
closely monitoring soil moisture by collecting high-resolution
soil-water content data in the rhizosphere. Despite their success,
MCP systems have shown some temperature and salinity effects
in different soil types, suggesting that further research is needed
to eliminate such effects for these capacitance systems to take
their place as leading soil water monitoring sensors.

TDR has been one of the most widely used techniques to
determine soil volumetric water content thanks to its high pre-
cision, non-ionizing radiation and low influence of soil salinity,
bulk density and texture (Noborio, 2001). However, compared
to the neutron probe, most of the TDR equipment available
does not allow detailed measurement along the soil profile. Also,
the use of conventional TDR probes requires drilling holes or
opening trenches in the soil to install the probes, limiting the
number of points measured in the soil profile (Manieri et al.,
2007). More recently, two-dimensional geoelectrical tomography
has been used for monitoring soil-water redistribution due to
water uptake by lupin roots (Werban et al., 2008). The result-
ing average water content from two-dimensional geoelectrical
tomography agreed well with the values determined by the TDR
measurements model.

WHAT SEVERITY OF WATER SHORTAGE?
Unlike yield under conditions of severe drought stress (>70%
reduction from yield under well-watered conditions) yield under
more moderate water shortage (up to approximately 50% reduc-
tion) reflects more closely yield potential under favorable con-
ditions (Blum, 2006). Therefore, drought resistance per se is
expected to play a progressively more important role than yield
potential as the severity of drought escalates, with genotype
ranking for yield changing considerably once the mean yield
falls below 20–30% of yield potential (Blum, 2006) as a result
of water scarcity. Consequently, germplasm evaluation in areas
where drought severity fluctuates widely should preferably be car-
ried out under well-watered conditions and at different levels
of drought stress (e.g., intermediate and severe). In maize, this

approach has been adopted to identify QTLs for yield across a
broad range of water availability (Malosetti et al., 2008; Messmer
et al., 2009) and to develop superior hybrids in sub-Saharan
Africa (Bänziger et al., 2006).

Retrospective studies conducted with an historical series of
maize hybrids showed that screening in multiple sites at high
plant densities provides substantial yield gains across a broad
range of environments, although, rates of gain in well-watered
conditions are more than twice as high as those in water-stressed
environments (Duvick, 2005; Campos et al., 2006). In wheat, four
decades of breeding at CIMMYT have clearly indicated the impor-
tance of selecting and managing key environments differing in
their yield potential to identify the best performing genotypes
across a broad range of environments. The so-called “shuttle
breeding” which was instrumental for the success of the Green
Revolution (Borlaug and Dowswell, 2005), remains a key factor
in developing more broadly adapted cultivars (Ortiz et al., 2007b;
Trethowan and Crossa, 2007). Recently, a QTL with a major and
consistent effect on GY in multiple elite genetic backgrounds
under both water-stressed and non-stressed conditions has been
described (Vikram et al., 2011). Consistency of the QTL effect
across different genetic backgrounds makes it a suitable candidate
for use in marker-assisted breeding.

PHENOTYPING IN THE FIELD
Assuming that both the type and the number of treatments (geno-
types, irrigation volumes, etc.) to be evaluated are adequate for
the specific objectives of each experiment, the following gen-
eral factors should be evaluated carefully to ensure the collection
of meaningful phenotypic data in field experiments conducted
under water-limited conditions:

• Experimental design
• Heterogeneity of experimental conditions between and within

experimental units
• Size of the experimental unit and number of replicates
• Number of sampled plants within each experimental unit
• Genotype-by-environment-by-management interaction.

The relative impact of each factor on the quality of the phe-
notypic data to be collected will vary greatly according to each
experiment. As an example, an excessive heterogeneity in soil
characteristics (depth, moisture, pH, etc.), and/or compaction
among field plots will inevitably increase the experimental error
and will jeopardize an accurate evaluation of yield. Mapping
the soil in experimental nurseries for environmental factors that
decrease phenotypic accuracy (Cairns et al., 2004, 2011; Rossel
et al., 2006; Patzold et al., 2008) and adopting suitable experimen-
tal designs can partially mitigate the negative effects of high soil
heterogeneity.

For experimental activities carried out under drought condi-
tions, the additional factors discussed below should receive due
attention when planning and conducting the experiments.

VARIATION IN PHENOLOGY
In environments where escape is the predominant cause of
drought resistance, the presence of large differences in flowering
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time among genotypes will inevitably bias the interpretation of
the influence of drought-adaptive traits on yield under drought
conditions (Soltani and Sinclair, 2012). Likewise, the presence
of large differences in plant height and/or root mass among the
progeny of a mapping population or accessions of a panel suit-
able for association mapping studies, may lead to an overestimate
of QTL effects owing to competition between neighboring plots,
especially when their surface area is small. These QTL effects
will most likely decrease once phenotypic evaluation has been
carried out with more phenologically homogeneous materials.
Surprisingly, this issue has not yet been addressed with dedicated
experiments.

INTERACTIONS WITH OTHER STRESSES
Obtaining an accurate estimate of drought resistance per se
implies the absence of other biotic or abiotic stress agents that
influence plant growth and function. Typical case scenarios are
those involving factors that cause mechanical damage to roots
(e.g., nematodes, root-worms, etc.), impair root growth (e.g.,
soil acidity, boron toxicity, salinity, etc.), and/or reduce water
availability to the crop (e.g., presence of weeds), and source
capacity (e.g., foliar diseases, insect damage to the canopy, etc.).
When one or more of the above-mentioned constraints affects
the experimental plots, genetic variability among the progeny
in resistance to these stress agents will inevitably bias an accu-
rate evaluation of drought resistance. Likewise, important and
more subtle interactions may occur when the effects of water
deficit are evaluated in the presence of other abiotic stress fac-
tors (e.g., high temperatures, high ozone, low nutrients, etc.)
that hasten leaf senescence and/or enhance the role of specific
adaptive mechanisms, such as the relocation of stem WSC in cere-
als, that normally play a less predominant role in determining
yield.

Nevertheless, it should be noted that drought hardly ever
occurs in the absence of other stress factors (Sadras, 2002; Sinclair
et al., 2007). An example of this is provided by the conditions of
terminal drought stress frequently concomitant to high temper-
atures that wheat and rice experience during grain filling (Pinto
et al., 2010; Jagadish et al., 2011; Lopes et al., 2012; Yang et al.,
2012). A partial solution to this problem, at least for traits other
than GY and its components, which are best evaluated under
field testing, is to collect phenotypic data from plants grown
in controlled facilities (greenhouse, growth chamber etc.). This
will allow for an accurate control of the main environmental
parameters—temperature, air humidity, light, etc.,—governing
water flow in the SPAC, and hence the water balance. This is par-
ticularly important for omics-profiling studies where even small
fluctuations in environmental conditions can substantially alter
gene expression. On a broader scale, environmental characteriza-
tion can be improved through the use of geographic information
systems (GIS) for crop monitoring (Kahinda et al., 2008), for
water balance models (Reshmidevi et al., 2008) and for their
combination.

MANAGING THE DYNAMICS AND INTENSITY OF DROUGHT EPISODES
The ability to control the timing, frequency and intensity of
drought episodes is a key factor in mimicking the environmental

conditions prevailing in the TPE and, consequently, in success-
fully selecting for improved drought resistance. To this end, an
increasing number of public and private breeding programmes
have conducted field trials in locations characterized by very
low rainfall during the growing season, a condition under which
the dynamics and intensity of drought episodes can be tightly
controlled through the frequency and volume of irrigation treat-
ments. Trials in dry sites also offer the distinct advantage of
a lower incidence of biotic constraints which, if unaccounted
for, can bias the evaluation of the role of other traits and cor-
responding QTLs in the adaptive response to moisture-limited
conditions.

The option of field testing in dry areas is not always avail-
able to many of those engaged in drought-related experiments.
Therefore, rainout shelters offer the possibility of investigating
the adaptive response of crops to a desired level of drought stress,
avoiding the vagaries of unpredictable rainfall patterns. There are
basically two types of rainout shelter: static and moveable. Further
details on the merits and pitfalls of these devices are provided by
Blum2. Major drawbacks to the use of rainout shelters are high
construction and operating costs, particularly for the movable
type, as well as the usually rather limited area protected by a shel-
ter which, in turn, limits the number and size of experimental
plots that can be tested. This is a significant problem when dealing
with large mapping populations or panels of accessions suitable
for association mapping studies.

INFLUENCE OF THE GROWTH STAGE
An important aspect for phenotyping traits in the most rele-
vant way from a breeding point of view is the identification of
the critical stage at which variability in the target traits plays a
more prevalent role in final performance. This is the stage at
which the correlation between the trait and final yield is high-
est, and thus becomes more diagnostic. For example, in maize
some biochemical factors, such as the concentration of sucrose
in the placental-chalazal area of the kernel, exert a particularly
strong and timely effect on reproductive fertility around flow-
ering but not a week earlier or later (Boyer and Westgate, 2004;
McLaughlin and Boyer, 2004). Similarly, genetically-based dif-
ferences in the concentration of ABA in leaves of field-grown
maize have been shown to peak around the time of flower-
ing or shortly after (Landi et al., 1995; Pekic et al., 1995). Due
consideration should also be given to fluctuations in the her-
itability of target traits exhibited during the growth cycle (see
below).

A critical factor in improving the relevance of infrared ther-
mography to measure canopy temperature is the timing of the
measurements of temperature differences between treatments.
Under field conditions, even well-watered healthy plants may
shut their stomata before solar noon, especially under condi-
tions of high evapotranspirative demand. This is particularly
relevant when different genotypes are evaluated for their capac-
ity to exploit an avoidance strategy. In this case, the timing of
the measurements to allow good discrimination among geno-
types needs to be determined for specific conditions and may
need considerable readjustment during subsequent samplings as
the water stress progresses during the day. An additional factor
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to be considered when measuring canopy temperature is the
effect of leaf wilting, folding or rolling under stress (Leinonen
et al., 2006; Grant et al., 2007). For instance, plant canopy
architecture will influence leaf temperature not only through
the angle of leaves to the light source, but also through the
degree of self-shading in the canopy (Zheng et al., 2008). To
a certain extent, the influence of self-shading can be reduced
if the most suitable view angle is used, although, different
opinions have been expressed in this regard (Grant et al.,
2006).

When phenotyping occurs at flowering or shortly after, addi-
tional bias is introduced if the tested genotypes differ considerably
in flowering time and/or maturity. In such cases, phenotyping
all accessions on the same date will provide data collected from
plants at different physiological stages, a circumstance that could
introduce significant bias in the interpretation of cause–effect
relationships between traits and yield. A partial solution is to sow
the accessions on two or three dates based on the maturity group
(e.g., early and late). Clearly, this procedure will increase the cost
of the trial.

TIMING OF MEASUREMENT AND SAMPLE COLLECTION
For morphophysiological traits that fluctuate widely during the
circadian cycle (e.g., water status, ABA content, stomatal con-
ductance, leaf rolling, leaf temperature, etc.) choosing the most
appropriate time for measurement and/or sample collection is
very critical. Additionally, measurement of traits that are time-
consuming to record (e.g., stomatal conductance) in a large
number of plants introduces a covariate effect proportional to
the duration of data or sample collection. In this respect, remote
sensing holds great potential to minimize or eliminate alto-
gether effects on trait expression due to the circadian rhythm and
corresponding changes in environmental factors.

CTD is a notable indicator of the amount of water extracted
from the soil and lost through foliar evapotranspiration into
the atmosphere. Therefore, this trait provides an indirect esti-
mate of root architecture (size and depth) and functionality
(e.g., permeability to water as a function of aquaporines, etc.)
in accessing soil moisture, and can be used as a fast, inexpen-
sive screening of root features (Reynolds et al., 2009). However,
to be diagnostic, canopy temperature should be measured under
conditions of high evapotranspirative demand and in absence
of wind (Blum, 1988), since even a slight breeze can alter the
level of evapotranspiration instantaneously and, consequently,
alter the leaf temperature. Balota et al. (2007) have investigated
the effects of the timing of measuring CTD on breeding selec-
tions of wheat in relation to growth stage, time of day and
weather. Although, under dry conditions long-term mean CTD
at noon and yield were found to be correlated in two grow-
ing seasons, the relation of short-term CTD readings to GY was
highly variable (Balota et al., 2007). Poor correlation was asso-
ciated with days of low solar irradiance, high wind speed and
rain events. Interestingly, genotype effects on CTD were detected
for all hours of day and night. Genotype-by-hour interaction
was non-significant at night, suggesting that night-time measure-
ments may provide more stable conditions for CTD comparison
among genotypes.

PHENOTYPING IN CONTROLLED ENVIRONMENT FACILITIES
Although, GY and its components are best phenotyped in field
trials, measuring secondary traits in plants grown in controlled
environment facilities (e.g., greenhouse, growth chamber, etc.)
takes advantage of an accurate control of the main environ-
mental parameters of moisture stress, air humidity, temperature,
light, etc., that vary greatly in field experiments. However, the
conditions under which plants are grown should be relevant
to the conditions prevailing in the field (Izanloo et al., 2008).
When the materials under test differ in flowering time, the use
of plants grown under controlled conditions facilitates the col-
lection of phenotypic data and samples at the same growth
stage and under similar conditions. Additionally, a tight con-
trol of growing conditions allows for more accurate assessment
of the constitutive capacity of different genotypes to accumulate
drought-adaptive compounds in response to a given level of water
deficit. For example, the accumulation of osmolytes and/or ABA
is highly influenced by water status, which can vary considerably
among genotypes tested in the field under similar water regimes
(Tuberosa et al., 1994; Rauf et al., 2009).

More uniform conditions in terms of water status can be
achieved through exposing plants to a solution with a known con-
centration of polyethylene-glycol (PEG). This approach can be of
particular interest as a way of exposing different genotypes to a
given level of dehydration (Sanguineti et al., 2006; Verslues et al.,
2006; Texeira et al., 2008; Ruta et al., 2010). Unlike in field condi-
tions where different genotypes are likely to experience different
stress intensities, plants grown in a PEG solution are exposed to
predetermined and rather uniform water stress, a condition that
facilitates a more correct interpretation of the cause–effect rela-
tionships of the association between traits. However, the use of
PEG requires good aeration of the solution to avoid hypoxia and
verification of the absence of possible contaminants. Additionally,
plants absorb PEG, particularly when it is of a low molecular
weight (<6000), which can alter the hydraulic properties of the
leaf 2. Therefore, great caution should be adopted in taking results
obtained under such highly artificial conditions and extrapolating
them to field conditions.

In most circumstances, the collection of phenotypic data in
experimental conditions that are remote from those prevail-
ing in the field may lead to biased and potentially misleading
conclusions. At the molecular level, an interesting example is pro-
vided by transcriptomics studies (Atienza et al., 2004; Rensink,
2005) wherein plants or plant parts such as detached leaves
undergo high-intensity stress treatments in a rather short time,
i.e., “shock-like” treatments. These conditions preclude the iden-
tification of long-term responses in gene expression that play a
more predominant role in adaptation to field aridity (Passioura,
2010). In barley, changes in gene expression were monitored in
leaves of plants grown in soil and subjected to slow-drying condi-
tions for 7 and 11 days (7d-WS and 11d-WS, respectively) with
the changes obtained under “shock-like” conditions imposed
with a 6 h dehydration treatment (Talamè et al., 2007). Among
all transcripts that showed a significant change in regulation in at
least one of the conditions tested, 57% were exclusively affected in
the dehydration shock treatment, 6% at 7d-WS and 14% at 11d-
WS. Irrespective of the low percentage of transcripts (10%) with

Frontiers in Physiology | Plant Physiology September 2012 | Volume 3 | Article 347 |19

http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Plant_Physiology
http://www.frontiersin.org/Plant_Physiology/archive


Tuberosa Phenotyping for drought tolerance

similar expression changes between shock- and slow-stress treat-
ments, a portion of these transcripts shared a common expres-
sion trend under the different drought treatment conditions, as
evidenced by low correlations between the fast-occurring and
the 7d-WS and 11d-WS treatments (r = 0.32 and 0.41, respec-
tively). From a practical standpoint, these results suggest that the
information obtained under artificial conditions of water deficit
induced over a very short period of time (e.g., a few hours) should
be treated very cautiously when used to identify candidate genes
for QTLs of field-related traits with a drought-adaptive role.

HARNESSING PHENOTYPIC VARIABILITY
A number of options are available to utilize the information col-
lected through phenotypic evaluation of germplasm resources
(Gur and Zamir, 2004; Dreccer et al., 2007; Reynolds et al., 2007;
Richards et al., 2007; Ortiz et al., 2008; Bernardo, 2009; Di Bianco
et al., 2011; Tuberosa et al., 2011a). A well-informed choice of
the parental lines based on a thorough phenotypic character-
ization of the main traits imparting drought resistance allows
for the creation of new populations where segregants that com-
bine drought-adaptive and other desirable features of parental
lines can be identified and selected (Reynolds et al., 2005). This
so-called “strategic crossing” has been deployed extensively and
successfully at CIMMYT, as shown by the fact that several newly
released improved wheat accessions have been selected from
crosses between parental lines chosen based on their morpho-
physiological features (Reynolds et al., 2005, 2011; Ortiz et al.,
2007b).

An effective breeding programme relies on the availability
of sufficient genetic variability for the target traits. Under this
aspect, landraces and wild accessions provide valuable oppor-
tunities to enhance the variability for drought-adaptive features
and, eventually, yield (Moncada et al., 2001; Talamè et al., 2004;
Tan et al., 2008). There is rapidly growing interest in wild rela-
tives of crops and landraces as sources of agronomically superior
alleles among those that were left behind by the domestica-
tion bottleneck and modern agriculture (Tanksley and McCouch,
1997; Lippman et al., 2007; Reynolds et al., 2007; Feuillet et al.,
2008). Advanced-backcross QTL analysis (ABQA) and introgres-
sion libraries (ILs) allow for proper and effective dissection of the
phenotypic variability contributed by non-commercially viable
parental lines (Talamè et al., 2004; Tan et al., 2008; Salvi et al.,
2011). Once a desirable QTL feature contributed by unadapted
materials tested under drought conditions has been identified, the
main issue is to evaluate to what extent the introgression of the
target segment in elite materials might cause a yield penalty under
favorable conditions. Regarding target traits, landraces and wild
relatives have been screened most commonly to identify acces-
sions with an outstanding expression of secondary traits such as
root mass, OA, leaf anatomy, etc., thought to play an important
role in conferring resistance to drought (Grando and Ceccarelli,
1995; Peleg et al., 2007, 2008).

TOWARD HIGH-THROUGHPUT PHENOMICS
High-throughput phenotyping helps standardize and improve
the collection of phenotypic data and facilitates the creation
of repository databases useful for QTL meta-analyses (Lippman

et al., 2007; Welcker et al., 2011). Unlike a decade ago, our present
capacity to conduct high-throughput molecular profiling far out-
weighs our capacity to collect reliable phenotypic data (Sinclair
and Purcell, 2005). The best example is provided by the burst
in single nucleotide polymorphism (SNP) discovery and profil-
ing in a number of crops (Rostoks et al., 2005; Kota et al., 2008;
Ganal et al., 2009; Waugh et al., 2009; Mondini et al., 2011;
Rafalski, 2011; Trebbi et al., 2011). Nevertheless, the past years
have witnessed a growing awareness of the need for increasingly
integrated, multidisciplinary and field-oriented research in order
to mitigate the negative effects of water shortage (Edmeades et al.,
2004; Tuberosa et al., 2007a).

High-throughput phenotyping of plants in pots allows for
tight control of the water shortage imposed on different geno-
types and of the homogeneity of the severity of stress, a condition
that is seldom achieved under field conditions, particularly when
the genotypes under test differ in phenology and/or biomass.
However, a number of distinct limitations characterize pot exper-
iments and should be carefully considered and managed to obtain
meaningful results relevant to field conditions (Passioura, 2006).

Phenotyping under controlled conditions is relatively straight-
forward when scoring traits in a binary fashion, such as for
photoperiod sensitivity, and when environmental conditions do
not have much effect on the target trait or are easily defined
(e.g., light versus darkness). However, it quickly becomes more
complex when the target traits are quantitatively assessed, as in
the case of growth, and when environmental conditions that
vary during the day (e.g., temperature, light intensity, soil water
status, etc.) influence the target trait (e.g., the rate of leaf elon-
gation). In this case, the phenotype is rather dynamic and better
defined by a series of response curves to environmental stimuli
(Tardieu et al., 2003, 2005; Hammer et al., 2004; Tardieu, 2012),
an approach that is very time-consuming and requires a tight
control of environmental conditions.

Hence, it is important to: (1) measure the physical variable/s
(e.g., pot weight, soil moisture etc.) that quantify the level of water
stress; and (2) add a precise amount of water to each pot. High-
throughput phenotyping platforms allow for the automation of
these procedures that have already been adopted by a number of
private companies and large public institutions to streamline and
standardize the collection of highly accurate phenotypic data in
glasshouse-grown plants (Granier et al., 2006; Rajendran et al.,
2009). State-of-the art technology including imaging, robotic
and computing equipment, allows for the continuous phenotypic
measurement of thousands of plants automatically and non-
destructively3. Regrettably, the installation and operating cost of
these platforms is very high.

For certain traits, the high-throughput collection of pheno-
typic features can be streamlined by the use of digital imaging
and measurement of canopy features by means of near-infrared
spectroscopy and spectral reflectance, as discussed below.

DIGITAL IMAGING
Digital image analysis provides an inexpensive and rapid way of
precisely measuring plant features whose measurement would

3See the “Plant Accelerator” at http://www.plantphenomics.org/TPA
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otherwise require a great deal of time. A notable example is
provided by the measurement of canopy features (Marti et al.,
2007; Campillo et al., 2008; Elsayed et al., 2011; Winterhalter
et al., 2011b; Fiorani et al., 2012). Digital images offer a series
of advantages over other methods of light interception estima-
tion, including the possibility of directly processing images by
computer. Video image analysis allows for a dynamic, inexpen-
sive and non-destructive assessment of canopy features and crop
growth (Beverly, 1996; Campillo et al., 2008; Cairns et al., 2011;
Elsayed et al., 2011; White et al., 2012). Digital imaging is equally
valuable for measuring root characteristics in experiments that
are often constrained by the lack of suitable methods for contin-
uous, non-destructive measurements (Himmelbauer et al., 2004;
Blouin et al., 2007). Additionally, digital image analysis (Kimura
et al., 1999; Armengaud et al., 2009) allows for accurate analysis
at higher resolution scales, an important prerequisite to inves-
tigate the kinetics of the processes regulating root growth. In
this respect, a non-invasive technique, based on digital image
sequence processing, has been applied for quantifying highly
resolved spatio-temporal processes within the root growth zone
in the model plant Arabidopsis (Chavarria-Krauser et al., 2008;
Iyer-Pascuzzi et al., 2010).

NEAR-INFRARED SPECTROSCOPY AND SPECTRAL REFLECTANCE
Remote sensing via near-infrared spectroscopy and spectral
reflectance of plant canopies are promising components of high-
throughput phenotyping platforms (Montes et al., 2007) and
provide interesting opportunities for collecting integrative traits
with high temporal resolution (Gutierrez et al., 2010). Spectral
reflectance in the visible and near-infrared regions of the electro-
magnetic spectrum is collected from the canopy of the crop by
sensors that can be mounted on tractors (Montes et al., 2007) or
using digital cameras mounted on hand-held devices (Casadesus
et al., 2007). Remote sensing has advanced our understanding
of the changes in leaf reflectance and leaf emittance according
to species, leaf thickness, canopy shape, leaf age, nutrient sta-
tus and, importantly, water status (Hatfield et al., 2008). Based
on this information, various vegetative indices for crop canopies
have been formulated to quantify agronomic parameters (e.g.,
leaf area, crop cover, biomass, yield, etc.). Retrieving meaningful
information from the plot spectra relies on the use of cali-
bration models for prediction of the phenotypic values. Under
well-managed experimental conditions, spectral reflectance has
been used to monitor plant photosynthetic pigment composition,
water status assessment and the early detection of abiotic stress
(Babar et al., 2006, 2007; Guo et al., 2008; Gray et al., 2010).

SIMULATING VIRTUAL PHENOTYPES
As we inch our way forward to unravel gene functions in a piece-
meal fashion (i.e., gene-by-gene) and try to understand how these
functions ultimately affect the phenotype, there is a growing
interest in models that allow us to simulate virtual phenotypes
deriving from all possible combinations of different factors—
alleles, environmental variables, etc. In a way, modeling represents
a step toward a more comprehensive systems biology approach
(Dingkuhn et al., 2005; Yin and Struik, 2008; Tardieu and
Tuberosa, 2010) aimed at predicting phenotypic performance of

an otherwise intractably large number of treatments, such as the
genotypes obtained by combining different gene/QTL alleles, irri-
gation volumes and frequency, temperatures, etc., (Hoogenboom
et al., 2004; Cooper et al., 2007; Heinemann et al., 2008; Letort
et al., 2008; Sinclair et al., 2010).

The assumption is that gene networks are regulated in a coor-
dinated way to allow plants to react predictably to a range of
environmental conditions (Sadok et al., 2007; Chenu et al., 2008;
Jansen et al., 2009; Chapuis et al., 2012). Crucial to the success
of this approach is the possibility of monitoring the phenotype
of each accession in a precise and rapid way for the target trait
(e.g., leaf elongation) in response to closely controlled environ-
mental variables such as temperature, evaporative demand, soil
water status, etc. Clearly, this kind of study is best conducted
under controlled conditions. In maize, the QTL parameters of
these responses were calculated for lines of mapping popula-
tions and were then analyzed genetically (Reymond et al., 2003;
Welcker et al., 2007), allowing simulation of leaf growth in novel
inbred lines as defined by their QTL alleles (Sadok et al., 2007).
Therefore, this approach allows for the identification of QTLs of
plant responses that, in principle, should not include a GEI. It
theoretically allows prediction of the performance of any “virtual
genotype” with a given combination of alleles in any climatic sce-
nario. This possibility opens up a promising avenue, but is limited
at present to very simple traits and genetic systems.

More integrative models simulate crop development as a func-
tion of environmental conditions. Consequently, they allow for
the evaluation of the effects of individual traits on the seasonal
dynamic of water use and carbon assimilation of crops (Chapman
et al., 2003; Yin et al., 2004). However, their algorithms remain
relatively crude, so the effects of genes or QTLs cannot usu-
ally be simulated at the crop level except for constitutive traits
such as phenology (Chapman et al., 2003; Yin et al., 2005), for
binary traits related to environmental triggers, such as flower-
ing response to photoperiod (Hoogenboom et al., 2004) or when
QTL models at the organ level can be combined with crop mod-
els (Chenu et al., 2008; Tardieu and Tuberosa, 2010). Their main
function until now has been to evaluate whether a given trait
will have a positive effect over a long series of climatic scenarios.
For instance, Hammer et al. (2005) simulated the effect of stay-
green, a trait considered as conferring drought tolerance, across
547 location-season combinations. As expected, this trait had a
positive effect under mid-season or terminal stress, but a negative
effect under severe terminal stress.

A factor that affects the prediction capacity of modeling is the
unaccounted complications caused by non-linear effects associ-
ated with genes acting in networks when selection is conducted
on a population of individuals segregating for the genes con-
tributing to the network (Peccoud et al., 2004). Notwithstanding
the promising features of modeling, an accurate prediction across
genotypes still remains a difficult undertaking.

CONCLUSIVE REMARKS AND PERSPECTIVES
Taking full advantage of germplasm resources and the opportu-
nities offered by genomics approaches to improve drought resis-
tance will require a better understanding of the physiology and
genetic basis of drought-adaptive traits. Clearly, an accurate and
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cost-effective phenotyping will be instrumental in this respect.
The utilization of techniques/approaches that allow for a precise
control of the water regime (e.g., irrigated trials in dry regions,
rainout shelters, etc.) and a reduction of the experimental noise
coupled with the adoption of high-throughput platforms will
streamline the collection of good phenotypic data while increas-
ing the cost-effectiveness of phenotyping. This, in turn, will help
to lift, at least partially, the “statistical fog” that surrounds QTLs
and impairs our capacity to properly gauge their effects and
predict the potential of novel combinations of QTL alleles.

However, no matter how accurate our phenotyping will be, the
vast majority of the QTLs determining the measured phenotype
will remain undetected. By analogy, I refer to this as the “iceberg
effect.” Similar to an iceberg, where most of mass lies below the sea
surface and thus is not visible, the majority of the genetic factors
controlling quantitative traits will equally defy detection because
their effects are simply too small to be evidenced at a statistically
significant level. Therefore, notwithstanding the implementation
of new crossing schemes (e.g., multiparental crosses: Blanc et al.,
2006, 2008) and approaches (e.g., association mapping: Buckler

et al., 2009; Lu et al., 2010, 2012; Maccaferri et al., 2011; Varshney
et al., 2012) that facilitate the identification and cloning of
QTLs, the targeted manipulation of yield will remain a daunting
undertaking.

As compared to MAS, genome-wide selection, while bypass-
ing QTL identification (Bernardo, 2009), relies even more so on
accurate phenotyping. As the cost of genotyping and sequenc-
ing keeps dropping (Varshney et al., 2009; Feuillet et al., 2011),
cost-effective phenotyping will become increasingly strategic for
further dissecting drought-adaptive traits and tailoring culti-
vars better suited for farming under drought-prone conditions.
Hopefully, the information presented in this review will help
raising interest in phenotyping as well as due awareness and
appreciation of its pivotal role.

ACKNOWLEDGMENTS
This review was written in the framework of the DROPS
project, which received funding from the European Community’s
Seventh Framework Programme under the grant agreement n◦
FP7-244374.

REFERENCES
Acuna, T. L. B., Lafitte, H. R., and Wade,

L. J. (2008). Genotype × environ-
ment interactions for grain yield
of upland rice backcross lines in
diverse hydrological environments.
Field Crops Res. 108, 117–125.

Acuna, T. L. B., Pasuquin, E., and Wade,
L. J. (2007). Genotypic differences
in root penetration ability of wheat
through thin wax layers in contrast-
ing water regimes and in the field.
Plant Soil 301, 135–149.

Alhosein, I., Miyuki, N., Shuhei, N.,
Kenji, K., Masaya, F., Hitoshi, M.,
and Yutaka, O. (2012). Novel QTLs
for growth angle of seminal roots in
wheat (Triticum aestivum L.). Plant
Soil 354, 395–405.

Ali, M., Jensen, C. R., Mogensen, V. O.,
Andersen, M. N., and Henson, I. E.
(1999). Root signaling and osmotic
adjustment during intermittent soil
drying sustain grain yield of field
grown wheat. Field Crops Res. 62,
35–52.

Ali, M. L., Pathan, M. S., Zhang, J.,
Bai, G., Sarkarung, S., and Nguyen,
H. T. (2000). Mapping QTLs for
root traits in a recombinant inbred
population from two indica eco-
types in rice. Theor. Appl. Genet.
101, 756–766.

Araus, J. L., Amaro, T., Zuhair, Y.,
and Nachit, M. M. (1997). Effect
of leaf structure and water status
on carbon isotope discrimination
in field-grown durum wheat. Plant
Cell Environ. 20, 1484–1494.

Araus, J. L., Blum, A., Nguyen,
H. T., Parry, M. A. J., and
Tuberosa, R. (2007). Integrated
approaches to sustain and improve

plant production under drought
stress—preface. J. Exp. Bot. 58, iv.

Araus, J. L., Bort, J., Steduto, P.,
Villegas, D., and Royo, C. (2003).
Breeding cereals for Mediterranean
conditions: ecophysiological clues
for biotechnology application. Ann.
Appl. Biol. 142, 129–141.

Araus, J. L., Slafer, G. A., Reynolds, M.
P., and Royo, C. (2002). Plant breed-
ing and drought in C3 cereals: what
should we breed for? Ann. Bot. 89,
925–940.

Araus, J. L., Slafer, G. A., Royo, C., and
Serret, M. D. (2008). Breeding for
yield potential and stress adaptation
in cereals. Crit. Rev. Plant Sci. 27,
377–412.

Arihara, J., and Crosbie, T. M. (1982).
Relationships among seedling and
mature root system traits of maize.
Crop Sci. 22, 1197–1202.

Armengaud, P., Zambaux, K., Hills, A.,
Sulpice, R., Pattison, R. J., Blatt, M.
R., and Amtmann, A. (2009). EZ-
Rhizo: integrated software for the
fast and accurate measurement of
root system architecture. Plant J. 57,
945–956.

Ashraf, M. (2010). Inducing drought
tolerance in plants: recent advances.
Biotechnol. Adv. 28, 169–183.

Asseng, S., Turner, N. C., Botwright,
Y., and Condon, A. G. (2003).
Evaluating the impact of a trait
for increased specific leaf area on
wheat yields using a crop simulation
model. Agron. J. 95, 10–19.

Atienza, S. G., Faccioli, P., Perrotta,
G., Dalfino, G., Zschiesche, W.,
Humbeck, K., Stanca, A. M., and
Cattivelli, L. (2004). Large scale
analysis of transcripts abundance in

barley subjected to several single
and combined abiotic stress condi-
tions. Plant Sci. 167, 1359–1365.

Ayele, M., Blum, A., and Nguyen, H.
T. (2001). Diversity for osmotic
adjustment and root depth in tef
[Eragrostis tef (Zucc) Trotter].
Euphytica 121, 237–249.

Azhiri-Sigari, T., Yamauchi, A.,
Kamoshita, A., and Wade, L. J.
(2000). Genotypic variation in
response of rainfed lowland rice to
drought and rewatering. II. Root
growth. Plant Prod. Sci. 3, 180–188.

Babar, M. A., van Ginkel, M., Klatt,
A., Prasad, B., and Reynolds, M. P.
(2006). The potential of using spec-
tral reflectance indices to estimate
yield in wheat grown under reduced
irrigation. Euphytica 150, 155–172.

Babar, M. A., van Ginkel, M., Reynolds,
M. P., Prasad, B., and Klatt, A.
R. (2007). Heritability, correlated
response, and indirect selection
involving spectral reflectance
indices and grain yield in wheat.
Aust. J. Agric. Res. 58, 432–442.

Babu, R. C., Nguyen, B. D., Chamarerk,
V., Shanmugasundaram, P.,
Chezhian, P., Jeyaprakash, P.,
Ganesh, S. K., Palchamy, A.,
Sadasivam, S., Sarkarung, S., Wade,
L. J., and Nguyen, H. T. (2003).
Genetic analysis of drought resis-
tance in rice by molecular markers:
association between secondary
traits and field performance. Crop
Sci. 43, 1457–1469.

Babu, R. C., Pathan, M. S., Blum,
A., and Nguyen, H. T. (1999).
Comparison of measurement meth-
ods of osmotic adjustment in rice
cultivars. Crop Sci. 39, 150–158.

Bacon, M. A., Davies, W. J., Mingo, D.,
and Wilkinson, S. (2002). “Root sig-
nals,” in Plant Roots: The Hidden
Half, 3rd Edn. eds Y. Waisel, A.
Eshel, and U. Kafkafi (Monticello,
NY: Marcel Dekker, Inc), 461–470.

Balota, M., Payne, W. A., Evett, S. R.,
and Lazar, M. D. (2007). Canopy
temperature depression sampling to
assess grain yield and genotypic dif-
ferentiation in winter wheat. Crop
Sci. 47, 1518–1529.

Bänziger, M., Setimela, P. S., Hodson,
D., and Vivek, B. (2006). Breeding
for improved abiotic stress toler-
ance in maize adapted to south-
ern Africa. Agric. Water Manage. 80,
212–224.

Barbour, M. M., Fischer, R. A., Sayre,
K. D., and Farquhar, G. D. (2000).
Oxygen isotope ratio of leaf and
grain material correlates with stom-
atal conductance and grain yield
in irrigated wheat. Aust. J. Plant
Physiol. 27, 625–637.

Barnabas, B., Jager, K., and Feher, A.
(2008). The effect of drought and
heat stress on reproductive pro-
cesses in cereals. Plant Cell Environ.
31, 11–38.

Bartels, D., Ditzer, A., and Furini, A.
(2006). What can we learn from
resurrection plants? in Drought
Adaptation in Cereals, ed J.-M.
Ribaut (Binghamton, NY: The
Haworth Press, Inc), 599–622.

Basu, P. S., Ali, M., and Chaturvedi,
S. K. (2007). Osmotic adjustment
increases water uptake, remobiliza-
tion of assimilates and maintains
photosynthesis in chickpea under
drought. Indian J. Exp. Biol. 45,
261–267.

www.frontiersin.org September 2012 | Volume 3 | Article 347 | 22

http://www.frontiersin.org
http://www.frontiersin.org/Plant_Physiology/archive


Tuberosa Phenotyping for drought tolerance

Bengough, A. G., Bransby, M. F., Hans,
J., McKenna, S. J., Roberts, T. J.,
and Valentine, T. A. (2006). Root
responses to soil physical condi-
tions; growth dynamics from field to
cell. J. Exp. Bot. 57, 437–447.

Bengough, A. G., Gordon, D. C., Al-
Menaie, H., Ellis, R. P., Allan, D.,
Keith, R., Thomas, W. T. B., and
Forster, B. P. (2004). Gel observation
chamber for rapid screening of root
traits in cereal seedlings. Plant Soil
262, 63–70.

Bernardo, R. (2004). What proportion
of declared QTL in plants are false?
Theor. Appl. Genet. 109, 419–424.

Bernardo, R. (2008). Molecular mark-
ers and selection for complex traits
in plants: learning from the last 20
years. Crop Sci. 48, 1649–1664.

Bernardo, R. (2009). Genomewide
selection for rapid introgression of
exotic germplasm in maize. Crop
Sci. 49, 419–425.

Bernardo, R., and Yu, J. M. (2007).
Prospects for genomewide selection
for quantitative traits in maize. Crop
Sci. 47, 1082–1090.

Bernier, J., Kumar, A., Ramaiah, V.,
Spaner, D., and Atlin, G. (2007).
A large-effect QTL for grain yield
under reproductive-stage drought
stress in upland rice. Crop Sci. 47,
507–518.

Bernier, J., Serraj, R., Kumar, A.,
Venuprasad, R., Impa, S., Gowda, R.
P. V., Oane, R., Spaner, D., and Atlin,
G. (2009). The large-effect drought-
resistance QTL qtl12.1 increases
water uptake in upland rice. Field
Crops Res. 110, 139–146.

Beverly, R. B. (1996). Video image anal-
ysis as a nondestructive measure of
plant vigor for precision agriculture.
Commun. Soil Sci. Plant Anal. 27,
607–614.

Blanc, G., Charcosset, A., Mangin, B.,
Gallais, A., and Moreau, L. (2006).
Connected populations for detect-
ing quantitative trait loci and test-
ing for epistasis: an application
in maize. Theor. Appl. Genet. 113,
206–224.

Blanc, G., Charcosset, A., Veyrieras,
J. B., Gallais, A., and Moreau,
L. (2008). Marker-assisted selec-
tion efficiency in multiple con-
nected populations: a simulation
study based on the results of a
QTL detection experiment in maize.
Euphytica 161, 71–84.

Blouin, M., Barot, S., and Roumet, C.
(2007). A quick method to deter-
mine root biomass distribution in
diameter classes. Plant Soil 290,
371–381.

Blum, A. (1988). Breeding for Stress
Environments. Boca Raton: CRC
Press, 245.

Blum, A. (1996). Crop responses to
drought and the interpretation of
adaptation. Plant Growth Regul. 20,
135–148.

Blum, A. (1998). Improving wheat
grain filling under stress by stem
reserve mobilization. Euphytica 100,
77–83.

Blum, A. (2005). Drought resistance,
water-use efficiency, and yield
potential–are they compatible,
dissonant, or mutually exclusive?
Aust. J. Agric. Res. 56, 1159–1168.

Blum, A. (2006). “Drought adapta-
tion in cereal crops: a prologue,” in
Drought Adaptation in Cereals, ed
J.-M. Ribaut (Binghamton, NY: The
Haworth Press, Inc), 3–15.

Blum, A. (2009). Effective use of water
(EUW) and not water-use efficiency
(WUE) is the target of crop yield
improvement under drought stress.
Field Crops Res. 112, 119–123.

Blum, A. (2011). Plant Breeding for
Water–Limited Environments. New
York, NY: Springer.

Blum, A., Mayer, J., and Gozlan, G.
(1982). Infrared thermal sensing of
plant canopies as a screening tech-
nique for dehydration avoidance in
wheat. Field Crops Res. 5, 137–146.

Blum, A., Munns, R., Passioura, J.
B., and Turner, N. C. (1996).
Genetically engineered plants resis-
tant to soil drying and salt stress:
how to interpret osmotic relations?
Plant Physiol. 110, 1051–1053.

Blum, A., Zhang, J. X., and Nguyen,
H. T. (1999). Consistent differences
among wheat cultivars in osmotic
adjustment and their relationship to
plant production. Field Crops Res.
64, 287–291.

Bohnert, H. J., Gong, Q. Q., Li, P. H.,
and Ma, S. S. (2006). Unraveling abi-
otic stress tolerance mechanisms–
getting genomics going. Curr. Opin.
Plant Biol. 9, 180–188.

Bolaños, J., and Edmeades, G. O.
(1993). Eight cycles of selection for
drought tolerance in lowland tropi-
cal maize. 2. Responses in reproduc-
tive behavior. Field Crops Res. 31,
253–268.

Bolaños, J., and Edmeades, G. O.
(1996). The importance of the
anthesis-silking interval in breed-
ing for drought tolerance in tropical
maize. Field Crops Res. 48, 65–80.

Borlaug, N. E. (2007). Sixty-two years
of fighting hunger: personal recol-
lections. Euphytica 157, 287–297.

Borlaug, N. E., and Dowswell, C.
R. (2005). “Feeding a world of
ten billion people: a 21st century
challenge,” in Proceedings of the
International Congress: In the Wake
of the Double Helix: From the Green
Revolution to the Gene Revolution,

eds R. Tuberosa, R. L. Phillips, and
M. Gale (Bologna, Italy: Avenue
Media) 27–31 May, 3–23.

Borrell, A., Hammer, G., and Van
Oosterom, E. (2001). Stay-green: a
consequence of the balance between
supply and demand for nitrogen
during grain filling? Ann. Appl. Biol.
138, 91–95.

Bovina, R., Talamè, V., Ferri, M.,
Tuberosa, R., Chmielewska, B.,
Szarejko, I., and Sanguineti, M.
C. (2011). Identification of root
morphology mutants in barley.
Plant Genet. Resour. 9, 357–360.

Boyer, J. S. (1995). Measuring the Water
Status of Plants and Soils. London,
UK: Academic Press, 178.

Boyer, J. S., James, R. A., Munns, R.,
Condon, T. A. G., and Passioura,
J. B. (2008). Osmotic adjustment
leads to anomalously low estimates
of relative water content in wheat
and barley. Funct. Plant Biol. 35,
1172–1182.

Boyer, J. S., and Westgate, M. E. (2004).
Grain yields with limited water.
J. Exp. Bot. 55, 2385–2394.

Bray, E. A. (2002). Abscisic acid reg-
ulation of gene expression during
water-deficit stress in the era of
the Arabidopsis genome. Plant Cell
Environ. 25, 153–161.

Brennan, J. P., Condon, A. G., Van
Ginkel, M., and Reynolds, M. P.
(2007). An economic assessment
of the use of physiological selec-
tion for stomatal aperture-related
traits in the CIMMYT wheat breed-
ing programme. J. Agric. Sci. 145,
187–194.

Buckler, E. S., Holland, J. B., Bradbury,
P. J., Acharya, C. B., Brown, P.
J., Browne, C., Ersoz, E., Flint-
Garcia, S., Garcia, A., Glaubitz, J.
C., Goodman, M. M., Harjes, C.,
Guill, K., Kroon, D. E., Larsson, S.,
Lepak, N. K., Li, H. H., Mitchell, S.
E., Pressoir, G., Peiffer, J. A., Rosas,
M. O., Rocheford, T. R., Romay, M.
C., Romero, S., Salvo, S., Villeda,
H. S., da Silva, H. S., Sun, Q.,
Tian, F., Upadyayula, N., Ware, D.,
Yates, H., Yu, J. M., Zhang, Z. W.,
Kresovich, S., and McMullen, M. D.
(2009). The genetic architecture of
maize flowering time. Science 325,
714–718.

Burgueno, J., Crossa, J., Cornelius, P.
L., and Yang, R. C. (2008). Using
factor analytic models for joining
environments and genotypes with-
out crossover genotype × envi-
ronment interaction. Crop Sci. 48,
1291–1305.

Cairns, J. E., Audebert, A., Townend,
J., Price, A. H., and Mullins, C.
E. (2004). Effect of soil mechanical
impedance on root growth of two

rice varieties under field drought
stress. Plant Soil 267, 309–318.

Cairns, J. E., Impa, S. M., O’Toole, J. C.,
Jagadish, S. V. K., and Price, A. H.
(2011). Influence of the soil phys-
ical environment on rice (Oryza
sativa L.) response to drought stress
and its implications for drought
research. Plant Genet. Resour. 121,
303–310.

Cairns, J. E., Sonder, K., Zaidi, P. H.,
Verhulst, N., Mahuku, G., Babu,
R., Nair, S. K., Das, B., Govaerts,
B., Vinayan, M. T., Rashid, Z.,
Noor, J. J., Devi, P., Vicente, F.
S., and Prasanna, B. M. (2012).
Maize production in a changing cli-
mate: impacts, adaptation, and mit-
igation strategies. Adv. Agron. 114,
1–58.

Campillo, C., Prieto, M. H., Daza, C.,
Monino, M. J., and Garcia, M. I.
(2008). Using digital images to char-
acterize canopy coverage and light
interception in a processing tomato
crop. Hortscience 43, 1780–1786.

Campos, H., Cooper, M., Edmeades,
G. O., Loffler, C., Schussler, J. R.,
and Ibanez, M. (2006). Changes in
drought tolerance in maize associ-
ated with fifty years of breeding for
yield in the US corn belt. Maydica
51, 369–381.

Casadesus, J., Kaya, Y., Bort, J.,
Nachit, M. M., Araus, J. L., Amor,
S., Ferrazzano, G., Maalouf,
F., Maccaferri, M., Martos, V.,
Ouabbou, H., and Villegas, D.
(2007). Using vegetation indices
derived from conventional digital
cameras as selection criteria for
wheat breeding in water-limited
environments. Ann. Appl. Biol. 150,
227–236.

Cayci, G., Heng, L. K., Ozturk, H. S.,
Suerek, D., Kutuk, C., and Saglam,
M. (2009). Crop yield and water
use efficiency in semi-arid region of
Turkey. Soil Till. Res. 103, 65–72.

Ceccarelli, S., and Grando, S. (1996).
Drought as a challenge for the plant
breeder. Plant Growth Regul. 20,
149–155.

Chaerle, L., Leinonen, I., Jones, H. G.,
and Van der Straeten, D. (2007).
Monitoring and screening plant
populations with combined thermal
and chlorophyll fluorescence imag-
ing. J. Exp. Bot. 58, 773–784.

Chapman, S. C., and Edmeades, G. O.
(1999). Selection improves drought
tolerance in tropical maize popu-
lations: II. Direct and correlated
responses among secondary traits.
Crop Sci. 39, 1315–1324.

Chapman, S. C., Chakraborty, S.,
Dreccer, M. F., and Howden, S. M.
(2012). Plant adaptation to climate
change-opportunities and priorities

Frontiers in Physiology | Plant Physiology September 2012 | Volume 3 | Article 347 | 23

http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Plant_Physiology
http://www.frontiersin.org/Plant_Physiology/archive


Tuberosa Phenotyping for drought tolerance

in breeding. Crop Pasture Sci. 63,
251–268.

Chapman, S., Cooper, M., Podlich, D.,
and Hammer, G. (2003). Evaluating
plant breeding strategies by sim-
ulating gene action and dryland
environment effects. Agron. J. 95,
99–113.

Chapuis, R., Delluc, C., Debeuf, R.,
Tardieu, F., and Welcker, C. (2012).
Resiliences to water deficit in a phe-
notyping platform and in the field:
how related are they in maize? Eur.
J. Agron. 42, 59–67.

Chavarria-Krauser, A., Nagel, K. A.,
Palme, K., Schurr, U., Walter, A.,
and Scharr, H. (2008). Spatio-
temporal quantification of differen-
tial growth processes in root growth
zones based on a novel combina-
tion of image sequence processing
and refined concepts describing cur-
vature production. New Phytol. 177,
811–821.

Chaves, M. M., and Oliveira, M.
M. (2004). Mechanisms underly-
ing plant resilience to water deficits:
prospects for water-saving agricul-
ture. J. Exp. Bot. 55, 2365–2384.

Chen, J., Chang, S. X., and Anyia,
A. O. (2012). Quantitative trait
loci for water-use efficiency in
barley (Hordeum vulgare L.) mea-
sured by carbon isotope discrimina-
tion under rain-fed conditions on
the Canadian Prairies. Theor. Appl.
Genet. 125, 71–90.

Chenu, K., Chapman, S. C., Hammer,
G. L., McLean, G., Salah, H. B.
H., and Tardieu, F. (2008). Short-
term responses of leaf growth rate to
water deficit scale up to whole-plant
and crop levels: an integrated mod-
elling approach in maize. Plant Cell
Environ. 31, 378–391.

Chimenti, C. A., Marcantonio, M., and
Hall, A. J. (2006). Divergent selec-
tion for osmotic adjustment results
in improved drought tolerance in
maize (Zea mays L.) in both early
growth and flowering phases. Field
Crops Res. 95, 305–315.

Clark, R. T., MacCurdy, R. B., Jung,
J. K., Shaff, J. E., McCouch,
S. R., Aneshansley, D. J., and
Kochian, L. V. (2011). Three–
dimensional root phenotyping
with a novel imaging and soft-
ware platform. Plant Physiol. 156,
455–465.

Collins, N. C., Tardieu, F., and
Tuberosa, R. (2008). Quantitative
trait loci and crop performance
under abiotic stress: where do we
stand? Plant Physiol. 147, 469–486.

Cominelli, E., Galbiati, M., Vavasseur,
A., Conti, L., Sala, T., Vuylsteke,
M., Leonhardt, N., Dellaporta,
S. L., and Tonelli, C. (2005). A

guard-cell-specific MYB tran-
scription factor regulates stomatal
movements and plant drought
tolerance. Curr. Biol. 15, 1196–1200.

Condon, A. G., Farquar, G. D.,
Rebetzke, G. J., and Richards, R.
A. (2006). “The application of
carbon isotope discrimination in
cereal improvement for water-
limited environments,” in Drought
Adaptation in Cereals, ed J.-M.
Ribaut (Binghamton, NY: The
Haworth Press, Inc), 171–219.

Condon, A. G., Farquar, G. D., and
Richards, R. A. (1990). Genotypic
variation in carbon isotope discrim-
ination and transpiration efficiency
in wheat. Leaf gas exchange and
whole plant studies. Aust. J. Plant
Physiol. 17, 9–22.

Condon, A. G., Richards, R. A.,
and Farquhar, G. D. (1993).
Relationships between carbon
isotope discrimination, water use
efficiency and transpiration effi-
ciency for dryland wheat. Aust.
J. Agric. Res. 44, 1693–1711.

Condon, A. G., Richards, R. A.,
Rebetzke, G. J., and Farquhar, G.
D. (2002). Improving intrinsic
water-use efficiency and crop yield.
Crop Sci. 42, 122–131.

Condon, A. G., Richards, R. A.,
Rebetzke, G. J., and Farquhar,
G. D. (2004). Breeding for high
water-use efficiency. J. Exp. Bot. 55,
2447–2460.

Cooper, M., Podlich, D. W., and
Luo, L. (2007). “Modeling QTL
effects and MAS in plant breeding,”
in Genomics-assisted crop improve-
ment. Genomics approaches and plat-
forms, Vol. 1, eds R. K. Varshney
and R. Tuberosa (Dordrecht, The
Netherlands: Springer), 57–95.

Cooper, M., van Eeuwijk, F. A.,
Hammer, G. L., Podlich, D. W., and
Messina, C. (2009). Modeling QTL
for complex traits: detection and
context for plant breeding. Curr.
Opin. Plant Biol. 12, 231–240.

Courtois, B., Ahmadi, N., Khowaja, F.,
Price, A. H., Rami, J. F., Frouin,
J., Hamelin, C., and Ruiz, M.
(2009). Rice root genetic architec-
ture: meta–analysis from a drought
QTL database. Rice 2, 115–128.

Courtois, B., Shen, L., Petalcorin, W.,
Carandang, S., Mauleon, R., and Li,
Z. (2003). Locating QTLs control-
ling constitutive root traits in the
rice population IAC 165 × Co39.
Euphytica 134, 335–345.

Crossa, J., Burgueno, J., Dreisigacker,
S., Vargas, M., Herrera–Foessel,
S. A., Lillemo, M., Singh, R.
P., Trethowan, R., Warburton,
M., Franco, J., Reynolds, M.,
Crouch, J. H., and Ortiz, R. (2007).

Association analysis of historical
bread wheat germplasm using addi-
tive genetic covariance of relatives
and population structure. Genetics
177, 1889–1913.

Davies, W. J., Bacon, M. A., Thompson,
D. S., Sobeih, W., and Rodriguez,
L. G. (2000). Regulation of leaf
and fruit growth in plants grow-
ing in drying soil: exploitation of
the plants’ chemical signalling sys-
tem and hydraulic architecture to
increase the efficiency of water use
in agriculture. J. Exp. Bot. 51,
1617–1626.

de Dorlodot, S., Bertin, P., Baret, P.,
and Draye, X. (2005). Scaling up
quantitative phenotyping of root
system architecture using a com-
bination of aeroponics and image
analysis. Aspects Appl. Biol. 73,
41–54.

de Dorlodot, S., Forster, B., Pages,
L., Price, A., Tuberosa, R., and
Draye, X. (2007). Root system
architecture: opportunities and con-
straints for genetic improvement
of crops. Trends Plant Sci. 12,
474–481.

Degenkolbe, T., Do, P. T., Zuther, E.,
Repsilber, D., Walther, D., Hincha,
D. K., and Kohl, K. I. (2009).
Expression profiling of rice cultivars
differing in their tolerance to long–
term drought stress. Plant Mol. Biol.
69, 133–153.

Deikman, J., Petracek, M., and Heard,
J. E. (2012). Drought tolerance
through biotechnology: improving
translation from the laboratory
to farmers’ fields. Curr. Opin.
Biotechnol. 23, 243–250.

Deokar, A. A., Kondawar, V., Jain, P.
K., Karuppayil, S. M., Raju, N.
L., Vadez, V., Varshney, R. K., and
Srinivasan, R. (2011). Comparative
analysis of expressed sequence tags
(ESTs) between drought–tolerant
and–susceptible genotypes of
chickpea under terminal drought
stress. BMC Plant Biol. 11, 70. doi:
10.1186/1471-2229-11-70

De Smet, I., White, P. J., Bengough, A.
G., Dupuy, L., Parizot, B., Casimiro,
I., Heidstra, R., Laskowski, M.,
Lepetit, M., Hochholdinger, F.,
Draye, X., Zhang, H. M., Broadley,
M. R., Peret, B., Hammond, J. P.,
Fukaki, H., Mooney, S., Lynch, J.
P., Nacry, P., Schurr, U., Laplaze,
L., Benfey, P., Beeckman, T., and
Bennett, M. (2012). Analyzing
lateral root development: how
to move forward. Plant Cell 24,
15–20.

Di Bianco, D., Thiyagarajan, K., Latini,
A., Cantale, C., Felici, F., and Galeffi,
P. (2011). Exploring the genetic
diversity of the DRF1 gene in durum

wheat and its wild relatives. Plant
Genet. Res. 9, 247–250.

Dingkuhn, M., Luquet, D., Quilot,
B., and de Reffye, P. (2005).
Environmental and genetic control
of morphogenesis in crops: towards
models simulating phenotypic
plasticity. Aust. J. Agric. Res. 56,
1289–1302.

Distelfeld, A., Li, C., and Dubcovsky, J.
(2009). Regulation of flowering in
temperate cereals. Curr. Opin. Plant
Biol. 12, 178–184.

Dixit, S., Swamy, B. P. M., Vikram,
P., Ahmed, H. U., Cruz, M. T. S.,
Amante, M., Atri, D., Leung, H., and
Kumar, A. (2012). Fine mapping
of QTLs for rice grain yield under
drought reveals sub-QTLs confer-
ring a response to variable drought
severities. Theor. Appl. Genet. 125,
155–169.

Dreccer, A. F., Borgognone, A. G.,
Ogbonnaya, F. C., Trethowan, R. M.,
and Winter, B. (2007). CIMMYT–
selected derived synthetic bread
wheats for rainfed environments:
yield evaluation in Mexico and
Australia. Field Crops Res. 100,
218–228.

Duvick, D. N. (2005). The contribu-
tion of breeding to yield advances in
maize (Zea mays L.). Adv. Agron. 86,
83–145.

Edmeades, G. O., McMaster, G. S.,
White, J. W., and Campos, H.
(2004). Genomics and the physiolo-
gist: bridging the gap between genes
and crop response. Field Crops Res.
90, 5–18.

Ehdaie, B., Alloush, G. A., and Waines,
J. G. (2008). Genotypic variation in
linear rate of grain growth and con-
tribution of stem reserves to grain
yield in wheat. Field Crops Res. 106,
34–43.

Elsayed, S., Mistele, B., and
Schmidhalter, U. (2011). Can
changes in leaf water potential be
assessed spectrally? Funct. Plant
Biol. 38, 523–533.

Ergen, N. Z., and Budak, H. (2009).
Sequencing over 13, 000 expressed
sequence tags from six subtrac-
tive cDNA libraries of wild and
modern wheats following slow
drought stress. Plant Cell Environ.
32, 220–236.

Falconer, D. S. (1981). Introduction
to Quantitative Genetics. 2nd Edn.
London: Longman, 340.

Fan, X. W., Li, F. M., Xiong, Y.
C., An, L. Z., and Long, R. J.
(2008). The cooperative relation
between non-hydraulic root sig-
nals and osmotic adjustment under
water stress improves grain for-
mation for spring wheat varieties.
Physiol. Plantarum 132, 283–292.

www.frontiersin.org September 2012 | Volume 3 | Article 347 | 24

http://www.frontiersin.org
http://www.frontiersin.org/Plant_Physiology/archive


Tuberosa Phenotyping for drought tolerance

Fares, A., and Polyakov, V. (2006).
Advances in crop water manage-
ment using capacitive water sensors.
Adv. Agron. 90, 43–77.

Farooq, M., Wahid, A., Kobayashi,
N., Fujita, D., and Basra, S. M. A.
(2009). Plant drought stress: effects,
mechanisms and management.
Agron. Sustain. Dev. 29, 185–212.

Fernie, A. R., and Schauer, N. (2009).
Metabolomics-assisted breeding: a
viable option for crop improve-
ment? Trends Genet. 25, 39–48.

Ferrio, J. P., Mateo, M. A., Bort, J.,
Abdalla, O., Voltas, J., and Araus,
J. L. (2007). Relationships of grain
D13C and D18O with wheat phe-
nology and yield under water-
limited conditions. Ann. Appl. Biol.
150, 207–215.

Feuillet, C., Langridge, P., and Waugh,
R. (2008). Cereal breeding takes a
walk on the wild side. Trends Genet.
24, 24–32.

Feuillet, C., Leach, J. E., Rogers, J.,
Schnable, P. S., and Eversole, K.
(2011). Crop genome sequencing:
lessons and rationales. Trends Plant
Sci. 16, 77–88.

Fiorani, F., Rascher, U., Jahnke, S., and
Schurr, U. (2012). Imaging plants
dynamics in heterogenic environ-
ments. Curr. Opin. Biotech. 23,
227–235.

Fischer, K. S., Lafitte, R., Fukai, S.,
Atlin, G., and Hardy, B. (2003).
Breeding Rice for Drought-Prone
Environments. Los Baños, The
Philippines: The International Rice
Research Institute, 98.

Fischer, R. A., Rees, D., Sayre, K.
D., Lu, Z. M., Condon, A. G.,
and Larque Saavedra, A. (1998).
Wheat yield progress associated
with higher stomatal conductance
and photosynthetic rate, and cooler
canopies. Crop Sci. 38, 1467–1475.

Forde, G. B. (2009). Is it good
noise? The role of developmen-
tal instability in the shaping of
a root system. J. Exp. Bot. 60,
3989–4002.

Forster, B. P., Ellis, R. P., Thomas, W.
T. B., Newton, A. C., Tuberosa, R.,
This, D., El Enein, R. A., Bahri,
M. H., and Ben Salem, M. (2000).
The development and application of
molecular markers for abiotic stress
tolerance in barley. J. Exp. Bot. 51,
19–27.

Forster, B. P., Thomas, W. T. B., and
Chloupek, O. (2005). Genetic con-
trols of barley root systems and
their associations with plant per-
formance. Aspects Appl. Biol. 73,
199–204.

Frascaroli, E., Canè, M. A., Pè, M. E.,
Pea, G., Morgante, M., and Landi,
P. (2009). QTL detection in maize

testcross progenies as affected by
related and unrelated testers. Theor.
Appl. Genet. 118, 993–1004.

Frascaroli, E., and Landi, P. (1996).
Pollen effects of selection in maize
for the reaction to abscisic acid
applied to silks. Maydica 41,
301–306.

Frascaroli, E., and Tuberosa, R. (1993).
Effect of abscisic acid on pollen
germination and tube growth of
maize genotypes. Plant Breed. 110,
250–254.

Fukai, S., and Cooper, M. (1995).
Development of drought-
resistant cultivars using
physio-morphological traits in
rice. Field Crops Res. 40, 67–86.

Furbank, R. T., and Tester, M. (2011).
Phenomics – technologies to relieve
the phenotyping bottleneck. Trends
Plant Sci. 16, 635–644.

Gallais, A., and Hirel, B. (2004). An
approach to the genetics of nitrogen
use efficiency in maize. J. Exp. Bot.
55, 295–306.

Ganal, M. W., Altmann, T., and Röder,
M. S. (2009). SNP identification in
crop plants. Curr. Opin. Plant Biol.
12, 211–217.

Gao, Y. M., and Zhu, J. (2007).
Mapping QTLs with digenic epis-
tasis under multiple environments
and predicting heterosis based on
QTL effects. Theor. Appl. Genet. 115,
325–333.

Gerald, J. N. F., Lehti-Shiu, M. D.,
Ingram, P. A., Deak, K. I., Biesiada,
T., and Malamy, J. E. (2006).
Identification of quantitative trait
loci that regulate Arabidopsis root
system size and plasticity. Genetics
172, 485–498.

Ghimire, K. H., Quiatchon, L. A.,
Vikram, P., Swamy, B. P. M., Dixit,
S., Ahmed, H., Hernandez, J. E.,
Borromeo, T. H., and Kumar, A.
(2012). Identification and map-
ping of a QTL (qDTY1.1) with
a consistent effect on grain yield
under drought. Field Crops Res. 131,
88–96.

Giuliani, S., Sanguineti, M. C.,
Tuberosa, R., Bellotti, M., Salvi, S.,
and Landi, P. (2005). Root-ABA1,
a major constitutive QTL, affects
maize root architecture and leaf
ABA concentration at different
water regimes. J. Exp. Bot. 56,
3061–3070.

Gonzalez, A., Martin, I., and Ayerbe, L.
(2008). Yield and osmotic adjust-
ment capacity of barley under
terminal water-stress conditions.
J. Agron. Crop Sci. 194, 81–91.

Grando, S., and Ceccarelli, S. (1995).
Seminal root morphology and
coleoptile length in wild (Hordeum
vulgare ssp. spontaneum) and

cultivated (Hordeum vulgare ssp.
vulgare) barley. Euphytica 86,
73–80.

Granier, C., Aguirrezabal, L., Chenu,
K., Cookson, S. J., Dauzat,
M., Hamard, P., Thioux, J. J.,
Rolland, G., Bouchier-Combaud,
S., Lebaudy, A., Muller, B.,
Simonneau, T., and Tardieu, F.
(2006). PHENOPSIS, an auto-
mated platform for reproducible
phenotyping of plant responses to
soil water deficit in Arabidopsis
thaliana permitted the identifi-
cation of an accession with low
sensitivity to soil water deficit. New
Phytol. 169, 623–635.

Grant, O. M., Chaves, M. M., and
Jones, H. G. (2006). Optimizing
thermal imaging as a technique for
detecting stomatal closure induced
by drought stress under greenhouse
conditions. Physiol. Plantarum 127,
507–518.

Grant, O. M., Tronina, L., Jones, H.
G., and Chaves, M. M. (2007).
Exploring thermal imaging vari-
ables for the detection of stress
responses in grapevine under differ-
ent irrigation regimes. J. Exp. Bot.
58, 815–825.

Gray, S. B., Dermody, O., and DeLucia,
E. H. (2010). Spectral reflectance
from a soybean canopy exposed to
elevated CO2 and O3. J. Exp. Bot. 61,
4413–4422.

Guo, P. G., Baum, M., Varshney, R.
K., Graner, A., Grando, S., and
Ceccarelli, S. (2008). QTLs for
chlorophyll and chlorophyll fluores-
cence parameters in barley under
post–flowering drought. Euphytica
163, 203–214.

Gur, A., and Zamir, D. (2004).
Unused natural variation can lift
yield barriers in plant breed-
ing. PLoS Biol. 2:e245. doi:
10.1371/journal.pbio.0020245

Gutierrez, M., Reynolds, M. P., and
Klatt, A. R. (2010). Association of
water spectral indices with plant and
soil water relations in contrasting
wheat genotypes. J. Exp. Bot. 61,
3291–3303.

Hamada, A., Nitta, M., Nasuda, S.,
Kato, K., Fujita, M., Matsunaka,
H., and Okumoto, Y. (2012). Novel
QTLs for growth angle of seminal
roots in wheat (Triticum aestivum
L.). Plant Soil 354, 395–405.

Hammer, G., Cooper, M., Tardieu, F.,
Welch, S., Walsh, B., van Eeuwijk,
F., Chapman, S., and Podlich, D.
(2006). Models for navigating
biological complexity in breeding
improved crop plants. Trends Plant
Sci. 11, 587–593.

Hammer, G. L., Chapman, S., van
Oosterom, E., and Podlich, D. W.

(2005). Trait physiology and crop
modelling as a framework to link
phenotypic complexity to underly-
ing genetic systems. Aust. J. Agric.
Res. 56, 947–960.

Hammer, G. L., Dong, Z. S., McLean,
G., Doherty, A., Messina, C.,
Schusler, J., Zinselmeier, C.,
Paszkiewicz, S., and Cooper, M.
(2009). Can changes in canopy
and/or root system architecture
explain historical maize yield trends
in the US corn belt? Crop Sci. 49,
299–312.

Hammer, G. L., Sinclair, T. R.,
Chapman, S. C., and van Oosterom,
E. (2004). On systems thinking,
systems biology, and the in silico
plant. Plant Physiol. 134, 909–911.

Hao, Z. F., Li, X. H., Xie, C. X., Li,
M. S., Zhang, D. G., Bai, L., and
Zhang, S. H. (2008). Two consen-
sus quantitative trait loci clusters
controlling anthesis-silking interval,
ear setting and grain yield might
be related with drought tolerance in
maize. Ann. Appl. Biol. 153, 73–83.

Hargreaves, C. E., Gregory, P. J.,
and Bengough, A. G. (2009).
Measuring root traits in barley
(Hordeum vulgare ssp. vulgare and
ssp. spontaneum) seedlings using
gel chambers, soil sacs and X-ray
microtomography. Plant Soil 316,
285–297.

Harris, K., Subudhi, P. K., Borrell, A.,
Jordan, D., Rosenow, D., Nguyen,
H., Klein, P., Klein, R., and Mullet,
J. (2007). Sorghum stay-green QTL
individually reduce post-flowering
drought-induced leaf senescence. J.
Exp. Bot. 58, 327–338.

Hatfield, J. L., Gitelson, A. A., Schepers,
J. S., and Walthall, C. L. (2008).
Application of spectral remote sens-
ing for agronomic decisions. Agron.
J. 100, S117–S131.

Heffner, E. L., Sorrells, M. E., and
Jannink, J. L. (2009). Genomic
selection for crop improvement.
Crop Sci. 49, 1–12.

Heinemann, A. B., Dingkuhn,
M., Luquet, D., Combres, J.
C., and Chapman, S. (2008).
Characterization of drought stress
environments for upland rice and
maize in central Brazil. Euphytica
162, 395–410.

Henry, A., Gowda, V. R. P., Torres,
R. O., McNally, K. L., and Serraj,
R. (2011). Variation in root system
architecture and drought response
in rice (Oryza sativa): phenotyping
of the OryzaSNP panel in rainfed
lowland fields. Field Crops Res. 120,
205–214.

Himmelbauer, M. L., Loiskandl, W.,
and Kastanek, F. (2004). Estimating
length, average diameter and surface

Frontiers in Physiology | Plant Physiology September 2012 | Volume 3 | Article 347 | 25

http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Plant_Physiology
http://www.frontiersin.org/Plant_Physiology/archive


Tuberosa Phenotyping for drought tolerance

area of roots using two different
image analyses systems. Plant Soil
260, 111–120.

Hiremath, P. J., Farmer, A., Cannon,
S. B., Woodward, J., Kudapa,
H., Tuteja, R., Kumar, A.,
Bhanuprakash, A., Mulaosmanovic,
B., Gujaria, N., Krishnamurthy, L.,
Gaur, P. M., Kavikishor, P. B., Shah,
T., Srinivasan, R., Lohse, M., Xiao,
Y., Town, C. D., Cook, D. R., May,
G. D., and Varshney, R. K. (2011).
Large–scale transcriptome analysis
in chickpea (Cicer arietinum L.), an
orphan legume crop of the semi–
arid tropics of Asia and Africa. Plant
Biotechnol. J. 9, 922–931.

Hochholdinger, F., and Tuberosa, R.
(2009). Genetics and genomics of
root architecture in maize. Curr.
Opin. Plant Biol. 12, 172–177.

Hoogenboom, G., White, J. W., and
Messina, C. D. (2004). From
genome to crop: integration
through simulation modeling. Field
Crops Res. 90, 145–163.

Hose, E., Clarkson, D. T., Steudle,
E., Schreiber, L., and Hartung, W.
(2001). The exodermis: a variable
apoplastic barrier. J. Exp. Bot. 52,
2245–2264.

Houle, D., Govindaraju, D. R., and
Omholt, S. (2010). Phenomics: the
next challenge. Nature Rev. Genet.
11, 855–866.

Hund, A., Reimer, R., and Messmer, R.
(2011). A consensus map of QTLs
controlling the root length of maize.
Plant Soil 344, 143–158.

Ito, K., Tanakamaru, K., Morita, S.,
Abe, J., and Inanaga, S. (2006).
Lateral root development, including
responses to soil drying, of maize
(Zea mays) and wheat (Triticum
aestivum) seminal roots. Physiol.
Plantarum 127, 260–267.

Iyer-Pascuzzi, A. S., Symonova, O.,
Mileyko, Y., Hao, Y. L., Belcher, H.,
Harer, J., Weitz, J. S., and Benfey,
P. N. (2010). Imaging and analy-
sis platform for automatic pheno-
typing and trait ranking of plant
root systems. Plant Physiol. 152,
1148–1157.

Izanloo, A., Condon, A. G., Langridge,
P., Tester, M., and Schnurbusch,
T. (2008). Different mechanisms of
adaptation to cyclic water stress
in two South Australian bread
wheat cultivars. J. Exp. Bot. 59,
3327–3346.

Jagadish, K. S. V., Cairns, J. E., Kumar,
A., Somayanda, I. M., and Craufurd,
P. Q. (2011). Does susceptibility to
heat stress confound screening for
drought tolerance in rice? Funct.
Plant Biol. 38, 261–269.

Jannink, J. L. (2007). Identifying
quantitative trait locus by genetic

background interactions in asso-
ciation studies. Genetics 176,
553–561.

Jansen, R. C., Tesson, B. M., Fu, J., Yang,
Y., and McIntyre, L. M. (2009).
Defining gene and QTL networks.
Curr. Opin. Plant Biol. 12, 241–246.

Jenks, M. A., Hasegawa, P. M., and
Mohan Jain, S. (eds.) (2007).
Advances in Molecular Breeding
Toward Drought and Salt Tolerant
Crops. Dordrecht, The Netherlands:
Springer, 817.

Jiang, G. H., He, Y. Q., Xu, C. G.,
Li, X. H., and Zhang, Q. (2004).
The genetic basis of stay-green in
rice analyzed in a population of
doubled haploid lines derived from
an indica by japonica cross. Theor.
Appl. Genet. 108, 688–698.

Johnson, M. G., Tingey, D. T., Phillips,
D. L., and Storm, M. J. (2001).
Advancing fine root research with
minirhizotrons. Environ. Exp. Bot.
45, 263–289.

Johnson, W. C., Jackson, L. E., Ochoa,
O., Peleman, J., St Clair, D. A.,
Michelmore, R. W., and van Wijk,
R. (2000). Lettuce, a shallow-rooted
crop, and Lactuca serriola, its wild
progenitor, differ at QTL deter-
mining root architecture and deep
soil water exploitation. Theor. Appl.
Genet. 101, 1066–1073.

Jones, H. G. (2007). Monitoring plant
and soil water status: established
and novel methods revisited and
their relevance to studies of drought
tolerance. J. Exp. Bot. 58, 119–130.

Jones, H. G., Archer, N., Rotenberg, E.,
and Casa, R. (2003). Radiation mea-
surement for plant ecophysiology.
J. Exp. Bot. 54, 879–889.

Jones, H. G., Serraj, R., Loveys, B.
R., Xiong, L. Z., Wheaton, A.,
and Price, A. H. (2009). Thermal
infrared imaging of crop canopies
for the remote diagnosis and quan-
tification of plant responses to water
stress in the field. Funct. Plant Biol.
36, 978–989.

Jongdee, B., Fukai, S., and Cooper,
M. (2002). Leaf water potential and
osmotic adjustment as physiological
traits to improve drought tolerance
in rice. Field Crops Res. 76, 153–163.

Kahinda, J. M., Lillie, E. S. B., Taigbenu,
A. E., Taute, M., and Boroto, R.
J. (2008). Developing suitability
maps for rainwater harvesting in
South Africa. Phys. Chem. Earth 33,
788–99.

Kamoshita, A., Babu, R. C., Boopathi,
N. M., and Fukai, S. (2008).
Phenotypic and genotypic anal-
ysis of drought-resistance traits
for development of rice cultivars
adapted to rainfed environments.
Field Crops Res. 109, 1–23.

Kato, Y., Kamoshita, A., Yamagishi,
J., Imoto, H., and Abe, J. (2007).
Growth of rice (Oryza sativa L.)
cultivars under upland conditions
with different levels of water supply.
3. Root system development, soil
moisture change and plant water
status. Plant Prod. Sci. 10, 3–13.

Kholova, J., Hash, C. T., Kakkera,
A., Kocova, M., and Vadez,
V. (2010a). Constitutive water–
conserving mechanisms are corre-
lated with the terminal drought
tolerance of pearl millet [Pennisetum
glaucum (L.) R. Br.]. J. Exp. Bot. 61,
369–377.

Kholova, J., Hash, C. T., Kumar, P. L.,
Yadav, R. S., Kocova, M., and Vadez,
V. (2010b). Terminal drought–
tolerant pearl millet [Pennisetum
glaucum (L.)] R. Br. have high leaf
ABA and limit transpiration at high
vapour pressure deficit. J. Exp. Bot.
61, 1431–1440.

Khowaja, F. S., and Price, A. H. (2008).
QTL mapping rolling, stomatal con-
ductance and dimension traits of
excised leaves in the Bala × Azucena
recombinant inbred population of
rice. Field Crops Res. 106, 248–257.

Kimura, K., Kikuchi, S., and Yamasaki,
S. (1999). Accurate root length mea-
surement by image analysis. Plant
Soil 216, 117–127.

Kimurto, P. K., Kinyua, M. G., Birechl,
R., Korir, P. C., Njoka, E. M.,
and Njau, P. N. (2005). Root and
shoot characteristics as selection cri-
teria for drought tolerance in bread
wheat (Triticum aestivum L.) at
seedling stage under tropical envi-
ronment. Discov. Innov. 17, 74–84.

King, C. A., Purcell, L. C., and Brye,
K. R. (2009). Differential wilt-
ing among soybean genotypes in
response to water deficit. Crop Sci.
49, 290–298.

Kirkham, M. B. (2004). Principles of
Soil and Plant Water Relations.
Burlington, MA: Elsevier Academic
Press, 500.

Kota, R., Varshney, R. K., Prasad, M.,
Zhang, H., Stein, N., and Graner,
A. (2008). EST-derived single
nucleotide polymorphism markers
for assembling genetic and physical
maps of the barley genome. Funct.
Integr. Genom. 8, 223–233.

Kumar, A., Bernier, J., Verulkar, S.,
Lafitte, H. R., and Atlin, G. N.
(2008). Breeding for drought tol-
erance: direct selection for yield,
response to selection and use of
drought-tolerant donors in upland
and lowland-adapted populations.
Field Crops Res. 107, 221–231.

Kumar, A., and Singh, D. P. (1998). Use
of physiological indices as a screen-
ing technique for drought tolerance

in oilseed Brassica species. Ann. Bot.
81, 413–420.

Lafitte, H. R., and Edmeades, G. O.
(1995). Stress tolerance in tropi-
cal maize is linked to constitutive
changes in ear growth characteris-
tics. Crop Sci. 35, 820–826.

Lafitte, H. R., Li, Z. K., Vijayakumar,
C. H. M., Gao, Y. M., Shi, Y., Xu,
J. L., Fu, B. Y., Ali, A. J., Domingo,
J., Maghirang, R., Torres, R., and
Mackill, D. (2006). Improvement
of rice drought tolerance through
backcross breeding: evaluation of
donors and selection in drought
nurseries. Field Crops Res. 97, 77–86.

Landi, P., Albrecht, B., Giuliani, M.
M., and Sanguineti, M. C. (1998).
Seedling characteristics in hydro-
ponic culture and field performance
of maize genotypes with different
resistance to root lodging. Maydica
43, 111–116.

Landi, P., Conti, S., Gherardi, F.,
Sanguineti, M. C., and Tuberosa, R.
(1995). Genetic analysis of leaf ABA
concentration and of agronomic
traits in maize hybrids grown under
different water regimes. Maydica 40,
179–186.

Landi, P., Frascaroli, E., and Sanguineti,
M. C. (2000). Correlated responses
to selection for reaction to abscisic
acid applied to silks in maize.
Maydica 45, 113–116.

Landi, P., Giuliani, M. M., Darrah,
L. L., Tuberosa, R., Conti, S.,
and Sanguineti, M. C. (2001a).
Variability for root and shoot traits
in a maize population grown in
hydroponics and in the field and
their relationships with vertical
root pulling resistance. Maydica 46,
177–182.

Landi, P., Sanguineti, M. C., Conti, S.,
and Tuberosa, R. (2001b). Direct
and correlated responses to diver-
gent selection for leaf abscisic acid
concentration in two maize popula-
tions. Crop Sci. 41, 335–344.

Landi, P., Giuliani, S., Salvi, S., Ferri,
M., Tuberosa, R., and Sanguineti,
M. C. (2010). Characterization of
root–yield–1.06, a major constitu-
tive QTL for root and agronomic
traits in maize across water regimes.
J. Exp. Bot. 61, 3553–3562.

Landi, P., Sanguineti, M. C., Darrah,
L. L., Giuliani, M. M., Salvi, S.,
Conti, S., and Tuberosa, R. (2002).
Detection of QTLs for vertical
root pulling resistance in maize
and overlap with QTLs for root
traits in hydroponics and for grain
yield under different water regimes.
Maydica 47, 233–243.

Landi, P., Sanguineti, M. C., Liu, C.,
Li, Y., Wang, T. Y., Giuliani, S.,
Bellotti, M., Salvi, S., and Tuberosa,

www.frontiersin.org September 2012 | Volume 3 | Article 347 | 26

http://www.frontiersin.org
http://www.frontiersin.org/Plant_Physiology/archive


Tuberosa Phenotyping for drought tolerance

R. (2007). Root-ABA1 QTL affects
root lodging, grain yield, and other
agronomic traits in maize grown
under well-watered and water-
stressed conditions. J. Exp. Bot. 58,
319–326.

Landi, P., Sanguineti, M. C., Salvi, S.,
Giuliani, S., Bellotti, M., Maccaferri,
M., Conti, S., and Tuberosa, R.
(2005). Validation and characteriza-
tion of a major QTL affecting leaf
ABA concentration in maize. Mol.
Breed. 15, 291–303.

Langridge, P. (2005). “Molecular
breeding of wheat and barley,” in
Proceedings of the International
Congress: In the Wake of the Double
Helix: From the Green Revolution
to the Gene Revolution, eds R.
Tuberosa, R. L. Phillips, and M.
Gale (Bologna, Italy: Avenue
Media), 27–31 May, 279–286.

Lebreton, C., Lazic-Jancic, V., Steed, A.,
Pekic, S., and Quarrie, S. A. (1995).
Identification of QTL for drought
responses in maize and their use in
testing causal relationships between
traits. J. Exp. Bot. 46, 853–865.

Leinonen, I., Grant, O. M., Tagliavia,
C. P. P., Chaves, M. M., and Jones,
H. G. (2006). Estimating stomatal
conductance with thermal imagery.
Plant Cell Environ. 29, 1508–1518.

Letort, V., Mahe, P., Cournede, P. H.,
De Reffye, P., and Courtois, B.
(2008). Quantitative genetics and
functional-structural plant growth
models: simulation of quantita-
tive trait loci detection for model
parameters and application to
potential yield optimization. Ann.
Bot. 101, 1243–1254.

Leung, H. (2008). Stressed genomics-
bringing relief to rice fields. Curr.
Opin. Plant Biol. 11, 201–208.

Levitt, J. (1972). Responses of Plants to
Environmental Stresses. New York,
NY: Academic Press, 698.

Lippman, Z. B., Semel, Y., and Zamir,
D. (2007). An integrated view of
quantitative trait variation using
tomato interspecific introgression
lines. Curr. Opin. Genet. Dev. 17,
545–552.

Li, X. H., Liu, X. D., Li, M. S., and
Zhang, S. H. (2003a). Identification
of quantitative trait loci for
anthesis-silking interval and yield
components under drought stress
in maize. Acta Bot. Sin. 45, 852–857.

Li, Z. K., Yu, S. B., Lafitte, H. R.,
Huang, N., Courtois, B., Hittalmani,
S., Vijayakumar, C. H. M., Liu,
G. F., Wang, G. C., Shashidhar,
H. E., Zhuang, J. Y., Zheng, K.
L., Singh, V. P., Sidhu, J. S.,
Srivantaneeyakul, S., and Khush,
G. S. (2003b). QTL × environment
interactions in rice. I. Heading date

and plant height. Theor. Appl. Genet.
108, 141–153.

Lobell, D. B., Schlenker, W., and Costa–
Roberts, J. (2011). Climate trends
and global crop production since
1980. Science 333, 616–620.

Lopes, M. S., Reynolds, M. P., Jalal-
Kamali, M. R., Moussa, M.,
Feltaous, Y., Tahir, I. S. A., Barma,
N., Vargas, M., Mannes, Y., and
Baum, M. (2012). The yield corre-
lations of selectable physiological
traits in a population of advanced
spring wheat lines grown in warm
and drought environments. Field
Crops Res. 128, 129–136.

Ludlow, M. M., and Muchow, R. C.
(1990). A critical evaluation of traits
for improving crop yields in water-
limited environments. Adv. Agron.
43, 107–153.

Luo, L. J. (2010). Breeding for water–
saving and drought–resistance rice
(WDR) in China. J. Exp. Bot. 61,
3509–3517.

Lu, Y. L., Xu, J., Yuan, Z. M., Hao, Z.
F., Xie, C. X., Li, X. H., Shah, T.,
Lan, H., Zhang, S. H., Rong, T. Z.,
and Xu, Y. B. (2012). Comparative
LD mapping using single SNPs and
haplotypes identifies QTL for plant
height and biomass as secondary
traits of drought tolerance in maize.
Mol. Breed. 30, 407–418.

Lu, Y., Zhang, S., Shah, T., Xie,
C., Hao, Z., Li, X., Farkhari, M.,
Ribaut, J.-M., Cao, M., Rong, T.,
and Xu, Y. (2010). Joint linkage–
linkage disequilibrium mapping is
a powerful approach to detect-
ing quantitative trait loci under-
lying drought tolerance in maize.
Proc. Natl. Acad. Sci. U.S.A. 107,
19585–19590.

Lynch, J. P. (2007). Roots of the sec-
ond green revolution. Aust. J. Bot.
55, 493–512.

Maccaferri, M., Sanguineti, M. C.,
Corneti, S., Ortega, J. L. A., Ben
Salem, M., Bort, J., DeAmbrogio,
E., del Moral, L. F. G., Demontis,
A., El-Ahmed, A., Maalouf, F.,
Machlab, H., Martos, V., Moragues,
M., Motawaj, J., Nachit, M.,
Nserallah, N., Ouabbou, H., Royo,
C., Slama, A., and Tuberosa, R.
(2008). Quantitative trait loci
for grain yield and adaptation of
durum wheat (Triticum durum
Desf.) across a wide range of water
availability. Genetics 178, 489–511.

Maccaferri, M., Sanguineti, M. C.,
Demontis, A., El–Ahmed, A., del
Moral, L. G., Maalouf, F., Nachit,
M., Nserallah, N., Ouabbou, H.,
Rhouma, S., Royo, C., Villegas,
D., and Tuberosa, R. (2011).
Association mapping in durum
wheat grown across a broad range

of water regimes. J. Exp. Bot. 62,
409–438.

Mace, E. S., Singh, V., Van Oosterom,
E. J., Hammer, G. L., Hunt, C.
H., and Jordan, D. R. (2012). QTL
for nodal root angle in sorghum
(Sorghum bicolor L. Moench) co–
locate with QTL for traits associated
with drought adaptation. Theor.
Appl. Genet. 124, 97–109.

Mackill, D. J. (2006). “Breeding for
resistance to abiotic stresses in rice:
the value of quantitative trait loci,”
in Plant Breeding: The Arnel, R.
Hallauer International Symposium,
eds K. R. Lamkey and M. Lee (Ames,
IA: Blackwell Publishing), 201–212.

Malosetti, M., Ribaut, J.-M., Vargas,
M., Crossa, J., and van Eeuwijk,
F. A. (2008). A multi-trait multi-
environment QTL mixed model
with an application to drought and
nitrogen stress trials in maize (Zea
mays L.). Euphytica 161, 241–257.

Mambelli, S., and Setter, T. L. (1998).
Inhibition of maize endosperm cell
division and endoreduplication by
exogenously applied abscisic acid.
Physiol. Plantarum 104, 266–272.

Manieri, J. M., Vaz, C. M. P., and
De Maria, I. C. (2007). TDR spiral
probe for moisture measurement in
the soil profile. Revista Brasileira De
Ciencia Do Solo 31, 191–198.

Manschadi, A. M., Christopher, J.,
Devoil, P., and Hammer, G. L.
(2006). The role of root architec-
tural traits in adaptation of wheat to
water-limited environments. Funct.
Plant Biol. 33, 823–837.

Manschadi, A. M., Christopher, J. T.,
Hammer, G. L., and Devoil, P.
(2010). Experimental and mod-
elling studies of drought-adaptive
root architectural traits in wheat
(Triticum aestivum L.). Plant Biosyst.
144, 458–462.

Marti, J., Bort, J., Slafer, G., and
Araus, J. L. (2007). Can wheat yield
be assessed by early measurements
of NDVI? Ann. Appl. Biol. 150,
253–257.

Mathews, K. L., Malosetti, M.,
Chapman, S., McIntyre, L.,
Reynolds, M., Shorter, R., and
van Eeuwijk, F. (2008). Multi-
environment QTL mixed models
for drought stress adaptation in
wheat. Theor. Appl. Genet. 117,
1077–1091.

McBride, R., Candidoa, M., and
Ferguson, J. (2008). Estimating root
mass in maize genotypes using the
electrical capacitance method. Arch.
Agron. Soil Sci. 54, 215–226.

McLaughlin, J. E., and Boyer, J. S.
(2004). Sugar-responsive gene
expression, invertase activity, and
senescence in aborting maize

ovaries at low water potentials. Ann.
Bot. 94, 675–689.

McLaughlin, J. E., and Boyer, J. S.
(2007). Functional reversion to
identify controlling genes in multi-
genic responses: analysis of floral
abortion. J. Exp. Bot. 58, 267–277.

Merah, O. (2001). Potential impor-
tance of water status traits for
durum wheat improvement
under Mediterranean conditions.
J. Agricul. Sci. 137, 139–145.

Merah, O., Deleens, E., Al Hakimi, A.,
and Monneveux, P. (2001). Carbon
isotope discrimination and grain
yield variations among tetraploid
wheat species cultivated under
contrasting precipitation regimes.
J. Agron. Crop Sci. 186, 129–134.

Messina, C. D., Podlich, D., Dong,
Z., Samples, M., and Cooper,
M. (2011). Yield–trait perfor-
mance landscapes: from theory to
application in breeding maize for
drought tolerance. J. Exp. Bot. 62,
855–868.

Messmer, R., Fracheboud, Y., Banziger,
M., Vargas, M., Stamp, P., and
Ribaut, J. M. (2009). Drought
stress and tropical maize: QTL–
by–environment interactions and
stability of QTLs across environ-
ments for yield components and
secondary traits. Theor. Appl. Genet.
119, 913–930.

Mir, R. R., Zaman-Allah, M.,
Sreenivasulu, N., Trethowan,
R., and Varshney, R. K. (2012).
Integrated genomics, physiol-
ogy and breeding approaches for
improving drought tolerance in
crops. Theor. Appl. Genet. 125,
625–645.

Mittler, R., and Blumwald, E. (2010).
Genetic engineering for modern
agriculture: challenges and perspec-
tives. Annu. Rev. Plant Biol. 61,
443–462.

Mohamed, M. F., Keutgen, N., Tawfik,
A. A., and Noga, G. (2002).
Dehydration-avoidance responses
of tepary bean lines differing in
drought resistance. J. Plant Physiol.
159, 31–38.

Moncada, P., Martinez, C. P.,
Borrero, J., Chatel, M., Gauch,
H., Guimaraes, E., Tohme, J.,
and McCouch, S. R. (2001).
Quantitative trait loci for yield
and yield components in an Oryza
sativa × Oryza rufipogon BC2F2

population evaluated in an upland
environment. Theor. Appl. Genet.
102, 41–52.

Mondini, L., Nachit, M. M., Porceddu,
E., and Pagnotta, M. A. (2011).
HRM technology for the iden-
tification and characterization of
INDEL and SNP mutations in

Frontiers in Physiology | Plant Physiology September 2012 | Volume 3 | Article 347 | 27

http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Plant_Physiology
http://www.frontiersin.org/Plant_Physiology/archive


Tuberosa Phenotyping for drought tolerance

genes involved in drought and salt
tolerance of durum wheat. Plant
Genet. Resour. 9, 166–169.

Monneveux, P., and Ribaut, J.-M.
(2006). “Secondary traits for
drought tolerance improve-
ment in cereals,” in Drought
Adaptation in Cereals, ed J.-M.
Ribaut (Binghamton, NY: The
Haworth Press, Inc), 97–143.

Montes, J., Melchinger, A., and Reif, J.
(2007). Novel throughput pheno-
typing platforms in plant genetic
studies. Trends Plant Sci. 12,
433–436.

Morgan, J. W. (1984). Osmoregulation
and water stress in higher plants.
Annu. Rev. Plant Physiol. 35,
299–319.

Morison, J. I. L., Baker, N. R.,
Mullineaux, P. M., and Davies,
W. J. (2008). Improving water use
in crop production. Philos. Trans. R.
Soc. B Biol. Sci. 363, 639–658.

Munns, R. (1988). Why measure
osmotic adjustment? Aust. J. Plant
Physiol. 15, 717–726.

Nagy, V., Stekauerova, V., Milics, G.,
Lichner, L., and Nemenyi, M.
(2008). Harmonisation of differ-
ent measuring methods of soil
moisture used in Zitny ostrov (SK)
and szigetköz (HU). Cereal Res.
Commun. 36(Suppl. 5), 1475–1478.

Nelson, D., Repetti, P., Adams, T.,
Creelman, R., Wu, J., Warner,
D., Anstrom, D., Bensen, R.,
Castiglioni, P., Donnarummo, M.,
Hinchey, B., Kumimoto, R., Maszle,
D., Canales, R., Krolikowski, K.,
Dotson, S., Gutterson, N., Ratcliffe,
O., and Heard, J. (2007). Plant
nuclear factor Y (NF-Y) B subunits
confer drought tolerance and lead
to improved corn yields on water-
limited acres. Proc. Natl. Acad. Sci.
U.S.A. 104, 16450–16455.

Nguyen, H. T., Babu, R. C., and Blum,
A. (1997). Breeding for drought
resistance in rice: physiology and
molecular genetics considerations.
Crop Sci. 37, 1426–1434.

Nhan, D. Q., Thaw, S., Matsuo, N.,
Xuan, T. D., Hong, N. H., and
Mochizuki, T. (2006). Evaluation of
root penetration ability in rice using
the wax-layers and the soil cake
methods. J. Fac. Agric. Kyushu Univ.
51, 251–256.

Nissen, T., Rodriguez, V., and Wander,
M. (2008). Sampling soybean roots:
a comparison of excavation and
coring methods. Commun. Soil Sci.
Plant Anal. 39, 1875–1883.

Noborio, K. (2001). Measurement
of soil water content and electri-
cal conductivity by time domain
reflectometry: a review. Comput.
Electron. Agric. 31, 213–237.

Norton, G. J., and Price, A. H. (2009).
Mapping of quantitative trait loci
for seminal root morphology
and gravitropic response in rice.
Euphytica 166, 229–237.

Ober, E. S., Setter, T. L., Madison, J.
T., Thompson, J. F., and Shapiro,
P. S. (1991). Influence of water
deficit on maize endosperm devel-
opment: enzyme activities and RNA
transcripts of starch and zein syn-
thesis, abscisic acid, and cell divi-
sion. Plant Physiol. 97, 154–164.

Olivares-Villegas, J. J., Reynolds, M.
P., and McDonald, G. K. (2007).
Drought-adaptive attributes in
the Seri/Babax hexaploid wheat
population. Funct. Plant Biol. 34,
189–203.

Ortiz, R., Braun, H. J., Crossa, J.,
Crouch, J. H., Davenport, G., Dixon,
J., Dreisigacker, S., Duveiller, E.,
He, Z. H., Huerta, J., Joshi, A.
K., Kishii, M., Kosina, P., Manes,
Y., Mezzalama, M., Morgounov, A.,
Murakami, J., Nicol, J., Ferrara, G.
O., Ortiz-Monasterio, J. I., Payne,
T. S., Pena, R. J., Reynolds, M. P.,
Sayre, K. D., Sharma, R. C., Singh,
R. P., Wang, J. K., Warburton, M.,
Wu, H. X., and Iwanaga, M. (2008).
Wheat genetic resources enhance-
ment by the International Maize
and Wheat Improvement Center
(CIMMYT). Genet. Resour. Crop
Evol. 55, 1095–1140.

Ortiz, R., Iwanaga, M., Reynolds,
M. P., Wu, H., and Crouch, J. H.
(2007a). Overview on crop genetic
engineering for drought-prone
environments. J. SAT Agric. Res. 4,
http://www.icrsat.org/journal/Speci
alProject/sp3.pdf.

Ortiz, R., Trethowan, R., Ferrara, G. O.,
Iwanaga, M., Dodds, J. H., Crouch,
J. H., Crossa, J., and Braun, H.
J. (2007b). High yield potential,
shuttle breeding, genetic diversity,
and a new international wheat
improvement strategy. Euphytica
157, 365–384.

Palta, J. A., Turner, N. C., French,
R. J., and Buirchell, B. J. (2007).
Physiological responses of lupin
genotypes to terminal drought in
a Mediterranean-type environment.
Ann. Appl. Biol. 150, 269–279.

Pantuwan, G., Fukai, S., Cooper, M.,
Rajatasereekul, S., and O’Toole, J.
C. (2002). Yield response of rice
(Oryza sativa L) genotypes to dif-
ferent types of drought under rain-
fed lowlands - Part 3. Plant factors
contributing to drought resistance.
Field Crops Res. 73, 181–200.

Passioura, J. B. (1977). Grain yield,
harvest index and water use of
wheat. J. Aust. Inst. Agric. Sci. 43,
117–120.

Passioura, J. B. (1983). Roots and
drought resistance. Agric. Water
Manage. 7, 265–280.

Passioura, J. B. (1996). Drought and
drought tolerance. Plant Growth
Regul. 20, 79–83.

Passioura, J. B. (2002). Environmental
biology and crop improvement.
Funct. Plant Biol. 29, 537–546.

Passioura, J. B. (2006). The perils of pot
experiments. Funct. Plant Biol. 33,
1075–1079.

Passioura, J. B. (2007). The drought
environment: physical, biological
and agricultural perspectives. J. Exp.
Bot. 58, 113–117.

Passioura, J. B. (2010). Scaling up:
the essence of effective agricul-
tural research. Funct. Plant Biol. 37,
585–591.

Passioura, J. B., and Angus, J. F. (2010).
Improving productivity of crops in
water–limited environments. Adv.
Agron. 106, 37–75.

Patzold, S., Mertens, F. M., Bornemann,
L., Koleczek, B., Franke, J.,
Feilhauer, H., and Welp, G. (2008).
Soil heterogeneity at the field
scale: a challenge for precision
crop protection. Precision Agric. 9,
367–390.

Peccoud, J., Vander Velden, K., Podlich,
D., Winkler, C., Arthur, L., and
Cooper, M. (2004). The selective
values of alleles in a molecular net-
work model are context dependent.
Genetics 166, 1715–1725.

Pekic, S., Stikic, R., Tomljanovic,
L., Andjelkovic, V., Ivanovic,
M., and Quarrie, S. A. (1995).
Characterization of maize lines dif-
fering in leaf abscisic acid content in
the field. 1. Abscisic acid physiology.
Ann. Bot. 75, 67–73.

Peleg, Z., Fahima, T., and Saranga, Y.
(2007). Drought resistance in wild
emmer wheat: physiology, ecology,
and genetics. Isr. J. Plant Sci. 55,
289–296.

Peleg, Z., Saranga, Y., Krugman, T.,
Abbo, S., Nevo, E., and Fahima,
T. (2008). Allelic diversity associ-
ated with aridity gradient in wild
emmer wheat populations. Plant
Cell Environ. 31, 39–49.

Peleman, J. D., and Van der Voort, J. R.
(2003). Breeding by design. Trends
Plant Sci. 8, 330–334.

Pennisi, E. (2008). The blue revolution,
drop by drop, gene by gene. Science
320, 171–173.

Pinto, R. S., Reynolds, M. P., Mathews,
K. L., McIntyre, C. L., Olivares–
Villegas, J. J., and Chapman, S. C.
(2010). Heat and drought adap-
tive QTL in a wheat population
designed to minimize confound-
ing agronomic effects. Theor. Appl.
Genet. 121, 1001–1021.

Poroyko, V., Spollen, W. G., Hejlek,
L. G., Hernandez, A. G., LeNoble,
M. E., Davis, G., Nguyen, H. T.,
Springer, G. K., Sharp, R. E., and
Bohnert, H. J. (2007). Comparing
regional transcript profiles from
maize primary roots under well-
watered and low water potential
conditions. J. Exp. Bot. 58, 279–289.

Praba, M. L., Cairns, J. E., Babu,
R. C., and Lafitte, H. R. (2009).
Identification of physiological traits
underlying cultivar differences in
drought tolerance in rice and wheat.
J. Agron. Crop Sci. 195, 30–46.

Price, A. H., and Tomos, A. D. (1997).
Genetic dissection of root growth in
rice (Oryza sativa L.). II: mapping
quantitative trait loci using molecu-
lar markers. Theor. Appl. Genet. 95,
143–152.

Price, A. H., Cairns, J. E., Horton,
P., Jones, H. G., and Griffiths, H.
(2002a). Linking drought-resistance
mechanisms to drought avoid-
ance in upland rice using a QTL
approach: progress and new oppor-
tunities to integrate stomatal and
mesophyll responses. J. Exp. Bot. 53,
989–1004.

Price, A. H., Steele, K. A., Gorham, J.,
Bridges, J. M., Moore, B. J., Evans,
J. L., Richardson, P., and Jones, R.
G. W. (2002b). Upland rice grown
in soil-filled chambers and exposed
to contrasting water-deficit regimes
I. Root distribution, water use and
plant water status. Field Crops Res.
76, 11–24.

Price, A. H., Steele, K. A., Moore, B. J.,
and Jones, R. G. W. (2002c). Upland
rice grown in soil-filled chambers
and exposed to contrasting water-
deficit regimes. II. Mapping quanti-
tative trait loci for root morphology
and distribution. Field Crops Res. 76,
25–43.

Price, A. H., Tomos, A. D., and Virk,
D. S. (1997a). Genetic dissection of
root growth in rice (Oryza sativa L.).
I: a hydroponic screen. Theor. Appl.
Genet. 95, 132–142.

Price, A. H., Young, E. M., and Tomos,
A. D. (1997b). Quantitative trait
loci associated with stomatal con-
ductance, leaf rolling and heading
date mapped in upland rice (Oryza
sativa). New Phytol. 137, 83–91.

Quarrie, S. A. (1991). “Implications
of genetic differences in ABA accu-
mulation for crop production,”
in Abscisic Acid: Physiology and
Biochemistry, eds W. J. Davies and
H. G. Jones (Oxford, UK: Bios
Scientific Publishers), 227–243.

Quarrie, S. A., Whitford, P. N.,
Appleford, N. E. J., Wang, T. L.,
Cook, S. K., and Henson, I. E.
(1988). A monoclonal antibody to

www.frontiersin.org September 2012 | Volume 3 | Article 347 | 28

http://www.frontiersin.org
http://www.frontiersin.org/Plant_Physiology/archive


Tuberosa Phenotyping for drought tolerance

(S)-abscisic acid: its characterisa-
tion and use in a radioimmunoassay
for measuring abscisic acid in crude
extracts of cereals and lupin leaves.
Planta 173, 330–339.

Rabbani, M. A., Maruyama, K., Abe,
H., Khan, M. A., Katsura, K., Ito, Y.,
Yoshiwara, K., Seki, M., Shinozaki,
K., and Yamaguchi-Shinozaki, K.
(2003). Monitoring expression pro-
files of rice genes under cold,
drought, and high-salinity stresses
and abscisic acid application using
cDNA microarray and RNA gel-
blot analyses. Plant Physiol. 133,
1755–1767.

Rafalski, J. A. (2011). Genomic tools
for the analysis of genetic diversity.
Plant Genet. Resour. 9, 159–162.

Rahman, H., Pekic, S., Lazic–Jancic,
V., Quarrie, S. A., Shah, S. M. A.,
Pervez, A., and Shah, M. M. (2011).
Molecular mapping of quantitative
trait loci for drought tolerance in
maize plants. Genet. Mol. Res. 10,
889–901.

Rajendran, K., Tester, M., and Roy,
S. J. (2009). Quantifying the three
main components of salinity toler-
ance in cereals. Plant Cell Environ.
32, 237–249.

Rascher, U., Blossfeld, S., Fiorani,
F., Jahnke, S., Jansen, M., Kuhn,
A. J., Matsubara, S., Martin, L.
L. A., Merchant, A., Metzner, R.,
Muller-Linow, M., Nagel, K. A.,
Pieruschka, R., Pinto, F., Schreiber,
C. M., Temperton, V. M., Thorpe,
M. R., van Dusschoten, D., van
Volkenburgh, E., Windt, C. W., and
Schurr, U. (2011). Non-invasive
approaches for phenotyping of
enhanced performance traits in
bean. Funct. Plant Biol. 38, 968–983.

Rauf, S., Sadaqat, H. A., Khan, I.
A., and Ahmed, R. (2009). Genetic
analysis of leaf hydraulics in sun-
flower (Helianthus annuus L) under
drought stress. Plant Soil Environ.
55, 62–69.

Ravi, K., Vadez, V., Isobe, S., Mir, R. R.,
Guo, Y., Nigam, S. N., Gowda, M.
V. C., Radhakrishnan, T., Bertioli,
D. J., Knapp, S. J., and Varshney,
R. K. (2011). Identification of sev-
eral small main–effect QTLs and
a large number of epistatic QTLs
for drought tolerance related traits
in groundnut (Arachis hypogaea L.).
Theor. Appl. Genet. 122, 1119–1132.

Rebetzke, G., Condon, A., Farquhar,
G., Appels, R., and Richards, R.
(2008a). Quantitative trait loci for
carbon isotope discrimination are
repeatable across environments and
wheat mapping populations. Theor.
Appl. Genet. 118, 123–137.

Rebetzke, G. J., van Herwaarden,
A. F., Jenkins, C., Weiss, M.,

Lewis, D., Ruuska, S., Tabe, L.,
Fettell, N. A., and Richards, R. A.
(2008b). Quantitative trait loci for
water-soluble carbohydrates and
associations with agronomic traits
in wheat. Aust. J. Agric. Res. 59,
891–905.

Rebetzke, G. J., Condon, A. G.,
Richards, R. A., and Farquhar, G.
D. (2002). Selection for reduced
carbon isotope discrimination
increases aerial biomass and grain
yield of rainfed bread wheat. Crop
Sci. 42, 739–745.

Rebetzke, G. J., Ellis, M. H., Bonnett,
D. G., and Richards, R. A. (2007).
Molecular mapping of genes for
coleoptile growth in bread wheat
(Triticum aestivum L.). Theor. Appl.
Genet. 114, 1173–1183.

Ren, H. B., Wei, K. F., Jia, W. S., Davies,
W. J., and Zhang, J. H. (2007).
Modulation of root signals in rela-
tion to stomatal sensitivity to root-
sourced abscisic acid in drought-
affected plants. J. Integr. Plant Biol.
49, 1410–1420.

Rensink, W. A. (2005). Microarray
expression profiling resources for
plant genomics. Trends Plant Sci. 10,
603–609.

Ren, Y., He, X., Liu, D., Li, J., Zhao, X.,
Li, B., Tong, Y., Zhang, A., and Li,
Z. (2012). Major quantitative trait
loci for seminal root morphology
of wheat seedlings. Mol. Breed. 30,
139–148.

Reshmidevi, T. V., Jana, R., and Eldho,
T. I. (2008). Geospatial estima-
tion of soil moisture in rain-fed
paddy fields using SCS-CN-based
model. Agric. Water Manage. 95,
447–457.

Reymond, M., Muller, B., Leonardi,
A., Charcosset, A., and Tardieu,
F. (2003). Combining quantitative
trait loci analysis and an ecophysio-
logical model to analyze the genetic
variability of the responses of maize
leaf growth to temperature and
water deficit. Plant Physiol. 131,
664–675.

Reymond, M., Muller, B., and Tardieu,
F. (2004). Dealing with the geno-
type × environment interaction
via a modelling approach: a com-
parison of QTLs of maize leaf
length or width with QTLs of
model parameters. J. Exp. Bot. 55,
2461–2472.

Reynolds, M., Dreccer, F., and
Trethowan, R. (2007). Drought-
adaptive traits derived from wheat
wild relatives and landraces. J. Exp.
Bot. 58, 177–186.

Reynolds, M., Manes, Y., Izanloo,
A., and Langridge, P. (2009).
Phenotyping approaches for
physiological breeding and gene

discovery in wheat. Ann. Appl. Biol.
155, 309–320.

Reynolds, M., Manes, Y., Izanloo, A.,
and Langridge, P. (2011). Raising
yield potential of wheat. I. Overview
of a consortium approach and
breeding strategies. J. Exp. Bot. 62,
439–452.

Reynolds, M. P., and Pfeiffer, W.
H. (2000). “Applying physiolog-
ical strategies to improve yield
potential,” in Durum Wheat
Improvement in the Mediterranean
Region: New Challenges. Options
Mediterranèennes, Vol. 40, eds
C. Royo, M. M. Nachit, N. di
Fonzo, and J. L. Araus (Zaragozza:
CIHEAM), 95–103.

Reynolds, M. P., Mujeeb-Kazi, A.,
and Sawkins, M. (2005). Prospects
for utilising plant-adaptive mecha-
nisms to improve wheat and other
crops in drought- and salinity-
prone environments. Ann. Appl.
Biol. 146, 239–259.

Reynolds, M. P., Rajaram, S., and Sayre,
K. D. (1999). Physiological and
genetic changes of irrigated wheat
in the post-green revolution period
and approaches for meeting pro-
jected global demand. Crop Sci. 39,
1611–1621.

Reynolds, M., and Tuberosa, R. (2008).
Translational research impacting on
crop productivity in drought-prone
environments. Curr. Opin. Plant
Biol. 11, 171–179.

Ribaut, J.-M. (ed.). (2006). Drought
Adaptation in Cereals. Binghamton,
NY, USA: The Haworth Press, Inc.
p. 642.

Ribaut, J.-M., Hoisington, D., Banziger,
M., Setter, T., and Edmeades,
G. (2004). “Genetic dissection
of drought tolerance in maize:
a case study,” in Physiology and
Biotechnology Integration for Plant
Breeding, eds H. T. Nguyen and
A. Blum (New York, USA: Marcel
Dekker, Inc.), 571–609.

Ribaut, J.-M., Hoisington, D. A.,
Deutsch, J. A., Jiang, C., and
Gonzalez de Leon, D. (1996).
Identification of quantitative trait
loci under drought conditions
in tropical maize. 1. Flowering
parameters and the anthesis-silking
interval. Theor. Appl. Genet. 92,
905–914.

Ribaut, J.-M., and Ragot, M. (2007).
Marker-assisted selection to
improve drought adaptation in
maize: the backcross approach,
perspectives, limitations, and
alternatives. J. Exp. Bot. 58, 351–360.

Richards, R. A. (1991). Crop improve-
ment for temperate Australia: future
opportunities. Field Crops Res. 96,
141–169.

Richards, R. A. (1996). Defining selec-
tion criteria to improve yield under
drought. Plant Growth Regul. 20,
157–166.

Richards, R. A. (2000). Selectable traits
to increase crop photosynthesis and
yield of grain crops. J. Exp. Bot. 51,
447–458.

Richards, R. A. (2006). Physiological
traits used in the breeding of new
cultivars for water-scarce environ-
ments. Agric. Water Manage. 80,
197–211.

Richards, R. A. (2008). Genetic oppor-
tunities to improve cereal root sys-
tems for dryland agriculture. Plant
Prod. Sci. 11, 12–16.

Richards, R. A., Watt, M., and Rebetzke,
G. J. (2007). Physiological traits
and cereal germplasm for sustain-
able agricultural systems. Euphytica
154, 409–425.

Richards, R., Rebetzke, G., Condon,
A., and van Herwaarden, A. (2002).
Breeding opportunities for increas-
ing the efficiency of water use and
crop yield in temperate cereals. Crop
Sci. 42, 111–121.

Rossel, R. A. V., Walvoort, D. J. J.,
McBratney, A. B., Janik, L. J., and
Skjemstad, J. O. (2006). Visible, near
infrared, mid infrared or combined
diffuse reflectance spectroscopy for
simultaneous assessment of vari-
ous soil properties. Geoderma 131,
59–75.

Rostoks, N., Mudie, S., Cardle, L.,
Russell, J., Ramsay, L., Booth, A.,
Svensson, J. T., Wanamaker, S. I.,
Walia, H., Rodriguez, E. M., Hedley,
P. E., Liu, H., Morris, J., Close, T.
J., Marshall, D. F., and Waugh, R.
(2005). Genome-wide SNP discov-
ery and linkage analysis in barley
based on genes responsive to abiotic
stress. Mol. Genet. Genomics 274,
515–527.

Royo, C., Martos, V., Ramdani, A.,
Villegas, D., Rharrabti, Y., and del
Moral, L. F. G. (2008). Changes
in yield and carbon isotope dis-
crimination of Italian and Spanish
durum wheat during the 20th cen-
tury. Agronomy J. 100, 352–360.

Ruta, N., Liedgen, M., Fracheboud, Y.,
Stamp, P., and Hund, A. (2010).
QTLs for the elongation of axile and
lateral roots of maize in response
to low water potential. Theor. Appl.
Genet. 120, 621–631.

Sabadin, P. K., Malosetti, M., Boer,
M. P., Tardin, F. D., Santos, F. G.,
Guimaraes, C. T., Gomide, R. L.,
Andrade, C. L. T., Albuquerque,
P. E. P., Caniato, F. F., Mollinari,
M., Margarido, G. R. A., Oliveira,
B. F., Schaffert, R. E., Garcia, A.
A. F., van Eeuwijk, F. A., and
Magalhaes, J. V. (2012). Studying

Frontiers in Physiology | Plant Physiology September 2012 | Volume 3 | Article 347 | 29

http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Plant_Physiology
http://www.frontiersin.org/Plant_Physiology/archive


Tuberosa Phenotyping for drought tolerance

the genetic basis of drought toler-
ance in sorghum by managed stress
trials and adjustments for pheno-
logical and plant height differences.
Theor. Appl. Genet. 124, 1389–1402.

Sadok, W., Naudin, P., Boussuge, B.,
Muller, B., Welcker, C., and Tardieu,
F. (2007). Leaf growth rate per
unit thermal time follows QTL-
dependent daily patterns in hun-
dreds of maize lines under natu-
rally fluctuating conditions. Plant
Cell Environ. 30, 135–146.

Sadok, W., and Sinclair, T. R. (2011).
Crops yield increase under water–
limited conditions: review of recent
physiological advances for soybean
genetic improvement. Adv. Agron.
113, 313–337.

Sadras, V. (2002). Interaction between
rainfall and nitrogen fertilisation of
wheat in environments prone to ter-
minal drought: economic and envi-
ronmental risk analysis. Field Crops
Res. 77, 201–215.

Sadras, V. O., Reynolds, M. P., de
la Vega, A. J., Petrie, P. R., and
Robinson, R. (2009). Phenotypic
plasticity of yield and phenology
in wheat, sunflower and grapevine.
Field Crops Res. 110, 242–250.

Saini, H. S., and Westgate, M. E. (2000).
Reproductive development in grain
crops during drought. Adv. Agron.
68, 59–96.

Saint Pierre, C., Crossa, J. L., Bonnett,
D., Yamaguchi–Shinozaki, K.,
and Reynolds, M. P. (2012).
Phenotyping transgenic wheat for
drought resistance. J. Exp. Bot. 63,
1799–1808.

Salekdeh, G. H., Reynolds, M., Bennett,
J., and Boyer, J. (2009). Conceptual
framework for drought phenotyp-
ing during molecular breeding.
Trends Plant Sci. 14, 488–496.

Salem, K. F. M., Roder, M. S., and
Borner, A. (2007). Identification
and mapping quantitative trait loci
for stem reserve mobilisation in
wheat (Triticum aestivum L.). Cereal
Res. Commun. 35, 1367–1374.

Salvi, S., Corneti, S., Bellotti, M.,
Carraro, N., Sanguineti, M. C.,
Castelletti, S., and Tuberosa, R.
(2011). Genetic dissection of maize
phenology using an intraspecific
introgression library. BMC Plant
Biol. 11, 4.

Salvi, S., Sponza, G., Morgante, M.,
Tomes, D., Niu, X., Fengler, K.
A., Meeley, R., Ananiev, E. V.,
Svitashev, S., Bruggemann, E., Li, B.,
Hainey, C. F., Radovic, S., Zaina, G.,
Rafalski, J. A., Tingey, S. V., Miao,
G. H., Phillips, R. L., and Tuberosa,
R. (2007). Conserved noncoding
genomic sequences associated with
a flowering-time quantitative trait

locus in maize. Proc. Natl. Acad. Sci.
U.S.A. 104, 11376–11381.

Salvi, S., and Tuberosa, R. (2007).
“Cloning QTLs in plants,”
in Genomics-Assisted Crop
Improvement, Vol 1, Genomics
approaches and platforms, eds
R. K. Varshney and R. Tuberosa
(Dordrecht, The Netherlands:
Springer), 207–225.

Salvi, S., Tuberosa, R., Chiapparino,
E., Maccaferri, M., Veillet, S., van
Beuningen, L., Isaac, P., Edwards,
K., and Phillips, R. L. (2002).
Toward positional cloning of Vgt1, a
QTL controlling the transition from
the vegetative to the reproductive
phase in maize. Plant Mol. Biol. 48,
601–613.

Sanguineti, M. C., Duvick, D. N.,
Smith, S., Landi, P., and Tuberosa,
R. (2006). Effects of long-term
selection on seedling traits and ABA
accumulation in commercial maize
hybrids. Maydica 51, 329–338.

Sanguineti, M. C., Giuliani, M. M.,
Govi, G., Tuberosa, R., and Landi,
P. (1998). Root and shoot traits of
maize inbred lines grown in the
field and in hydroponic culture and
their relationships with root lodg-
ing. Maydica 43, 211–216.

Sanguineti, M. C., Li, S., Maccaferri,
M., Corneti, S., Rotondo, F.,
Chiari, T., and Tuberosa, R. (2007).
Genetic dissection of seminal root
architecture in elite durum wheat
germplasm. Ann. Appl. Biol. 151,
291–305.

Sanguineti, M. C., Tuberosa, R.,
Landi, P., Salvi, S., Maccaferri, M.,
Casarini, E., and Conti, S. (1999).
QTL analysis of drought related
traits and grain yield in relation to
genetic variation for leaf abscisic
acid concentration in field-grown
maize. J. Exp. Bot. 50, 1289–1297.

Saranga, Y., Menz, M., Jiang, C. X.,
Wright, R. J., Yakir, D., and Paterson,
A. H. (2001). Genomic dissection
of genotype × environment interac-
tions conferring adaptation of cot-
ton to arid conditions. Genome Res.
11, 1988–1995.

Sawkins, M. C., Farmer, A. D.,
Hoisington, D., Sullivan, J.,
Tolopko, A., Jiang, Z., and Ribaut,
J.-M. (2004). Comparative Map and
Trait Viewer (CMTV): an integrated
bioinformatic tool to construct
consensus maps and compare QTL
and functional genomics data across
genomes and experiments. Plant
Mol. Biol. 56, 465–480.

Seiler, C., Harshavardhan, V. T., Rajesh,
K., Reddy, P. S., Strickert, M.,
Rolletschek, H., Scholz, U., Wobus,
U., and Sreenivasulu, N. (2011).
ABA biosynthesis and degradation

contributing to ABA homeosta-
sis during barley seed develop-
ment under control and terminal
drought–stress conditions. J. Exp.
Bot. 62, 2615–2632.

Seki, M., Umezawa, T., Urano, K., and
Shinozaki, K. (2007). Regulatory
metabolic networks in drought
stress responses. Curr. Opin. Plant
Biol. 10, 296–302.

Serraj, R., McNally, K. L., Slamet–
Loedin, I., Kohli, A., Haefele, S. M.,
Atlin, G., and Kumar, A. (2011).
Drought resistance improvement
in rice: an integrated genetic and
resource management strategy.
Plant Prod. Sci. 14, 1–14.

Serraj, R., and Sinclair, T. R. (2002).
Osmolyte accumulation: can it
really help increase crop yield under
drought conditions? Plant Cell
Environ. 25, 333–341.

Setter, T. L. (2006). “The role of abscisic
acid under water-limited condi-
tions,” in Drought Adaptation
in Cereals, ed J.-M. Ribaut
(Binghamton, NY, USA: The
Haworth Press, Inc.), 505–530.

Setter, T. L., Flannigan, B. A., and
Melkonian, J. (2001). Loss of ker-
nel set due to water deficit and
shade in maize: carbohydrate sup-
plies, abscisic acid, and cytokinins.
Crop Sci. 41, 1530–1540.

Setter, T. L., Mambelli, S., Flannigan,
B. A., and Kim, S. E. (1996). Water
deficit inhibition of cell division in
apical-kernel endosperms of maize:
ABA and sugar responses. Plant
Physiol. 111, 225–225.

Sharp, R. E. (2002). Interaction with
ethylene: changing views on the role
of abscisic acid in root and shoot
growth responses to water stress.
Plant Cell Environ. 25, 211–222.

Sharp, R. E., Poroyko, V., Hejlek, L.
G., Spollen, W. G., Springer, G. K.,
Bohnert, H. J., and Nguyen, H. T.
(2004). Root growth maintenance
during water deficits: physiology to
functional genomics. J. Exp. Bot. 55,
2343–2351.

Shukla, A. K., Ladha, J. K., Singh, V. K.,
Dwivedi, B. S., Balasubramanian,
V., Gupta, R. K., Sharma, S. K.,
Singh, Y., Pathak, H., Pandey, P. S.,
Padre, A. T., and Yadav, R. L. (2004).
Calibrating the leaf color chart for
nitrogen management in different
genotype of rice and wheat in a
systems perspective. Agron. J. 96,
1606–1621.

Sinclair, T. R. (2011). Challenges in
breeding for yield increase for
drought. Trends Plant Sci. 16,
289–293.

Sinclair, T. R., Messina, C. D., Beatty, A.,
and Samples, M. (2010). Assessment
across the United States of the

benefits of altered soybean drought
traits. Agron. J. 102, 475–482.

Sinclair, T. R., and Purcell, L. C. (2005).
Is a physiological perspective rele-
vant in a ‘genocentric’ age? J. Exp.
Bot. 56, 2777–2782.

Sinclair, T. R., Purcell, L. C., King, C.
A., Sneller, C. H., Chen, P. Y., and
Vadez, V. (2007). Drought tolerance
and yield increase of soybean result-
ing from improved symbiotic N–2
fixation. Plant Genet. Resour. 101,
68–71.

Sinclair, T. R., Purcell, L. C., and Sneller,
C. H. (2004). Crop transformation
and the challenge to increase yield
potential. Trends Plant Sci. 9, 70–75.

Sinclair, T. R., Zwieniecki, M. A., and
Holbrook, N. M. (2008). Low leaf
hydraulic conductance associated
with drought tolerance in soybean.
Physiol. Plant. 132, 446–451.

Singh, V., van Oosterom, E. J., Jordan,
D. R., Hunt, C. H., and Hammer,
G. L. (2011). Genetic variabil-
ity and control of nodal root
angle in sorghum. Crop Sci. 51,
2011–2020.

Siopongco, J., Sekiya, K., Yamauchi, A.,
Egdane, J., Ismail, A. M., and Wade,
L. J. (2008). Stomatal responses in
rainfed lowland rice to partial soil
drying; evidence for root signals.
Plant Prod. Sci. 11, 28–41.

Siopongco, J., Sekiya, K., Yamauchi, A.,
Egdane, J., Ismail, A. M., and Wade,
L. J. (2009). Stomatal responses in
rainfed lowland rice to partial soil
drying; comparison of two lines.
Plant Prod. Sci. 12, 17–28.

Sirichandra, C., Wasilewska, A., Vlad,
F., Valon, C., and Leung, J. (2009).
The guard cell as a single-cell model
towards understanding drought tol-
erance and abscisic acid action.
J. Exp. Bot. 60, 1439–1463.

Slafer, G. A., Araus, J. L., Royo, C.,
and Garcia Del Moral, L. F. (2005).
Promising eco-physiological traits
for genetic improvement of cereal
yields in Mediterranean environ-
ments. Ann. Appl. Biol. 146, 61–70.

Smit, A. L., and Groenwold, J. (2005).
Root characteristics of selected field
crops: data from the Wageningen
Rhizolab (1990–2002). Plant Soil
272, 365–384.

Snape, J. W., Foulkes, M. J., Simmonds,
J., Leverington, M., Fish, L. J., Wang,
Y., and Ciavarrella, M. (2007).
Dissecting gene × environmen-
tal effects on wheat yields via
QTL and physiological analysis.
Euphytica 154, 401–408.

Soltani, A., and Sinclair, T. R. (2012).
Optimizing chickpea phenology to
available water under current and
future climates. Eur. J. Agron. 38,
22–31.

www.frontiersin.org September 2012 | Volume 3 | Article 347 | 30

http://www.frontiersin.org
http://www.frontiersin.org/Plant_Physiology/archive


Tuberosa Phenotyping for drought tolerance

Spielmeyer, W., Hyles, J., Joaquim, P.,
Azanza, F., Bonnett, D., Ellis, M.
E., Moore, C., and Richards, R. A.
(2007). A QTL on chromosome 6A
in bread wheat (Triticum aestivum)
is associated with longer coleoptiles,
greater seedling vigour and final
plant height. Theor. Appl. Genet.
115, 59–66.

Spollen, W. G., LeNoble, M. E.,
Samuels, T. D., Bernstein, N., and
Sharp, R. E. (2000). Abscisic acid
accumulation maintains maize pri-
mary root elongation at low water
potentials by restricting ethylene
production. Plant Physiol. 122,
967–976.

Sreenivasulu, N., Sunkar, R., Wobus,
U., and Strickert, M. (2010). Array
platforms and bioinformatics tools
for the analysis of plant transcrip-
tome in response to abiotic stress.
Methods Mol. Biol. 639, 71–93.

Steele, K. A., Price, A. H., Shashidhar,
H. E., and Witcombe, J. R. (2006).
Marker-assisted selection to
introgress rice QTLs controlling
root traits into an Indian upland
rice variety. Theor. Appl. Genet. 112,
208–221.

Steele, K. A., Virk, D. S., Kumar, R.,
Prasad, S. C., and Witcombe, J. R.
(2007). Field evaluation of upland
rice lines selected for QTLs control-
ling root traits. Field Crops Res. 101,
180–186.

Subashri, M., Robin, S., Vinod, K.
K., Rajeswari, S., Mohanasundaram,
K., and Raveendran, T. S. (2009).
Trait identification and QTL valida-
tion for reproductive stage drought
resistance in rice using selective
genotyping of near flowering RILs.
Euphytica 166, 291–305.

Swaminathan, M. S. (2005). “Towards
an ever-green revolution,” in
Proceedings of the International
Congress: In the Wake of the Double
Helix: From the Green Revolution
to the Gene Revolution, 27–31 May
2003, Bologna, Italy eds R. Tuberosa,
R. L. Phillips, and M. Gale (Bologna,
Italy: Avenue Media), 25–36.

Takai, T., Fukuta, Y., Sugimoto, A.,
Shiraiwa, T., and Horie, T. (2006).
Mapping of QTLs controlling car-
bon isotope discrimination in the
photosynthetic system using recom-
binant inbred lines derived from
a cross between two different rice
(Oryza sativa L.) cultivars. Plant
Prod. Sci. 9, 271–280.

Talamè, V., Ozturk, N. Z., Bohnert,
H. J., and Tuberosa, R. (2007).
Barley transcript profiles under
dehydration shock and drought
stress treatments: a compara-
tive analysis. J. Exp. Bot. 58,
229–240.

Talamè, V., Sanguineti, M. C.,
Chiapparino, E., Bahri, H., Ben
Salem, M., Forster, B. P., Ellis, R.
P., Rhouma, S., Zoumarou, W.,
Waugh, R., and Tuberosa, R. (2004).
Identification of Hordeum sponta-
neum QTL alleles improving field
performance of barley grown under
rainfed conditions. Ann. Appl. Biol.
144, 309–319.

Tambussi, E. A., Bort, J., and Araus,
J. L. (2007). Water use efficiency
in C3 cereals under Mediterranean
conditions: a review of physiolog-
ical aspects. Ann. Appl. Biol. 150,
307–321.

Tan, L. B., Zhang, P. J., Liu, F. X.,
Wang, G. J., Ye, S., Zhu, Z. F.,
Fu, Y. C., Cai, H. W., and Sun,
C. Q. (2008). Quantitative trait
loci underlying domestication and
yield-related traits in an Oryza
sativa × Oryza rufipogon advanced
backcross population. Genome 51,
692–704.

Tangpremsri, T., Fukai, S., and Fischer,
K. S. (1995). Growth and yield of
sorghum lines extracted from a pop-
ulation for differences in osmotic
adjustment. Aust. J. Agric. Res. 46,
61–74.

Tang, R. S., Zheng, J. C., Jin, Z. Q.,
Zhang, D., Huang, H., and Chen,
L. G. (2008). Possible correlation
between high temperature-induced
floret sterility and endogenous levels
of IAA, GAs and ABA in rice (Oryza
sativa L.). Plant Growth Regul. 54,
37–43.

Tanksley, S. D., and McCouch, S. R.
(1997). Seed banks and molecu-
lar maps: unlocking genetic poten-
tial from the wild. Science 277,
1063–1066.

Tardieu, F. (2003). Virtual plants: mod-
elling as a tool for the genomics
of tolerance to water deficit. Trends
Plant Sci. 8, 9–14.

Tardieu, F. (2012). Any trait or trait–
related allele can confer drought
tolerance: just design the right
drought scenario. J. Exp. Bot. 63,
25–31.

Tardieu, F., Muller, B., and Reymond,
M. (2003). Leaf growth regulation
under drought: combining ecophys-
iological modelling, QTL analysis
and search for mechanisms. J. Exp.
Bot. 54, 18–19.

Tardieu, F., Reymond, M., Muller, B.,
Granier, C., Simonneau, T., Sadok,
W., and Welcker, C. (2005). Linking
physiological and genetic analy-
ses of the control of leaf growth
under changing environmental con-
ditions. Aust. J. Agric. Res. 56,
937–946.

Tardieu, F., and Tuberosa, R. (2010).
Dissection and modelling of abiotic

stress tolerance in plants. Curr.
Opin. Plant Biol. 13, 206–212.

Tester, M., and Langridge, P. (2010).
Breeding technologies to increase
crop production in a changing
world. Science 327, 818–822.

Texeira, L. R., Braccini, A. D. E.,
Sperandio, D., Scapim, C. A.,
Schuster, I., and Vigano, J. (2008).
Evaluation of soybean cultivars
regarding tolerance to water stress
in substrate containing polyethy-
lene glycol. Acta Sci. Agron. 30,
217–223.

Thomas, H., and Howarth, C. J. (2000).
Five ways to stay green. J. Exp. Bot.
51, 329–337.

Thompson, A. J., Andrews, J.,
Mulholland, B. J., McKee, J. M.
T., Hilton, H. W., Black, C. R., and
Taylor, I. B. (2007). Overproduction
of abscisic acid in tomato increases
transpiration efficiency and root
hydraulic conductivity and influ-
ences leaf expansion. Plant Physiol.
143, 1905–1917.

Timperio, A. M., Egidi, M. G., and
Zolla, L. (2008). Proteomics applied
on plant abiotic stresses: role of heat
shock proteins (HSP). J. Proteomics
71, 391–411.

Tollenaar, M., and Lee, E. A. (2006).
Dissection of physiological pro-
cesses underlying grain yield
in maize by examining genetic
improvement and heterosis.
Maydica 51, 399–408.

Tollenaar, M., and Wu, J. (1999). Yield
improvement in temperate maize is
attributable to greater stress toler-
ance. Crop Sci. 39, 1597–1604.

Trachsel, S., Kaeppler, S. M., Brown,
K. M., and Lynch, J. P. (2011).
Shovelomics: high throughput phe-
notyping of maize (Zea mays L.)
root architecture in the field. Plant
Soil 341, 75–87.

Tracy, S. R., Roberts, J. A., Black, C.
R., McNeill, A., Davidson, R., and
Mooney, S. J. (2010). The X–factor:
visualizing undisturbed root archi-
tecture in soils using X–ray com-
puted tomography. J. Exp. Bot. 61,
311–313.

Trebbi, D., Maccaferri, M., de Heer, P.,
Sorensen, A., Giuliani, S., Salvi, S.,
Sanguineti, M. C., Massi, A., van
der Vossen, E. A. G., and Tuberosa,
R. (2011). High–throughput SNP
discovery and genotyping in durum
wheat (Triticum durum Desf.).
Theor. Appl. Genet. 123, 555–569.

Trethowan, R., and Crossa, J. (2007).
Lessons learnt from forty years of
international spring bread wheat
trials. Euphytica 157, 385–390.

Tuberosa, R. (2004). “Molecular
approaches to unravel the genetic
basis of water use efficiency,” in

Water Use Efficiency in Plant Biology,
ed M. A. Bacon (Oxford, UK:
Blackwell Publishing), 228–301.

Tuberosa, R., Giuliani, S., Parry, M.
A. J., and Araus, J. L. (2007a).
Improving water use efficiency
in Mediterranean agriculture:
what limits the adoption of new
technologies? Ann. Appl. Biol. 150,
157–162.

Tuberosa, R., Salvi, S., Giuliani, S.,
Sanguineti, M. C., Bellotti, M.,
Conti, S., and Landi, P. (2007b).
Genome-wide approaches to
investigate and improve maize
response to drought. Crop Sci. 47,
S-120–S-141.

Tuberosa, R., Graner, A., and Varshney,
R. K. (2011a). Genomics of plant
genetic resources: an introduction.
Plant Genet. Resour. 9, 151–154.

Tuberosa, R., Salvi, S., Giuliani, S.,
Sanguineti, M. C., Frascaroli, E.,
Conti S., and Landi, P. (2011b).
“Genomics of root architecture
and functions in maize,” in Root
genomics eds A. Costa de Oliveira
and R. K. Varshney (Dordrecht, The
Netherlands: Springer), 179–204.

Tuberosa, R., and Salvi, S. (2006).
Genomics-based approaches to
improve drought tolerance of crops.
Trends Plant Sci. 11, 405–412.

Tuberosa, R., Salvi, S., Sanguineti, M.
C., Landi, P., Maccaferri, M., and
Conti, S. (2002a). Mapping QTLs
regulating morpho-physiological
traits and yield: case studies,
shortcomings and perspectives in
drought-stressed maize. Ann. Bot.
89, 941–963.

Tuberosa, R., Sanguineti, M. C., Landi,
P., Giuliani, M. M., Salvi, S., and
Conti, S. (2002b). Identification of
QTLs for root characteristics in
maize grown in hydroponics and
analysis of their overlap with QTLs
for grain yield in the field at two
water regimes. Plant Mol. Biol. 48,
697–712.

Tuberosa, R., Salvi, S., Sanguineti, M.
C., Maccaferri, M., Giuliani, S.,
and Landi, P. (2003). Searching
for quantitative trait loci control-
ling root traits in maize: a critical
appraisal. Plant Soil 255, 35–54.

Tuberosa, R., Sanguineti, M. C., and
Landi, P. (1994). Abscisic acid con-
centration in the leaf and xylem sap,
leaf water potential, and stomatal
conductance in drought-stressed
maize. Crop Sci. 34, 1557–1563.

Tuberosa, R., Sanguineti, M. C., Landi,
P., Salvi, S., Casarini, E., and Conti,
S. (1998). RFLP mapping of quan-
titative trait loci controlling abscisic
acid concentration in leaves of
drought-stressed maize (Zea mays
L.). Theor. Appl. Genet. 97, 744–755.

Frontiers in Physiology | Plant Physiology September 2012 | Volume 3 | Article 347 | 31

http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Plant_Physiology
http://www.frontiersin.org/Plant_Physiology/archive


Tuberosa Phenotyping for drought tolerance

Tuberosa, R., Sanguineti, M. C.,
Stefanelli, S., and Quarrie, S. A.
(1992). Number of endosperm cells
and weight of barley kernels in
relation to endosperm abscisic acid
content. Eur. J. Agron. 1, 125–132.

Tuinstra, M. R., Ejeta, G., and
Goldsbrough, P. (1998). Evaluation
of near-isogenic sorghum lines con-
trasting for QTL markers associated
with drought tolerance. Crop Sci.
38, 835–842.

Turner, N. C. (1997). Further progress
in crop water relations. Adv. Agron.
528, 293–338.

Turner, N. C., Palta, J. A., Shrestha,
R., Ludwig, C., Siddique, K. H. M.,
and Turner, D. W. (2007). Carbon
isotope discrimination is not cor-
related with transpiration efficiency
in three cool-season grain legumes
(Pulses). J. Integr. Plant Biol. 49,
1478–1483.

Ulloa, M., Cantrell, R. G., Percy, R. G.,
Zeiger, E., and Lu, Z. M. (2000).
QTL analysis of stomatal conduc-
tance and relationship to lint yield
in an interspecific cotton. J. Cotton
Sci. 4, 10–18.

Umezawa, T., Fujita, M., Fujita, Y.,
Yamaguchi-Shinozaki, K., and
Shinozaki, K. (2006). Engineering
drought tolerance in plants: discov-
ering and tailoring genes to unlock
the future. Curr. Opin. Biotechnol.
17, 113–122.

Vadez, V., Deshpande, S. P., Kholova,
J., Hammer, G. L., Borrell, A. K.,
Talwar, H. S., and Hash, C. T.
(2011). Stay–green quantitative trait
loci’s effects on water extraction,
transpiration efficiency and seed
yield depend on recipient parent
background. Funct. Plant Biol. 38,
553–566.

van Beem, J., Smith, M. E., and Zobel,
R. W. (1998). Estimating root mass
in maize using a portable capaci-
tance meter. Agron. J. 90, 566–570.

van Eeuwijk, F. (2006). “Genotype
by environment interaction–basics
and beyond,” in Plant Breeding:
The Arnel, R. Hallauer International
Symposium, eds K. R. Lamkey and
M. Lee (Ames, IA, USA: Blackwell
Publishing), 155–170.

van Eeuwijk, F. A., Malosetti, M.,
Yin, X. Y., Struik, P. C., and
Stam, P. (2005). Statistical models
for genotype by environment data:
from conventional ANOVA models
to eco-physiological QTL models.
Aust. J. Agric. Res. 56, 883–894.

van Ginkel M., and Ogbonnaya, F.
(2007). Novel genetic diversity
from synthetic wheats in breeding
cultivars for changing production
conditions. Field Crops Res. 104,
86–94.

Vargas, M., van Eeuwijk, F. A., Crossa, J.,
and Ribaut, J.-M. (2006). Mapping
QTLs and QTL × environment
interaction for CIMMYT maize
drought stress program using
factorial regression and partial
least squares methods. Theor. Appl.
Genet. 112, 1009–1023.

Varshney, R. K., Nayak, S. N., May,
G. D., and Jackson, S. A. (2009).
Next–generation sequencing tech-
nologies and their implications for
crop genetics and breeding. Trends
Biotechnol. 27, 522–530.

Varshney, R. K., Paulo, M. J., Grando,
S., van Eeuwijk, F. A., Keizer, L. C.
P., Guo, P., Ceccarelli, S., Kilian, A.,
Baum, M., and Graner, A. (2012).
Genome wide association analyses
for drought tolerance related traits
in barley (Hordeum vulgare L.).
Plant Genet. Resour. 126, 171–180.

Varshney, R. K., Pazhamala, L.,
Kashiwagi, J., Gaur, P. M.,
Krishnamurthy, L., and Hoisington,
D. (2011). “Genomics and physi-
ological approaches for root trait
breeding to improve drought toler-
ance in chickpea (Cicer arietinum
L.),” in Root genomics eds A. Costa
de Oliveira and R. K. Varshney
(Dordrecht, The Netherlands:
Springer), 233–250.

Venuprasad, R., Bool, M. E., Dalid, C.
O., Bernier, J., Kumar, A., and Atlin,
G. N. (2009a). Genetic loci respond-
ing to two cycles of divergent selec-
tion for grain yield under drought
stress in a rice breeding population.
Euphytica 167, 261–269.

Venuprasad, R., Dalid, C. O., Del Valle,
M., Zhao, D., Espiritu, M., Cruz, M.
T. S., Amante, M., Kumar, A., and
Atlin, G. N. (2009b). Identification
and characterization of large–
effect quantitative trait loci for
grain yield under lowland drought
stress in rice using bulk–segregant
analysis. Theor. Appl. Genet. 120,
177–190.

Venuprasad, R., Bool, M. E.,
Quiatchon, L., and Atlin, G. N.
(2012). A QTL for rice grain yield
in aerobic environments with large
effects in three genetic backgrounds.
Theor. Appl. Genet. 124, 323–332.

Vereecken, H., Huisman, J. A., Bogena,
H., Vanderborght, J., Vrugt, J. A.,
and Hopmans, J. W. (2008). On
the value of soil moisture measure-
ments in vadose zone hydrology: a
review. Water Resour. Res. 44, 21.

Verslues, P. E., Agarwal, M., Katiyar-
Agarwal, S., Zhu, J. H., and Zhu,
J. K. (2006). Methods and concepts
in quantifying resistance to drought,
salt and freezing, abiotic stresses
that affect plant water status. Plant
J. 45, 523–539.

Vij, S., and Tyagi, A. K. (2007).
Emerging trends in the functional
genomics of the abiotic stress
response in crop plants. Plant
Biotechnol. J. 5, 361–380.

Vikram, P., Swamy, B. P. M., Dixit,
S., Ahmed, H. U., Sta Cruz, M.
T., Singh, A. K., and Kumar, A.
(2011). qDTY(1.1), a major QTL for
rice grain yield under reproductive–
stage drought stress with a consis-
tent effect in multiple elite genetic
backgrounds. BMC Genet. 12, 89.

Wade, L. J., Kamoshita, A., Yamauchi,
A., and Azhiri-Sigari, T. (2000).
Genotypic variation in response of
rainfed lowland rice to drought and
rewatering. I. Growth and water use.
Plant Prod. Sci. 3, 173–179.

Wasilewska, A., Vlad, F., Sirichandra,
C., Redko, Y., Jammes, F., Valon, C.,
Frey, N. F. D., and Leung, J. (2008).
An update on abscisic acid signal-
ing in plants and more. Mol. Plant
1, 198–217.

Wasson, A. P., Richards, R. A.,
Chatrath, R., Misra, S. C., Prasad,
S. V. S., Rebetzke, G. J., Kirkegaard,
J. A., Christopher J., and Watt, M.
(2012). Traits and selection strate-
gies to improve root systems and
water uptake in water-limited wheat
crops. J. Exp. Bot. 63, 3485–3498.

Waugh, R., Jannink, J. L., Muehlbauer,
G. J., and Ramsay, L. (2009). The
emergence of whole genome asso-
ciation scans in barley. Curr. Opin.
Plant Biol. 12, 218–222.

Welcker, C., Boussuge, B., Bencivenni,
C., Ribaut, J.-M., and Tardieu,
F. (2007). Are source and sink
strengths genetically linked in maize
plants subjected to water deficit?
A QTL study of the responses of
leaf growth and of Anthesis-Silking
Interval to water deficit. J. Exp. Bot.
58, 339–349.

Welcker, C., Sadok, W., Dignat, G.,
Renault, M., Salvi, S., Charcosset,
A., and Tardieu, F. (2011). A
common genetic determinism for
sensitivities to soil water deficit
and evaporative demand: meta–
analysis of quantitative trait loci and
introgression lines of maize. Plant
Physiol. 157, 718–729.

Werban, U., al Hagrey, S. A., and
Rabbel, W. (2008). Monitoring of
root-zone water content in the lab-
oratory by 2D geoelectrical tomog-
raphy. J. Plant Nutr. Soil Sci. 171,
927–935.

White, J. W., Andrade-Sanchez, P.,
Gore, M. A., Bronson, K. F., Coffelt,
T. A., Conley, M. M., Feldmann,
K. A., French, A. N., Heun, J.
T., Hunsaker, D. J., Jenks, M. A.,
Kimball, B. A., Roth, R. L., Strand,
R. J., Thorp, K. R., Wall, G. W.,

and Wang, G. Y. (2012). Field-
based phenomics for plant genet-
ics research. Field Crops Res. 133,
101–112.

Winterhalter, L., Mistele, B.,
Jampatong, S., and Schmidhalter,
U. (2011a). High throughput
phenotyping of canopy water
mass and canopy temperature in
well–watered and drought stressed
tropical maize hybrids in the veg-
etative stage. Eur. J. Agron. 35,
22–32.

Winterhalter, L., Mistele, B.,
Jampatong, S., and Schmidhalter, U.
(2011b). High–throughput sensing
of aerial biomass and above–ground
nitrogen uptake in the vegetative
stage of well–watered and drought
stressed tropical maize hybrids.
Crop Sci. 51, 479–489.

Witcombe, J. R., Hollington, P. A.,
Howarth, C. J., Reader, S., and
Steele, K. A. (2008). Breeding for
abiotic stresses for sustainable agri-
culture. Philos. Trans. R. Soc. B Biol.
Sci. 363, 703–716.

Xiong, Y. C., Li, F. M., Zhang, T.,
and Xia, C. (2007). Evolution
mechanism of non-hydraulic
root-to-shoot signal during the
anti-drought genetic breeding of
spring wheat. Environ. Exp. Bot. 59,
193–205.

Xu, X., Yuan, H., Li, S., and
Monneveux, P. (2007). Relationship
between carbon isotope discrim-
ination and grain yield in spring
wheat under different water regimes
and under saline conditions in
the Ningxia Province (North-west
China). J. Agron. Crop Sci. 193,
422–434.

Xu, Y. B., and Crouch, J. H. (2008).
Marker-assisted selection in plant
breeding: from publications to prac-
tice. Crop Sci. 48, 391–407.

Yadav, R. S., Sehgal, D., and Vadez,
V. (2011). Using genetic mapping
and genomics approaches in under-
standing and improving drought
tolerance in pearl millet. J. Exp. Bot.
62, 397–408.

Yang, J. C., Zhang, J. H., Liu, K., Wang,
Z. Q., and Liu, L. J. (2007). Abscisic
acid and ethylene interact in rice
spikelets in response to water stress
during meiosis. J. Plant Growth
Regul. 26, 318–328.

Yang, S. J., Vanderbeld, B., Wan, J. X.,
and Huang, Y. F. (2010). Narrowing
down the targets: towards suc-
cessful genetic engineering of
drought–tolerant crops. Mol. Plant
3, 469–490.

Yang, Z., Sinclair, T. R., Zhu, M.,
Messina, C. D., Cooper, M., and
Hammer, G. L. (2012). Temperature
effect on transpiration response

www.frontiersin.org September 2012 | Volume 3 | Article 347 | 32

http://www.frontiersin.org
http://www.frontiersin.org/Plant_Physiology/archive


Tuberosa Phenotyping for drought tolerance

of maize plants to vapour pres-
sure deficit. Environ. Exp. Bot. 78,
157–162.

Yin, X., and Struik, P. C. (2008).
Applying modelling experiences
from the past to shape crop
systems biology: the need to
converge crop physiology and
functional genomics. New Phytol.
179, 629–642.

Yin, X., Struik, P. C., and Kropff, M.
J. (2004). Role of crop physiology
in predicting gene-to-phenotype
relationships. Trends Plant Sci. 9,
426–432.

Yin, X. Y., Stam, P., Kropff, M. J., and
Schapendonk, A. H. C. M. (2003).
Crop modeling, QTL mapping, and
their complementary role in plant
breeding. Agron. J. 95, 90–98.

Yin, X. Y., Struik, P. C., van Eeuwijk,
F. A., Stam, P., and Tang, J. J.
(2005). QTL analysis and QTL-
based prediction of flowering
phenology in recombinant inbred
lines of barley. J. Exp. Bot. 56,
967–976.

Yu, G. R., Zhuang, J., Nakayama, K.,
and Jin, Y. (2007). Root water
uptake and profile soil water as
affected by vertical root distribu-
tion. Plant Ecol. 189, 15–30.

Yue, B., Xue, W. Y., Xiong, L. Z., Yu,
X. Q., Luo, L. J., Cui, K. H., Jin,

D. M., Xing, Y. Z., and Zhang, Q.
F. (2006). Genetic basis of drought
resistance at reproductive stage in
rice: separation of drought tolerance
from drought avoidance. Genetics
172, 1213–1228.

Zaman-Allah, M., Jenkinson, D. M.,
and Vadez, V. (2011a). A conser-
vative pattern of water use, rather
than deep or profuse rooting, is crit-
ical for the terminal drought tol-
erance of chickpea. J. Exp. Bot. 62,
4239–4252.

Zaman-Allah, M., Jenkinson, D. M.,
and Vadez, V. (2011b). Chickpea
genotypes contrasting for seed yield
under terminal drought stress in the
field differ for traits related to the
control of water use. Funct. Plant
Biol. 38, 270–281.

Zhang, H., Tan, G. L. L., Yang,
L. N. N., Yang, J. C., Zhang,
J. H., and Zhao, B. H. (2009).
Hormones in the grains and roots
in relation to post-anthesis devel-
opment of inferior and superior
spikelets in japonica/indica hybrid
rice. Plant Physiol. Biochem. 47,
195–204.

Zhang, J., and Davies, W. J. (1990).
Does ABA in the xylem control the
rate of leaf growth in soil dried
maize and sunflower plants? J. Exp.
Bot. 41, 1125–1132.

Zhang, J. X., Nguyen, H. T., and
Blum, A. (1999). Genetic analysis of
osmotic adjustment in crop plants.
J. Exp. Bot. 50, 291–302.

Zhao, X. Q., Xu, J. L., Zhao, M., Lafitte,
R., Zhu, L. H., Fu, B. Y., Gao, Y. M.,
and Li, Z. K. (2008). QTLs affecting
morpho-physiological traits related
to drought tolerance detected in
overlapping introgression lines of
rice (Oryza sativa L.). Plant Sci. 174,
618–625.

Zheng, B. Y., Shi, L. J., Ma, Y. T.,
Deng, Q. Y., Li, B. G., and Guo, Y.
(2008). Comparison of architecture
among different cultivars of hybrid
rice using a spatial light model based
on 3-D digitising. Funct. Plant Biol.
35, 900–910.

Zheng, H. J., Wu, A. Z., Zheng, C. C.,
Wang, Y. F., Cai, R., Shen, X. F.,
Xu, R. R., Liu, P., Kong, L. J., and
Dong, S. T. (2009). QTL mapping of
maize (Zea mays) stay-green traits
and their relationship to yield. Plant
Breed. 128, 54–62.

Zhu, J., Ingram, P. A., Benfey, P.
N., and Elich, T. (2011). From
lab to field, new approaches to
phenotyping root system architec-
ture. Curr. Opin. Plant Biol. 14,
310–317.

Zhu, J. M., Mickelson, S. M., Kaeppler,
S. M., and Lynch, J. P. (2006).

Detection of quantitative trait loci
for seminal root traits in maize (Zea
mays L.) seedlings grown under
differential phosphorus levels.
Theor. Appl. Genet. 113, 1–10.

Conflict of Interest Statement: The
author declares that the research
was conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.

Received: 01 May 2012; accepted: 09
August 2012; published online: 19
September 2012.
Citation: Tuberosa R (2012)
Phenotyping for drought tolerance
of crops in the genomics era. Front.
Physio. 3:347. doi: 10.3389/fphys.
2012.00347
This article was submitted to Frontiers in
Plant Physiology, a specialty of Frontiers
in Physiology.
Copyright © 2012 Tuberosa. This is
an open-access article distributed under
the terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in other
forums, provided the original authors
and source are credited and subject to any
copyright notices concerning any third-
party graphics etc.

Frontiers in Physiology | Plant Physiology September 2012 | Volume 3 | Article 347 | 33

http://dx.doi.org/10.3389/fphys.2012.00347
http://dx.doi.org/10.3389/fphys.2012.00347
http://dx.doi.org/10.3389/fphys.2012.00347
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Plant_Physiology
http://www.frontiersin.org/Plant_Physiology/archive


METHODS ARTICLE
published: 01 June 2012

doi: 10.3389/fphys.2012.00156

I.4 screening experimental designs for quantitative trait
loci, association mapping, genotype-by environment
interaction, and other investigations
WalterT. Federer 1 and José Crossa2*
1 Division of Rare and Manuscript Collections, Cornell University, Ithaca, NY, USA
2 Biometrics and Statistics Unit, International Maize and Wheat Improvement Center (CIMMYT), Mexico DF, Mexico

Edited by:
Jean-Marcel Ribaut, Generation
Challenge Programme, Mexico

Reviewed by:
Shan Lu, Nanjing University, China
Stanislav Kopriva, John Innes Centre,
UK
Uener Kolukisaoglu, University of
Tuebingen, Germany

*Correspondence:
José Crossa, Biometrics and
Statistics Unit, International Maize
and Wheat Improvement Center
(CIMMYT), Apdo.Postal 6-641, 06600
Mexico DF, Mexico.
e-mail: j.crossa@cgiar.org

Crop breeding programs using conventional approaches, as well as new biotechnological
tools, rely heavily on data resulting from the evaluation of genotypes in different environ-
mental conditions (agronomic practices, locations, and years). Statistical methods used for
designing field and laboratory trials and for analyzing the data originating from those trials
need to be accurate and efficient. The statistical analysis of multi-environment trails (MET)
is useful for assessing genotype × environment interaction (GEI), mapping quantitative
trait loci (QTLs), and studying QTL × environment interaction (QEI). Large populations are
required for scientific study of QEI, and for determining the association between molecular
markers and quantitative trait variability. Therefore, appropriate control of local variability
through efficient experimental design is of key importance. In this chapter we present and
explain several classes of augmented designs useful for achieving control of variability and
assessing genotype effects in a practical and efficient manner. A popular procedure for
unreplicated designs is the one known as “systematically spaced checks.” Augmented
designs contain “c” check or standard treatments replicated “r” times, and “n” new
treatments or genotypes included once (usually) in the experiment.

Keywords: multi-environment trials, augmented experimental designs, genotype × environment interaction, quan-

titative trait loci (QTL)

INTRODUCTION
Conventional breeding will continue to make significant contri-
butions to efforts to maintain the rate of crop improvement for
food production and nutrition in order to meet the increase in
human population growth. However, biotechnological methods,
such as linkage analysis for detecting quantitative trait loci (QTLs),
marker-assisted selection (MAS), association mapping, genomic
selection, etc., will also be required. It is of paramount importance
that the statistical methods used for designing field and laboratory
trials and for analysing the data originating from those trials be
accurate and efficient.

Crop breeding programs using conventional approaches, as
well as new biotechnological tools, rely heavily on data resulting
from the evaluation of genotypes in different environmental con-
ditions (agronomic practices, locations, and years). The incidence
of genotype-by-environment interaction (GEI) is a consequence
of QTL-by-environment interaction (QEI) and marker effect-by-
environment interaction, and this affects conventional breeding
as well as MAS and genomic selection breeding strategies. The
series of field trials known as multi-environment trials (METs)
are vital for: (i) studying the incidence of GEI and assessing the
stability of quantitative traits; (ii) mapping QTL and QEI; and
(iii) finding associations among molecular markers and quanti-
tative trait variation based on linkage disequilibrium analysis. To
detect and quantify the presence of QEI is of vital importance for
understanding the genetic architecture of quantitative traits.

All biotechnological methods are based on molecular marker
data and phenotypic data. Phenotypic data are vitally important
for assessment of the within-environment error structure for each
of the trials that will be used later in the MET analysis. The MET
statistical analysis is useful for assessing GEI, mapping QTLs, and
studying QEI. Large populations are required for scientific study
of QEI, and for determining the association between molecular
markers and quantitative trait variability. Therefore, appropriate
control of local variability through efficient experimental design
is of key importance.

Spatial variability in the field is a universal phenomenon that
affects the detection of differences among treatments in agricul-
tural experiments by inflating the estimated experimental error
variance. Researchers wishing to conduct field trials are faced
with this dilemma. They tackle the problem by using an appro-
priate statistical design and layout for the experiment, and by
using suitable methods for statistical analysis. A priori control
of local variability in each testing environment is usually deter-
mined from the experimental design used to accommodate the
genotypes to the experimental units. However, a posteriori con-
trol of the residual effect based on a model that provides a
good fit to the data can effectively complement the control of
local variability provided by the experimental design (see e.g.,
Federer, 2003a). Recently, efficient experimental designs (both
unreplicated and replicated) have been developed, assuming that
observations are not independent in that contiguous plots in the
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field may be spatially correlated (Martin et al., 2004; Cullis et al.,
2006).

Commonly, field trials used for linkage analyses or association
mapping analyses are of 200 or more genotypes in size. These
may consist of individuals from segregating F2 and F3 popula-
tions, recombined inbred lines (RILs), accessions from a genebank,
advanced breeding cultivars, or individuals from any segregat-
ing population. Usually, QTL mapping is done on large numbers
(500 or more) in as many locations or conditions as possible,
for estimating QEI and examining the stable or unstable part of
the chromosome that influences the trait under study. Thus, seed
availability and land and labor costs are crucial factors to be con-
sidered when establishing METs for QTL and QEI analyses, and
association mapping.

The class of augmented designs is especially useful for achieving
control of variability and assessing genotype effects in a practical
and efficient manner. In the early stages of a breeding program,
a plant breeder is faced with evaluating the performance of large
numbers of genotypes. Frequently, the seed supply is limited, but
even if it is not, the large number of genotypes can necessitate
using a single experimental unit per genotype.

A popular procedure for unreplicated designs is the one known
as “systematically spaced checks.” In this procedure, a standard
check genotype is systematically spaced every certain number
of experimental units. Several statistical procedures have been
devised over the years to compare the yield of a new genotype
with the standard variety. This procedure can require an inordi-
nate amount of space, labor, and other resources devoted to check
plots of a single standard genotype. Yates (1936) has shown that
the number of check plots should be of the order of the square
root of the number of (new genotype) test plots. In conducting
METs, Sprague and Federer (1951) have shown that a cost-efficient
procedure for maximizing genetic advancement involves using
two replicates at each location for single crosses of maize, three
replicates for top crosses, and four replicates for double crosses.

A third class of procedure used in the screening of genotypes for
yield and other characteristics is that of “augmented experimental
designs.” These designs contain c check or standard treatments
replicated r times, and n new treatments or genotypes included
once (usually) in the experiment. Some of the c checks could be
promising new genotypes (treatments) in the final stages of testing.
Any standard experimental design may be used for the check treat-
ments and then the block sizes or the number of rows and columns
are increased to accommodate the new treatments. This class of
design has several desirable qualities, including the following:

1. The number of checks can be any kind and number c.
2. The number of new entries can be any number n.
3. The new treatments can be considered as random or as fixed

effects.
4. Survivors in the final stages of screening may be used as checks

along with some standard checks. The dual use of these geno-
types as checks and as their final evaluation is an efficient use
of resources.

5. Some of the designs in this class allow for screening when
other factors are present, thereby revealing genotype-by-factor
interactions.

6. Non-contenders can be discarded prior to harvest, since
they do not affect computation of blocking effects and vari-
ances.

Various augmented experimental designs are discussed in the fol-
lowing sections. These are augmented block (Federer, 1956, 1961),
augmented row–column (Federer and Raghavarao, 1975; Federer
et al., 1975), augmented resolvable row–column (Federer, 2002),
augmented split plot (Federer, 2005b), and augmented split block
(Federer, 2005a).

When the field layout is in a row–column formation, either for
the entire experiment or within each complete block, an exper-
imental design can be developed that controls variability in two
directions for any number of genotypes and replicates. The row–
column experimental designs have two block components, i.e.,
blocks in rows and blocks in columns. When the entire experi-
ment is laid out in a row–column arrangement, the “latinised”
designs assure that entries do not occur more than once in a
row or a column of the experiment. Also, neighbor restricted
designs restrict randomization of entries in such a way that cer-
tain groups of entries do not occur together, so that genotypic
interference due to different maturity or plant height can be
avoided.

Analysis of designed, spatially laid out experiments needs to
take account of the design restrictions encountered. The actual
spatial variation that occurs during the course of conducting field
experiments may not be taken into account in the experimen-
tal design or in the standard statistical analysis selected before
the experiment was conducted. Hence, to achieve appropriate sta-
tistical analysis for the data obtained from the experiment, it is
necessary to determine the type and nature of the spatial varia-
tion present in the experiment. This often means selecting from a
family of plausible statistical analyses. Federer (2003a) presented
a number of methods useful for “exploratory model selection,” to
account for the variation that is present in the results of an exper-
iment rather than what the variation pattern was expected to be.
He used various forms of trend analysis on a variety of exam-
ples to determine the model that explained the variation present
in each experiment. Several publications have been written using
various forms of trend analysis for a variety of situations (Wolfin-
ger et al., 1997; Federer, 2002, 2003a,b; Federer and Wolfinger,
2003).

AUGMENTED BLOCK EXPERIMENTAL DESIGNS
Augmented block experimental designs fall into two categories,
complete blocks and incomplete blocks for the check genotypes or
treatments. A randomized complete block design (RCBD), with
r replicates or blocks, is used for the c check genotypes to start
the construction of an augmented randomized block. Then, the r
blocks are expanded to include the c checks plus n/r new genotypes
in each block. If n is not a multiple of r, then fewer or more new
genotypes would appear in some of the blocks. The c checks and
n/r new genotypes are randomly allotted to the experimental units
(plots) in each block. Genotype numbers are randomly assigned
to the new genotypes, but this is not necessary in the early stages
of screening since each new genotype is a random event in itself.
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To illustrate an augmented RCBD, let c = 3 checks, r = 4 blocks,
and n = 13 new genotypes. A plan is:

Block 1 Block 2 Block 3 Block 4

[A 1 4 B C 9] [C 5 B 6 13 A] [12 B A 2 3 C] [7 A 8 C B 10 11]

A partitioning of the degrees of freedom in an analysis of
variance (ANOVA) table for this design is:

Source of variation Degrees of freedom

Total 25

Correction for mean 1

Block, B 3

Genotype 15

Check 2

New 12

Check versus new 1

B × check 6

In the first stage of screening, there may be a very large number
of new genotypes with n of 8,000, 30,000, or even over 100,000.
In these cases, the block size may become larger than is consid-
ered necessary to retain relative homogeneity within each block.
The class of experimental designs known as an “incomplete block
design” (ICBD) can then be used. The incomplete blocks of an
ICBD may be in complete blocks, resolvable, or they may not.
An appropriate ICBD for c checks, r replicates of the checks,
incomplete blocks of size k, s incomplete blocks within a com-
plete block, and b incomplete blocks is selected for the check
genotypes. Then the b incomplete block sizes are increased to
include n/b new genotypes in each incomplete block. To illus-
trate, let c = 15 checks arranged in r = 5 replicates and b = rs = 25
incomplete blocks of size k = 3. Let n = 300 new genotypes, and
then n/b = 300/25 = 12. By enlarging the 25 incomplete blocks
from k = 3 to k = 15 to accommodate 3 + 12 = 15 experimental
units, the 300 new genotypes can be put into these 25 incom-
plete blocks. The 12 new genotypes and the three checks are
randomly allotted to the 15 experimental units in each of the 25
incomplete blocks. The blocks of genotypes are randomly allot-
ted to the incomplete blocks in the field layout. The 15 check
genotypes may, for example, be two standard genotypes and 13
promising and surviving new genotypes from previous screening
cycles.

A randomized form of an ICBD may be obtained from a
software toolkit such as Gendex (2009). Using the parameters
k = c + n/b = 15, v = c + n/r = 75, and r = 5, a randomized form
of an ICBD is obtained. Then the n/r numbers for v that appear in
an incomplete block are replaced by genotype numbers to accom-
modate the n = 300 new genotypes, but retaining k of the check
treatments in each incomplete block according to the plan for
checks only.

A partitioning of the degrees of freedom in an ANOVA table
for the above example is:

Source of variation Degrees of freedom

Total 375

Correction for mean 1

Block, R 4

Genotype 314

Check 14

New 299

Check versus new 1

Incomplete blocks within R 20

Intrablock error 36

When the new genotypes are unreplicated, they do not con-
tribute to the estimation of the block and error variances and the
estimation of the block effects (Federer and Raghavarao, 1975).
Only the replicated check treatments do this. Computer codes for
analysing the results from augmented block designs have been
given by Wolfinger et al. (1997) and Federer (2003a).

AUGMENTED COMPLETE BLOCK DESIGN FOR A QTL
MAPPING STUDY
A typical QTL experiment in maize consists of F2 plants obtained
from the cross of two maize inbred lines referred to as parent 1
(P1) and parent 2 (P2). Subsequently, the F2 plants can be selfed
to produce, say, 900 independent F5 lines. These 900 new entries
(RILs) will be genotyped with molecular markers and genetic data,
and the respective phenotypic data will be used for QTL and QEI
mapping. These lines may be crossed to an inbred tester from
an opposite heterotic group to obtain testcross seeds. The check
entries may include the parents P1 and P2, the F1 from the cross
P1 × P2 and two other checks (check1 and check2) the breeder
wishes to include. One possible augmented complete block design
(CBD) may consist of 20 blocks of size 45 augmented by P1, P2,
F1, and check1 and check2. Thus, the block size comprises a total
of 50 entries (45 new entries comprising testcross F5 lines and
five other entries that will be repeated in every block). The same
or a different group of test lines in the incomplete block can be
used in all the sites where the experiment is planted, but with dif-
ferent randomization of the incomplete blocks. In this case, the
augmented RCBD has c = 5 checks (P1, P2, F1 check1 and check2),
r = 20 blocks, and n = 900 new genotypes. A possible plan is:

Block 1

P1 . . .1, 2. . . P2...14, 15. . . F1...20, 21. . . check1...30, 31. . . check2...44, 45. . .

Block 2

P1 . . .46, 47. . . P2...54, 55. . . F1...60, 61. . . check1...70, 71. . . check2...89, 90. . .

.

.
Block 20

P1 . . .460, 470. . . P2...540, 550. . . F1...600, 610. . . check1...700, 710. . . check2...890, 900. . .

The distribution of the repeated checks in the field should
avoid, as much as possible, appearance of the same replicated check
more than once in the same row or column. This latinised aug-
mented CBD may help to reduce bias due to unexpected soil trends
running across columns or rows.

A partitioning of the degrees of freedom in an ANOVA table
for this design in each site is:
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Source of variation Degrees of freedom

Total 1000

Correction for mean 1

Block, B 19

Genotype 904

Check 4

New 899

Check versus new 1

B × check 76

Supposing that the trial were established in three different sites,
then the partition of the degrees of freedom in the ANOVA table
would be as follows:

Source of variation Degrees of freedom

Total 3000

Correction for mean 1

Site 2

Block within site, B(S) 57

Genotype 904

Check 4

New 899

Check versus new 1

Genotype × site 1808

Check × site 8

New × site 1798

(Check versus new) × site 2

B(S) × check 228

AUGMENTED INCOMPLETE-COMPLETE BLOCK DESIGN FOR
AN ASSOCIATION MAPPING STUDY
This example supposes that 200 diverse bread wheat acces-
sions from a genebank are to be used for an association map-
ping study. The accessions will be used to examine the possible
relationship between various phenotypic traits (such as grain
yield, resistance to leaf and yellow rust, bread making qual-
ity, protein content, etc.) and the molecular markers located
along the seven chromosomes of the three genomes of wheat
(A, B, and D). Ten sites with contrasting environmental con-
ditions would be used to allow good discrimination of the
200 accessions. Differential environmental conditions must be
used in order to obtain a good discrimination for resistance
to different potential rust pathogens as well as for the other
traits.

It is assumed that c = 15 checks can be arranged in r = 5 repli-
cates and b = 25 incomplete blocks of size k = 3 are formed. The
200 accessions can be accommodated in 25 incomplete blocks
of size 11 by enlarging the incomplete blocks from k = 3 to
k = 11 by adding n/b = 200/25 = 8 new entries in each incomplete
block.

The ANOVA table of the combined analysis across ten environ-
ments is:

Source of variation Degrees of freedom

Total 2750

Correction for mean 1

Site 9

Block within sites, R(S) 40

Genotype 214

Check 14

New 199

Check versus new 1

Genotype × site 1926

Check × site 126

New × site 1791

Check versus new × site 9

Incomplete blocks within R × S 200

Intrablock error within sites 560

AUGMENTED ROW–COLUMN EXPERIMENTAL DESIGNS
Augmented row–column designs can be constructed either by
adding rows and/or columns or by enlarging the intersections of
the rows and columns of a square or rectangle. Considering the
latter option, a 5 × 5 Latin square can be used for five checks A, B,
C, D, and E, augmented with 250 new genotypes, adding 10 new
genotypes to each row–column intersection as follows to obtain
the schematic plan before randomization:

A 1–10 B 11–20 C 21–30 D 31–40 E 41–50

B 51–60 C 61–70 D 71–80 E 81–90 A 91–100

C 101–110 D 111–120 E 121–130 A 131–140 B 141–150

D 151–160 E 161–170 A 171–180 B 181–190 C 191–200

E 201–210 A 211–220 B 221–230 C 231–240 D 241–250

A randomization plan would be obtained for the Latin square
and then the 11 entries in each row–column intersection would be
randomly allotted to the 11 experimental units in each intersec-
tion. The new genotypes are randomly assigned to the numbers 1–
250. A partitioning of the degrees of freedom in an ANOVA table is:

Source of variation Degrees of freedom

Total 275

Correction for the mean 1

Row 4

Column 4

Genotype 254

Check 4

New 249

Check versus new 1

Error 12

An alternative row–column plan would be to set up a 25 row
by 15 column rectangle as shown below.

If the variation in rows and in columns can be explained by lin-
ear, quadratic, and perhaps cubic tends and their interactions, then
two checks would have been sufficient to obtain row and column
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solutions to adjust the new treatments, and 325 new treatments
could have been included. An equal number of rows and columns
results in the minimum number of check genotypes. For example,
using a 20 × 20 square, 40 plots could be allocated to two check
genotypes and 360 to new genotypes. There still would be more
than 20 degrees of freedom associated with the error mean square.
Another scenario supposes that one standard check genotype and
four promising new genotypes in the final stage of evaluation are
used. Utilizing new genotypes in their final stage of testing allows
dual use of the results and efficient experimentation, eliminating
the inclusion of too many check plots.

A randomization plan would involve randomly allocating the
rows and columns in the above plan to the rows and columns
in the experimental area, randomly assigning the letters A–E to
the checks, and randomly allotting the numbers 1–250 to the new
genotypes. A partitioning of the degrees of freedom in an ANOVA
table is:

Source of variation Degrees of freedom

Total 375

Correction for the mean 1

Row 24

Genotype 254

Check 4

New 249

Check versus new 1

Column (eliminating genotype) 14*

Error 82*

*Need correction for confounding effects.

Federer et al. (1975) discuss a number of other arrange-
ments including one used by Dr. A. Mangelsdorf. The Man-
gelsdorf design has a nice balanced property and was used
for METs.

The first plan given above within this section is row–
column–check connected in that solutions are obtainable for
all effects. The plan immediately above is row–check connected
and column–check connected but is not row–column–check
connected. This means that functions of the column effects,
such as linear, quadratic, cubic, etc., regressions are used in
the analysis of such designs. In order to have a plan that is
row–column–check connected, two of the transversals of the
square or rectangle need to be adjacent to each other, a fea-
ture that an experimenter may consider as undesirable. Com-
puter codes illustrating this type of analysis are given by Fed-
erer (2003b), Federer and Wolfinger (2003), and Wolfinger et al.
(1997).

AUGMENTED RESOLVABLE ROW–COLUMN EXPERIMENTAL
DESIGNS
Experimental designs such as a lattice square or a lattice rectangle
may be used to construct augmented lattice square and augmented
lattice rectangle plans (Federer, 2002, 2003b). For such plans, row
blocking and column blocking are included in each complete
block, thus making the design resolvable. Since the proportion
of experimental units in relation to the number of checks is less
in an augmented lattice square, this is the plan that will be illus-
trated. There are k × k experimental units in each complete block,
and 2k, 3k, etc., check genotypes may be used. To construct such
a plan, a lattice square plan is obtained first for v = k2 treatments.
The complete blocks where treatments 1 to k and k + 1 to 2k

A 1 2 B 3 4 C 5 6 D 7 8 E 9 10

11 A 12 13 B 14 15 C 16 17 D 18 19 E 20

21 22 A 23 24 B 25 26 C 27 28 D 29 30 E

E 31 32 A 33 34 B 35 36 C 37 38 D 39 40

41 E 42 43 A 44 45 B 46 47 C 48 49 D 50

51 52 E 53 54 A 55 56 B 57 58 C 59 60 D

D 61 62 E 63 64 A 65 66 B 67 68 C 69 70

71 D 72 73 E 74 75 A 76 77 B 78 79 C 80

81 82 D 83 84 E 85 86 A 87 88 B 89 90 C

C 91 92 D 93 94 E 95 96 A 97 98 B 99 100

101 C 102 103 D 104 105 E 106 107 A 108 109 B 110

111 112 C 113 114 D 115 116 E 117 118 A 119 120 B

B 121 122 C 123 124 D 125 126 E 127 128 A 129 130

131 B 132 133 C 134 135 D 136 137 E 138 139 A 140

141 142 B 143 144 C 145 146 D 147 148 E 149 150 A

A 151 152 B 153 154 C 155 156 D 157 158 E 159 160

161 A 162 163 B 164 165 C 166 167 D 168 169 E 170

171 172 A 173 174 B 175 176 C 177 178 D 179 180 E

E 181 182 A 183 184 B 185 186 C 187 188 D 189 190

191 E 192 193 A 194 195 B 196 197 C 198 199 D 200

201 202 E 203 204 A 205 206 B 207 208 C 209 210 D

D 211 212 E 213 214 A 215 216 B 217 218 C 219 220

221 D 222 223 E 224 225 A 226 227 B 228 229 C 230

231 232 D 233 234 E 235 236 A 237 238 B 239 240 C

C 241 242 D 243 244 E 245 246 A 247 248 B 249 250
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appear together in a row or in a column are deleted. For 2k check
genotypes, treatments 2k + 1, 2k + 2, . . ., k2 are deleted in each
of the r blocks. The rk (k – 2) new treatments are inserted into
the deleted treatment spaces of the lattice square. To illustrate,
with k = 7 and r = 7, a plan would be as shown at the bottom of
the page.

The symbol × indicates where one of the rk (k – 2) = 245
new genotypes would be entered. Row linear and quadratic
effects and column linear and quadratic effects can be esti-
mated (Federer, 2002). Checks 1–7 appear once with checks
8–14 in rows and in columns, but do not appear with each
other. The diagonal elements need not be adjacent, as illustrated
below.

A partitioning of the degrees of freedom in an ANOVA is:

Source of variation Degrees of freedom

Total 343

Correction for the mean 1

Replicate or block 6

Genotype 258

Check 13

New 244

Check versus new 1

Check × block 78

Row linear within block 7

Column linear within block 7

Row linear × column linear within block 7

Row quadratic within block 7

Column quadratic within block 7

Row quadratic × column quadratic within block 7

Row cubic within block 7

Column cubic within block 7

Residual or error 22

To screen 30,000 new genotypes, k would be 33 and k = r = 33
replicates would be required. As stated earlier, the 2k = 66 checks
could consist of two standard checks plus 64 new genotypes in
their final stage of testing.

As an alternative design in this class, the checks could be in a
lattice square experimental design. Then, each of the row–column
intersections within each complete block could be enlarged to
include the desired number of new genotypes.

AUGMENTED SPLIT PLOT EXPERIMENTAL DESIGNS
In order to compare the effect of environments and management
procedures on new genotypes, the class of augmented split plot
experimental designs has been proposed by Federer (2005b). The
effects of factors such as tillage, fertilizers, insecticides, irrigation,
planting density, date of planting, etc on new genotypes could be
assessed. The effect of the date of planting is often confused with
site-to-site effects. The new genotypes to be assessed may appear
in split plot treatments or in whole plot treatments. New geno-
types can be tested for several factors at a time by using split split
plot, split split split plot, etc augmented designs. These designs
allow for genotype-by-factor interactions and GEI, and are useful,
especially in the final stages of screening genotypes. A schematic
plan of a design is shown below for four whole plots, such as tillage
practices, three checks (20, 21, and 22), and 19 new genotypes such
as the 7 or 8 split plot treatments, and r = 4 blocks or replicates of
check genotypes.

There are seven split plot treatments in Block 4 and eight in
the other three blocks. The checks are given the highest numbers
because SAS software subtracts the highest numbered effect from
all the others for the estimated effects, and gives a standard error
of a difference between an estimated effect of a genotype and the
highest numbered one, rather than a standard error of an effect as
indicated. It is usually more desirable to compare all new genotypes
with a check, rather than compare all entries with a new genotype.
The usual randomization procedure for a split plot experimental
design would be used.

Replicate 1 Replicate 2 Replicate 3 Replicate 4

1 x x x x x 14 1 x x x x x 13 1 x x x x x 12 1 x x x x x 11

8 2 x x x x x 14 2 x x x x x 13 2 x x x x x 12 2 x x x x x

x 9 3 x x x x x 8 3 x x x x x 14 3 x x x x x 13 3 x x x x

x x 10 4 x x x x x 9 4 x x x x x 8 4 x x x x x 7 x x x x

x x x 11 5 x x x x x 10 5 x x x x x 9 5 x x x x x 8 5 x x

x x x x 12 6 x x x x x 11 6 x x x x x 10 6 x x x x x 9 6 x

x x x x x 13 7 x x x x x 12 7 x x x x x 11 7 x x x x x 10 7

Replicate 5 Replicate 6 Replicate 7

1 x x x x x 10 1 x x x x x 9 1 x x x x x 8

11 2 x x x x x 10 2 x x x x x 9 2 x x x x x

x 12 3 x x x x x 11 3 x x x x x 10 3 x x x x

x x 13 4 x x x x x 12 4 x x x x x 11 4 x x x

x x x 14 5 x x x x x 13 5 x x x x x 12 5 x x

x x x x 8 6 x x x x x 14 6 x x x x x 13 6 x

x x x x x 9 7 x x x x x 8 7 x x x x x 14 7
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A partitioning of the degrees of freedom in an ANOVA
would be:

Source of variation Degrees of freedom

Total 124

Correction for mean 1

Block, B 3

Tillage, T 3

B ×T, error T 9

Genotype 21

Check 2

New 18

Check versus new 1

T × genotype 63

T × check 6

T × new 54

T × check versus new 3

B × check within T 24

Codes for analysing data for this design and others in this class
are given by Federer (2005b).

Tillage Block 1 Block 2

1 20 21 22 1 2 3 4 5 20 21 22 6 7 8 9 10

2 20 21 22 1 2 3 4 5 20 21 22 6 7 8 9 10

3 20 21 22 1 2 3 4 5 20 21 22 6 7 8 9 10

4 20 21 22 1 2 3 4 5 20 21 22 6 7 8 9 10

Tillage Block 3 Block 4

1 20 21 22 11 12 13 14 15 20 21 22 16 17 18 19

2 20 21 22 11 12 13 14 15 20 21 22 16 17 18 19

3 20 21 22 11 12 13 14 15 20 21 22 16 17 18 19

4 20 21 22 11 12 13 14 15 20 21 22 16 17 18 19

AUGMENTED SPLIT BLOCK EXPERIMENTAL DESIGNS
Augmented split block experimental designs are another class of
augmented experimental design for assessing the effects of var-
ious factors on new genotypes, as described by Federer (2005a)
who discussed five different examples of this class and presents a
numerical example and a code for analysis of the data. New geno-
types may be considered to be random or fixed effects. One of the
cases considered is an intercropping example for two crops with
new genotypes for both crops. Allowing for interaction of fac-
tors with genotypes is an important aspect of this class of design.
To illustrate one design within this class, an augmented random-
ized block experimental design is used for c = 3 checks (A, B, C),
n = 25 new genotypes (1–25), and r = 4 blocks. Then, d = 4 dates
of planting (D1, D2, D3, D4) are strip blocked across the entries in
each of the four blocks. This is illustrated in the schematic layout
at the bottom of the page.

The date treatments are in an RCBD and the checks and new
genotypes are in an augmented randomized block experimental

design. The date experimental units are distributed across all the
genotype entries in a block.

A possible partitioning of the degrees of freedom in an ANOVA
table is:

Source of variation Degrees of freedom

Total 148

Correction for the mean 1

Block, B 3

Genotype 27

Check 2

New genotype, G 24

Check versus new 1

B × check 6

Date, D 3

B × D 9

D × genotype 81

D × check 6

D × G 72

D × check versus new 3

B × D × check 18

Block 1 Block 2

Date A B C 1 2 3 4 5 6 Date A B C 7 8 9 10 11 12

D1 D1

D2 D2

D3 D3

D4 D4

Block 3 Block 4

Date A B C 13 14 15 16 17 18 Date A B C 19 20 21 22 23 24 25

D1 D1

D2 D2

D3 D3

D4 D4

DISCUSSION
In the early stages of a plant breeding program, expected genetic
gains may be increased by screening a large number of genotypes
in contrast to having more precise comparisons of a fewer num-
ber of genotypes. This makes it necessary to evaluate many entries
where there may not be sufficient seed to replicate each. For this
reason Federer proposed augmented designs where a set of check
entries are replicated an equal (or unequal) number of times in
a specified field design and an additional set of new test entries
are included in the experiment only once. In this review we show
different type of augmented complete and ICBD for the check
treatments with the test entries being added or “augmented” to
the blocks.

This approach provides a very efficient means of screening test
entries and has a considerable amount of flexibility. Augmented
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ICBD might be preferred over augmented CBD when the number
of repeated checks is large. When soil variability runs in two
directions augmented row–column designs should be a good alter-
native, and when the experiment is “latinized” so that entries do
not occur more than once in a row or column, then the efficiency of
increasing precision increases. The augmented incomplete block
or/and the row-column designs can be used for association map-
ping and/or genomic selection where a large number of entries
(usually more than 1000) are needed but cannot be planted in all
possible environments. The advantages of using these augmented
designs is when the soil heterogeneity increases due to limiting
factors as low water, and nitrogen availability in the field.

CONCLUSIONS
There are many variations of split plot and split block experimental
designs. Federer and King (2007) discuss several of these varia-
tions as well as combinations of the designs. Experimenters may
find some of these variations suitable for augmenting with new
genotypes that will fit the conditions for their experiment. Such
designs as given in the last two sections above allow the experi-
menter to obtain interactions of new genotypes with a variety of

factors. Instead of a single factor, a factorial combination of several
factors could be used. For example, instead of date only, a factorial
arrangement of date, fertilizer level, and insecticide could be used.
Considerable flexibility is possible through the use of augmented
experimental designs.

When it is advisable to use an augmented design, it may be used
at several sites. For example, the Manglesdorf design presented by
Federer et al. (1975) was used at several sites in Brazil. Methods for
combining results over sites have been described by Federer et al.
(2001), and they even allow for different designs at the different
sites.
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This paper reviews methods for analyzing plant performance and its genetic variability
under a range of environmental conditions. Biomass accumulation is linked every day
to available light in the photosynthetically active radiation (PAR) domain, multiplied by
the proportion of light intercepted by plants and by the radiation use efficiency. Total
biomass is cumulated over the duration of the considered phase (e.g., plant cycle or
vegetative phase). These durations are essentially constant for a given genotype provided
that time is corrected for temperature (thermal time). Several ways of expressing thermal
time are reviewed. Two alternative equations are presented, based either on the effect
of transpiration, or on yield components. Their comparative interests and drawbacks are
discussed. The genetic variability of each term of considered equations affects yield under
water deficit, via mechanisms at different scales of plant organization and time. The
effect of any physiological mechanism on yield of stressed plants acts via one of these
terms, although the link is not always straightforward. Finally, I propose practical ways to
compare the productivity of genotypes in field environments, and a “minimum dataset”
of environmental data and traits that should be recorded for that.

Keywords: stress, drought, temperature, intercepted light, plant performance

INTRODUCTION
Plants transform light and CO2 into biomass. This occurs during
a given period of time, the duration of which depends essen-
tially on air temperature and on the earliness of the considered
genotype. During the same period of time, the plant requires
an amount of water that depends on environmental conditions
(light, air humidity, and wind) and on plant traits such as
stomatal conductance and leaf area. It follows that the biomass
accumulated by a plant primarily depends on environmental
conditions, but also depends on plants traits with their genetic
variability. The objective of this paper is to provide a basis for
analyzing yield from environmental conditions, thereby enabling
characterization of the differences in behavior between genotypes.
This basis is the common ground of most existing crop models
(Sinclair et al., 1976; Brisson et al., 2003; Hammer et al., 2010),
and of global analyses of the effects of climate change on plant
performance (Brisson et al., 2010; Lobell et al., 2011).

VARIABILITY OF YIELD DEPENDING ON LIGHT AND WATER
AVAILABILITY
THE MAXIMUM YIELD THAT CAN BE OBTAINED IN A GIVEN FIELD
DEPENDS ON THE AMOUNT OF INTERCEPTED LIGHT
Biomass accumulation is proportional to the amount of light in
the photosynthetically active radiation (PAR) domain that the
plant intercepts over a period of time (Monteith, 1977). Why
is biomass accumulation proportional to light while photosyn-
thesis is not? Photosynthesis depends on light intensity, with a
relationship that is approximately linear for low light intensities

(about 0–700 μmol m−2 s−1), but curvilinear at higher intensities
(Farquhar et al., 1980). The linear relationship between biomass
and light is due first to lowest leaves of the canopy being shaded,
so they receive light in the range where photosynthesis is nearly
proportional to light. Second, the light intensity only exceeds
700 μmol m−2 s−1 during the late morning and early afternoon,
and is below this value during the rest of the day. Hence, the
resulting relationship between photosynthesis and light is linear
at the field level and during the entire day.

The biomass accumulation by a crop on a given day (Bioi)
depends on:

• The amount of light on the considered day in the range of
wavelengths used by photosynthesis [photosynthetic photon
flux density (PPFDi)]. Most light sensors directly record the
amount of light in this range.

• The proportion of light that is intercepted by plant leaves.
The light that reaches the soil is not used for photosynthesis.
The proportion of intercepted light depends on leaf area on
the considered day and is characterized by the leaf area index
(LAI), which is the number of layers of leaves per unit soil area.
For instance, an LAI of 1 corresponds to a plant canopy with
1 m2 of leaves per m2 of soil. The proportion of light inter-
cepted by plants increases with LAI (Figure 1) until an LAI of
4 or 5 depending on the species. At a higher LAI, nearly all
the available light is intercepted (there are no spots of unused
light on the soil). The relationship between LAI and the pro-
portion of intercepted light differs among species (Figure 1).
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FIGURE 1 | Relationship between leaf area and light interception

(redrawn from Gosse et al., 1986).

Plants intercept more light per unit leaf area in species with
sub-horizontal leaves, such as clover or cassava, than in species
with erect leaves, such as cereals.

• The efficiency of transformation of intercepted light into
biomass, which depends essentially on the photosynthesis rate
of leaves (Gosse et al., 1986; Brisson et al., 2003; Hammer et al.,
2010). This efficiency differs between species; it is maximal in
C4 species such as maize, sorghum, or millet, which have a
very efficient photosynthetic apparatus. It is roughly similar
in all C3 species that are neither legumes nor oil-rich seeds,
such as wheat or rice. It is lower in species that have a special
metabolism such as legumes, which use part of the photosyn-
thesized sugars for nitrogen fixation (Gosse et al., 1986). It is
also lower in species with oil-producing seeds, which have high
energy content per unit biomass of seeds.

These three effects can be summarized in a simple equation:

Bioi = PPFDi · εa · εb (1)

where Bioi is the biomass accumulated on a given day, PPFD is
the photosynthetic photon flux density, also called light intensity
(in W m−2 or μmol m−2 s−1), εa is the proportion of intercepted
light (in percentage), and εb is the efficiency of transformation
(in g per unit light intensity). The biomass accumulated during
the whole season (Biotot) is the sum of biomasses accumulated
each day:

Biotot =
∑

(PPFDi · εa · εb) (2)

The yield is the fraction of Biotot that is transferred to harvested
organs, such a grains or tubers. The proportion of harvested
biomass divided by the total biomass is usually termed the “har-
vest index” (HI), expressed as a percentage:

Yield =
∑

(PPFDiεa · εb) HI (3)

This expression (Monteith, 1977) is very useful for analyzing the
yield performance of a given genotype and to compare genotypes.
In particular:

• The best genotypes are those that give a high priority to the har-
vested organs in the biomass partitioning. A large part of the
genetic progress of several species has consisted of increasing
HI (Lopez Pereira et al., 1999; Duvick, 2005).

• In contrast, the efficiency of conversion of intercepted light into
biomass is less variable between genotypes of a given species.
In particular, the genetic progress of photosynthesis has been
slow, if not negligible (Bolanos and Edmeades, 1993a; Lopez
Pereira et al., 1999; Lee and Tollenaar, 2007). Some genetic
programs have nevertheless increased RUE (Rebetzke et al.,
2002).

• Another large source of genetic variation is the proportion of
light that is intercepted by plants. The genetic variation in leaf
area then translates into a change in accumulated biomass and,
in turn, into yield in the range of LAI from 1 to 5 (Gosse et al.,
1986; Hammer et al., 2010). However, confounding effects, as
analyzed below, may obscure this relationship.

• Finally, yield largely depends on the number of days during
which biomass accumulates (term � in Equation 3). It is intu-
itive that the longer the crop cycle the higher the maximum
potential yield. This number of days depends on the tempera-
ture sensed by plants during the crop cycle. Increasing temper-
ature tends to cause shorter crop cycles, thereby decreasing the
potential yield. It also depends on the genotype via two traits:
first the earliness of the considered genotype, which defines the
time for flowering and the duration of the period between flow-
ering and maturity; and second the degree of maintenance of
this period under stressing conditions.

AN ALTERNATIVE WAY OF EXPRESSING YIELD AS A FUNCTION OF
WATER AVAILABILITY AND WATER-USE EFFICIENCY
Water availability does not appear directly in the analysis pre-
sented above, because water is not involved per se in the process
of biomass accumulation. In contrast to light which has a nearly
proportional effect on the accumulation of biomass, water “only”
serves to allow biomass accumulation to occur in good con-
ditions by favoring stomatal opening, organ growth, and plant
metabolism. In order to express yield as a function of water-
use, an alternative expression of yield has been proposed by
Passioura (1977). This states that the biomass accumulation on
1 day depends on the transpiration rate multiplied by the water-
use efficiency (WUE) i.e., the ratio of biomass accumulation
to transpiration. As in Equation (2), the biomass accumulated
over the plant cycle is the sum of that accumulated every day of
the cycle. The yield is the fraction of the accumulated biomass
that is transferred to harvested organs, such a grains or tubers
(i.e., the HI):

Yield =
∑

(Ti · WUEi) HI (4)

where Ti is the transpiration on day i, WUEi is the WUE on day
i and � indicates that the biomass is accumulated over the whole
crop cycle.
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Transpiration rate
Ti changes every day depending on evaporative demand and
on leaf area. Evaporative demand depends essentially on light,
on the degree of water saturation of the air, measured as
vapor pressure deficit (VPD), and on wind speed (Sinclair
et al., 1976; Brisson et al., 2003). Most weather stations pro-
vide the evaporative demand, termed “potential evapotranspira-
tion” or “reference evapotranspiration.” Otherwise, evaporative
demand can be calculated using a spreadsheet by using Penman’s
formula.

Leaf area affects the transpiration rate in the same way as
it affects the intercepted light (Figure 1). Thus, transpiration is
nearly proportional to leaf area for low LAI, and saturates for LAI
higher than 3 or 4.

T = ETr · εa (5)

where ETr is the reference evapotranspiration, as provided by a
weather station or calculated using Penman’s formula, and εa is
the proportion of transpiration of the studied field to the ref-
erence evapotranspiration, which has the same value as that in
Equation (1).

The root system also affects the transpiration rate, via several
traits such as total root length, rooting depth, or the hydraulic
conductivity of roots. It should be noted that this is the case
only if roots have access to a large volume of soil. In contrast, an
increase in root length has virtually no effect in a shallow soil.
Two breeding programs for drought have resulted in the surpris-
ing result that the root length was reduced in drought-tolerant
genotypes compared with drought-sensitive ones (Bolanos et al.,
1993; Bruce et al., 2002).

Water-use efficiency
WUE is defined here as the ratio of the biomass accumulated
on 1 day to the transpiration rate on the same day. Defined in
this way, it is difficult and tedious to measure. A surrogate mea-
surement consists of the ratio between the photosynthetic rate
and the transpiration rate, or between photosynthesis and stom-
atal conductance as measured using gas exchange equipment. The
latter can be measured indirectly via the ratio of two natural
isotopes of carbon in leaves or grains (carbon isotope discrimi-
nation, often called D13C), providing rapid estimates with a high
throughput.

Environmental conditions greatly affect WUE (defined as in
Equation 6). In particular, WUE decreases when evaporative
demand increases, because transpiration is higher at high evap-
orative demands for a given photosynthesis. It follows that WUE
is higher in regions with wet air, and that crops that are grown
during winter or during rainy seasons have a higher WUE than
those grown during summer or during dry seasons (Figure 2).
Large differences in WUE exist between species. WUE is higher
in C4 species, such as maize, sorghum, or millet, than in C3

species. It is noteworthy that the method based on carbon isotope
discrimination cannot be used in C4 species.

Finally, it should be noted that the concept of WUE, and there-
fore Equation (4), can be misleading, depending on the definition
that is taken for WUE and on the time scale (Blum, 2005, 2009).

FIGURE 2 | An example of variation of WUE during the crop cycle. The
later in the growing period, the higher is the evaporative demand. Because
the accumulated biomass does not increase in the same proportion, the
WUE is lower during periods with high evaporative demand. Data obtained
with wheat lines sown at different times of the year in Australia (redrawn
from Richards et al., 2002).

Depending on the study or paper, WUE is defined in different
ways that are not equivalent, have different genetic variabilities,
and respond differently to environmental conditions. Defined as
the ratio of photosynthesis to transpiration, WUE has a lower
genotype-by-environment interaction (GEI), but it cannot be
used directly as the efficiency of transforming transpiration into
biomass. At the other extreme, WUE can be defined at the scale
of the crop cycle as the ratio of the total biomass (or yield) to the
total transpiration. It should be noted that, in this case, WUE is
not a direct consequence of stomatal and photosynthetic func-
tioning, and is affected by growth conditions. For instance, a
short stress that causes abortion of reproductive organs affects
total biomass accumulation, with a lesser effect on transpiration.
Therefore, it affects WUE at the whole cycle scale, although it has
a small effect on gas exchange.

A THIRD EXPRESSION OF YIELD AS A SERIES OF YIELD COMPONENTS:
ROLES OF INDIVIDUAL PHASES OF THE CROP CYCLE
Agronomists have long expressed yield by a multiplicative series
of yield components: the number of plants per m2; the number
of immature reproductive organs per plant (e.g., the number of
seeds per tiller multiplied by the number of tillers per plant, or
the number of tubers per stem multiplied by the number of stems
per plant); the proportion of non-aborted reproductive organs;
and the individual weight of seeds or tubers. Thus:

Yield = N(1 − A)Wr (6)

where N is the number of immature reproductive organs (e.g.,
ovules) per unit area, A is the proportion of aborted reproduc-
tive organs, and Wr is the mean weight of individual reproductive
organs.
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This expression has the advantage of breaking down the yield
into several phase of the crop cycle. The setting of reproductive
organs occurs during the pre-flowering time, the proportion of
non-aborted reproductive organs is determined during a phase
around flowering, and the individual weight of seeds or tubers
is determined between flowering and maturity. Therefore, it is
possible to express the result of each phase as a function of envi-
ronmental conditions during that phase. For instance, one can
relate the abortion rate to the water availability during the same
period (Claassen and Shaw, 1970) or to the biomass accumu-
lation during that period (Vega et al., 2001) (Figure 3). In the
same way, seed number usually correlates well to the intercepted
light during the pre-flowering period. These relationships help to
identify the behaviors of genotypes, which can either have com-
mon behaviors (common relationships) or different behaviors
(different relationships).

HOW DOES EACH TERM OF EQUATIONS 1–6 VARY WITH WATER
AVAILABILITY AND GENETIC DIVERSITY?
Each of the three approaches of yield provided by Equations (3),
(4), and (6) has its own interests, and represents a view of the yield
setting. The first equation is more mechanistic and is the one used
in all crop models, but the effect of water deficit does not appear
explicitly. The second is perhaps more intuitive for understanding
the effects of water deficit but can be misleading, depending on
the definition that is taken for WUE. The third is the most intu-
itive, but cannot be related to physiological functions of plants.
These three views should be considered as frameworks of analysis
to help identify where a given trait is involved in yield formation
and what the effects are of a water deficit. The following analyses
the contribution of different processes and traits to yield under
water deficit. It should be stressed here that none of these traits or
function is beneficial or detrimental per se. Each trait can be pos-
itive, negative, or with negligible effect on the drought scenario
(Tardieu, 2012). Hence, tolerance to water deficit and the con-
tribution of traits cannot be considered without considering the
drought scenario.

Growth reduction of expanding tissues
The first effect of a water shortage is to drastically reduce the
growth of expanding tissues, with effects on terms εa, T and N,
and indirect effects on other terms. Expansive growth is one of
the processes most sensitive to water deficit in leaves, internodes
(e.g., the peduncle in cereals) or reproductive organs (e.g., the
silks in maize or tubers in potatoes) (Boyer, 1970; Saab and Sharp,
1989; Muller et al., 2011; Tardieu et al., 2011). This occurs because
turgor—the driving force for cell expansion—is reduced in the
case of water deficit, but also because of other indirect processes
such as a reduction in cell division rate or in the extensibility
of cell walls (Cosgrove, 2005). A water deficit during the vegeta-
tive stages affects leaf growth and hence light interception but, in
most species, it also affects the growth of immature storage organs
(seeds or tubers).

Via this mechanism of reduced growth, a water deficit can
affect the term εa of Equation (3), because it reduces LAI and,
therefore, both light interception (Equation 3) and transpiration
(Equation 4). The reduction in growth also affects the number of
reproductive organs and their abortion ratio (N and A, respec-
tively in Equation 6) via a reduction in biomass accumulation
(Gambin and Borras, 2007), but also because vegetative and
reproductive growth can depend on common mechanisms and
common genetic determinists (Welcker et al., 2007). Other terms
can also be affected by a reduction in growth, in particular HI
if young reproductive organs or young tubers abort. In this case,
biomass cannot accumulate in harvested organs in later stages of
the crop cycle, and is stored in stems or roots.

There is a very large genetic variability of the sensitivity
of growth to water deficit. For instance, quantitative trait loci
(QTLs) have been identified for the degree of maintenance of
growth under water deficit of leaves (Welcker et al., 2011), silks
(Ribaut et al., 1997), or the peduncle (Maccaferri et al., 2008).
The sensitivity of leaf growth to evaporative demand and to soil
water deficit, which can be determined in controlled conditions,
translates into differences in leaf area and into biomass accumu-
lation observed in the field (Chenu et al., 2008). Several QTLs for

FIGURE 3 | The relationship between seed number per plant at maturity and average plant growth rate at flowering time in soybeans, sunflowers,

and maize (redrawn from Vega et al., 2001).
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growth maintenance have been shown to translate into QTLs for
yield (Ribaut et al., 1997).

The beneficial effect of growth reduction is to decrease tran-
spiration rate, thereby saving water for the end of the crop cycle.
This is favorable under severe terminal water deficit, but is detri-
mental under mild deficit because of the decrease in cumulated
photosynthesis (Tardieu, 2012).

Stomatal closure
A second effect of water shortage is to close stomata, thereby
affecting the terms εb, WUE, N, and Wr . Plants subjected to water
deficit close their stomata, with the involvement of hydraulic and
chemical messages such as the plant hormone abscisic acid (ABA)
(Tardieu and Simonneau, 1998). This reduces the loss of water by
the plant, thereby saving soil water and improving leaf water sta-
tus, but also reducing the rate of photosynthesis and increasing
leaf temperature. These effects can be measured via gas exchange
equipment, but measurement of leaf temperature can provide a
convenient surrogate for gas exchange if used carefully (Jones,
2007; Guilioni et al., 2008).

There is some genetic variability for stomatal sensitivity to
water deficit, but probably less marked than that for growth main-
tenance. In contrast, there is an interesting genetic variability for
WUE, when defined as the ratio of photosynthesis to transpira-
tion rate. Genetic analyses and breeding programmes have been
carried out on WUE via its relation to carbon isotope discrimina-
tion, resulting in appreciable gains in yield in wheat grown in dry
conditions (Condon et al., 2004).

A water deficit decreases the term εb of Equation (3), because
the plant accumulates less biomass per unit leaf area than a well-
watered plant. This is reversible, because stomata can reopen
when more water is available after a rain or watering. In contrast,
the heat stress caused by stomatal closure can result in perma-
nent damage to the photosynthetic apparatus, thereby decreasing
εb for the rest of the crop cycle. Conversely, WUE usually increases
with stomatal closure, because photosynthesis and stomatal con-
ductance are linked with a non-linear relationship. The reduction
in photosynthesis affects kernel weight and also the proportion
of reproductive organs that develop into seeds. In a number of
species, the latter is related to sugar metabolism (Zinselmeier
et al., 1999).

The advantages and drawback of an early stomatal closure are
similar to those of a reduction in leaf area. This reduces transpira-
tion rate and soil water depletion, but also cumulated photosyn-
thesis. It is therefore advantageous only in case of severe deficit.
However, an early stomatal closure has an additional drawback,
namely leaf heating. Transpiration contributes to maintain leaves
at temperatures compatible with their metabolism, so stomatal
closure causes an increase in leaf temperature. One can therefore
avoid a water shortage at the cost of a heat stress (Tardieu, 2012).

Duration of the crop cycle
A third effect of water deficit is to affect the duration of the crop
cycle, thereby affecting the terms �, T, and W. In most species,
water deficit affects the duration of the crop cycle by accelerating
senescence. This is due to an early expression of genes associ-
ated with remobilization of proteins, which are redirected from

leaves to reproductive organs (Pic et al., 2002). This reduction in
the duration of the crop cycle is an adaptive mechanism, since it
allows the plant to complete its cycle earlier while there is still
water in the soil, and redirects assimilates to the reproductive
organs. This reduces the total intercepted light and, therefore, the
biomass accumulation in Equation (3), and the total transpiration
in Equation (4). It may also affect the seed weight (Equation 6) if
the seed number is not reduced in the same proportion as the
reduction in biomass accumulation.

Genetic variability exists in the degree of maintenance of the
green leaf area (Borrell et al., 2000), and a breeding strategy has
been developed, aimed at maintaining photosynthesis in leaves
for a longer duration (“stay-green”). This strategy is adequate
for soils with an appreciable water reserve, and may otherwise
cause severe stress at the end of the crop cycle through increased
transpiration (Hammer et al., 2006).

GENETIC STRATEGIES FOR YIELD MAINTENANCE UNDER WATER
DEFICIT
The above paragraphs provide an understanding of possible
strategies for improving yield under water deficit. They also
suggest that the maintenance of biomass accumulation under
water deficit should be considered as an optimization process
between transpiration, biomass accumulation, and its partition-
ing between root and shoot, rather than as a tolerance process
per se. It follows that a given trait can have positive, null, or neg-
ative consequences, depending on the drought (Chapman et al.,
2003; Hammer et al., 2006; Vargas et al., 2006; Tardieu, 2012).

Escape strategy
The escape strategy consists of adapting the crop cycle to water
availability and evaporative demand, usually by reducing its dura-
tion, thereby reducing the total demand for water and avoiding
severe terminal stresses. It leads farmers to choose species and
genotypes according to local environmental conditions. It is also
a strategy adopted by some desert plants that have a very rapid
cycle after rain, and finish this cycle before the occurrence of water
deficit. For a given genotype, it also consists of reducing the dura-
tion of the cycle, thereby reducing the total demand for water
and avoiding severe terminal stresses. This strategy saves water
but also reduces the accumulated photosynthesis during the crop
cycle (Equation 3). Therefore, it consists of a trade-off between a
lower risk of terminal stress against a reduced potential yield.

Avoidance strategy
The avoidance strategy consists either of the maintenance of tran-
spiration rate under water deficit achieved by improving the
size, architecture, or hydraulic conductance of the root system
(de Dorlodot et al., 2007) or a reduction in the demand for
transpiration by stomatal closure or reduction in leaf area.

Maintenance of transpiration rate under water deficit via the
root system. This strategy is observed when the improvement
of the root system increases access to soil moisture, i.e., in deep
soils. In contrast, when roots grow in a limited volume of soil
because of physical barriers (e.g., a hard layer due to compaction)
or chemical barriers (e.g., acid soil), improvement of in ability
of the root system to rapidly take up water can be detrimental.
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This is because soil depletion occurs more rapidly, thereby caus-
ing severe stress at the end of the season (Tardieu et al., 1992), and
because the assimilates invested in roots would be better invested
in other organs. Accordingly, while a number of genetic stud-
ies of root systems have shown a positive association between
yield and root features (Tuberosa et al., 2002), some programs to
improve yield under water deficit have resulted in a reduced root
biomass (Bolanos et al., 1993; Bruce et al., 2002), or decreased
conductivity of the root system (Richards and Passioura, 1989).
Therefore, this strategy is a trade-off between a greater car-
bon investment in roots against an expectation of higher water
uptake, which only occurs if soil properties allow the higher
uptake.

Reduction in transpiration by stomatal closure or reduction in
leaf area. Stomatal closure and reduction of leaf growth rate
under water deficit has been selected by evolution to reduce the
risk of failure at the end of the growing season, because they both
reduce the plant demand for water. However, they intrinsically
reduce the yield expectation by decreasing the proportion of light
intercepted by leaves (εa, Equation 3), and/or the efficiency of
the transformation of light into biomass, which follows stomatal
conductance (εb, Equation 3). It is noteworthy that many experi-
ments in pots that identify “drought-tolerant” plants, in fact, use
this strategy (e.g., Iuchi et al., 2001) Therefore, this strategy trades
off a lower risk of plant failure against lower potential biomass
production.

Growth maintenance
Unlike in the other strategies described so far, that of growth
maintenance consists of continued growth of the most impor-
tant organs, thereby maintaining yield. However, the maintained
transpiration may cause a crop failure at the end of the crop sea-
son. Therefore, this strategy exchanges the maintenance of yield
potential for a high risk of crop failure.

Maintenance of leaf growth. The maintenance of leaf growth
under water deficit allows better light interception, thereby
increasing photosynthesis but also increasing the transpiration
rate and soil water depletion. Therefore, it is appropriate in many
cases, although not for severe, terminal water deficits. It is note-
worthy that, in one mapping population, half of the QTLs for
sensitivity of leaf growth overlapped with those of silk growth
(Welcker et al., 2007), suggesting that mechanisms favoring
expansive growth may also favor reproductive development.

Maintenance of reproductive growth. The maintenance of
reproductive growth around the time of flowering allows the
maintenance of capacity for storage of photoassimilates later
in the crop cycle, thereby increasing HI (Equations 3, 4) and
decreasing A, the proportion of aborted reproductive organs
(Equation 6). This strategy has been successful in several species,
in particular maize, via the assessment of the anthesis-silking
interval (ASI), which is typically increased by water deficit and
negatively correlated with yield. Phenotypic selection under well-
managed stress environments for low ASI has produced large
genetic gains and resulted in significant impacts (Bolanos and
Edmeades, 1993b; Ribaut et al., 2004).

Increase in water-use efficiency
An increase in WUE may seem to be the ideal candidate mecha-
nism for drought-prone environments. In crops, WUE has been
regarded as a “conservative strategy” involving reduced transpi-
ration, such that the positive influence of a higher WUE on yield
may be reduced under moderately favorable environments and
become a penalty under the most favorable conditions (Rebetzke
et al., 2002; Richards et al., 2002). This strategy has been used
in wheat for Australian environments, where water must be used
conservatively to allow the crop to complete its life cycle. It has led
to the release of two cultivars (Condon et al., 2004).

Increase in harvest index
Finally, an increase in HI (Equations 3, 4) has been a major
way of increasing yield, even under water deficit (Turner, 1997).
Furthermore, a change in biomass allocation between stem, roots,
and seeds has been a clear route to progress.

THE PROGRESSION OF DEVELOPMENTAL STAGES OF A
PLANT CAN BE PREDICTED BY USING THERMAL TIME
WHY USE THERMAL TIME AND PLANT DEVELOPMENT MODELS?
The above paragraphs show that environmental stress has differ-
ent consequences depending on the phenological stage at which
it occurs in the plant. In particular, some stages such as flowering
present a higher sensitivity to stresses, while others such as grain
filling present a lower sensitivity. It follows that a genetic compar-
ison can be biased if the stress occurs at different stages in each
genotype, because some genotypes will encounter the stress at a
sensitive stage while others will encounter it at a stage with lower
sensitivity. This results in non-reproducible experiments.

Therefore, it is essential that the main phenological stages of
each genotype are precisely recorded. This raises two problems.
The first is that, because a key stage such as flowering can occur
over one or more weeks in a population of genotypes, it is usually
impossible to visit each day to obtain the flowering date of every
individual genotype. The second is that some key stages are diffi-
cult and lengthy to determine. While emergence, leaf number or
flowering time can be obtained in a straightforward way, deter-
mining other stages such as flower initiation requires a detailed
analysis. However, these stages can often be determined from
other phenological stages such as the number of leaves.

When an experiment is repeated in naturally fluctuating con-
ditions, phenological stages occur at different dates in each exper-
iment. The number of days after emergence cannot, therefore,
provide a good prediction of the stages. For instance, the pro-
gression of leaf initiation on the stem generally differs between
different experiments in the field or in the greenhouse (Granier
and Tardieu, 1998; Granier et al., 2002). Therefore, we need a tool
that can: (1) simulate the exact date of a given stage from several
datapoints obtained at different dates; (2) compare the behavior
of a given genotype in different experiments; and (3) estimate the
dates of “hidden” stages, e.g., flower initiation or the beginning of
stem elongation, from other stages that are easier to determine.

WHAT IS THERMAL TIME?
Rates are related to organ temperature with stable relationships
Biological processes have a rate that follows temperature, with
a non-linear relation that resembles the enzymatic responses to
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temperature (Figure 4) (Parent et al., 2010a; Parent and Tardieu,
2012). However, in a restricted range of temperature, this rela-
tionship can be considered as linear in pea (Turc and Lecoeur,
1997) and sunflower (Granier and Tardieu, 1998). In the lat-
ter, the same relationship held for plants grown in the growth
chamber, in the greenhouse or in the field. In a study of the
relationship between meristem temperature and maize leaf elon-
gation rate over 15 field experiments, three growth chamber
experiments and three greenhouse experiments at night (i.e.,
in the absence of evaporative demand), using a single geno-
type (hybrid Dea), the same relationship was found to apply
to all three conditions (Tardieu, 2003). Marked differences in
slopes between inbred lines were observed consistently over
successive experiments. The slope is therefore a stable char-
acteristic of a genotype (Reymond et al., 2003). These rela-
tionships only apply during the night. Elongation rates at a
given temperature are lower during the day owing to the
effect of evaporative demand, which is taken into account by a
second relationship.

Several conclusions can be drawn:

• If the same relationship holds for experiments in different
places, years, and experimental conditions, this means that the
temperature dependence of rates is a stable characteristic of a
genotype. One can therefore calculate a common thermal time
for all genotypes of a mapping population.

• The relationships presented in Figure 4 imply that rates can be
deduced from the temperature. For example, in Figure 4, twice
as many leaves will have been initiated at 26◦C than at 16◦C.
Alternatively, it can be stated that the time sensed by the plant
elapses twice as rapidly at 26◦C as at 16◦C. This is the intuitive

basis for thermal time: thus, plants “sense” thermal time rather
than calendar time, and thermal time depends on temperature.
The x-intercept of this relationship is termed the “threshold
temperature.” If the relationship were linear across the whole
range, this threshold temperature would be the temperature at
which the rate is zero. This is not usually the case, since the
response tends to be curvilinear at low temperatures, hence the
threshold temperature has rather a statistical definition.

• Several processes such as leaf appearance rate, cell division rate,
or leaf growth rate have a common relationship with tempera-
ture over the whole range 6–35◦C (Parent and Tardieu, 2012).
This means that thermal time as sensed by several processes or
organs is the same. It is, therefore, the “physiological age” of
the plant.

Calculation of thermal time
Thermal time depends on the existence of the linear relation-
ships described above. The first relates temperature to the rates
of processes involved in leaf growth:

dP/dt = a(T − T0) (7)

where P is the studied process (e.g., expansion, cell division,
or leaf initiation), T is the current temperature, a and T0 are
the slope, and the x-intercept, respectively, of the relationship
between dP/dt and T. The second relationship involves the recip-
rocal of the duration of the studied process:

1/d = b(T − T0) (8)

where d is the time during which expansion (or any other devel-
opmental process) occurs in a given leaf, or the time during

FIGURE 4 | The relationship between temperature and developmental

rates for 18 species, e.g., leaf appearance rate, leaf or root elongation

rates, germination rates, and reciprocal of the duration of cycle phase

(but not photosynthetic rate and enzymatic rates involved in carbon

metabolism). Rates are presented as a ratio of their value at 20◦C, so
thermal time can be expressed as equivalent days at 20C◦. Redrawn from
Parent and Tardieu (2012). Data and equations can be found in Parent and
Tardieu (2012) (SI). See also Parent et al. (2010a,b).
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which leaf initiation occurs on the apex. It follows that, at
time d:

P = a
d∑

0

(T − T0)dt (9)

∑d
0(T − T0) dt is commonly named thermal time (unit of ◦Cd,

when calculated with a daily timestep).
This calculation can easily be carried out using a spreadsheet,

where each line represents a date. First, the mean temperature for
each day must be calculated. An efficient way for that is to con-
sider the average of the maximum and minimum temperatures,
which are usually available in weather stations. The thermal time
elapsed during a given day is the difference between the mean
temperature of the day and threshold temperature of the con-
sidered species. This is available in the literature (e.g., 10◦C for
maize, 11◦C for sorghum, 13◦C for rice, etc.). The thermal time
for a given period of time is the sum of the thermal times of all
days in question.

However, when the temperature sensed by plants decreases
below 15◦C or reaches temperatures higher than the optimum
temperature (see optimum temperatures of main crop species in
Parent and Tardieu, 2012), the calculation presented above can
cause serious bias. In this case, and in the general case for some
species-like rice, another calculation of thermal time should be
preferred, which takes into account the plant response in the
whole range of temperature. This alternative method is presented
in Parent and Tardieu (2012) and Parent et al. (2010b), with asso-
ciated spreadsheets. Crop models such as APSIM use a series of
linear relations that approximate the general relation (Hammer
et al., 2010).

THE DEVELOPMENT OF PLANTS FOLLOWS A PROGRAMME THAT IS
STABLE FOR A GIVEN GENOTYPE
A model of plant development can be built at the whole plant
level, using the method presented previously. The occurrence of
several phenological stages of the plant can be predicted, depend-
ing on thermal time. For example, Figure 5 (Chenu et al., 2008)
presents the number of leaves that have been initiated, the num-
ber that are visible, and the number that have stopped growth
as a function of thermal time after emergence. Presented rela-
tions summarize different experiments and different plants in
each experiment. For instance, leaf 10 was initiated at 90◦Cd, was
visible at 320◦Cd, and ceased elongation at 490◦Cd. If we con-
sider all experimental points, three regression lines appear which
allow prediction of the phenological stages. It can therefore be
assumed that, in any experiment in any place in the world, leaf 10
of this genotype stops elongation 490◦Cd after emergence. As an
example, it has been checked that a common development model
for sorghum was valid in both Mali and in Montpellier, France
(Lafarge and Tardieu, 2002).

The model of plant development summarized in Figure 5 can
be read in two ways. First, if considered vertically, for instance at
400◦Cd, it indicates the number of initiated leaves and leaves that
have ceased expansion on that day. Thus, it is a “snapshot” of the
plant on a given day. Then, if considered horizontally, it indicates
the development of each organ. If a phenological stage has not
been recorded exactly when it occurred, it can be inferred from
measurements carried out before and after the date in question.
For instance, if the date of plant emergence occurs between two
visits to the experiment, it can be reconstructed by recording the
leaf number at 2 or 3 dates, and calculating the date at which the
leaf number would be zero.

FIGURE 5 | Example of a model of plant development in maize.

Initiation, leaf appearance, and ligule appearance in maize are expressed
as a function of thermal time. The y axis represents each position of the

leaf on the stem. For each leaf, the beginning and end of linear elongation
occurred at a common thermal time in all experiments (redrawn from
Chenu et al., 2008).
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Several experiments can be analyzed jointly, and the timing
of stresses of each experiment, and each genotype can be placed
on a single scale of development. This is of considerable help
in the interpretation of a network of experiments, which would
otherwise have apparently erratic behavior.

A MINIMUM DATASET FOR USING METHODS DESCRIBED
HERE
The above methods allow comparison between experiments,
genotypes, and treatments, provided that a minimum set of
measurements is collected. This dataset is currently used in sev-
eral consortium, e.g., http://www.drops-project.eu. These are
described below.

KEY DATES OF THE CROP CYCLE
Although this information is relatively straightforward, it is fre-
quently missing, meaning that none of the methods presented
above can be used. The most important dates are sowing, emer-
gence, flowering, and physiological maturity (harvest). It is useful
to record intermediate stages such as leaf number, which allow
recalculation of missing stages by using thermal-time-based inter-
polation as described above.

DAILY IRRADIANCE OR PHOTOSYNTHETIC PHOTON FLUX DENSITY
This information about available light is essential because: (1)
it is an input for calculating the soil water balance; and (2) it
allows estimation of the potential biomass accumulation in the
environment in question. Irradiance (Ir , measured in W m−2)
is better suited for the first use and is provided by pyranome-
ters, while PPFD (mol m−2 s−1) is better suited to the second
use, and is provided by PAR sensors. Because either variable can
be translated into to the other under field conditions, both are
acceptable.

Light intensity has a relatively low site specificity. It is accept-
able to record data from a weather station located at several
kilometer distance provided that: (1) the weather station is in
the same geographical situation as the experimental field (alti-
tude etc.); and (2) there can be reasonable confidence in the data
(especially if missing data are not too frequent, if the sensors are of
satisfactory quality, etc.). In contrast, special care has to be taken
in greenhouse and growth chamber experiments because of the
high spatial variability (both horizontal and vertical) of light in
these environments. A map of light intensity, or at least the use of
several sensors, is recommended.

AIR TEMPERATURE
Together with irradiance, information on the air temperature (T)
is necessary for calculating the soil water balance. It also allows
estimation of thermal time if plant temperature is close to air
temperature. This is usually acceptable for well-watered adult
plants, but is prone to large errors during early phases in monocot
species and in plants subjected to water deficit. It allows esti-
mation of the occurrence of high temperature stresses (e.g., at
T > 40◦C), of risks of oxidative stresses (e.g., at T < 3◦C and
PPFD > 1000 mol m−2 s−1), and of phenological stages, with the
use of thermal time. This information must be recorded close to
the experimental field using a local weather station or a data log-
ger with thermocouples. Data can be recorded at daily intervals

as minimum and maximum temperatures. The data need to
be measured at plant height in greenhouse or growth chamber
experiments.

AIR RELATIVE HUMIDITY, VAPOR PRESSURE DEFICIT, AND REFERENCE
EVAPOTRANSPIRATION
These three variables quantify the evaporative demand, which is
essential for estimating stress levels, for characterization and for
calculation of the soil water balance. They provide essentially the
same information, but with different time scales and usefulness.
Relative humidity (RH), expressed as a percentage and VPD (in
kPa) are calculated on short timescales (minute to hour), and ET0

(in mm per day) is on a daily timescale. The variable recorded
in the database would be ET0, either calculated from other cli-
matic data (Ir , VPD, and T wind speed) recorded in a datalogger
(see above), or directly calculated by the weather station. ET0 is
species-independent and calculated by energy balance.

RH and wind speed have relatively low site specificities.
As in the case of air temperature, it is acceptable to record
these data from a weather station located at several kilome-
ter distance. RH in greenhouse and growth chamber experi-
ments should be recorded with replications, because of the large
spatial variability. A method for calculating ET0 is available
at: http://www.fao.org/docrep/X0490E/x0490e04.htm#reference
%20crop%20evapotranspiration%20(eto).

It might be useful here to emphasis on two frequent errors:

• RH should not be interpreted per se, because it does not char-
acterize the evaporative demand when the air temperature is
fluctuating. The use of both RH and air temperature allow a
very simple calculation of VPD, which is the driving force for
transpiration. Extreme events such as the sirocco should be
recorded as daily maximum VPD over a period of 3 or 4 h.

• Mean daily air VPD or RH recordings are not acceptable for
characterizing the daily evaporative demand; ET0 should be
used.

RAINFALL AND IRRIGATION
Recordings should be made near the field (<300 m distant)
because of very high spatial variability. Simple rain gauges are effi-
cient and inexpensive but require frequent visits, while automatic
rain gauges connected to a datalogger are more expensive but are
useful in distantly located experiments.

INITIAL SOIL WATER CONTENT IN THE FIELD
The water balance data begin at a given date (e.g., emergence), at
which time the soil water content must be recorded. This can be
done with augers over a depth similar to the final rooting depth,
with particular attention to spatial variability in the field. This
measurement is important especially in experiments where the
rainfall is zero or negligible. Some “shortcuts” can be acceptable,
especially when either the rainfall or irrigation before the experi-
ment is sufficient to guarantee that the soil is at retention (or field)
capacity.

SOIL HYDRAULIC PROPERTIES
These are essentially the variables that allow calculation of the
limits of soil water reserves, namely the field capacity and the limit
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of water extraction. These should be measured in experimental
fields where drought experiments often take place, using equip-
ment that measures soil water content, e.g., neutron probes or
time domain reflectometry (TDR). These properties can also be
inferred from the soil texture (e.g., loamy sand, clay loam, etc.)
and the estimated rooting depth.

LIGHT INTERCEPTION
With current techniques, it is usually not feasible to measure LAI
of all genotypes in an experiment. LAI can be measured by col-
lecting all leaves on a sample soil area and measuring their area.
It can also be measured indirectly and non-destructively using
sensors that directly measure the proportion of intercepted light.
Finally, novel imaging technique with NDVI remote sensing will
shortly allow one to measure leaf area of all genotypes in an
experiment.

CONCLUDING REMARKS
It is not possible to present in detail here how to use each method
for each species However, it can be stressed that the tools pre-
sented here help in the interpretation of data gathered from

networks of experiments, and that they are the base of all existing
plant models.

The potential production of each site can be calculated from
the development model, which provides an estimate of leaf area,
and the available light. For instance, the biomass accumulation
in cloudy years is lower than that of bright years, if water is not
seriously limiting yield. In the same way, a hot year reduces yield
even in the absence of heat stress or water stress, by reducing
the duration of the crop cycle. It is particularly useful to com-
pare the potential productivity of experimental sites and years, in
order to distinguish the natural variability of yield linked to light
availability from the effects of stressing events.

The soil water balance can be calculated for each geno-
type, provided that a minimum dataset has been collected. This
requires estimation of the change with time in leaf area of each
genotype. The latter information can be inferred from measure-
ments of “probe genotypes” having approximately the same cycle
duration as a class of genotypes under examination. Once leaf
area has been estimated, it is possible to calculate the propor-
tion of evapotranspiration needed by the genotype in question
in comparison with the reference level of evapotranspiration.
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Genotype-by-environment interaction (GEI) is an important phenomenon in plant breeding.
This paper presents a series of models for describing, exploring, understanding, and
predicting GEI. All models depart from a two-way table of genotype by environment
means. First, a series of descriptive and explorative models/approaches are presented:
Finlay–Wilkinson model, AMMI model, GGE biplot. All of these approaches have in
common that they merely try to group genotypes and environments and do not use other
information than the two-way table of means. Next, factorial regression is introduced as
an approach to explicitly introduce genotypic and environmental covariates for describing
and explaining GEI. Finally, QTL modeling is presented as a natural extension of factorial
regression, where marker information is translated into genetic predictors. Tests for
regression coefficients corresponding to these genetic predictors are tests for main effect
QTL expression and QTL by environment interaction (QEI). QTL models for which QEI
depends on environmental covariables form an interesting model class for predicting GEI
for new genotypes and new environments. For realistic modeling of genotypic differences
across multiple environments, sophisticated mixed models are necessary to allow for
heterogeneity of genetic variances and correlations across environments. The use and
interpretation of all models is illustrated by an example data set from the CIMMYT maize
breeding program, containing environments differing in drought and nitrogen stress. To
help readers to carry out the statistical analyses, GenStat® programs, 15th Edition and
Discovery® version, are presented as “Appendix.”

Keywords: adaptation, genotype by environment interaction, multi-environment trials, QTL by environment
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INTRODUCTION: PHENOTYPE, GENOTYPE, AND
ENVIRONMENT
The success of a plant breeding program depends on its ability
to provide farmers with genotypes with guaranteed superior per-
formance (phenotype) in terms of yield and/or quality across a
range of environmental conditions. To achieve this aim, it is nec-
essary to have an understanding of the factors leading to a good
phenotype.

Usually the phenotype is the value for a trait at the end of the
growing season. The reason is that we are primarily interested in
phenotypes like yield or grain weight at maturity and not, or less,
in yield or grain weight at earlier stages. The final state of a trait is
the cumulative result of a number of causal interactions between
the genetic make-up of the plant (the genotype) and the condi-
tions in which that plant developed (the environment). Plants
differ in the efficiency and adequacy with which they capture and
convert environmental inputs and stimuli into the biomass and
organs that constitute a final product. The capture and conver-
sion abilities of a plant are determined by its particular ensemble
of genes. Environments differ in the amount and quality of inputs
and stimuli that they convey to plants including, e.g., the amount

of water, nutrients or incoming radiation. A primary objective in
plant breeding is to match genotypes and environments in such
a way that improved phenotypes are obtained. For example, a
breeder might be interested in selecting genotypes that do well
under water stress conditions.

While there can be genotypes that do well across a wide
range of conditions (widely adapted genotypes), there are also
genotypes that do relatively better than others exclusively under
a restricted set of conditions (specifically adapted genotypes).
Specific adaptation of genotypes is closely related to the phe-
nomenon of genotype-by-environment interaction (GEI). GEI
exists whenever the relative phenotypic performance of genotypes
depends on the environment, or in other words, when the dif-
ference in reactions of genotypes varies in dependence on the
environment.

To illustrate the phenomenon of GEI, we can consider two dif-
ferent genotypes that differ in the genetic machinery involved
in tolerance to water-limited conditions, while being equal for
all other characteristics. If these two genotypes are exposed
to a poorly watered environment, their performance will dif-
fer depending on the genetic properties related to tolerance for
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water-limited conditions. However, this genotypic difference will
disappear in an environment that provides the right amount of
water. So, the difference in performance between the two geno-
types depends on the environment, through the amount of water
that it provides.

Some scenarios that can occur when comparing the perfor-
mances of pairs of genotypes across environments are presented
in Figure 1. The function describing the phenotypic performance
of a genotype in relation to an environmental characterization is
called the “norm of reaction” (Griffiths et al., 1996). Figure 1A
shows the case where there is no GEI, the genotype and the envi-
ronment behave additively (this will be developed later) and the
reaction norms are parallel. The remaining plots show different
situations in which GEI occurs: divergence (Figure 1B), conver-
gence (Figure 1C), and the most critical one, crossover interac-
tion (Figure 1D). Crossover interactions are the most important

FIGURE 1 | Genotype-by-environment interaction in terms of changing

mean performances across environments: (A) additive model, (B)

divergence, (C) convergence, (D) cross-over interaction.

for breeders as they imply that the choice of the best genotype is
determined by the environment.

GEI was introduced in terms of the relative difference between
genotypic means. GEI can also be regarded in terms of hetero-
geneity of genetic variance and covariance, or correlation. As a
consequence of GEI, the magnitude of the genetic variance as
observed within individual environments will change from one
environment to the next. Often, the genetic variance tends to
be larger in better environments than in poorer environments,
although the opposite can be observed as well (Przystalski et al.,
2008). Figure 2A illustrates the phenomenon of heterogeneity of
genetic variance across environments, showing box plots for a
series of maize trials, where the range of variation in the poor
environments LN96a and LN96b is smaller than that in the good
environments HN96b and NS92a.

GEI has also consequences for the correlations between geno-
typic performances in different environments. When GEI is large,
the observed performance of a set of genotypes in one environ-
ment may not be very informative for the performance of the
same genotypes in another environment. Environments with sim-
ilar characteristics will induce corresponding responses in plants
and will lead to strong genetic correlations. Figure 2B shows that
the correlation between the similar environments IS92a and IS94a
is larger than the correlation between the dissimilar environments
NS92a and HN96b.

In conclusion, given the complexity of the mechanisms and
processes underlying the phenotypic response across diverse and
changing environmental conditions—frequently in an unpre-
dictable way—it is necessary to develop analytical tools to help
breeders understand GEI. The use of adequate strategies to ana-
lyze GEI is a first and important step toward more informed
breeding decisions. Good analytical methods are a prerequisite
for predicting the performance of genotypes as accurately as

FIGURE 2 | (A) Boxplot for yield of a maize F2 population in eight
environments displaying total range, interquartile range (box) and median
(line). Environment names are coded as: LN, low nitrogen; HN, high Nitrogen;
SS, severe water stress; IS, intermediate water stress; NS, no water stress.

The two digits indicate the year of the trial, and the letters a and b the
cropping season: a, winter; b, summer. (B) Scatter plot matrix for two
stress environments (IS92a, and IS94a) and two non-stress environments
(HN96b and NS92a).
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possible. This paper explores several strategies to model GEI,
starting with simple methods that have been historically popu-
lar within the plant breeding community. It then moves to more
elaborate models in which additional information is used in the
form of explicit environmental characterization to model GEI. A
final section is devoted to the integration of molecular marker
information into GEI models, leading to the detection of quanti-
tative trait loci (QTLs) and more specifically, to the modeling of
QTL by environment interaction (QEI). The statistical methodol-
ogy is illustrated using a maize data set obtained from a series of
drought and nitrogen stress trials from the maize breeding pro-
gram at Centro Internacional de Mejoramiento de Maíz y Trigo
(CIMMYT; the International Maize and Wheat Improvement
Center; Ribaut et al., 1996, 1997). To encourage readers to carry
out these statistical analyses themselves, GenStat® programs for
the 15th Edition (VSN International, 2012) and the Discovery®
version of this statistical package (Payne et al., 2007) are presented
as “Appendix.”

GENERATING DATA TO STUDY
GENOTYPE-BY-ENVIRONMENT INTERACTION
An obvious first step to investigate GEI is to obtain phenotypic
observations on a set of genotypes exposed to a range of envi-
ronmental conditions. The set of genotypes can include advanced
lines of a breeding program, cultivars, and segregating offspring
from a specific cross such as F2, a backcross, or a recombinant
inbred line (RIL) population.

Genotypes can be tested under different management regimes
that represent increasing levels of a particular stress, or a com-
bination of stresses. This type of experiment is called a “managed
stress trial” and is appropriate when the researcher wishes to focus
on a particular type of stress. When performing managed stress
trials, it is important to control the system in such a way that
all other factors influencing the phenotype are as homogenous
as possible.

Managed stress trials are not a default option in plant breed-
ing, because stress type and level can be difficult to implement
and because the relationship between phenotype and stress is
complex, with genes and environmental stress(es) interacting
throughout the various developmental phases. In those situations,
a common way for plant breeders to screen for genotypic reac-
tions to environmental factors is by “multi-environment trials”
(METs). In a MET, a number of genotypes are evaluated at a
number of geographical locations for a number of years in the
hope that the pattern of stresses that the genotypes experience is
representative of future growing environments.

A convenient way to summarize data from managed stress tri-
als and METs is in the form of two-way tables of means, with
genotypes in the rows and environments in the columns. Each
cell of such a table contains an estimate of the performance
(adjusted mean) of a particular genotype in a specific environ-
ment. To identify genotypes and environments unequivocally, we
use indices, the letter i for genotypes (i = 1 . . . I), and the letter j
for environments (j = 1 . . . J).

The models in the following sections will assume as a start-
ing point a genotype-by-environment table of means. These
models are used in a so-called two-stage strategy for analyzing

MET data. In the first stage, individual trials are analyzed with
models including terms for design features and spatial varia-
tion. From these individual trial analyses, adjusted means and
weights, usually reciprocals of the variances of the means, are
carried forward to the second stage, where a model is fitted to
the genotype by environment means, using either no weights or
weights estimated in the first stage. Various choices can be made
for the weights in a two stage analysis (Mohring and Piepho,
2009; Welham et al., 2010), and a good choice of weights will
lead to a two-stage analysis with results very close to those of
a so-called single stage analysis, in which plot data are analyzed
instead of means. Single stage analyses have certain theoreti-
cal advantages over two-stage analyses, but two-stage analyses
are logistically and computationally easier to handle. This paper
focuses on two-stage analyses, because of the small differences
with single stage analyses and the aforementioned larger handling
ease. Still, good descriptions of single stage analyses are offered
by Cullis et al. (1996a,b), Gilmour et al. (1997), and Smith et al.
(2005). In principle, the QTL mapping approach outlined later
in this paper could also be embedded in a single stage analysis
strategy.

CIMMYT MAIZE DROUGHT STRESS TRIALS: EXAMPLE DATA
The models to be presented here are illustrated using data pro-
duced by the maize drought stress breeding program of CIMMYT.
A brief description of the data is given here, a more detailed
description is available in the original publications (Ribaut et al.,
1996, 1997). A maize F2 population was generated by crossing
a drought tolerant parent (P1) with a drought susceptible one
(P2). Seeds harvested from each of 211 F2 plants formed F3 fam-
ilies, which were stored for further evaluation. The F3 families
were evaluated in managed stress trials in 1992, 1994, and 1996.
In the winter of 1992, a managed water stress trial was con-
ducted in Mexico, including no stress (NS), intermediate stress
(IS), and severe stress (SS). In the winter of 1994, a similar trial
was conducted, but it only included the IS and SS treatments.
In the summer of 1996, the families were tested in a nitrogen
stress trial with two levels: low (LN) and high nitrogen (HN). An
extra LN trial was conducted in the winter of the same year. In
total, the families were evaluated in eight different environments,
each environment characterized by year, stress type and inten-
sity, and management factors. DNA was extracted from each of
the 211 F2 plants to produce a total of 132 restriction fragment
length polymorphism (RFLP) markers covering the 10 maize
chromosomes.

MODELS FOR GENOTYPE-BY-ENVIRONMENT INTERACTION:
MODELING THE MEAN
THE ADDITIVE MODEL AS A BENCHMARK
The phenomenon of GEI is of primary interest in plant breed-
ing, and has resulted in a large body of literature on models
and strategies for analysis of GEI [see, for example, the reviews
in Cooper and Hammer (1996), Kang and Gauch (1996), van
Eeuwijk et al. (1996), van Eeuwijk (2006)]. A dominant feature of
strategies used to describe and understand GEI is a heavy reliance
on parameters that are statistical rather than biological. This is
no coincidence, since historically, a large part of quantitative
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genetics has relied on simple, yet very useful, statistical models. A
notorious example is the well-known model: P = G + E, where
P stands for phenotype, G for genotype and E for environment
(Falconer and Mackay, 1996; Lynch and Walsh, 1998). A statisti-
cal formulation of this model for a two-way table of means can be
written as:

μ
ij

= μ + Gi + Ej + εij. (1)

From here onwards, in the model formulations, random terms are
underlined to emphasize the fact that their effects are assumed to
follow a normal distribution. Model 1 describes the response vari-
able, that is, the mean of genotype i in environment j, μ

ij
, as the

result of the common fixed intercept term μ, a fixed genotypic
main effect corresponding to genotype i, Gi, plus a fixed envi-
ronmental main effect corresponding to environment j, Ej, and
finally the random term, εij, representing the error term, typically
assumed normally distributed, with a mean of zero and constant
variance, σ2; εij ∼ N(0, σ2).

Model 1 predicts that for any genotype the difference means
between any two environments j and j∗ will be equal to the dif-
ference in the environmental main effects: Ej–Ej∗ . Consequently,
the norms of reaction of genotypes will be parallel (Figure 1A).
Another important aspect is that, although the parameters in the
model suggest that something intrinsically genetic and something
intrinsically environmental is determining the trait, the genotypic
and environmental effects purely follow from a convenient way of
partitioning phenotypic variation from a statistical point of view.
In a balanced data set, the genotypic main effects can be estimated
from the average performance of the genotypes across environ-
ments. Rather than being something inherently genotypic, this
is dependent on the set of environments used in the experi-
ment. If a few environments are dropped, the genotypic effects
will change. The same argument applies to the environmental
main effects, which depend on the set of genotypes used in the
experiment.

The results of the fit of an additive model to the maize data set
are presented in Table 1. The results show that, according to the
F-test, there is a significant environmental and genotypic main
effect (the F statistic for environments equals 1466.5, and for
genotypes 5.3, both of which are highly significant: P < 0.001).
As just mentioned, environments are characterized by the aver-
age performance of the genotypes in the particular environment,
and the results indicate that the environments differ significantly
in their quality. In general, differences between environmental
main effects are significant, and from the breeder’s point of view,

Table 1 | ANOVA table for the additive model (model 1), as applied to

CIMMYT maize stress trials.

Term Degrees of

freedom

Sum of

squares

Mean

squares

F Probability

E 7 5679 811.2 1466.5 <0.001

G 210 614 2.9 5.3 <0.001

ε 1470 813 0.6

Total 1687 7106 4.2

this is not a major concern. Breeders want to concentrate on dif-
ferences between genotypes. A significant genotypic main effect
indicates that genotypes differ in their average performance across
environments, something certainly more interesting to breeders.
Finally, it should be mentioned that the residual ε in Table 1
corresponds to the discrepancy between the predicted genotype-
by-environment means from an additive model and the observed
means.

There are two reasons for the disagreement between the pre-
dicted values from an additive model and the observed means
for environment-specific genotypic performances: (1) an effect
proper to the particular combination of genotype and environ-
ment; and (2) experimental error. Model 1 can be extended with
an effect that is specific for genotype-by-environment combina-
tions, GEI, or a double-indexed term GEIij:

μ
ij

= μ + Gi + Ej + GEIij + εij (2)

When we are working on a two-way table of means, we cannot
straightforwardly separate GEI from error. For that, we would
need to develop a model based on plot observations. Use of model
2 implies estimation of as many parameters as there are genotype-
by-environment combinations, something that is not desirable in
the interest of parsimony. Another limitation of the model is that
it is not possible to estimate the genotypic performance in envi-
ronments that are not included in the trial. Accordingly, fitting
model 2 could tell us something about the amount of variation
due to genotypic main effects in relation to GEI, by comparing
sums of squares or mean squares, but it does not bring much
progress toward understanding GEI.

THE REGRESSION ON THE MEAN MODEL
A more attractive alternative is to extend the additive model
(model 1) by incorporating terms that explain as much as
possible of the GEI. A popular strategy in plant breeding is that
proposed by Finlay and Wilkinson (1963), which describes GEI
as a regression line on the environmental quality. In the absence
of explicit environmental information, the biological quality of
an environment can be reflected in the average performance of
all genotypes in that environment. Good environments will have
a high average genotypic performance, and bad environments
will have a low average genotypic performance. The GEI part
is then described by genotype-specific regression slopes on the
environmental quality, and the model can be written in the
following equivalent ways:

μ
ij

= μ + Gi + Ej + biEj + εij (3a)

μ
ij

= G′
i + b′

iEj + εij (3b)

Model 3b follows from model 3a by taking μ + Gi = G′
i and Ej +

biEj = (1 + bi)Ej = b′
iEj. Model 3b is easier to interpret because

it looks as a set of regression lines; each genotype has a linear
reaction norm with intercept G′

i and slope b′
i. The explanatory

environmental variable in these reaction norms is simply the envi-
ronmental main effect Ej. Model 3a shows more clearly how GEI
is captured by a regression on the environmental main effect,
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with the hope that as much as possible of the GEI signal will be
retained by the term biEj.

In the regression on the mean model, GEI is explained in terms
of differential sensitivities to the improvement of the environ-
ment, with some genotypes (the ones with larger values of bi)
benefiting more than others from an increase in environmen-
tal quality. Note that in model 3a, �bi = 0, so that the average
slope value is zero, while in model 3b the average value of b′ is
1, meaning that b′ > 1 for genotypes with a higher than average
sensitivity, and b′ < 1 for genotypes that are less sensitive than
average.

Table 2 gives the fit of model 3a to the maize example data.
The first two rows of the table, corresponding to the genotypic
and environmental main effects, are identical to Table 1. The third
row corresponds to the GEI effect in terms of the regression on
environmental quality, where quality is represented by the envi-
ronmental mean. This regression is highly significant, according
to the F-tests (F = 2.4, P < 0.001). The residual sum of squares
in Table 1 (SSε = 813) has been divided into a part explained by
genotypic sensitivities to environmental quality (SSb = 230), and
a residual (SSε = 583).

By way of example, the fitted reaction norms of five geno-
types (out of the full set of 211 genotypes) are given in Figure 3,
together with the parameters estimated according to the param-
eterization in model 3b (G′ and b′). Figure 3 shows that, in the
average environment, genotypes G025 and G045 are better than
G008, G012, and G016. The estimates for the parameters G′ can
be read-off from the plot as the fitted values at the null value of
the x-axis, i.e., the average environment indicated by the dashed
vertical line. Although G045 does slightly better than G025 in
the average environment, G025 is superior to G045 in the high-
quality environments. This is because G025 has a better ability to
exploit improved environmental conditions, which is reflected in
its higher genotypic sensitivity (b′

G025 = 1.27 > b′
G045 = 0.99). A

similar observation can be made for G008 vs. G012 and G016.
While G008 does relatively better in low quality environments, it
is clearly surpassed by G012 and G016 in the best environments,
since it is not capable of profiting from the better environmental
conditions (b′

G008 = 0.65, which is the lowest sensitivity among
the five genotypes).

In summary, the regression on the mean model describes GEI
in terms of parameters that can be given some biological mean-
ing. In addition, and in contrast with the full interaction model

Table 2 | ANOVA table for the regression on the mean model

(model 3), as applied to CIMMYT maize stress trials.

Term Degrees of

freedom

Sum of

squares

Mean

squares

F Probability

E 7 5679 811.2 1752.3 <0.001

G 210 614 2.9 6.3 <0.001

Heterogeneity
of slopes

210 230 1.1 2.4 <0.001

ε 1260 583 0.5

Total 1687 7106 4.2

(model 2), model 3 can be used to predict the performance of
genotypes in environments that were not present in the MET, as
long as the environment for which predictions are required can
reasonably be placed within the range of environments used in
the original MET. Nevertheless, the regression on the mean model
suffers from the fact that the environmental characterization is
based on a single dimension. Environmental quality can be hard
to summarize within a single explanatory variable. Therefore, a
substantial amount of GEI can remain unexplained. In the next
section, the regression on the mean model will be extended by
including multidimensional environmental characterizations in
the statistical model for the genotype-by-environment data.

THE ADDITIVE MAIN EFFECTS AND MULTIPLICATIVE INTERACTIONS
MODEL
The limitation of a single dimension in environmental character-
ization can be removed by employing a more flexible model, in
which more than one environmental quality variable is allowed.
A popular model of this type is the additive main effects
and multiplicative interaction (AMMI) model (Gollob, 1968;
Mandel, 1969; Gabriel, 1978; Gauch, 1988; van Eeuwijk, 1995).
To emphasize the similarities with model 3a, we write the AMMI
model as:

μ
ij

= μ + Gi + Ej +
K∑

k = 1

bikzjk + εij (4)

where the GEI is now explained by K multiplicative terms (k =
1 . . . K), each multiplicative term formed by the product of
a genotypic sensitivity bik (genotypic score) and a hypothet-
ical environmental characterization zjk (environmental score).
Although genotypic and environmental scores are deemed to rep-
resent genetic and environmental qualities, they come from a

FIGURE 3 | Finlay–Wilkinson regression curves of five maize

genotypes. The vertical line indicates the average environment. Next to
genotype labels, the corresponding Finlay-Wilkinson regression equation is
given.
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mathematical procedure, a principal components analysis on the
GEI (Gabriel, 1978; Gauch, 1988) that maximizes the variation
explained by the products of the genotypic and environmental
scores. The first product term is the one that explains most of
the variation, followed by the second one, and so on. This is
reflected in Table 3, which shows the results from the AMMI
model to the maize example data. In the AMMI model, GEI is
explained by two axes (principal component 1, PCA1, and princi-
pal component 2, PCA2) that are highly significant (F = 2.8 and
2.0 respectively, both with an associated P < 0.001). The first axis
(PCA1) explains the largest part (SSPCA1 = 242), the second one
explains a little less (SSPCA2 = 173), with a total explained sum
of squares for GEI of 242 + 173 = 415, an improvement over the
explained sum of squares in the regression on the mean model
(SSb = 230).

Table 3 | ANOVA table corresponding to application of AMMI2 model

(model 4) to CIMMYT maize stress trials.

Term Degrees of

freedom

Sum of

squares

Mean

squares

F Probability

E 7 5679 811.2 1752.3 <0.001

G 210 614 2.9 6.3 <0.001

PCA1 216 242 1.1 2.8 <0.001

PCA2 214 173 0.8 2.0 <0.001

ε 1040 398 0.4

Total 1687 7106 4.2

PCA1 and PCA2 are the principal component axes 1 and 2, respectively.

A desirable property of the AMMI model is that the geno-
typic and environmental scores can be used to construct powerful
graphical representations called biplots (Gabriel, 1978) that help
to interpret the GEI. Figure 4A presents a biplot for the maize
data. A first thing to recognize is that both genotypes and envi-
ronments are present in the same plot; genotypes are represented
by gray circles and environments by filled triangles (red, blue,
and black). The environments are typically represented as axes
intersecting at their origins. The origins represent the averages
for the trait in the corresponding environments. The triangles
point in the direction of increasing trait values. By projecting
genotypes on environmental axes, GEI for individual genotypes
is approximated. To help interpretation, environmental axes can
be enriched by including a scale (Graffelman and van Eeuwijk,
2005).

Biplots facilitate the exploration of relationships between
genotypes and/or environments. Genotypes that are more similar
to each other are closer to each other in the plot than geno-
types that are less similar. The same is true for environments.
Genotypes/environments that are alike tend to cluster together.
The angle between environmental axes is related to the correlation
between the environments. An acute angle indicates positive cor-
relation (e.g., between LN96a and LN96b), a right angle indicates
no correlation (e.g., between HN96b and NS92a), and an obtuse
angle indicates negative correlation (e.g., NS92a and LN96a). The
projection of a genotype onto an environmental axis reflects the
performance of that genotype in that environment (for GEI). For
example, genotype G091 projects on the NS92a axis above the ori-
gin, indicating a positive interaction with that environment i.e.,
the relative performance (GEI part) of G091 in NS92a is above the

FIGURE 4 | (A) Biplot from the AMMI model used to describe GEI in the
maize example data. Gray circles represent genotypes, and filled triangles
environments, with triangles pointing in the direction of increasing GEI
(at origin GEI = 0). The projection of two genotypes (G041 and G091) on
the NS92a axis is shown by a dashed line. (B) GGE biplot for the maize

data set, with same characteristics as of the AMMI biplot, except that
triangles point in the direction of increasing overall performance (G + GEI),
so the origin corresponds to the average performance of all genotypes in
the particular environment. Projections for genotypes G041 and G091 are
given.
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average of all genotypes in NS92a. Conversely, genotype G041 (on
the right hand side of the plot) projects below the origin on the
same axis, which points to a negative interaction with environ-
ment NS92a (i.e., G041 performs worse than average). Following
a similar procedure it is possible to conclude that while geno-
type G091 showed positive adaptation to environment NS92a, it
is not well adapted to environments LN96a and LN96b (the pro-
jection of G091 on the LN96a and LN96b axes falls below the
origin). Biplots are useful tools to investigate patterns in GEI,
because they can help to identify interesting genotypes that are
adapted to particular environments, and to classify environments
in groups.

Plant breeders are interested in the total genetic variation and
not exclusively in the GEI part. For that reason, it is useful to
have a modification of model 4 that considers the joint effects of
the genotypic main effect and the GEI as a sum of multiplicative
terms. Effectively, the two-way table of genotype-by-environment
means is exposed to a standard principal components analysis,
with genotypes as objects and environments as variables (Yan
et al., 2000). For this model, closely the same estimation and
interpretation procedures hold as for model 4. Because genotypic
scores now describe genotypic main effects G and GEI together,
this type of model is also known as the “Genotype main effects
and GEI model,” or “GGE model” and the biplots are called “GGE
biplots” (Yan et al., 2000). The model reads:

μ
ij

= μ + Ej +
K∑

k = 1

bikzjk + εij (5)

The results of model 5 fitted to the maize data are presented in
the form of a biplot in Figure 4B. GGE biplots approximate over-
all performance (G + GEI). This is in contrast to AMMI biplots,
Figure 4A, that approximate only the GEI part of the phenotype.
Figure 4B shows the high yielding genotypes concentrated on the
right hand side of the biplot, with their projections on environ-
mental axes covering the above average range (for example, G091
projects above the origin in NS92a, whereas G041 is found below
the origin). In contrast, low yielding genotypes (as G041) are con-
centrated on the left hand side of the biplot (projects below origin
in most of the environments).

FACTORIAL REGRESSION MODELS
The models discussed so far assumed that we do not have explicit
information about the environments. While such models can be
useful to explain GEI, the biological interpretation of their results
is not always obvious. What do hypothetical environmental
variables, as in AMMI, mean in terms of quantifiable environ-
mental characteristics such as temperature, water, nutrients
etc? A straightforward approach is to correlate environmental
scores with environmental covariables. However, if we do have
explicit information about the environment, the information
can be used directly in the model by including it in the form
of explanatory variables. GEI is then described as differential
genotypic sensitivity to explicit environmental factors such as
temperature, precipitation, water availability etc. Such models are
known as factorial regression models (Denis, 1988; van Eeuwijk
et al., 1996). Two examples of factorial regression models are

given here. Model 6a includes a single environmental covariable,
while model 6b includes multiple environmental covariables:

μ
ij

= μ + Gi + Ej + biZj + εij (6a)

μ
ij

= μ + Gi + Ej +
K∑

k = 1

bikZjk + εij (6b)

Models 6a and 6b look very similar to models 3a and 4, but there
is a substantial difference between them. In models 6a and 6b, Zj

represents an explicit environmental covariable and not a hypo-
thetical environmental covariable as in models 3a and 4 (note that
Z is capitalized to highlight this difference). This distinction is
critical since the interpretation of the GEI in models 6a and 6b is
automatically placed into a biological context. Instead of describ-
ing GEI as differential reactions to hypothetical environmental
covariables, factorial regression models help to identify genotypes
that are differentially sensitive to changes in identified environ-
mental quality components, for example, in a particular nutrient,
or in water availability.

Table 4 shows the results of a factorial regression model fitted
to the maize example data, in which GEI is explained by differen-
tial genotypic sensitivities to the minimum temperature during
flowering (minTF, F = 1.7, P < 0.001) and to the amount of
radiation during grain filling (radiationGF, F = 1.2, P ≤ 0.038).
In many cases, different combinations of explanatory variables
could produce closely similar models in terms of the amount
of explained GEI. Therefore, to arrive at biologically meaningful
models, it is crucial to combine statistical criteria for model selec-
tion with physiological knowledge about the trait that is involved
(Voltas et al., 1999a,b, 2002).

MIXED MODELS FOR GENOTYPE-BY-ENVIRONMENT
INTERACTION: MODELING GENETIC VARIANCES AND
COVARIANCES
In the introduction, it was mentioned that GEI can be regarded
both in terms of differential mean responses across environments
and in terms of heterogeneity of genetic variation and covaria-
tion between environments. While the models considered so far
focus on modeling the mean response, the models in this section
focus on the modeling of GEI in terms of heterogeneity of vari-
ances and covariances. This section switches to the framework of
so-called mixed models. We concentrate on the main character-
istics of a few, relatively simple yet powerful, mixed models that

Table 4 | ANOVA table corresponding to application of a factorial

regression model (model 6) to CIMMYT maize stress trials.

Term Degrees of

freedom

Sum of

squares

Mean

squares

F Probability

E 7 5679 811.2 1752.3 <0.001
G 210 614 2.9 6.3 <0.001
G.minTF 210 172 0.8 1.7 <0.001
G.radiationGF 210 124 0.6 1.2 ≤0.038
ε 1050 517 0.5

Total 1687 7106 4.2
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can be used to model GEI in terms of heterogeneity of variance
and covariance. A more detailed description of mixed models can
be found in the literature elsewhere (Verbeke and Molenberghs,
2000; Galwey, 2006).

The models discussed in the previous sections were all exam-
ples of fixed effects models, with all terms except the residual term
fixed. However, genotypes can be regarded as a random sample
from a larger population (especially easy when the number of
genotypes is large, say more than 10), in which case genotypes
are an extra source of random variation. This situation calls for
a mixed model, with genotypes taken as random term. A review
of the use of mixed models to analyse complex data sets in plant
breeding can be found in Smith et al. (2005). For the maize exam-
ple data set, there are 211 genotypes. When the genotypic main
effects are taken as random, the following mixed model equivalent
of the additive model can be defined as:

μ
ij

= μ + Gi + Ej + εij (7)

Gi ∼ N(0, σ2
G) εij ∼ N(0, σ2

ε )

The term Gi is underlined to indicate that it is a random term;
its distribution needs to be specified, and usually is taken to
be normal, with zero mean and a variance specific to the term.
Model 7 contains two variance components, one corresponds
to the random genotypic main effects, σ2

G, and a second one,
σ2

ε , corresponds to the residual (which includes true GEI and
error). An important consequence of including genotypes as ran-
dom is that automatically genetic covariances and correlations
between performances in different environments are imposed.
The total variance for individual genotypic observations in a par-
ticular environment j, σ2

j , is the sum of two sources of variation:

σ2
j = σ2

G + σ2
ε . The covariance between observations for a par-

ticular genotype in environments j and j∗, σjj∗ , following from

model 7 is: σjj∗ = σ2
G. For observations on different genotypes

σjj∗ = 0. In model 7, similarities (or covariation, and therefore
correlation) between observations made on the same genotype
in different environments are assumed to be positive, but covari-
ation between observations on different genotypes (regardless
whether the observation is done in the same or in different envi-
ronments) is assumed to be zero. Model 7 is referred as the
compound symmetry model (Verbeke and Molenberghs, 2000).

The general definition for a correlation between two traits, or
two environments, x and y is:

r(x; y) = covariance(x; y)√
var(x)

√
var(y)

Model 7 imposes a constant correlation between environments,
with the correlation between any pair of environments j and j∗
(for clarity, we write Envj and Envj∗ when referring to those
environments), being equal to:

r(Envj; Envj∗ ) = σjj∗√
σ2

j

√
σ2

j∗
= σ2

G√
σ2

G + σ2
ε

√
σ2

G + σ2
ε

= σ2
G

σ2
G + σ2

ε

Although mixed models can be fitted by standard least squares
procedures in the case of balanced data, a more general method of

inference to fit mixed models is by residual maximum likelihood,
or REML (Patterson and Thompson, 1971). Results of analyses
based on REML are presented in another way than the famil-
iar ANOVA tables. Table 5 shows the results obtained by fitting
mixed models to the maize example data.

Table 5 does not contain sums of squares, nor mean squares.
Instead, there is a table with three main sections. For model 7, the
compound symmetry model, one section contains the results for
testing fixed model terms (header Fixed terms). A second section
shows the estimates for the variances of the random terms (header
Random terms), and a third section a goodness-of-fit statistic, the
deviance, that can be used to compare mixed models with equal
fixed terms and differing random terms (header Deviance). For
the fixed effects (environments in this case), Table 5 shows a Wald
test statistic, the corresponding degrees of freedom (DF), and a
P value. The Wald test statistic is used to assess the significance
of fixed effects in the REML mixed model framework. Under the
null hypothesis of no fixed effects, the Wald test has a distribution
that is approximately a Chi-square with DF equal to the num-
ber of independent effects for the particular fixed term. In the
maize example, the Wald test statistic for environments is 10,265.3
and it has 8 − 1 = 7 degrees of freedom. This Wald statistic has a
very low tail probability in the Chi-square distribution under the
null hypothesis of no environmental effects (P < 0.001). So, it is
concluded that there is a significant difference between environ-
ments. Some statistical packages, including GenStat®, can provide
an F-distributed approximation to the Wald statistic.

The estimates of the two parameters associated to the ran-
dom terms in the model: σ2

G = 0.297 and σ2
ε = 0.553 are given in

the second part of Table 5. The magnitude of the variance com-
ponents can be compared to have an impression of the relative
importance of genotypic main effects (σ2

G) in relation to the sum
of GEI and error (σ2

ε ). The genetic correlation between any two
environments is estimated as:

r(Envj; Envj∗ ) = 0.297

0.297 + 0.553
= 0.349

The last row in Table 5 presents the deviance (equal to −2 times
the restricted loglikelihood), which is a measure of how well the
model fitted to the data. The better the model, the lower the
deviance is. As will be seen later, the deviance can be used to
compare different models to select the best model for the data,
provided that the fixed part of the model remains unchanged.

Model 7 assumes a constant genetic variance and correlation
between pairs of environments. For METs, the assumption of
constant genetic variance and genetic correlation across environ-
ments is unrealistic (Figure 2A). In the presence of GEI, a more
realistic model would allow the total genetic variance to change
from environment to environment, which will in turn, cause
heterogeneous genetic correlations between environments:

μ
ij

= μ + Gi + Ej + εij (8)

Gi ∼ N(0, σ2
G) εij ∼ N(0, σ2

εj
)

In model 8, there is still a single genetic variance component for
genotypes, and therefore, a constant genetic covariance between
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Table 5 | REML output of the fit of different mixed models to the CIMMYT maize stress trials.

Model 7 Model 8 Model 9

Fixed Wald (DF ) P Fixed Wald (DF ) P Fixed Wald (DF ) P

E 10265.3 (7) <0.001 E 9759.4 (7) <0.001 E 6268.8 (7) <0.001

Random Estimate SE Random Estimate SE Random Estimate SE

σ2
G 0.297 0.036 σ2

G 0.125 0.017 σ2
C1 0.439 0.053

σ2
ε 0.553 0.020 σ2

ε1 0.551 0.057 σ2
C2 1 –

σ2
ε2 0.692 0.071 σ2

C3 0.042 0.013

σ2
ε3 1.399 0.140 σC1C2 0.551 0.077

σ2
ε4 0.672 0.069 σC1C3 0.109 0.019

σ2
ε5 0.704 0.072 σC2C3 0.115 0.032

σ2
ε6 0.135 0.018 σ2

ε1 0.446 0.051

σ2
ε7 0.152 0.019 σ2

ε2 0.445 0.052

σ2
ε8 0.761 0.078 σ2

ε3 0.736 0.169

σ2
ε4 0.428 0.050

σ2
ε5 0.508 0.057

σ2
ε6 0.145 0.018

σ2
ε7 0.138 0.017

σ2
ε8 0.740 0.080

Deviance (DF ) 1077.9 (1678) Deviance (DF ) 838.4 (1671) Deviance (DF ) 619.9 (1667)

Model 7 assumes compound symmetry, model 8: assumes heterogeneity of genetic variance across environments, and model 9 assumes heterogeneity of genetic

covariance between groups of environments and heterogeneity of genetic variance across individual environments. Environments are indexed as: 1 = SS92a, 2 =
IS92a, 3 = NS92a, 4 = IS94a, 5 = SS94a, 6 = LN96a, 7 = LN96b, 8 = HN96b. Groups of environments are indexed as: C1 = SS92a, IS92a, IS94a, SS94a, HN96b;

C2 = NS92a; C3 = LN96a, LN96b.

environments. However, the variance for the term εij that includes
GEI and error, is assumed to depend on the environment (i.e.,
the variance component σ2

εj is indexed by j). Table 5 presents the

results of fitting model 8 to the maize data. Instead of two vari-
ance components, there are now nine, one corresponding to the
variance component for genotypes (σ2

G = 0.125), and eight cor-
responding to a form of GEI for each of the eight environments
(for convenience, we assume constant errors). The heterogene-
ity of variance for εij reflects that in some environments there is a
larger variation (e.g., in environment 3, which is the high-yielding
NS92a) than in other environments (e.g., in environments 6
and 7, which are low-yielding, LN96a and LN96b). The hetero-
geneity of variance leads to heterogeneous genetic correlations
between environments. For example, the correlation between
environments 6 and 7 is:

r(Env6; Env7) = 0.125√
0.125 + 0.135

√
0.125 + 0.152

= 0.466

and between environments 3 and 6 is:

r(Env3; Env6) = 0.125√
0.125 + 1.399

√
0.125 + 0.135

= 0.199

In conclusion, model 8 accommodates heterogeneity of variance
between environments and, with it, allows for heterogeneous
correlations between environments, which can be desirable when

analyzing environments that strongly differ (e.g., with strong
stress and without stress).

The deviance for model 8 is 838.4 with 1671 DF, which
is much lower than the one for model 7 (deviance 1077.9
with 1678 DF). The deviance has dropped, but at the expense
of having to estimate more parameters (nine instead of two
parameters). Is the decrease in deviance large enough to con-
sider model 8 a significant improvement over model 7? Because
model 7 and 8 are nested models (model 7 is a special case
of model 8 when the σ2

εj are equal for all j), a deviance test

can be used to answer this question. Under the null hypoth-
esis of no difference in quality of the fits, the difference in
deviance between the two models is Chi-square distributed with
the number of DF equal to the difference in the number of
parameters between the models. In the example, the difference
in deviance is 1077.9 − 838.4 = 239.5, and the models differ by
seven parameters. The P value associated to 239.5 in a Chi-square
distribution with 7 DF is very small (P < 0.001), so it is con-
cluded that model 8 provides a significant improvement over
model 7.

In cases where the models are not nested, the comparison
can be done by the Akaike Information Criterion (AIC) (Akaike,
1974). For model 7, AIC = 4170, and for model 8 AIC = 3944.
The model that has the lowest AIC value is the one that is cho-
sen. Model 8 has the lowest AIC value, which agrees with the
conclusion based on the deviance test.
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Model 8 assumes heterogeneous variances across environ-
ments, in combination with a constant covariance between envi-
ronments. This latter assumption can be relaxed by also allowing
the genetic covariance between environments to be heteroge-
neous. A possibility is to estimate a covariance parameter for each
pair of environments, producing a variance-covariance model
that is referred to as the “unstructured model” (Verbeke and
Molenberghs, 2000). A somewhat simpler strategy consists of esti-
mating covariances between groups of environments instead of
between individual environments, in which the environments are
first grouped in a number of clusters and then fitting the following
model:

μ
i(c)j

= μ + Gi(c) + Ej + εi(c)j (9)

Gi(c) ∼ N(0,�c) εi(c)j ∼ N(0, σ2
εj
)

In model 9 a random genetic main effect is fitted that changes
between groups of environments and that has a covariance matrix
�c that consists of group specific genetic variances, with σ2

cj for

group j, on the diagonals, and pairwise-specific genetic covari-
ances, with σcjj∗between groups j and j∗, on the off-diagonals.
Model 9 retains the residual heterogeneity of model 8, which
means that environment specific genotypic effects are added to
group specific genotypic effects. To illustrate model 9, using the
maize example, and based on Figure 4, the environments were
clustered in three groups: group 1 = (SS92a, SS94a, IS92a, IS94a,
HN96b), group 2 = (NS92a), and group 3 = (LN96a, LN96b).
Therefore, the covariance matrix �C will contain on the diago-
nal the genetic variances for groups 1, 2, and 3 (σ2

c1, σ2
c2, and σ2

c3
respectively), and on the off-diagonals the covariances between
the groups (σc12, σc13, and σc23). The full covariance matrix can
be written as:

�C =
⎛

⎝
σ2

c1

σc12 σ2
c2

σc13 σc23 σ2
c3

⎞

⎠

The results of fitting model 9 to the maize data are presented in
Table 5, where the estimates of the parameters in the covariance
matrix �C can be found.

The diagonals of �C show that, on average, the genetic vari-
ation is lower in group 1 (the group of nitrogen stress environ-
ments) than in group 2. It should be noted that because group 3
is composed of a single environment, the genetic variation can-
not be partitioned into a component due to the group and a
residual, so σ2

c3 is not estimated but arbitrarily fixed to 1. The
total variance in each of the environments is equal to the sum
of the group’s variance plus the environment-specific variance.
For example, the variance in environment 1 is equal to 0.885,
which is the sum of the variance of group 1, i.e., σ2

c1 = 0.439, and
σ2

ε1 = 0.446. Recalling that the covariance between environments
within the same group is given by σ2

c1, σ2
c2 and σ2

c3, and the covari-
ance between environments in different groups by σc1c2, σc1c3,
and σc2c3, the correlation between any pair of environments can
be estimated. For example, the correlation between environments
1 and 2 is:

r(Env1; Env2) = 0.439√
0.439 + 0.446

√
0.439 + 0.445

= 0.496

and between environments 1 and 7 is:

r(Env1; Env7) = 0.109√
0.439 + 0.446

√
0.042 + 0.138

= 0.273

Finally, the deviance can be used to evaluate whether the
allowance for heterogeneity of covariance between environments
improved the quality of the model or not.

The deviance for model 9 is 619.9 with 1667 DF, and the
difference in deviance with model 8 is 218.5, with four extra
parameters. The associated P value for 218.5 in a Chi-square
distribution with 4 DF is very low (P < 0.001), so it can be con-
cluded that model 9 is a significant improvement over model 8.
For model 9 AIC = 3736, which is smaller than for model 8
(AIC = 3944), and confirms this conclusion.

We have presented different mixed model formulations to
model GEI in terms of heterogeneity of variance and covariance
between environments. The compound symmetry model, which
is the commonly used default model when fitting a mixed model
to a two–way table of means, forces variances and covariances to
be constant across environments. Two alternative models accom-
modated either heterogeneity of genetic variances across envi-
ronments, or heterogeneity of genetic variances and covariances
across environments. There are other useful variance-covariance
models such as the factor analytic (Malosetti et al., 2004; Boer
et al., 2007) that combines flexibility with parsimony (reduced
number of parameters), but their discussion is outside the scope
of this paper.

The analysis of a data set is an iterative process consisting
of fitting and comparing alternative models to identify a good
model for the data under study. That process has been illustrated
with a maize data set. The next section goes one step further in
the modeling process by including molecular marker informa-
tion, with the ultimate objective of identifying genomic regions,
QTLs, that underlie genetic variation of quantitative traits. Within
the context of METs, the use of such models is a powerful
tool to identify and understand the genetic basis of GEI, that
is, QEI.

QTL MAPPING IN THE CONTEXT OF MULTI-ENVIRONMENT
TRIALS: MODELING MAIN EFFECT QTLs AND
QTL-BY-ENVIRONMENT INTERACTION
So far, we discussed models that use either implicit or explicit
environmental characterizations to understand GEI. We switch
in this section to the use of explicit genotypic information in
the models describing GEI. Use of such information in sta-
tistical models for GEI can help understand the basis of GEI
in terms of the action of genome regions, QTLs, in their
dependence on the environment, i.e., QEI. Molecular marker
systems (RFLP, AFLP, DArT, SSR, SNP) provide information
about variation at the DNA level that can be employed in
statistical models. For example, within the framework of fac-
torial regression models, markers can serve as explanatory
variables, which is at the core of regression–based approaches for
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QTL mapping (Haley and Knott, 1992; Martínez and Curnow,
1992).

Elaborating upon factorial regression ideas, the following sec-
tion presents mixed models that can accommodate explicit geno-
typic information to describe GEI in terms of QTL and QEI
effects (Malosetti et al., 2004; Boer et al., 2007; van Eeuwijk et al.,
2007, 2010). The genotypic information stemming from mark-
ers is introduced in the statistical models in the form of so-called
genetic predictors. Applications of mixed model QTL by envi-
ronment detection as the one described here, can be found in
wheat (Mathews et al., 2008), sugar cane (Pastina et al., 2012),
and sorghum (Sabadin et al., 2012). We should emphasize, that
although we focus on QTL models applied to standard biparental
populations, these models can be adapted rather easily to multi-
parental populations (van Eeuwijk et al., 2010; Huang et al.,
2011), or association mapping panels (Malosetti et al., 2007; van
Eeuwijk et al., 2010).

While here we focus in this paper on mixed model QTL detec-
tion, this is certainly not the only method for multi-environment
QTL mapping. A well known and common alternative is to use
mixture model approaches (Jiang and Zeng, 1995), for which
various user-friendly QTL software packages exist (e.g., QTL
Cartographer, Basten et al., 2002). However, such QTL software
packages typically provide little or no opportunity to intervene
with the statistical model, nor do they allow for applying differ-
ent model building strategies. For example, in the mixture model
context, it is hard to switch between different models for repre-
senting the dependencies between environments or add explicit
information on the environments, something that is relatively
easy in the mixed model context.

EXPLANATORY VARIABLES FOR DIFFERENCES BETWEEN
GENOTYPES: GENETIC PREDICTORS
Most populations in QTL mapping originate from crosses
between pairs of inbred lines. A segregating offspring popula-
tion can be produced from an F1 hybrid after one generation of
selfing (F2), after several generations of self-pollination (recom-
binant inbred lines or RIL), or after crossing the F1 with one of
the parental lines (backcross). In addition, by chromosome dou-
bling of F1 gametes, a population of doubled haploid lines can be
generated. In all of these cases, two alleles at most will segregate
at each locus. For a locus M1, individuals can have the genotypes
M1M1, M1m1, or m1m1, with M1 the allele that comes from the
paternal line, and m1 the allele that comes from the maternal line.
By convention the locus names are given in italics (so for exam-
ple M1 refers to locus 1, and M1 and m1 refer to the paternal and
maternal alleles at locus 1, respectively). The relative frequency of
the genotypes in the offspring population depend on the type of
population; for example, in an F2 the expected frequencies are ¼,
½, and ¼ for M1M1, M1m1, and m1m1, respectively.

With the help of molecular markers, it can be revealed whether
a particular individual is of the M1M1, M1m1, or m1m1 type. To
detect QTLs and estimate their effects, it is necessary to translate
the marker information into explanatory variables or genetic pre-
dictors. A straightforward way of constructing genetic predictors
is to create an explanatory variable that contains the number of
copies of one of the alleles, for example, the M1 allele. The genetic

predictor will then take the value 2 whenever an individual has
two paternal alleles (M1M1), the value 1 when the offspring indi-
vidual is M1m1, and 0 when it is m1m1. Using a simple regression
model, the slope for the regression of the genotypic means on a
genetic predictor defined by the number of M1 alleles corresponds
to the effect of a substitution of an m1 allele by an M1 allele at the
given locus (Lynch and Walsh, 1998; Bernardo, 2002). This effect
is also known as the additive genetic substitution effect of the
QTL allele. By analogy, a dominance genetic predictor can be con-
structed by creating an explanatory variable with values 0, when
the offspring individual is M1M1 or m1m1, and value 1 whenever
it is M1m1.

With complete information on the marker genotypes, i.e.,
codominant markers without missing values, the construction
of genetic predictors at marker positions consists of simply
counting the number of alleles coming from a particular parent.
For genomic positions in between marker loci (putative QTL
positions), for dominant markers, and for markers with missing
values, the construction of genetic predictors requires more
effort. In a general formulation, the value for the additive genetic
predictor, Xadd, for an offspring individual can be defined as the
expected number of alleles coming from the paternal line, the
number of M1 alleles:

Xadd = Pr(M1M1|all markers) × 2 + Pr(M1m1|all markers)

× 1 + Pr(m1m1|all markers) × 0, (10a)

with Pr(M1M1|all markers), Pr(M1m1|all markers), and
Pr(m1m1|all markers) the conditional probabilities of the
individual being of the M1M1, M1m1, or m1m1 type, respec-
tively given the observed marker information. Note that in
the case of complete information, the individual’s genotype is
known, so one of Pr(M1M1|markers), Pr(M1m1|markers) and
Pr(m1m1|markers) will be equal to 1, while the others will be 0.

In the case of incomplete information, although the genotype
for a locus of an individual may not be known with certainty,
information can be obtained from nearby markers to estimate
the probability of the offspring individual being of a partic-
ular genotype. This probability is a function of the observed
genotypes at neighboring markers and the expected recombina-
tion occurring between those marker loci and the locus under
evaluation (Lynch and Walsh, 1998). Efficient methods to cal-
culate conditional genetic probabilities for the different types
of population commonly used for plants have been proposed
in the literature; see Jiang and Zeng (1997) for an exhaustive
overview. The calculation of genotypic probabilities conditional
on marker information provides the basis for all QTL mapping
strategies; QTL mapping packages calculate these probabilities
behind the scenes. In GenStat® (see “Appendix”), a very general
Hidden Markov Model algorithm has been programmed to calcu-
late those condtional probabilities. Other packages that calculate
those probabilities and that are free are Grafgen (Servin et al.,
2002) and r/qtl (Broman et al., 2003).

With the estimated conditional probabilities, the genetic
predictors at positions where no or partial marker information is
available can be calculated by using the conditional probabilities
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in expression 10a. An analogous reasoning holds for the estima-
tion of dominance genetic predictors:

Xdom = Pr(M1M1|all markers) × 0 + Pr(M1m1|all markers)

× 1 + Pr(m1m1|all markers) × 0. (10b)

MODELING GENOTYPE-BY-ENVIRONMENT INTERACTION IN
TERMS OF QTL EFFECTS
The inclusion of genetic predictors in a GEI model allows testing
the hypothesis that the DNA at a particular genome position has
an effect on a phenotypic trait, and whether that effect is envi-
ronment dependent or not. A basic GEI phenotypic model, as the
one discussed in the previous sections, can be extended to accom-
modate two new terms, one for the additive genetic effect of a
possible QTL (Xadd

i αj), and a second for the dominance effect of

the same locus (Xdom
i δj):

μ
ij

= μ + Ej + Xadd
i αj + Xdom

i δj + Gi + εij, (11)

where Xadd
i , and Xdom

i stand for the values of the additive and
dominance genetic predictors of individual i at the position
at which a QTL is postulated and tested for. The parameters
αj and δj represent the additive and dominance effects of this
QTL. In model 11, both types of QTL effects are indexed by j,
because environment-specific effects are allowed. Residual genetic
main effects (i.e., genetic effects not explained by the QTL)
contribute to the random genetic effect, Gi, and residual GEI
(residual QEI) contributes to εij. The conclusion about the pres-
ence of a QTL at a particular position is based on a Wald test
(Verbeke and Molenberghs, 2000) that assess the null hypothe-
sis of the environment-specific additive and dominance genetic
effects being zero across all environments: Ho: αj = 0, and Ho:
δj = 0, j = 1 . . . J. Note that as by definition, dominance effects
are deviations from additivity, so dominance effects should be
tested conditional on the additive effects present in the model. In
practice, and to assure that the proper test is used, it is adviced
to include the term for additive genetic effects in the model
before the term for the dominance effects, and use the sequen-
tial Wald test (e.g., in GenStat® output, the test under the heading
“Sequentially adding terms to fixed model”).

For the maize data, Table 6 shows an example of the appli-
cation of model 11 to a particular genomic position. The table
indicates that the dominance effect at this genome position was
not significant (Wald statistic = 13.5 on 8 DF, P ≤ 0.097), and,
therefore, the null hypothesis of no dominance effects is not
rejected. However, the Wald statistic for the additive genetic
effects was highly significant (Wald = 100.9, on 8 DF, P < 0.001),
indicating the existence of additive QTL effects. It is still necessary
to find out whether they are environment specific, i.e., whether
a QEI term is needed, or whether a model with just main effect
QTL expression would suffice. To this purpose, the environment–
specific QTL effects (αj) are partitioned into an additive main

effect (αQ) and QEI effects (αQEI
j ), leading to the following model:

μ
ij

= μ + Ej + Xadd
i αQ + Xadd

i α
QEI
j + Xdom

i δj + Gi + εij (12)

Table 6 | Results of the test for fixed effects in a mixed model

including a fixed environment–specific additive (αj ) and dominance

(δj ) QTL effect.

Fixed terms Wald DF P

E 10875.5 7 <0.001

Additive effect (αj ) 100.9 8 <0.001

αQ 12.8 1 <0.001

αQEI
j 88 7 <0.001

Dominance effect (δj ) 13.5 8 ≤0.097

The additive QTL effect is partitioned into a QTL main effect (αQ), and a QEI

effect (αQEI
j ).

If required, a similar partitioning of the QTL effects may be
carried out for the dominance effects. As a result of the parti-
tioning of the environment-specific QTL effects, there is a Wald
test for QTL main effect and a Wald test for QEI (Table 6). The
QEI effects should be tested, conditional on the main effect being
fitted into the model, i.e., the QTL main effect should always pre-
cede the term for QEI. In the example, it is observed that the
QEI interaction effect is highly significant (Wald = 88.0 on 7 DF,
P < 0.001), so it is concluded that QTL effects are dependent on
the environment. Since there is significant QEI, no attempt will
be made to interpret the QTL main effect. When QEI is not sig-
nificant, the model can be simplified by omitting the QEI term, as
the QTL main effect will suffice to describe the QTL effect.

A QTL MAPPING STRATEGY FOR MULTI-ENVIRONMENT
TRIALS BASED ON MIXED MODELS
The preceding section presented a number of models that can
be useful in the detection of QTLs for MET data. The present
section discusses a strategy for a genome-wide scan for QTLs.
QTL mapping can be regarded as a model selection process aim-
ing to identify a model that describes the phenotypic response
in terms of QTL effects. Since a priori neither the number of
QTLs nor their effects are known, we need a strategy that allows
to explore the vast range of possible models. There is no unique
way of performing this search, but an effective strategy is pre-
sented here consisting of the following steps: (1) find a good
model for the phenotypic data; (2) perform a genome–wide scan
for QTLs by simple interval mapping (SIM); (3) perform one or
more rounds of composite interval mapping (CIM) starting with
cofactors selected from the SIM step; and (4) fit a final multi–QTL
model to estimate QTL effects. Each step is illustrated using the
maize example data. An example code that performs the differ-
ent steps in GenStat® (VSN International, 2012) and in GenStat
Discovery® (Payne et al., 2007) is given in the “Appendix.”

STEP 1: IDENTIFY THE BEST VARIANCE-COVARIANCE MODEL FOR THE
PHENOTYPIC DATA
A number of models can be fitted (for example models 7 to 9
plus the unstructured model), and compared based on the AIC
values. The selected mixed model will be the starting point from
which to develop a QTL model. Table 7 gives the AIC for four
candidate models for the maize example data, and shows that
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Table 7 | Comparison of the goodness of fit for four different mixed

models (models 7 to 9 and the unstructured model), as fitted to

CIMMYT maize stress trials.

Model Deviance DF � Deviance � DF P AIC

Model 7 1077.9 1678 – – – 4170

Model 8 838.4 1671 239.5 7 <0.001 3944

Model 9 619.9 1667 218.5 4 <0.001 3736

Unstructured 548.7 1644 71.2 23 <0.001 3708

The columns “� deviance” and “� DF” indicate the differences in deviance and

number of degrees of freedom between the current and the preceding model

in the list. The associated P values correspond to a Chi-square distribution with

� DF degrees of freedom.

the unstructured model is the best (lowest AIC) and is, therefore,
chosen as the basic phenotypic model.

STEP 2: GENOME-WIDE QTL SCAN, SIMPLE INTERVAL MAPPING
After choosing the phenotypic model, a genome-wide scan is per-
formed by fitting single QTL models across the genome at marker
and in between marker positions, i.e., SIM. To perform SIM, we
need to estimate genetic predictors that cover the genome. For
most population types and population sizes of a few hundred
individuals, calculating the genetic predictors every 5–10 cM is
sufficient. The genetic predictors are used to test for QTL effect
at the predictor location. The unstructured model was selected
for the maize data set, so the SIM scan can be done by fitting the
following model at every genetic predictor position (only additive
effects are tested as a previous analysis showed little dominance):

μ
ij

= μ + Ej + Xadd
i αj + Gi + εij (13)

The results of a genome-wide SIM scan are plotted in Figure 5.
The upper plot displays the P value of the Wald test (on a –log10

scale) for the effect of a QTL along the chromosomes. The hor-
izontal line indicates a threshold value, above which the null
hypothesis of no QTL is rejected. The profile shows evidence of
QTLs on chromosomes 1, 3, 4, 6, and 10. The two largest QTLs
are the ones on chromosome 1 and on chromosome 10. The lower
panel shows an indication of the magnitude of the QTL effects in
each of the environments at a particular chromosome position.
The type of color points to the parent that contributes the high
value allele (blue = maternal line, red = paternal line), and the
color intensity to the magnitude of the effect. QEI is reflected in
this plot by changes in color at a particular chromosome position
(cross-over interaction) or by changes in intensity of the color
(convergence-divergence). For example, the large QTL on chro-
mosome 1 not only shows changes in magnitude of the effects
between environments (different color intensities), but also shows
change of colors. For example, while in HN96b the allele increas-
ing yield comes from the mother (blue), in IS92a, IS94a, NS92a,
SS92a, and SS94a the allele increasing yield comes from the father
(red). This is an example of cross-over interaction. The large QTL
on chromosome 10 shows only differences in magnitude of the
QTL effect (from largest in HN96b to no effect in LN96a, LN96b,

FIGURE 5 | Plot produced by a SIM QTL scan in a maize F2 population.

The upper panel shows the P value of the Wald test (on a –log10 scale) for
the effect of a QTL along the chromosomes (solid line). The horizontal line
indicates a threshold value for significance. The lower panel gives an
indication of magnitude of QTL effects (higher intensity, larger effect),
and parental line contributing the superior allele (blue, maternal; red,
parental line).

and SS92a), but always with the allele from the father contributing
to higher yield.

Scanning the results across the full set of chromosomes pro-
duces a list of putative QTL positions that can be used as cofactors
at the following stage of the QTL mapping.

SIM implies performing multiple tests along the genome, one
test at each putative QTL position. For example, for the maize
data genetic predictors were calculated at 246 chromosome posi-
tions, which means that model 13 was fitted 246 times. When
performing multiple tests, the probability of at least one false pos-
itive (i.e., falsely rejecting the null hypothesis) increases according
to the expression 1 − (1 − α)n,with α the test level for a single
test and n the number of tests. A simple correction method is the
Bonferroni correction that uses α/n instead of α to test individual
null hypotheses, assuring that the proportion of false rejections
among n tests will be at most equal to α. For example, to accept a
maximum of 5% of false rejections in the whole of the experiment
(genome–wide), one should use a threshold equal to 0.05/n. A
disadvantage of the Bonferroni correction is that it is very conser-
vative risking that some QTLs may go undetected, especially when
not all tests are independent, which is the case in QTL mapping
where nearby positions are correlated.

Modifications to the Bonferroni correction in the context of
QTL mapping have been proposed by Cheverud (2001), and fur-
ther modifications proposed by Li and Ji (2005). Both approaches
essentially compensate for the fact that, in QTL mapping, tests
are correlated by using an estimated effective number of tests
(n∗) instead of the actual number of tests (n) to set the signifi-
cance threshold. For the maize data, the Li and Ji (2005) approach
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produced a value of n∗ = 81, which gives a larger threshold
P value than the Bonferroni correction (divide 0.05 by 81, instead
of dividing by 246). By default, GenStat estimates n∗ and uses it
to set the corresponding significance threshold.

STEP 3: COMPOSITE INTERVAL MAPPING
The power of QTL detection can be improved by reducing the
background noise caused by QTLs outside the region under test.
This is the principle of the CIM approach, simultaneously pro-
posed by Jansen and Stam (1994) and Zeng (1994). What makes
the difference between SIM and CIM, is that when performing
CIM the model includes a number of cofactors that corrects for
the effects of the genetic background:

μ
ij

= μ + Ej +
∑

Xif cjf + Xadd
i αj + Gi + εij (14)

In model 14 the term
∑

Xif cjf accounts for the effects of QTLs

outside the region that is being tested (Xadd
i ), reducing the error

variation and thereby improving the power for QTL detection.
Various strategies exist for the selection of a set of cofactors, but
a pragmatic approach is to use the results from the SIM scan,
including the positions indicative of QTLs by SIM as cofactors.

Another issue that needs to be addressed is that when testing
in a region close to a cofactor, it is necessary to exclude the partic-
ular cofactor from the model to avoid colinearity with the tested
position. A popular solution is to choose a window around an
evaluation position such that if a cofactor falls inside that window,
then the cofactor is excluded from the model. Window size affects
the results of a CIM scan, and there are no clear–cut recommen-
dations about which window size to use. For the present example,
all cofactors that are on the chromosome being evaluated are
excluded, a strategy known as restricted CIM.

The results of the restricted CIM scan for the maize data are
presented in Figure 6. The profiles point to QTLs on chromo-
somes 1, 2, 3, 4, 6, 9, and 10. In comparison with the results
from SIM, the CIM profile reveals the same QTLs (the two major
QTLs on chromosome 1 and 10, and the ones on chromosome
3, 4, and 6), but in addition it shows indications of QTLs on
chromosomes 2 and 9.

STEP 4: ESTABLISHING A FINAL QTL MODEL
In a subsequent modeling step, the QTLs for all positions that
were found significant in the restricted CIM scan are included
simultaneously in the mixed model:

μ
ij

= μ + Ej +
∑

Xadd
iq αjq + Gi + εij (15)

Model 15 is a multi–QTL model constructed by inclusion of the
full set of QTLs identified in the previous CIM scan. QTLs with
non-significant effects will be removed using Wald tests (condi-
tional on all other QTLs) to arrive at a final model. The final
model for our example data showed that nine out of the ten QTLs
from the CIM scan were significant in the multi-QTL model.
Further, by breaking down the QTL effects into QTL main effects

(αQ
q ) and QEI effects (αQEI

q ), it was possible to investigate whether
QTL effects were consistent across environments or not. All QTLs

FIGURE 6 | Plot produced by a CIM QTL scan in a maize F2 population.

The upper panel shows the P value of the Wald test (on a –log10 scale) for
the effect of a QTL along the chromosomes (solid line). The horizontal line
indicates a threshold value for significance. The lower panel gives an
indication of magnitude of QTL effects (higher intensity, larger effect), and
parental line contributing the superior allele (blue, maternal; red,
parental line).

but the one at the end of chromosome 3, had significant QEI
(P < 0.01).

The estimated QTL effects are given in Table 8. The effect of
a QTL in a particular environment is declared significant when
zero is outside the confidence interval of the estimated effect
(CI = estimate ± 2∗s.e., with s.e. the average standard error
obtained from the REML analysis). Results for the large QTL on
chromosome 1 (QTL1,141) showed that the QTL had a significant
effect of 0.469 ton·ha−1 in environment SS92a, which means that
for each replacement of the maternal allele by a paternal allele,
a yield increase of about half a ton is expected. The effect of the
same QTL in environment HN96b had a negative sign (−0.232
ton·ha−1), which means that rather than an increase, a decrease
in yield is expected for the same allele substitution. The effects of
QTL1,141 are inconsistent across environments not only in terms
of the size of the effects, but also in terms of the sign of the effect.
Inconsistency in size and sign of QTL effects underlies crossover
interactions, the most important case of GEI (recall Figure 1D).
From the breeder’s point of view, the crossover QEI means that,
while the maternal allele has to be selected when breeding for
environment HN96b, the paternal allele will be the choice when
selecting for all the other environments. The other large QTL,
which is on chromosome 10 (QTL10,67) showed changes of the
sizes of the effects but not of their signs, indicating that the favor-
able allele came always from the paternal line. The size of the
QTL effect was largest in HN96b (0.564 ton·ha−1), around 0.300
ton·ha−1 in IS92a, IS94a, NS92a, and SS94a, and not significant
in LN96a, LN96b, and SS92a. Despite changes in effect sizes,
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Table 8 | QTL effect estimates (ton·ha−1) for individual environments.

SS92a IS92a NS92a IS94a SS94a LN96a LN96b HN96b

QTL1,141 0.469* 0.351* 0.370* 0.370* 0.214* −0.005 −0.002 −0.232*

QTL1,252 −0.026 −0.078 −0.292* −0.061 0.182 −0.05 −0.106* 0.093

QTL2,36 −0.123 −0.304* −0.329* −0.026 −0.091 −0.003 0.131* 0.106

QTL3,38 0.224* 0.236* 0.035 0.323* 0.241* −0.007 0.152* 0.480*

QTL3,217 −0.129* −0.129* −0.129* −0.129* −0.129* −0.129* −0.129* −0.129*

QTL4,136 −0.272* −0.344* −0.456* −0.147 −0.293* −0.093* −0.107* −0.262*

QTL6,125 −0.006 0.015 −0.332* 0.061 0.004 −0.096* 0.116* −0.155

QTL9,97 0.187* 0.251* 0.386* 0.016 0.023 0.026 −0.018 0.021

QTL10,67 0.056 0.324* 0.258* 0.251* 0.322* 0.072 0.054 0.564*

A positive sign indicates that the superior allele comes from the parental line, and a negative sign indicates the superior allele comes from the maternal line. QTL

effects significantly different from zero are indicated with an asterisk.

in this case, selection will always be for the paternal allele. In
contrast to these two QTLs, the QTL at 217 cM on chromosome
3 (QTL3,217) showed a consistent effect across all environments
(−0.129 ton·ha−1) with the maternal allele as the yield increas-
ing allele. The other QTLs showed different degrees of interac-
tion with the environment, involving crossovers (QTL2,36 and
QTL6,125) or only differences in magnitude of effects (QTL1,252,
QTL3,38, QTL4,136, and QTL9,97). The QTL effect information
is useful at the moment of selecting complementary lines that
combine in future crosses the favorable alleles coming from the
maternal and paternal line.

MODELING QTL EFFECTS IN RELATION TO ENVIRONMENTAL
INFORMATION
An interesting possibility with the QTL models presented here
is that they allow the inclusion of environmental information
to explain QTL effects in terms of sensitivities to environmental
factors. Similarly to GEI models in which environmental infor-
mation can be integrated to describe GEI effects, QEI models
can integrate environmental information to describe QEI effects.
Expressing QTL effects in terms of sensitivities to a particular
environmental factor allows prediction of the effect of the QTL
under any condition within the range of the original experiments.
In addition, the inclusion of environmental information can help
unravel the physiological mechanisms that are behind the action
of a particular QTL.

The final QTL model for the maize example data consisted of
nine QTLs. It can now be investigated as to whether the varia-
tion in effects of those QTLs is related to changes in one or more
external environmental variables (There exists a strong analogy
with the factorial regression models discussed for GEI, models
6a and 6b). Figure 7 presents a scatter plot of the QTL1,141 effects
across environments vs. the minimum temperature during flow-
ering time. The plot shows a negative relationship between the
QTL effect and temperature.

Assuming a simple linear relationship between the effect of a
QTL and a given environmental covariable, it is possible to test
for that relationship using the following model:

μ
ij

= μ + Ej +
∑

Xadd
iq αjq + Xi(αq∗ + βq∗Zj + ajq∗) + Gi + εij

(16)

FIGURE 7 | Effect on yield (ton ha-1) of the QTL on chromosome 1 at

141 cM in relation to the minimum temperature (◦C) during flowering

time.

For simplicity, in model 16, the regression of environment-
specific QTL effects on environmental covariables is developed for
one QTL (q∗). However, the procedure can be applied equally well
to other QTLs with environment–specific effects. In model 16,
the effect of the QTL is expressed in relation to an environmen-
tal covariable (Z), where the effect of the QTL is equal to: αjq∗ =
αq∗ + βq∗Zj + ajq∗ . Zj represents the value of the covariable Z for
environment j. When Zj is centered around zero, the parameters
of the QTL effects can be interpreted as follows: αq∗ corresponds
to the effect of QTL in the average environment (that is, when Z
= 0); βq∗ corresponds to the change of the QTL effect per unit of
change of the covariable’s value; and the random term ajq∗ cor-
responds to the residual (unexplained) QTL effect, with ajq∗ ∼
N(0, σ2

aq∗ ). For example applying model 16 to QTL1,141, and
with minimum temperature during flowering time as covariable,
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showed a significant reaction of QTL1,141 to changes in the min-
imum temperature during flowering, with β estimate equal to
−0.040 ton ha−1 ◦C−1. We can interpret this result saying that
when the maternal allele is replaced by the paternal allele, we
expect a yield decrease of 0.040 ton ha−1 for each degree Celsius
of increase in the minimum temperature during flowering.

The example assumed a simple linear relationship between
the QTL effect and a single environmental covariable, but more
complex explanatory models can be constructed. For example, it
is possible to include higher order terms to model the response
curve (e.g., a quadratic term), to use spline formulations, or to
include more than one environmental covariable in the model. It
is important to mention that a close interaction with physiologists
is crucial to explore and select biologically sound models.

CONCLUSION
We have discussed a suite of statistical models that are useful
to plant breeding practitioners who are dealing with GEI. What
all models have in common is that they make an attempt to
replace the ANOVA GEIij term by product terms of genotypic

parameters/covariates and environmental parameters/covariates,
with as examples bizj (FW, AMMI, and GGE), biZj (factorial
regression), and Xiαj (QTL mapping). For some models no other
information than the two-way table of means is required (FW,
AMMI, and GGE), others require explicit environmental (facto-
rial regression) and/or genotypic information (QTL models). For
exploring patterns of GEI, FW, AMMI, and GGE are very useful.
For prediction and understanding, factorial regression and QTL
models are more appropriate.
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Investigators now have a wide range of analytical tools to use in measuring metabolites,
proteins and transcripts in plant tissues. These tools have the potential to assist genetic
studies that seek to phenotype genetic lines for heritable traits that contribute to drought
tolerance. To be useful for crop breeding, hundreds or thousands of genetic lines must be
assessed. This review considers the utility of assaying certain constituents with roles in
drought tolerance for phenotyping genotypes. Abscisic acid (ABA), organic and inorganic
osmolytes, compatible solutes, and late embryogenesis abundant proteins, are consid-
ered. Confounding effects that require appropriate tissue and timing specificity, and the
need for high-throughput and analytical cost efficiency are discussed.With future advances
in analytical methods and the value of analyzing constituents that provide information on the
underlying mechanisms of drought tolerance, these approaches are expected to contribute
to development crops with improved drought tolerance.

Keywords: water stress, compatible solutes, metabolites, osmotic adjustment, abscisic acid, plant breeding

INTRODUCTION
Phenotyping involves measurement of observable attributes that
reflect the biological functioning of gene variants (alleles) as
affected by the environment. In general, phenotyping for crop
improvement via breeding requires that hundreds or thousands of
genetic lines be assessed. To date, most phenotyping of secondary
traits (i.e., those traits in addition to yield, which is often the
primary trait) has involved field assessments of easily scored mor-
phological attributes such as plant height, leaf number, flowering
date, and leaf senescence. However, investigators have recognized
that drought tolerance involves metabolic and regulatory func-
tions, for which measurements of targeted processes are likely to
provide valuable information on the underlying biology, and sug-
gest approaches by which it could be modified. Moreover, excellent
methods have been developed for assay of such traits, and they
have been used in controlled-environment studies to determine
the mechanistic basis of drought response. Notwithstanding their
positive aspects, many of these methods are too time-consuming,
expensive, or technically demanding to be used in large-scale phe-
notyping. The challenge, then, is to identify those attributes that
provide the most meaningful phenotypic information to design
sampling methods suitable for use in the field, and design ana-
lytical methods that can be efficiently scaled up to the number of
samples required in phenotyping projects.

An important prerequisite for the successful phenotyping of
secondary traits is to identify key functional attributes that con-
tribute to drought tolerance. Ideally, such identification is based
on evidence that there is genetic variation for the trait in the crop
of interest, on the trait being correlated with crop performance
in drought environments, and on its having sufficient heritabil-
ity to be used to make progress in a breeding program. Another
criterion is that a trait has a clear-cut and rational explanation

for its physiological or molecular function in drought tolerance.
Some key traits that satisfy this latter criterion include: (i) favor-
able stomatal behavior; (ii) rooting depth; (iii) osmotic adjustment
(OA) and other processes that sustain cell integrity and function;
(iv) carbohydrate storage and remobilization; and (v) sustained
development (as opposed to abortion) of harvested organs. This
article will discuss methods that can contribute to phenotyping
of these five traits by analyzing the presence and level of sub-
stances that can serve as diagnostic tests to evaluate them. While
methods for field-based assessment of these traits are described in
other articles in this special issue, the focus of the current article
is on laboratory-based analyses of tissue constituents in samples
obtained from field-grown plants.

CASE STUDY: ABSCISIC ACID
Although it is valuable to focus phenotyping efforts on metabolic
traits that have a clear-cut rational connection with stress toler-
ance mechanisms, this goal is often difficult to achieve in practice.
A particular constituent may be involved in several metabolic and
signaling systems, and its involvement may differ in various tis-
sues and developmental stages. To illustrate the difficulty, the
prospects for phenotyping abscisic acid levels as an indicator of
stress response will be considered below.

WHY PHENOTYPE ABSCISIC ACID?
Abscisic acid (ABA) plays a central role in plant response to water
deficit, and the extent to which a genotype synthesizes and accu-
mulates ABA is a possible indicator of that genotype’s adaptation
to drought. It has been demonstrated that ABA has regulatory
roles in all five of the traits listed above. While this argues for its
importance, it also presents difficulty with respect to the use of
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ABA analysis as a phenotyping tool, because the multiple effects
can confound interpretation.

A situation where higher leaf ABA could be advantageous is
in environments where water-use efficiency (WUE) or postpone-
ment of dehydration is desirable. A recent example related to this
idea involved production of transgenic canola (Brassica napus)
with an enhanced response to ABA signaling (Wang et al., 2005).
Investigators anti-sensed farnesyl transferase, a negative regula-
tor of ABA signaling. They used a drought-responsive promoter
(RD29A), thereby confining the expression to drought episodes.
Studies showed a slightly earlier stomatal closure response during
the onset of water deficit and, in field trials, yields appeared to
be slightly higher in drought environments. In addition to ABA
sensitivity, genotypes that generally have higher activity for ABA
synthesis in leaves might maintain lower stomatal conductance,
closing their stomata at an earlier stage of soil water depletion,
or closing them sooner after daybreak, thereby keeping the tissues
at a high water potential and avoiding damage from dehydration.
Maintaining a low stomatal conductance can also increase WUE,
because it keeps the CO2 concentration in the leaf internal air-
space (Ci) below the CO2-saturating (asymptote) portion of the
photosynthesis versus Ci function. Elevated ABA in the afternoon
can restrict stomatal opening when temperature and leaf-air vapor
pressure deficit (VPD) are highest, and when a genotype couples
this behavior with low ABA and partial stomatal opening in the
morning, WUE is enhanced. While analysis of ABA is a way to
predict stomatal status, other methods, might be better suited to
this purpose. Notably, stable isotope assay of 13C discrimination,
or field sampling of stomatal diffusive conductance is more direct
and, in the case of 13C, are more integrative of Ci throughout the
season (Condon et al., 2004, 2007).

However, the basis for a genotype’s tendency to accumulate leaf
ABA may not be as straightforward as a genetic tendency for high
ABA synthetic activity. A genotype with a shallow root system or
low hydraulic conductance, which restricts the supply of water to
the leaves, can also cause high ABA accumulation. Evidence that
measured ABA levels can be related to root architecture is pro-
vided by presence of a quantitative trait locus (QTL) in maize,
Root-ABA1, which was initially identified as a QTL that affected
leaf ABA (Lebreton et al., 1995; Giuliani et al., 2005; Landi et al.,
2007). The QTL was identified in two different maize popula-
tions, and in several different environments and locations. Yet, in
both cases, root architecture was related to leaf ABA accumulation.
This QTL, in Bin 2.04 of chromosome 2, was initially identified
by QTL mapping of leaf ABA in populations scored under water
limited environments. The QTL allele for high ABA also confers
decreased stomatal conductance, as expected, given the role of ABA

in stomatal closure (Lebreton et al., 1995; Giuliani et al., 2005).
In addition, greenhouse studies of backcross-derived lines have
shown that the high ABA QTL allele is associated with increased
root dry weight, root diameter, and root:shoot ratio, and with
decreased root lodging (Giuliani et al., 2005). While it is not yet
known whether the observed phenomenon is related to the effect
of ABA in stimulating seedling root growth (Sharp et al., 1994;
Ober and Sharp, 2007), an alternative interpretation is that the
QTL allele alters root architecture to a shallower root system that
rapidly depletes surface moisture. This would be consistent with
the observation in these studies that the QTL allele for high ABA is
associated with lower grain yield (Landi et al., 2007) and with other
genetic studies that have shown a correlation between high leaf
ABA and lower grain yield in water deficit environments (Mugo
et al., 1998; Setter et al., 2011). Thus, to gain valuable phenotypic
information, data on leaf ABA levels need to be interpreted in
relation to other information, such as the depth of soil water avail-
ability and stomatal behavior. An ideal genotype may be one with
relatively low levels of leaf ABA, indicating good root depth and
water transport properties, but with desirable stomatal behavior,
indicating high stomatal sensitivity to ABA.

INTERPRETING ABA PHENOTYPIC DATA IS TISSUE-DEPENDENT
ABA levels in organs other than leaves also require interpretation
to be valuable for phenotyping. For example, as a stress-signaling
hormone, ABA increases the expression of numerous gene prod-
ucts that have putative roles in stabilizing proteins and membrane
systems so that they are better able to tolerate desiccation stress.
However, ABA is also associated with the arrested development of
sink organs, including soybean seeds (Liu et al., 2004), rice spikelets
(Ji et al., 2011), maize kernels (Ober et al., 1991; Setter et al., 2001),
and wheat grains (Westgate et al., 1996; Ji et al., 2011). Consistent
with this, among lines of maize, a negative correlation has been
found between ear ABA levels and prepollination ear growth rate
(Table 1; Setter et al., 2011). This relationship suggests a role of
ABA in the tendency of some genotypes to limit partitioning to ear
and silk growth during water deficit, which increases the anthesis-
silking interval (ASI), and is associated with decreased grain yield
in drought environments (Ribaut et al., 2009). Analogous relation-
ships between water deficit and arresting of reproductive organ
growth are found in rice, sorghum, and other crops (Matthews
et al., 1990; Liu et al., 2004, 2006; Leport et al., 2006).

For genes that are regulated by ABA, the role of these gene prod-
ucts in crop performance is yet to be well established. For example,
there is abundant evidence that, among the genes regulated by
ABA signaling, those encoding members of the late embryoge-
nesis abundant (LEA) family are among the most rapidly and

Table 1 | Genotypic correlations between ABA levels and growth rates in ears and silks in a recombinant inbred line (RIL) population (Cimmyt

P1 X P2) in two trials (2001 and 2002) under severe water deficit at flowering at theTlaltizapan, Mexico field station.

Silk ABA 0 DAA in 2001 Silk ABA 7 DAA in 2001 Silk ABA 0 DAA in 2002 Ear ABA 0 DAA in 2002

Ear growth rate 0 to 7 day after anthesis −0.90 −0.62 −0.82 −0.57

Silk growth rate 0 to 7 day after anthesis −0.51 −0.56 −0.42 −0.87

Tissues were harvested at the indicated days after anthesis (DAA). (Source: Setter and Ribault, unpublished data).
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substantially upregulated by ABA (Quatrano et al., 1997). LEA
proteins were first identified as abundant proteins that accumu-
late during the late stages of seed formation when desiccation is
about to begin. They were among the first ABA-regulated pro-
teins for which promoter ABA response elements (ABRE) and
associated elements in upstream DNA sequence were determined.
Nevertheless, the mechanism(s) and value of LEA proteins and
specialized compatible solutes in drought tolerance of tissues have
not been established except for tissues undergoing extreme des-
iccation (Wise, 2003; Wise and Tunnacliffe, 2004; Goyal et al.,
2005; Tunnacliffe and Wise, 2007; Bies-Etheve et al., 2008). How-
ever, even when a crop is subjected to a severe drought stress that
diminishes yield by 70% or more, its organs usually do not reach
water potentials and levels of desiccation in the range experienced
by drying seeds where these stabilizing agents are effective. This
argues against the idea that more ABA accumulation would be
favorable as a stimulus for upregulating LEA and other agents for
macromolecular stabilization. Moreover, as discussed above, stud-
ies have indicated that there is a negative correlation between ABA
accumulation in floral tissues and kernel set. Therefore, in contrast
to the leaves, in the case of developing flowers and young sinks,
genotypes with high levels of ABA are less likely to perform well
in drought environments.

TIMING OF TISSUE SAMPLING FOR ABA
A further consideration in the use of constituent quantification
for phenotyping is the dependence on timing of tissue sampling.
Again referring to the ABA case study, leaf ABA levels depend on
environmental and tissue development conditions. For phenotyp-
ing, a further consideration is that the levels of ABA measured in
a tissue reflect the steady state of dynamically changing rates of
ABA synthesis and catabolism (Ren et al., 2007). Quantification of
free ABA provides an instantaneous measure of the system. Such
an estimate is inherently dependent on the environment, with
a likelihood of strong influence from genotype-by-environment
interaction (GEI). Careful control of time of day and stage of
soil water dry-down may help to control these influences. Alter-
natively, to obtain phenotypic values that have a relatively strong
genetic component (and high heritability), it can be beneficial
to average out the instantaneous environmental effects. A more
time-averaged or integrative measure of ABA status might be
obtained with a composite estimate of the sum of ABA plus
its catabolites. The primary routes of ABA catabolism are 8′-
hydroxylation to form phaseic acid and downstream products,
and glucosyl esterification of the carboxyl group to form ABA-
glucose ester (ABA-GE; Nambara and Marion-Poll, 2005; Priest
et al., 2006; Yang and Zeevaart, 2006). The products of hydroxy-
lation (phaseic acid and dihydrophaseic acid) also form glucose
esters and other conjugates. To the extent that these catabolites are
biologically inactive and accumulate into vacuoles or other com-
partments, their collective level could represent a valuable estimate
of long-term flux through the ABA synthesis pathway. Following
this logic, Setter et al. (2011) phenotyped ABA, ABA-GE, and pha-
seic acid in a diverse panel of maize genotypes that was used for
association genetic analysis. While the phaseic acid data revealed
a new marker-trait association unrelated to ABA, in this situa-
tion the addition of these ABA catabolites to the analysis did not

strengthen any of the trait-marker associations that were obtained
from ABA data alone. Development of cost-effective methods for
a broader suite of catabolites has the potential to further improve
this strategy.

METHODS FOR ABSCISIC ACID QUANTIFICATION
The prospects for an expanded range of substances that can be
phenotyped have been steadily improving. In the case of ABA,
methods for determining the levels of and the hormone and
its metabolites can be classified into two general categories: (i)
physical-chemical methods; and (ii) immunochemical methods.
Advantages of physical-chemical methods include the fact that
they are based on fundamental properties of the compounds and,
in the case of the more advanced methods that employ mass spec-
trometry (MS), their chemical specificity. Advantages of immuno-
chemical methods include their low cost and ease of scale-up for
high-throughput projects. The levels of ABA are usually much too
low (typically a few nmol g−1 dry weight) relative to other sub-
stances in an extract for methods based solely on high performance
liquid chromatography (HPLC) with ultraviolet (or photodiode
array) detection to have sufficient selectivity. Such methods are
in common use for carotenoids and other substances which are
chemically related to ABA but are much more abundant (Harjes
et al., 2008). However, they do not in themselves provide suffi-
cient separation and selectivity for ABA and other plant hormone
work. Good selectivity can be achieved with gas chromatography-
mass spectrometry and, when used with selected ion monitoring
(GC-MS/SIM) and robotics, throughput can be satisfactory for
large-scale projects. However, some metabolites, notably ABA-
GE, are not stable at GC temperatures, and the method is not
well suited to profiling a wide range of hormone metabolites in
a single pass. A method for plant hormone profiling has been
developed that is capable of analyzing in a single run ABA and
its metabolites, as well as hormones in the cytokinin, gibberellin,
and auxin families (Chiwocha et al., 2003; Ross et al., 2004). This
method utilizes reverse-phase HPLC separation, coupled to elec-
trospray ionization and MS with multiple reaction monitoring
(MRM). Although chromatography only partially separates com-
pounds from one another, a high level of specificity is achieved by
MRM, wherein each ionized compound in a plant sample gives a
distinct precursor-to-product ion transition that is diagnostic of
that particular compound. An important attribute of the system is
the development and use of deuterated internal standards to cor-
rect for workup variability. The system is capable of quantifying
ABA levels in the 10−12 g range, which permits a tissue sample of
about 50 mg dry weight to be analyzed for the whole profile of hor-
mones and their conjugates. Cost is a limitation for phenotyping
projects that involve large numbers of samples. The system utilizes
elaborate instrumentation and requires about 40 min per sample,
leading to a rather high cost per sample (Zaharia and Abrams,
2011).

A second category of methods for ABA analysis involves
immunochemical procedures with labeling from either a radioiso-
tope (radioimmunoassay, RIA) or an enzyme (enzyme-linked
immunosorbent assay, ELISA). These methods take advantage of
the high level of binding specificity of antibodies to discriminate
between substances in a complex mixture. In RIA, a radioactively
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labeled form of the analyte (e.g., ABA) is mixed with the sample to
provide quantification, while in ELISA an enzyme reporter system
is used to generate a measurable signal indicating presence of the
analyte. Both immunochemical systems have been widely used
for ABA quantification (Mertens et al., 1983; Walker-Simmons,
1987; Quarrie et al., 1988; Vernieri et al., 1989; Perata et al., 1990;
Philosoph-Hadas et al., 1993; Banowetz et al., 1994; Xie et al., 1996;
Kalantari et al., 2001; Hradecka et al., 2007).

An advantage of immunochemical analyses over physical-
chemical systems is the low detection limit. The mid-point of the
assay range for ABA ELISA is about 0.2× 10−12 mol (Setter and
Parra, 2010). This means that tissue samples as small as 1 mg dry
weight are sufficient, permitting field sampling of small, but repre-
sentative, portions of leaves or floral parts whose removal does not
significantly affect plant growth in the field plot for yield and other
phenotyping data. In practice, samples are usually composites of
several plants per plot and of sufficient size for them to be used for
analysis of multiple constituents in addition to ABA. In addition to
analyzing ABA, it is also possible to use ABA immunoassay to ana-
lyze ABA catabolites in plant samples. ABA-GE can be assayed by
chromatographically separating ABA from ABA-GE, then using
alkaline hydrolysis to cleave the ester linkage between ABA and
glucose, and then imunoassaying ABA as usual. Phaseic acid (PA)
and its glucose ester can be analyzed with immunoassay as well,
using a monoclonal antibody directed against the conjugated form
of PA (Gergs et al., 1993; Setter et al., 2011). To date, there are no
reports of the development of antibodies directed against the other
major ABA catabolite, dihydrophaseic acid (DPA). If an anti-DPA
antibody were to be produced, investigators would have a set of
antibodies that could be used to immunoassay a full profile of ABA
and its most abundant catabolites.

OSMOTIC SOLUTE ACCUMULATION AND OSMOTIC
ADJUSTMENT
Osmotic adjustment refers to the accumulation of osmotically
active solutes in response to the imposition of stress. It is a potential
contributor to drought tolerance, and a sizable body of literature
about it has developed. The potential benefit OA provides to a
plant is that it helps cells retain water in the face of decreasing water
potential that would otherwise result in cell shrinkage, distortion,
and plasmolysis (Figure 1).

Although currently available tools to assess OA have enabled
progress to be made in developing our understanding of the physi-
ological role of OA and in identifying genotypic differences, studies
that have involved large-scale phenotyping of populations have
had mixed results. As discussed below, this may be due, in part, to
a lack of easy-to-use sampling and analytical methods. Neverthe-
less, several studies have reported identification of QTLs for OA
and related traits in crops (Table 2).

A major difficulty of current methods of measuring OA is that
it is necessary to harvest fresh tissue and immediately perform
several operations on it while keeping it alive, keeping cell mem-
branes intact, and not disturbing metabolism. For field studies,
this generally requires care to prevent overheating of specimens
during handling, and the availability on-site of apparatus such
as a balance to weigh fresh tissue and an osmometer to measure
solute potential. Also, since samples for all plots should be taken

FIGURE 1 |The advantages of accumulating osmotically active solutes
is illustrated with the response of total water potential (Ψw) to a
lowering of relative water content (RWC) in wheat leaves, comparing a
plant that was well-watered with another that was stress-conditioned
by several cycles of water deficit and rewatering over a number of
weeks, causing it to accumulate additional osmotically active solutes
(Adapted from Melkonian et al., 1982). Two phases are identified. In
tissue equilibrated with free water (Ψw ≈0 MPa), a large positive turgor
pressure balances the osmotic component of water potential. As water is
lost, turgor decreases steeply, reflecting the rather stiff cell walls in mature
organs, in accordance with the elasticity relation. At RWCs below the point
of zero turgor (the inflection point), the relationship is dictated by the less
steep Boyle-van’t Hoff relation between osmotic solute activity and water
potential, Ψw ≈−RTC, where R is the ideal gas constant, T is the absolute
temperature, and C is the concentration in moles of osmotically active
solutes per kg of water. Tissues that accumulate more solutes via the
process of osmotic adjustment, such as the stress-conditioned leaf shown
here, shift the Boyle-van’t Hoff curve to lower water potentials. As a
consequence, the tissue can maintain positive turgor over a wider Ψw range
and incur less shrinkage at still lower levels of Ψw below the turgor loss
point. Such shrinkage and low Ψw can damage the integrity of cell
membranes and other cell constituents, and lead to cell death as in
stress-induced leaf necrosis.

at a defined number of days after water deficit, the need to sample
and analyze fresh tissue means the investigator must perform the
analyses on-the-spot and cannot put the samples in storage for
analysis at a later, more convenient time.

Several studies have assessed the adequacy of various meth-
ods for quantifying OA. In a comprehensive comparison of four
methods for evaluating OA, Babu et al. (1999) considered two of
them feasible for phenotyping work. In the first of these methods,
the tissue relative water content (RWC) and osmotic potential are
measured, then the osmotic potential is extrapolated to an RWC
of 100% using an assumed RWC-solute potential relationship. In
the second, the plants (or portions thereof) are fully rehydrated
overnight. Then the osmotic potential is measured on samples. It is
assumed that the rehydration does not alter solute concentrations
significantly, even though it takes several hours and sometimes
involves floating specimens on water, allowing the possibility of
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Table 2 | Studies in which QTLs were identified for osmotic adjustment (OA) and related traits.

Crop QTLs identified Citation

OA Solute potential Others

Barley x x ∆13C, soluble carbohydrate Diab et al. (2004)

Barley x x RWC Teulat et al. (1998)

Barley x x Carbohydrate, RWC Teulat et al. (2001)

Cotton x ∆13C, yield, canopy temperature, chlorophyll Saranga et al. (2004)

Cotton x Saranga et al. (2001)

Rice x x Lethal osmotic potential Lilley et al. (1996)

Rice x Robin et al. (2003)

Rice x Root traits Zhang et al. (2001)

Sunflower x x Turgor, RWC Kiani et al. (2007)

RWC, relative water content.

solute efflux. Measurement of osmotic potential involves several
steps that must be carried out immediately and with care to avoid
evaporative losses. Sap is obtained either by pressing it out of fresh
tissue or releasing it from freeze-thawed tissue, then transferring it
to a dew point or freezing point osmometer. Measurement of RWC
is also a substantial undertaking under field conditions. Usually,
tissue specimens are placed into preweighed vials and the vials are
weighed soon after collection to obtain the initial fresh weight.
Samples are then incubated in water for several hours to rehydrate
fully, are blotted to remove unabsorbed surface water, weighed
again, dried in an oven, and weighed a final time. With so many
manipulations and measurements, the final calculated value for
RWC inevitably incurs some loss of precision.

Another potential weakness of OA phenotyping is that it is
a composite property that has many contributing components.
A wide range of osmotically active solutes can contribute to
osmotic potential and to OA. This can confound identification
of OA QTLs and the genes responsible for OA. An alternative
approach that is becoming ever more realistic with the advent of
high-throughput analytical methods for large numbers of metabo-
lites (“metabolomics”) is to analyze the main constituents that
contribute to OA. There have only been a few studies where
the substances contributing to the osmotic component of water
potential have been determined (Table 3). The main categories
of osmotic solute are sugars, mineral ions such as potassium, and
nitrate, organic acids, and amino acids. In most cases, potassium
along with its anion partners is the main class of osmotically active
solute. In certain cases, such as the leaves of sorghum and maize,
sucrose and other sugars are important contributors to OA, while
the contributions of proline and other amino acids are relatively
small on a bulk tissue basis. Hence, it is feasible to quantify each
of the major contributors to OA in phenotyping projects.

MEASUREMENT OF OSMOTICALLY ACTIVE SOLUTES
Determination of the component compounds which contribute
to OA can be straightforward and done on a large scale. For exam-
ple, in studies of maize, a population of over 200 recombinant
inbred lines (RILs) was sampled at three stages of stress in 2 years
with replication such that over 10,000 samples were analyzed (T.
Setter and J.-M. Ribaut, unpublished data). Sampling involved

cutting disks from mature leaves of several plants representative
of each plot and immersing them in tubes containing ice-chilled
80% methanol. In this solvent, metabolic changes are halted by the
cold and by the enzyme denaturing action of methanol. Samples
for determination of osmolyte can be stored safely in the solvent
for weeks, permitting the research team to schedule further work
on them at a convenient time. In mature leaves with living cells
(Ψw above the lethal point), the cell walls are elastic but sufficiently
rigid to prevent significant shrinkage at the prevailing RWCs, so
that passive concentration of solutes on a leaf area basis is not a
significant contributor to the measured content of solutes.

SUGARS
Several methods are available for analyzing organic osmolytes.
If there is likelihood that a particular compound or related
group of compounds are of primary interest, it is possible to
use targeted assays. The analysis of sugars can be done using
coupled enzyme reagents that use glucose oxidase/peroxidase, or
hexokinase/glucose-6-phosphate-dehydrogenase,and invertase, to
develop a chromogen whose color is determined in a 96-well col-
orimeter (Cairns, 1987; Setter et al., 2001; Alves and Setter, 2004).
These steps are easy to scale up to the desired number of samples
by using 12- or 96-channel pipetting and automated data transfer
from colorimeter to computer. Three QTLs for leaf sugar accumu-
lation were identified using this approach (Table 4). In support
of the hypothesis that sugar accumulation contributed to leaf sta-
bility during water deficit, it was observed that the accumulation
of leaf sugar had significant genetic correlation with the mainte-
nance of leaf chlorophyll at 3 weeks into drought, as expected for
a protective osmolyte effect (Table 4, lower panel).

METABOLOMIC APPROACHES
An alternative approach to targeted assays is use methods that
are capable of assaying a wide range of compounds in a single
step. Such metabolomic approaches are capable of quantifying
hundreds of metabolites in a single chromatographic operation,
though they require a substantial budget and justification for using
a broad exploration of constituent composition. Recent reviews
describe a wide variety of powerful analytical systems that have
been developed for this purpose (Stitt and Fernie, 2003; Sumner
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Table 3 | Contributions to total solute potential by sugars, potassium (K) salts, and proline in mature leaves of plants subjected to water deficit.

Family Species Common name Osmotic

adjustment (MPa)

Contribution to solute

potential (MPa)

Citation

Sugars K-salts Proline

Asteracea Helianthus annuus Sunflower 0.17 −0.04 −0.84 nd Jones et al. (1980)

Asteracea Heteropogon contortus Spear grass 0.39 −0.09 −0.30 −0.02 Ford and Wilson (1981)

Brassicacea Brassica napus, B. junea Canola, juncea 0.39 −0.24 −0.64 −0.03 Ma et al. (2004), Ma

and Turner (2006)

Euphorbeacea Manihot esculenta cassava 0.27 −0.14 −0.85 0.00 Alves and Setter (2004)

Leguminacea Cicer arietinum Chickpea 0.76 0.02 nd nd Basu et al. (2007)

Leguminacea Macroptilium atropurpuueum Siratro 0.34 −0.09 −0.41 0.00 Ford and Wilson (1981)

Leguminacea Trifolium alexandrinum Berseem clover 0.41 −0.23 −0.88 −0.12 Iannucci et al. (2002)

Leguminacea Trifolium incarnatum Crimson clover 0.24 −0.20 −0.71 −0.09 Iannucci et al. (2002)

Leguminacea Trifolium resupinatum Persion clover 0.20 −0.20 −0.70 −0.08 Iannucci et al. (2002)

Leguminacea Trifolium squarrosum Squarrosum clover 0.52 −0.30 −1.11 −0.11 Iannucci et al. (2002)

Malvacea Gossypium hirsutum Cotton 0.30 −0.02 −0.41 nd Cutler and Rains (1978)

Poacea Cenchuus cillaris Buffell grass 0.71 −0.05 −0.68 −0.02 Ford and Wilson (1981)

Poacea Panicum maximum Green panic 0.55 −0.06 −0.38 −0.04 Ford and Wilson (1981)

Poacea Pennisetum glaucum Pearl millet 0.40 −0.11 −0.88 −0.06 Kusaka et al. (2005)

Poacea Sorghum bicolor Sorghum 0.49 −0.25 −0.66 nd Jones et al. (1980)

Poacea Triticum durum Durum wheat 0.02 −0.16 −0.86 −0.06 Bajji et al. (2001)

Poacea Triticum durum Durum wheat 0.39 −0.22 −0.24 −0.05 Rascio et al. (1994)

Poacea Triticum durum Durum wheat 0.08 −0.16 −0.74 −0.18 Kameli and Lösel (1995)

Rhamnacea Ziziphus mauritiana Indian Jujube none −0.13 −0.23 −0.02 Arndt et al. (2000)

Rosacea Prunus persica Peach 0.15 −0.05 −0.43 0.00 Arndt et al. (2000)

Vitaceae Vitus vinifera Grape 0.41 −0.84 −0.61 nd Patakas et al. (2002)

Values are referenced to RWC=100%. Potassium is assumed to have an equivalent concentration of monovalent anion partner. (nd, not determined).

et al., 2003; Schauer and Fernie, 2006; Dixon et al., 2007; Shulaev
et al., 2008; Saito and Matsuda, 2010; Hall, 2011). For the analy-
sis of organic osmotic solutes, GC-MS with either quadrupole
or time-of-flight (TOF) mode is capable of quantifying several
hundred compounds of diverse classes including sugars, sugar
alcohols, organic acids, amino acids, and fatty acids. However,
samples require derivatization to make them volatile for GC analy-
sis. HPLC-MS is a favored alternative not requiring derivatization
and more suitable for unstable compounds (Tohge et al., 2011). For
phenotyping a narrower range of compounds, nuclear magnetic
resonance (NMR) has the advantage of not requiring separation
and providing high-throughput.

Apart from sugars and sugar alcohols, the main contributors to
the organic osmolyte pool are organic acids (Hummel et al., 2010),
amino acids, and, in some species, quaternary ammonium com-
pounds (QACs). High-throughput analysis of organic acids can
also be performed using coupled enzyme procedures, as described
above for sugars. For example, malate and citrate dehydrogenase
and associated colorimetric reagents can be used. However, these
assays operate in parallel mode. Thus, as more analytes are added
to a project, assay of a full profile of them on a large set of samples
involves splitting samples into aliquots and running numerous
separate assays, which becomes cumbersome and costly. With
appropriate choice of analytics, metabolomics methods are able
to include these additional analytes.

There are a few published examples of metabolomics used in
plants. Among those studies involving stress responses, Gagneul
et al. (2007) studied the effect of salt treatment in the halophyte
Limonium latifolium using a combination of GC-MS for organic
substances, HPLC-fluorescence detection for amino acids, proton
NMR for QACs, flame photometry for sodium and potassium, and
salicylate-colorimetry for nitrate. They concluded that, contrary
to expectations, organic solute accumulation is predominantly
constitutive and only slightly modulated by salinity. The major
contributors to osmolarity were inorganic solutes and, although
present, the compatible solutes proline, QACs, and inositols were
rather minor. Sanchez et al. (2008), studying Lotus japonicus,
also used GC-MS to assess salinity effects on organic solutes,
whereas they used ICP to analyze inorganic ions. They found
that L. japonicus had broad shifts in metabolism in response
to salinity, with decreases in potassium and organic acids, and
increases in many amino acids, sugars, and polyols. Schauer et al.
(2006) reported a QTL study of tomato fruit morphology and
metabolites. By using GC-MS to quantify 74 metabolites, they
identified 889 QTLs for metabolite levels, offering the possibility
that this approach could be used to modify fruit composition and
quality.

A further advantage of the metabolomics approach is that clus-
ters of correlated metabolites may be identified that are either
part of a common metabolic pathway or whose accumulation
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Table 4 | Upper panel: QTLs identified for leaf sugar accumulation in a

maize RIL population (Cimmyt P1 X P2) subjected to severe water

deficit during flowering. Lower panel: genetic correlations between

leaf sucrose and leaf chlorophyll.

Trait Year of trial Chromosome bin of QTL

Leaf suc 3W 2001 8.04

Leaf suc 4W 2001 8.04

Leaf glc 2W 2001 8.04

Leaf suc 2W 2001 8.04

Leaf glc 3W 2002 8.04

Leaf glc 4W 2002 8.04

Leaf suc 3W 2002 8.04

Leaf total sugar 3W 2002 8.04

Leaf total sugar 2W 2001 9.04

Leaf total sugar 4W 2001 9.04

Leaf suc 4W 2001 9.04

Leaf suc 2W 2002 9.04

Leaf total sugar 2W 2002 9.04

Leaf total sugar 3W 2002 9.04

Leaf suc 3W 2002 9.04

Leaf suc 4W 2001 10.03

Leaf total sugar 4W 2001 10.03

Leaf glc 2W 2002 10.03

Leaf suc 2W 2002 10.03

Leaf suc 4W 2002 10.03

Leaf total sugar 2W 2002 10.03

Leaf total sugar 4W 2002 10.03

Genetic correlations Leaf suc 3W

Leaf chlorophyll 2W 0.80

Leaf chlorophyll 3W 0.53

Leaf chlorophyll 4W 0.98

Trials were in 2001 and 2002 at Tlaltizapan field station, Mexico. Leaf disks were

sampled at 2, 3, and 4 weeks after withholding irrigation (2W, 3W, 4W) and ana-

lyzed with coupled enzyme procedures for sucrose (suc), glucose (glc), and total

sugar, expressed per unit leaf area. (Source: Setter and Ribaut, unpublished data).

is coordinately regulated. For instance, in comparisons of barley
cultivars differing in salt tolerance, Widodo et al. (2009) found
that the tolerant cultivar responded to salinity by accumulating
a broad range sugars, polyols, and organic acids and maintain-
ing relatively low levels of amino acids. Using MS systems to
quantify over 500 metabolites in Arabidopsis leaves subjected to
water deficit, Urano et al. (2009) found that amino acid lev-
els responded coordinately and involved ABA signaling, whereas
raffinose oligosaccharide accumulation responded differently. Co-
regulated clusters may provide a more reliable and robust pheno-
typic trait than any individual compound, thus providing more
utility for phenotyping.

POTASSIUM
The single most abundant osmotic solute in water stressed plant
tissue is usually potassium. Flame photometry, atomic absorption
spectrometry and inductively coupled plasma-atomic emission
spectrometry (known as ICP) are usually the methods of choice
(Munns et al., 2010).

For profiling the levels of potassium and other mineral ions,
ICP spectroscopy is the most commonly used method. Although
usually performed in relatively small numbers of samples, it can
be automated to increase the rate of throughput, as has been
done on large “ionomics” projects (Lahner et al., 2003; Salt et al.,
2008).

A further consideration in the analysis of metabolites is that
metabolite concentrations tend to be variable with respect to time
of sampling, age of an organ, and environmental conditions. To
characterize a genotype, investigators might be able to use full-
scale metabolomics to identify a smaller set of key diagnostic
compounds such that it is cost-effective to determine levels of
a small number of key compounds in several organs and at several
time-points rather than to determine the whole metabolic pro-
file for just one sample. For phenotyping projects that involve
hundreds or thousands of samples, it may be valuable to use
more targeted, less expensive methods for all samples, and reserve
full-scale metabolomics for a subset.

ANTIOXIDANTS
In leaves, water deficit can result in excess electron flow to the
production of reactive oxygen species (ROS) which in turn dam-
ages leaf membranes and proteins (Demmig-Adams and Adams,
2002). While high-throughput luminol chemiluminescence meth-
ods are available to assay the composite ROS levels in tissues
subjected to stress, the functions of ROS are multifaceted and
include signaling (Mittler et al., 2011), thereby complicating their
interpretation. It is plausible that metabolomics may provide valu-
able phenotypic information on the spectrum of antioxidants
and photoprotectants in a genotype. For example, studies indicate
that the xanthophyll carotenoids perform a critical photoprotec-
tant role (Demmig-Adams and Adams, 2002), and methods for
metabolite profiling of carotenoids are now available (Fraser et al.,
2007).

COMPATIBLE SOLUTES
Compatible solutes are small molecular weight osmolytes which
are highly soluble in the cell solution and do not interfere with
cellular metabolism, even at high concentrations. They differ in
this regard from inorganic solutes, which can disrupt protein and
membrane structure at high concentrations. Examples of com-
patible solutes include proline, QACs (glycine betaine), and sugar
alcohols (mannitol, pinitol). Given their putative properties, they
have been of interest with respect to genetic improvement of
crops for a long time. The possibility of manipulating the levels
of compatible solutes through transgenic metabolic engineering
has been considered to be within grasp because the genes encod-
ing their synthesis and catabolism have been cloned. While such
overexpression transgenics have had limited success in improving
drought tolerance (Abebe et al., 2003; Su et al., 2006; Chen and
Murata, 2008; Szabados and Savoure, 2010; Sanchez et al., 2012), it
might still be of interest to phenotype populations to identify alle-
les that contribute to compatible solute synthesis. In addition to
the metabolite and protein assays described above, another strat-
egy might be to analyze the activities of key enzymes in compatible
solute synthesis or catabolism. Recently, methods have been devel-
oped to vastly increase the throughput of such assays, so that it is
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now feasible to use this approach in phenotyping. For example,
Gibon et al. (2004) reported the development of a robot-based
system for assay of the activity of 23 enzymes that are involved in
central carbon and nitrogen metabolism.

LATE EMBRYOGENESIS ABUNDANT PROTEINS
Studies of plant organs that undergo extreme desiccation, such
as dry seeds and resurrection plants, have led to the discovery of
a broad class of proteins called “LEA proteins.” LEAs are highly
expressed during desiccation and are thought to play a role in
desiccation tolerance, although the mechanisms for this are not
yet known. LEAs are unstructured, unfolded proteins that are
highly hydrophilic and remain water soluble even when heated
to 80˚C. This is due to their high content of glycine, glutamic
acid, glutamine and lysine the near absence of cysteine, and their
unique peptide profiles (Wise and Tunnacliffe, 2004; Tunnacliffe
and Wise, 2007). But there is evidence that during stress, LEAs
can develop a secondary structure and interact with proteins and
membranes, and this may explain their function in drying tissue.
Under such conditions, they might serve a chaperone function to
form three-dimensional structures that could provide stability to
cellular protein and membrane systems, to prevent enzymes and
other structures from aggregating and denaturing (Goyal et al.,
2005). In the highly dehydrated state, they might also serve as a
molecular shield to prevent excessively close proximity of pro-
teins, or they might serve a water-binding role that helps create a
more favorable environment for protein stability during desicca-
tion. Studies of transgenic plants in which LEA polypeptides have
been overexpressed have been reported to contribute to tolerance
of water loss (Sivamani et al., 2000; Cheng et al., 2002; Xiao et al.,
2007). Much of this work involves severe water loss, such as in
desiccation. Hence it is possible that their roles only come into
play when a tissue experiences severe dehydration, such as during
advanced stages of a drought episode, where soil water is depleted
to a severely low water potential and leaves desiccate to an even
lower water potential. In these cases, LEA proteins may act together
with compatible solutes to prevent tissue death, and permit subse-
quent rehydration to a viable state, if and when deeper rooting or
precipitation occurs. Hence, with respect to crop growth during
the vegetative stage, the situations in which they might be most
important are where more tolerant genotypes use LEA polypep-
tides to help avoid lethal desiccation and ensuing cell death, such
as in conditions where susceptible genotypes suffer from leaf firing
and tassel blasting.

Late embryogenesis abundant levels have been measured using
immunochemical approaches. By taking advantage of the fact that
members of each LEA family of polypeptides have a few conserved
domains, antibodies developed against a conserved domain are
useful in detecting several members of the family (Close and Chan-
dler, 1990). Assays using such antibodies have been developed
for protein gel blots and ELISA (Jayaprakash et al., 1998; Volaire,
2003; Yang et al., 2007; Pinheiro et al., 2008). Recently, proteomic
methods wherein polypeptides are separated by two-dimensional
polyacrylamide gel electrophoresis followed by identification by
liquid chromatography-mass spectrometry (LC-MS) have been
used to analyze the levels of LEA polypeptides in plant tissues
(March et al., 2007). As with other “omics” methods, proteomics

provides the capability to survey the levels of the whole family of
LEA polypeptides, which are numerous; for example, there are 50
members in Arabidopsis LEA family (Bies-Etheve et al., 2008).

REPRODUCTIVE AND STORAGE ORGAN DEVELOPMENT
Many important traits that contribute to superior crop perfor-
mance in stress environments involve better developmental regu-
latory systems whereby deep root growth is stimulated and lateral
rooting decreased, or development of sink organs that will con-
tribute to yield is sustained rather than aborted. These traits can
be especially challenging to phenotype using analytic methods
due to their complex regulatory networks and the large number of
component factors. While quantification of easily scored morpho-
logical traits such as root length and plant height are straightfor-
ward, there may be value in quantifying processes that underpin
these growth processes and the impact of stress on them. Methods
to phenotype processes that contribute to seed-set, fruit-set and
tuber-set are of interest for many crops, as are similar develop-
mental attributes that are often diminished in stress, and genetic
selection for these traits has been successful in improving crop
yield in drought stress Ribaut et al. (2009). While morphological
measures of these traits can be effective (e.g., ASI in maize, spikelet
fertility in rice, and components of yield in most crops), it is possi-
bly of interest to have diagnostic tests that would involve sampling
tissue at the moment it is engaged in developmental decision-
making, so that genotypes could be evaluated more directly for
important stress tolerance behavior. For example, in maize and
rice, a common response to water deficit at flowering is decreased
cell wall invertase (INCW) activity (Ji et al., 2005; Boyer and
McLaughlin, 2007). Given that expression of INCW represents one
of many genes that are part of the growth-arrest syndrome, mea-
surement of INCW levels can be considered a diagnostic test for
this growth-arrest phenotype. Many other diagnostic test candi-
dates can be considered, including other growth-specific proteins
such as cyclins (for cell division), expansins (for cell expansion
growth), and starch synthase (for starch accumulation).

In addition to direct participants in growth, the level of expres-
sion of key signaling or transcription factor proteins could also
be considered valuable in this phenotyping strategy. Candidates
for diagnostic tests might be identified from transcript profiling
studies that are being carried out on reproductive tissue exposed
to drought. For example, studies by Yu and Setter (2003) in maize
and Agarwal et al. (2007) in rice have profiled transcription in
pedicels, endosperms, and panicles during their early stage of
development, and have found sets of transcripts that are consis-
tently up- or downregulated in response to stress and studies by
Fujita et al. (2010) have identified transcripts expressed at specific
stages of reproductive organ development. In a review of over 100
transcriptomic studies of plant response to drought and salinity,
Deyholos (2010) concluded that with future improvements, tran-
scriptomics could be valuable as a screening tool for candidate gene
discovery. This approach is consistent with the strategy of identi-
fying a small number of key transcripts (e.g., Rabbani et al., 2003;
Boyer and McLaughlin, 2007) which could be used to construct
a diagnostic test of stress tolerance attributes for use in pheno-
typing large populations. Tools for handling hundreds of RNA
samples are available. For example, real-time polymerase chain
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reaction (RT-PCR) can be run on 384 plates fairly economically
and reliably.

Other methods are under development to extend transcrip-
tomic assays from being highly focused on just a few samples (pro-
filing tens of thousands of genes) toward a capability of efficiently
handling thousands of samples. An advantage of such an approach
is that it might reveal genetic variability for processes underlying
the decision-making involved in reproductive set versus abortion.
This approach could be particularly effective for developmental
traits such as flower and seed-set, which involve complex signal-
ing and gene expression networks rather than clear-cut metabolic
pathways. Methods for morphological measurement of growth or
components of yield at final harvest as currently used might miss
some of this information. As the cost of transcript profiling by
RNA sequencing (RNAseq) and other genomics methods continue
to decrease, the prospects of using these methods for phenotyping

will be enhanced. This may enable clustering of RNAseq (or pro-
teomic) data points to identify higher order patterns in profiles of
gene expression that correlate with superior stress tolerance. Such
systems approaches might capture trait information on a complex
process such as sustained floral development that could not be
explained by quantifying a small set of transcripts.

CONCLUSION
Investigators now have a wide range of analytical tools to use in
measuring metabolites, proteins and transcripts in plant tissues.
The tools range from inexpensive to costly, from single-purpose
to broad based profiling in “omic” mode. The most appropriate
choice for phenotyping will depend on a project’s goals, the rela-
tive merit of each analytical approach, the cost, and any trade-offs
between phenotyping a large number of entries at low cost per
analysis versus a smaller number in great detail.
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The Crop Ontology (CO) of the Generation Challenge Program (GCP) (http://
cropontology.org/) is developed for the Integrated Breeding Platform (IBP) (https://www.
integratedbreeding.net/) by several centers of The Consultative Group on International
Agricultural Research (CGIAR): bioversity, CIMMYT, CIP, ICRISAT, IITA, and IRRI. Integrated
breeding necessitates that breeders access genotypic and phenotypic data related to
a given trait. The CO provides validated trait names used by the crop communities of
practice (CoP) for harmonizing the annotation of phenotypic and genotypic data and thus
supporting data accessibility and discovery through web queries. The trait information is
completed by the description of the measurement methods and scales, and images. The
trait dictionaries used to produce the Integrated Breeding (IB) fieldbooks are synchronized
with the CO terms for an automatic annotation of the phenotypic data measured in
the field. The IB fieldbook provides breeders with direct access to the CO to get
additional descriptive information on the traits. Ontologies and trait dictionaries are online
for cassava, chickpea, common bean, groundnut, maize, Musa, potato, rice, sorghum,
and wheat. Online curation and annotation tools facilitate (http://cropontology.org) direct
maintenance of the trait information and production of trait dictionaries by the crop
communities. An important feature is the cross referencing of CO terms with the Crop
database trait ID and with their synonyms in Plant Ontology (PO) and Trait Ontology
(TO). Web links between cross referenced terms in CO provide online access to
data annotated with similar ontological terms, particularly the genetic data in Gramene
(University of Cornell) or the evaluation and climatic data in the Global Repository
of evaluation trials of the Climate Change, Agriculture and Food Security programme
(CCAFS). Cross-referencing and annotation will be further applied in the IBP.

Keywords: Crop Ontology, breeding trait, plant phenotype, trait dictionaries, breeding fieldbook, data annotation,

integrated breeding platform, crop community of practice

INTRODUCTION
In recent years, sequence information has become readily avail-
able for a variety of crop species. However, a gap is emerging
between the physical genome information and the quantitative
information regarding phenotypes. It is becoming clear that the
application of quantitative genetic information by researchers and
breeders is limited by a lack of standard nomenclature used to
describe both crop development and agronomic traits. Without
either a nomenclature or information, which provides the equiv-
alence links between trait descriptions, it is hard to compare
information from Quantitative Trait Loci (QTL) and association
studies in a way that permits systematic transfer of knowledge
about genotype-phenotype relationships among crops or between
crops.

In the case of crop breeding programs, plant breeders repeat-
edly measure a large number of traits in order to understand the
crop phenotype, based on variation in genotype and environ-
ment. Some traits are common across crops whereas some other
traits are crop specific such as anthesis silking interval (ASI) for
maize. Common traits across crops can be measured with differ-
ent methods and scales. Likewise, one trait could be measured
under several environmental conditions at different growth stages
within a crop. Therefore, the management of crop characteriza-
tion and evaluation data in databases at the global level is always
complex and critical. The situation is more complex for traits like
resistance to disease or to abiotic stresses such as drought and
salinity tolerance. For example a plant pathologist could score
stem rust disease in the greenhouse at seedling stage or in the
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field (adult plants for severity and incidence) by artificial inocula-
tion of pathogen or via natural infestation using different scoring
rating scales. To enable comparison of these different types of
measurements related to a single trait, and to support future mod-
eling of the correlation among several traits the following are
required: (1) that a nomenclature and controlled vocabularies in
the form of ontologies are applied in databases and knowledge
bases and (2) the data generated by the trials/experiments are
properly annotated by crop communities practiced in using val-
idated trait names, and adjusted to the recommended methods
of measurement and scales. Data annotation is the addition of
metadata (i.e., ontological terms) that describe the data file and
possibly the data point. Phenotype and genotype data annotation
enable researchers to attach information and data to a botani-
cal term, a development stage and a trait name. It can also be
used to specify the process through which trait data has been
obtained and its provenance. Although annotation of genetic data
is commonplace, data produced via phenotyping studies are usu-
ally not annotated using a controlled vocabulary to facilitate their
integration into multi-crop platforms.

APPLICATION OF THE INTEGRATED BREEDING CROP
ONTOLOGY IN CROP RESEARCH
The fundamental scientific question underlying research on
diverse genotypes of any plant species is “What is the causal rela-
tionship between genotype and phenotype?” DNA is transcribed
into RNA, which is either bioactive itself (as non-coding RNA
gene products) or is translated into peptides that form part of
protein gene products. Ultimately, these products act as structural

elements, genetic regulatory control factors, or modulators of
the biochemical fluxes within metabolic and physiological path-
ways, at the sub-cellular, tissue, organ, and whole organism level.
This sum total of molecular expression integrates the overall
structural and behavioral features of the plant—its “phenotype.”
The unfolding of this story also has an essential environmental
context, including biotic (ecosystem) and abiotic (geophysical)
factors modulating expression in a variety of ways via diverse
sensory and regulatory mechanisms in the plant. Various classes
of experimental data associated with this tapestry of germplasm
function are summarized in Figure 1.

Phenotypes and genotypes can be characterized at various
levels of abstraction and resolution (Bruskiewich et al., 2006).
In the case of plant phenotypes, it includes measurements of
traits at different growth stages, in various environments and
treatment conditions. Genotypes include laboratory measure-
ments of DNA and simple observations of visible phenotypes.
The molecular variation measured by genotyping can be neutral
or biologically significant. Neutral molecular variation generally
involves markers that simply exhibit DNA structural polymor-
phism that is usefully applied to answer basic questions on the
extent of similarity between germplasm samples (i.e., “finger-
printing” experiments) or on the chromosome location of a
marker (i.e., “mapping” experiments). Answering such questions
will often lead to deeper exploration of germplasm, such as evo-
lutionary studies, practical management of plant crosses, and
genetic resource management. Whatever the nature of phenotype
and genotype measurements, the primary task is to completely
capture and accurately codify the raw and derived phenotype

FIGURE 1 | Biological relationships in germplasm research adapted from Bruskiewich et al. (2006).
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and genotype data. The role of the ontology is precisely to sup-
port the description of all the pathways between the gene and
the expression of the trait, enabling data interpretation (Shrestha
et al., 2011). The Crop Ontology (CO) provides additional
terms and descriptions of traits, along with methods and scales
that complement the Gene Ontology (GO; http://geneontology.
org), Plant Ontology (PO; http://plantontology.org) and Trait
Ontology (TO; http://www.gramene.org/) for bridging a wider
set of annotated genetic, genomic, and phenotypic data with for-
malized phenotype descriptions and leading to data discovery.
Documentation of protocols related to phenotypic data is very
important for enabling comparison across crops, environments
and plant growth stages and the CO aims to provide comprehen-
sive information about the trait and the measurement of the trait.

THE CROP ONTOLOGY (CO) AND THE TRAIT DICTIONARIES
IN THE INTEGRATED BREEDING FIELDBOOK
The Integrated Breeding Platform (IBP; https://integratedbreed
ing.net/) is developed by the Generation Challenge Programme
(GCP; http://www.generationcp.org/) for crop breeders. The
objective of the IBP is to provide access to modern breeding tech-
nologies, breeding material, and related information and services,
in a centralized and functional manner. This should improve
plant breeding efficiency in developing countries and facilitate
the adoption of molecular breeding approaches (Delannay et al.,
2011). The Integrated breeding fieldbook (referred to in the text
as the IB Fieldbook, Figure 2) supports the harmonized capture
of trait measurements in the evaluation sites and their integration
in the crop databases. The fieldbook’s trait template is based on

the trait dictionary and includes a link to the corresponding trait
name in the IB CO.

The objectives of the integrated workflow between the IB
Fieldbook, the Trait Dictionary and the CO are (1) for breed-
ers and data managers to define a standard list of traits; (2) for
breeders to access more information on the trait and the protocols
used for measurement when defining their evaluation experi-
ment; (3) to provide an automatic annotation of the data captured
by breeders via the CO terms. The CO, in combination with the
crop trait dictionaries, provides a tool to foster the phenotypic
and genotypic data curation and annotation by the communities
of practice (CoP) of several crops using validated common trait
names, particularly breeders’ traits, protocols, and scales.

CREATING TRAIT DICTIONARIES FOR THE CROP DATABASES
AND THE FIELDBOOKS
The IB Fieldbook and the crop databases based on the
International Crop Information System (ICIS) contain the trait
dictionaries to support the harmonization of the trait measure-
ments across the phenotyping sites and the data annotation across
databases. The trait dictionaries and the ontology are embed-
ded into the crop databases for cassava, chickpea, rice, maize,
wheat, and soon for banana, groundnut, cowpea, common beans,
pigeon pea, and sorghum. Each crop-specific trait ontology and
dictionary will be maintained by acrop lead center and/or a crop
research community.

To assist breeders an Excel spread sheet template was devel-
oped to simplify the process of submitting traits, trait descrip-
tions, allocation of categories or valid ranges and measurement

FIGURE 2 | Integrated Breeding Fieldbook for capturing trait measurement with mobile devices.
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protocols. Utilization of the trait template was very helpful to
obtain extended trait information and manage the quality con-
trol of trait names within the databases. Multi-location evaluation
programs have been conducted in several countries to ensure that
trait names are stored in the fieldbooks and databases in several
languages. An indicator of the language has also been added to
the online trait dictionaries so that crop communities can send
trait names in different languages via the basic trait template. The
same term identifier will be used for the same trait in different
languages, so that different versions of the same trait are referred
to as synonyms to facilitate the search of data across languages.

Recently, the trait dictionaries were used to prioritize the traits
according to the frequency of use by breeders in their research
programs and importance for the crop. The objective was to pro-
vide a core standard set of crop specific traits that will appear by
default in the crop fieldbook wherever the crop is evaluated. A
list of optional traits is also available and can be added by the
breeder according to the evaluation objective. All existing trait
dictionaries have been uploaded in the CO and are also avail-
able for download on each crop page of the IBP website. The
harmonization between the CO and the trait dictionaries will be

continuously performed by the CoP and the use of the online
ontology will be prioritized to avoid deviation from a single
reference list of traits, methods and scales.

DEPLOYING THE TRAIT DICTIONARIES ANNOTATED WITH THE
CROP ONTOLOGY TERMS
The schema of the GCP crop database, along with the trait dictio-
naries, is being deployed within each CoP through the installation
of a central database managed by the crop lead center and sev-
eral local databases installed in the research stations and partners
institutions. The trait dictionaries that include the CO terms are
embedded into the central database and are maintained by crop
data curators. The curator manages the validation and synchro-
nization of trait dictionaries with the online CO curation tool.
The local crop databases contain the reference trait dictionaries
inherited from the central database that is used to design the field
book template for the handheld or the printed form. This data
flow (Figure 3) ensures that traits measured in the field are har-
monized across sites and are captured within the template format.
The CO terms and their identifiers, which are embedded into
the fieldbook template, ensure that data are already annotated

FIGURE 3 | Trait data flow between the ontology, the crop databases and the field book.
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without any additional effort from the database curator. The
annotated data could therefore easily be synchronized from the
hand held data capture devise to the local database and then to
the central crop database.

DEVELOPMENT OF THE CROP-SPECIFIC TRAIT
ONTOLOGIES
At present, the CO provides crop-specific trait ontologies for
cassava, chickpea, maize, musa, potato, sorghum, rice, wheat,
as well as online trait dictionaries for common bean, cow-
pea, and groundnut developed by the crop lead centers of the
GCP challenge initiatives. These simple trait lists built in the
form of controlled vocabularies with short descriptions do not
fulfill all the requirements for ontology-based access to data.
Therefore, the trait dictionaries will be upgraded into ontolo-
gies by adding multiple relationships and cross referencing to
other major ontologies. Since 2007, the crop-specific ontologies
were developed in the crop lead centers, by teams of breeders,
biometricians and data managers using the OBO-Edit software
promoted by the Open Biomedical Ontology (OBO) communi-
ties such as GO (Ashburner and Lewis, 2002; Day-Richter et al.,
2007), PO and TO (Jaiswal et al., 2002). By using OBO-Edit,
ontology curators are able to construct the ontology from lists
of traits, create the necessary multi-relationships between terms,
and simultaneously create cross-references with the terms in TO
and PO. Multi-relationships between biological terms provide the
semantic framework, which is necessary to model the biologi-
cal pathways, describing the expression of the traits in plants,
in various tissues, at different development stages and different
environments.

The CO describes agronomic, morphological, physiologi-
cal, quality, and abiotic and biotic stresses related traits of
several crops using most common “is_a” and “part_of” rela-
tions assigned by OBO-foundry (Shrestha et al., 2010). The

methodology, which was applied for developing the PO and
TO, was also used for developing the CO. In order to embed
methods and scales in the Crop specific ontologies, new onto-
logical relations were created such as “method_ of,” “scale_of,”
and “derived_from” for meaningfully describe the traits and their
relations to methods and scales (Figure 4).

THE ONLINE CROP ONTOLOGY SITE FOR A
COMMUNITY-BASED CURATION AND ANNOTATION
In 2011, the new CO website (www.cropontology.org) was
released providing a tool for participatory ontology develop-
ment, curation, and annotation by the crop database curators
(Figure 5). Users can browse crop-specific ontologies, access trait
definition with the bibliographic reference, synonyms, images,
term abbreviation, as well as online cross references to PO, TO
and the GCP crop databases. The tool provides features for post-
ing comments and printing trait information. Only crop specific
curators are allowed to upload ontologies, add new terms and
attributes of traits and edit text to control quality. Video tutorials
are available in the website. The code used for the development is
hosted on Google App Engine and the versioned code is hosted
on GitHub.

Trait measurement methods are displayed as derived terms
of the related trait name with newly created relationship
“method_of” and scales are derived terms of their related
method with relationship “scale_of” (Figure 6). Providing proto-
cols related to traits facilitates the selection of appropriate terms
for data annotation and data exchange across databases.

The prototype of the online annotation tool was inspired
by Terminizer, developed by David Hancock (University of
Manchester, http://terminizer.org/). This tool allows the user to
associate the ontology terms with existing trait names extracted
from the database or text and overcome the heterogeneous man-
ner of naming the traits (Figure 7).

FIGURE 4 | Representation of the multi-relationships of “Anthesis silking interval” in OBO-Edit.
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FIGURE 5 | Crop Ontology homepage (http://www.cropontology.org).
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FIGURE 6 | Online display of new relationships “method_of” and “scale_of” for “stem rust” along with information and images about the scale used

for measurement.

EXPANDING THE USE OF THE CROP ONTOLOGY INTO
THE INTERNATIONAL COMMUNITY FOR DATA
DISCOVERY
New CO terms were submitted for addition to PO and TO. The
collaboration will continue through the cross-referencing of PO,
TO and CO in order to develop internationally shared crop trait
ontology. To extend the access to genetic information, CO cura-
tors have cross-referenced most of the traits with synonyms in PO
and TO. An important online feature is the active web linkages
of these cross-referenced terms that direct users to the corre-
sponding term-specific page on Gramene (Cornell) or on PO and
the annotated genetic data (e.g., QTL) associated with the trait
(if available) (Figure 8).

The United State Department of Agriculture (USDA) and the
Solanaceae Genomics Network (SGN)—who are presently the
most interested to cross reference their respective ontology and
data with the GCP CO to enable data integration—have uploaded

their respective ontology on the online curation tool: the Soybean
ontology for Soybase and the Solanaceae ontology.

AN OPEN SOURCE SERVER OF CROSS-REFERENCED
TRAIT NAMES FOR DATA INTEGRATION
The online Integrated Breeding CO is a freely available resource
that acts as open-source server for names of traits thanks to
an Application Programming Interface (API). The API enables
programmatic access to the CO by web sites, web services or
data template wizards that can dynamically synchronize their lists
of traits with the CO. This synchronization supports the har-
monization of data annotation and then enables the discovery
of annotated data through web queries based on the ontology
terms. The first site to use the API is the Global Agricultural
Trial Repository of the CGIAR program on Climate Change for
Food and Agriculture Security (CCAFS; http://www.agtrials.org:
8080/). The CCAFS initiative dynamically links the names of
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FIGURE 7 | Screenshot of the online annotation tool showing steps in the

annotation process: (A) paste data or metadata to annotate (B) the tool

generates a table and user can select one ontology (e.g., maize trait) before

annotation (C) information and images about the corresponding ontological

term are displayed below the term selected for annotation (e.g., anthesis

silking interval). Users can check and validate or reject the proposition.

FIGURE 8 | Direct access to the QTL information associated with the trait “anthesis silking interval” on the Gramene website through the cross

referencing link placed in the Crop Ontology.
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FIGURE 9 | Screenshot showing the dynamic link from the variable “spikelet fertility” on Agtrials to additional information in the online Rice

Ontology.

FIGURE 10 | Mockup of an ontological trait based access to the map of trials on Agtrials.
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variables measured during the evaluation of varieties with the CO
terms. The objectives are (1) to facilitate the annotation of the
data files by users with harmonized trait names; and (2) to pro-
vide users with access to detailed information on the variables
(Figure 9).

This cross-referencing prepares the ground for integration of
online data into a single site, and the objective is to integrate this
further within the IBP. Integrating the Agtrials website with the
CO would provide, for any given trait and crop, access to the
phenotypic data combined with geographical and environmental
data (Figure 10).

CONCLUSIONS
The development of a GCP CO for breeders’ traits is a pio-
neering activity that was acknowledged by major partners
in the agronomic research and in the landscape of pheno-
type ontology development such as the USDA, the Solanaceae
Genomics Consortium, Cornell University, the PO Consortium,
the National Center for Biotechnology Information and the NSF
Research Coordination Network on Phenotype. The CO develop-
ment is currently based on Trait dictionaries defined by teams of
breeders and data managers for direct use in the IB Fieldbook.
This initiative facilitates direct annotation of breeders’ data cap-
tured in the field and will enable the integration of phenotypic
and genetic data sets. It will also help the breeders, when evaluat-
ing traits in the field, to access the correct trait information they
need, including detailed standard protocols and scales. Thanks to
the new online curation and annotation tool, the curators of crop

specific ontologies can interactively modify existing trait names or
add new ones along with images, methods and scales. A full ontol-
ogy can easily be uploaded or created online, which encourages
partnership for the cross-referencing of terms. Once published
online, the cross reference of traits are converted into a web link
to directly access related data in other websites like Gramene
(University of Cornell) or Agtrials (CCAFS-CIAT). This is the
premise of the integration of phenotypic, genotypic and environ-
mental data associated with a given trait. The IBP will further
utilize the CO to integrate as much as possible of the genetic data
in the genomic data management system with the phenotypic
data collected in the GCP phenotyping sites. This online access of
the CO provides a useful mechanism for bridging a wider set of
annotated genetic, genomic and phenotypic data with formalized
phenotype descriptions that will lead to new data discovery.
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Crop improvement efforts have benefited greatly from advances in available data,
computing technology, and methods for targeting genotypes to environments. These
advances support the analysis of genotype by environment interactions (GEI) to
understand how well a genotype adapts to environmental conditions. This paper reviews
the use of spatial analysis to support crop improvement research aimed at matching
genotypes to their most appropriate environmental niches. Better data sets are now
available on soils, weather and climate, elevation, vegetation, crop distribution, and local
conditions where genotypes are tested in experimental trial sites. The improved data are
now combined with spatial analysis methods to compare environmental conditions across
sites, create agro-ecological region maps, and assess environment change. Climate,
elevation, and vegetation data sets are now widely available, supporting analyses that
were much more difficult even 5 or 10 years ago. While detailed soil data for many
parts of the world remains difficult to acquire for crop improvement studies, new
advances in digital soil mapping are likely to improve our capacity. Site analysis and
matching and regional targeting methods have advanced in parallel to data and technology
improvements. All these developments have increased our capacity to link genotype to
phenotype and point to a vast potential to improve crop adaptation efforts.

Keywords: spatial analysis, genotype-by-environment interaction, geographic targeting

INTRODUCTION
From the 1960s to the 1980s, the Centers of the Consultative
Group on International Agricultural Research (CGIAR) pur-
sued research on genotype by environment interactions (GEI)
research with relatively unfettered budgets. Their mandate was
to produce new crop varieties, train people to use them, and
get the seeds to the world’s farmers. To this end, the Centers
produced great networks of testing sites all over the world (see,
e.g., Peterson and Pfeiffer, 1989; CIAT, 2001; Magorokosho et al.,
2007). Collaborators came from national government breeding
programmes and universities, wherever there was an interest.
Many of the results are archived, and can be very useful in stud-
ies of GEI and in suggesting where a new genotype might fit. The
collapse of the Berlin Wall saw a new era in funding for interna-
tional agricultural research and development (Pardey et al., 2006),
with developed nations reducing their contributions. The world’s
food supply problems were no longer of geopolitical importance.
Accordingly, the international cultivar testing programmes have
declined, hindering our capacity to supply farmers with improved
varieties adapted to their environments.

While crop improvement programmes are faced with reduced
funding for agricultural research, the use of models, maps and
computer tools can help boost efficiency in their development and
testing of cultivars for dissemination to farmers. Cultivar testing
and dissemination programmes need spatial analysis to help tar-
get genotypes to environments. By supporting GEI assessments,

maps and models can predict how well cultivars will respond to
particular environments. Ultimately, spatial analysis can help in
the dissemination of varieties to the farmers that need them.

How can spatial analysis be used to help breeders decide where
to test and disseminate varieties? Systematic sampling of sites can
help ensure coverage of a diverse range of environments where
farmers may take up the cultivar. A site testing design focusing on
one or several environments but leaving out many others could
miss areas where the cultivar might produce high yields. A breed-
ing programme with a fixed budget for testing may also want to
avoid duplication of sites in similar environments.

Several advances over the last few decades have improved the
capacity to apply spatial analysis to phenotyping and GEI analysis.
Vital to all these advances has been the development of computer
hardware and software that has allowed many types of analysis
that were impossible to carry out before. Advances in weather
and soil monitoring instruments have improved data collection,
and a key resource for spatial analysis in agriculture has been the
availability of climate data in digital formats. Global soil map-
ping efforts have been slow to develop—with little attention prior
to 1950. New soil mapping methods have improved on the stan-
dard Food and Agriculture Organization (FAO) global soil base
map at 1:5 million scale (FAO, 1996, 2008b). Agricultural cen-
suses and surveys have also added to the set of data resources
available. Related to these baseline datasets are derived data such
as climate maps, crop distribution surfaces, and socioeconomic
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information. These advances have led to agro-ecological zon-
ing maps (Bunting, 1987), weather generators (Hartkamp et al.,
2003), and sophisticated statistical analysis of GEI (e.g., Crossa
et al., 2004; Setimela et al., 2005). More recently, combinations
of crop simulation models and geographic information systems
(GIS) have improved our understanding of spatial and temporal
aspects of GEI (e.g., Loffler et al., 2005).

This paper reviews and discusses the development of spa-
tial analysis for crop improvement and how it can be used to
increase the efficiency of testing and deployment of genotypes.
First, advances in the development of spatial data for agricultural
applications are discussed, followed by how spatial analysis, and
GIS can be used to support geographic targeting of genotypes to
environments. The discussion includes the development of agro-
ecological maps and environmental change considerations in crop
improvement efforts. The paper concludes with a discussion of
trends in the use of spatial databases and GIS in crop improve-
ment programmes. Throughout the paper, references are made
to data, tools, and resources for applying spatial analysis to crop
improvement.

ADVANCES IN SPATIAL DATA
Several types of spatial analysis for crop improvement as con-
ducted today would have been difficult to carry out even 5 or 10
years ago. Perhaps the greatest advances have come in mapping
climate, although information on soils and other environmen-
tal parameters is now much more widely available than in the
past. Advances in data availability have substantially increased
the potential for spatial analysis to support the planning and
assessment of phenotyping and variety trials. Assessments should
ensure that a sufficient range of environments is tested, so as
to adequately study GEI. Improvements in data have more than

kept pace with advances in the methodology of spatial analysis
for phenotyping. This section surveys data development for spa-
tial analysis, and serves as a guide to spatial data acquisition for
the agricultural scientist using GIS for phenotyping. Table 1 lists
some key spatial data sets that are publicly available and can be
used in crop improvement efforts.

SOILS
Data on soil properties are a key category of information for
agro-ecological assessments. However, advances in the develop-
ment of soil datasets are hindered by the difficulty of mapping the
entire world. The main problem is that soils can be highly vari-
able even across short distances. Moreover, not all countries use
the same soil classification systems. The concept of the likelihood
or probability of finding a given soil property has been used to
reflect data uncertainty at a particular point when using maps like
the FAO 1:5 million soil map of the World (FAO, 1996, 2008b).
This map remains the most widely used soil map for continental
and global applications. Sanchez et al. (2003) derived soil con-
straint data in the context of the Fertility Capability Classification,
based on this FAO map. The International Soils Reference and
Information Center (ISRIC) also used the FAO soil map, adding
soil profile information to develop the World Inventory of Soil
Emission Potentials (WISE) database of derived soil parameters
(e.g., pH, drainage, organic carbon content) for the world at 5
arc minute resolution (Batjes et al., 2007; Batjes, 2009). However,
an initiative is underway to develop the Harmonized World Soil
Database (FAO et al., 2008). The project aims to merge different
soil maps and produce a new global map at a 1:1 million scale.
To date, the effort includes FAO’s regional Soil Terrain Database
studies (SOTER; FAO, 1995), the European Soil Database and
the Soil Map of China. The main gaps that need to be filled

Table 1 | Key spatial data sets that are publicly available.

Sourcea Application Resolution URL

FAO SOIL Soil analysis 1:5m http://www.fao.org/nr/land/soils/digital-soil-map-of-the-world/en/

ISRIC Soil analysis n/a http://www.isric.org/UK/About+Soils/Soil+data/

HWSD Soil analysis n/a http://www.iiasa.ac.at/Research/LUC/luc07/External-World-soil-database/HTML/

WISE Soil profile analysis n/a http://www.isric.org/UK/About+ISRIC/Projects/Track+Record/WISE.htm

CRU Climate 0.5◦ http://www.cgiar-csi.org/data/climate

IWMI World Water Atlas Climate; hydrology Various http://www.iwmi.cgiar.org/WAtlas/

NOAA GSODb Point data http://www.ncdc.noaa.gov/oa/gsod.html

Worldclim Climate 1 km http://www.worldclim.org

NASA POWER Climate 1◦ http://power.larc.nasa.gov/

TRMM Tropical rainfall 0.25◦ http://trmm.gsfc.nasa.gov/

SRTM Elevation 90 m http://srtm.csi.cgiar.org/

AgroMaps Crop distribution n/a http://www.fao.org/landandwater/agll/agromaps/interactive/page.jspx

Globcover Land cover 300 m http://ionia1.esrin.esa.int/

Biogeomancer Gazetteer n/a http://www.biogeomancer.org/

aISRIC, International Soils Reference and Information Center; HWSD, Harmonized World Soil Database; WISE, World Inventory of Soil Emission Potentials; CRU,

Climate Research Unit of the University of East Anglia; IWMI, International Water Management Institute; NOAA, National Oceanic and Atmospheric Administration;

NASA POWER, National Aeronautics and Space Administration Prediction of World Energy Resource; TRMM, Tropical Rainfall Measuring Mission; SRTM, Shuttle

Radar Topography Mission.
bGSOD, Global Surface Summary of the Day.
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include Central and West Africa, the Middle East and South Asia.
This data set should be updated in the coming years as new data
become available. Finally, CIAT (2009) has initiated the produc-
tion of a digital soil map of Africa. This new effort aims to create
high-resolution maps of better quality, based on innovations in
the remote sensing of soil properties and the management of
geographic information.

CLIMATE
Phenotyping programmes and GEI assessments can benefit from
broad-scale climate analysis to assess to what extent sites rep-
resent target environments. An important recent advance in
climatic analysis is the availability of ready-to-use climate data
available over the Internet or in software applications. Acquiring
climate data depended in the past on contacts between researchers
who developed climate datasets. The overall quantity of weather
station data has dropped compared to past decades (Ramirez-
Villegas and Challinor, 2012). More recently, software tools such
as CIAT’s FloraMap®, Homologue and MarkSim® provide cli-
mate data associated with specialized applications (Jones and
Thornton, 1993, 2000; Jones et al., 2002, 2007a). Other climate
tools include some of FAO’s standard data CD-ROMs and appli-
cations, such as their Local Climate Estimator (LocClim), and
datasets on CD-ROM from the International Water Management
Institute (IWMI) (FAO, 2005; IWMI, 2008). While some of these
tools lack the capability to extract global or regional climate sur-
faces, they were the first to provide broad-scale climate data for
agricultural science applications.

Two relatively new sources of data on the Internet have
broadened the capacity to incorporate climate information in
spatial analysis applications for agriculture. The University of
East Anglia’s Climate Research Unit data include key variables
needed for climate analysis, such as rainfall, temperature, relative
humidity, wind direction and speed, among others (New et al.,
2002; CGIAR-Consortium for Spatial Information (CGIAR-CSI),
2006). Another important data source is Worldclim (Hijmans
et al., 2005), which includes precipitation and temperature data
available at spatial resolutions of 1 km and coarser. Worldclim
has also derived some data sets from precipitation and tempera-
ture variables, including information on seasonality, temperature
ranges, and climate conditions in the wettest, driest, coldest,
and warmest months and quarters (Busby, 1991). Both of these
datasets draw on spatial interpolation methods to estimate cli-
mate parameters between weather stations.

Climate datasets derived from remote sensing hold some
promise for use in agro-ecological assessment. The Moderate
Resolution Imaging Spectroradiometer (MODIS) satellite plat-
form includes surface temperature data (NASA, 2008a). Rainfall
estimates (RFE) from satellite-based datasets are now widely
available. The Tropical Rainfall Measuring Mission (TRMM)
provides RFE for 3-h time periods for much of the world
(NASA, 2008b). The Climate Prediction Center MORPHing tech-
nique (CMORPH) dataset (Joyce et al., 2004) provides 3-hourly
RFE globally at a spatial resolution of 0.25◦. The RFE dataset
from the National Oceanic and Atmospheric Administration
(NOAA)/Climate Prediction Center (CPC) provides daily data
at a spatial resolution of 8 km (Herman et al., 1997; Xie et al.,

2002). These data have yet to be verified and validated to the
point that they are widely used for agro-ecological assessments,
although it should be noted that the RFE data form the basis of
several famine early-warning products 1 and FAO routinely uses
the CMORPH data in monitoring Desert Locusts2. Combining
ground weather data with remotely sensed information will be
a key area of research in the future.

ELEVATION
Elevation is another important data set for spatial analysis in agri-
culture and can be used to help establish the ecological niche of a
genotype. It can be used as an auxiliary variable in assessing cli-
mate or in analysing the role of topography in agriculture. Until
recently, global digital elevation models were derived from 1:1
million mapping efforts, such as the Digital Chart of the World
(ESRI, 1992). The now widely available Shuttle Radar Topography
Mission data set has 90 m spatial resolution, the best available
from coverage of the whole land surface (Jarvis et al., 2004;
CGIAR-CSI, 2008).

VEGETATION AND CROP GEOGRAPHY
Vegetation and crop geography assessments can be made from
remote sensing data, censuses, and surveys, and from combi-
nations of these. Remote sensing platforms provide vegetation
data as an additional dataset for agro-ecological characteriza-
tion, even though it has rarely been used in classification to
date. The Advanced Very High Resolution Radiometer (AVHRR)
and MODIS satellite platforms provide 1-km resolution data sets
going back to 1980. Satellite data at finer resolutions can also
produce vegetation data. The most common variables are the nor-
malized difference vegetation index (NDVI) and the enhanced
vegetation index (EVI).

Land cover maps derived from remotely sensed data can be
used to match potential crop environments with areas classified as
croplands. Several broad-area assessments have been conducted.
These include GeoCover, GLC2000 and Globcover (Bartholome
and Belward, 2005; Bicheron et al., 2006; Arino et al., 2008). Wood
et al. (2000) developed a map of cropland intensity for the year
2000, showing the percentage of a grid cell with cropland. The
Globcover dataset, a 2005 snapshot of land cover at 300 m resolu-
tion, is the most recent global land cover product. While global
land cover datasets all have their shortcomings with respect to
accuracy and discrimination of land cover types, their increas-
ing availability will lead to their increased use for agricultural
applications.

Research and development efforts have produced several
important datasets on the geography of key staple crops, includ-
ing cassava (Carter, 1987; Carter et al., 1992), sweet potatoes
[International Potato Center (CIP), 2006a,b, Hijmans, 2001;
Hijmans et al., 2001], beans (Wortman et al., 1998), maize
(Hodson et al., 1999), rice (Huke and Huke, 1997; Robison et al.,
1984), and wheat (Lantican et al., 2005; Hodson and White,
2007), among others. Unfortunately, these crop-specific mapping

1http://earlywarning.usgs.gov/adds/index.php?img1=rf&extent=af
2http://ingrid.ldeo.columbia.edu/maproom/.Food_Security/.Locusts/index.
html
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efforts often lack comparability between crops. They may have
widely different temporal and spatial frameworks, as well as using
different methods to produce the datasets. While this lack of stan-
dardization does not necessarily affect genotype targeting efforts,
standardized initiatives would go a long way toward improving
the quality of data for analysis.

Mapping programmes that include multiple crops could take
advantage of a common set of standards in data development.
Drawing on the support of United Nations (UN) member coun-
tries, FAO’s AgroMaps programme aims to map sub-national
agricultural production data from agricultural censuses and sur-
veys (FAO, 2008a). FAO plans to link the effort with national
level statistics from FAOSTAT—something that could improve
the quality of both datasets. Other efforts map sub-national
agricultural production at global, regional, and local levels but
AgroMaps is the only one that makes its data freely available
on the Internet. An inspection of the number of crops and the
resolution of administrative districts points out some substan-
tial limitations of AgroMaps—problems that will be difficult
to overcome without greater international efforts to promote
agricultural census-taking.

A recent trend in crop mapping is the combination of survey
and census data with remote sensing information. Crop produc-
tion data can be converted to grid cell maps to more precisely
characterize the spatial distribution of the crop (e.g., Leemans
and Van Den Born, 1994; Ramankutty and Foley, 1998; Leff et al.,
2004; Ramankutty, 2004; You and Wood, 2006; You et al., 2009).
The conversion allocates production to small grid cells where the
likelihood of the presence of the crop is greatest, eliminating for-
est, urban, pasture and other types of land cover where we would
not find the crop. While the conversion of production data to a
grid cell framework raises concerns with ecological fallacy and
the modifiable areal unit problem (MAUP), the coarseness of
most production datasets requires grid maps (Openshaw, 1984;
Freedman, 1999). Improving these grid maps requires, first and
foremost, better input data. Researchers need greater spatial and
temporal resolution of crops statistics and remotely sensed data.
Even so, there is great scope for improving allocation algorithms
used in making grid cell maps.

TRIAL SITES DATA
Efforts to target genotypes to environments may also take advan-
tage of locating genetic resources data in terms of their respec-
tive development and testing sites or the location of pedigree
accessions, including wild relatives of food crops (Jarvis et al.,
2005). Many genebanks lack well-documented information on
the spatial location of the materials they manage (Hijmans et al.,
2000). When genetic resources data do have coordinate infor-
mation, it is often incorrect, requiring an effort to georeference
the data (Hijmans et al., 1999; Biogeomancer, 2007). Several
efforts are now underway to address these issues and provide
improved access to georeferenced genebank data. The Focused
Identification of Germplasm Strategy (FIGS) system for Bread
Wheat accessions is one example3.

3http://www.figstraitmine.org/index.php?dpage=11

Maps of variety trial sites are essential for linking phenotyp-
ing to spatial analysis. International yield trials networks, such
as the bean, Musa, maize and wheat initiatives (Peterson and
Pfeiffer, 1989; Jones and Tezenas du Montcel, 1994; CIAT, 2001),
have tended to develop reasonably good maps of their trial net-
works. Usually, the locations of trial sites are held outside of the
public domain. In many cases, information on these trial sites
is outdated or poorly documented. Another problem is that the
location information is often imprecise, leading to the generation
of errors in spatial analysis.

The greatest deficiency with respect to trial site data is the lack
of weather and soil information. In some cases, these data sim-
ply were not collected. In other cases, they remain unpublished,
either in journal publications or in gray literature. One solution
to acquire these data is to find them through international climate
and soil databases, either in GIS formats or by locating the near-
est point location. For example, the WISE database may include
some soil profiles taken from experiment stations where trials
are conducted. Station climate data from NOAA’s Global Surface
Summary of the Day (GSOD)4 can be used to match a site to the
nearest site to a weather station. Weather information for any site
could also be acquired from the National Aeronautics and Space
Administration (NASA) Prediction of World Energy Resource
(POWER) dataset, which provides daily rainfall and temperature
data for the last 12 years (NASA, 2009). However, using secondary
data from GIS databases—data that was not actually derived at the
trial site—may increase errors substantially. Whenever these sec-
ondary data are used, the researcher should mention its’ reliability
and should include any available error estimates.

A whole series of other socioeconomic data sets could be used
to target genotypes to environments. These might include human
population data sets (Center for International Earth Science
Information Network (CIESIN) et al., 2004), accessibility and
transportation infrastructure data (Nelson, 2008), and human
welfare data (e.g., CIAT, 2006). However, these would be use-
ful more for logistics planning of germplasm deployment, rather
than for testing. Sites with high rural populations and accessi-
bility and with substantial poverty may be attractive relative to
isolated sites outside of areas that would be likely targets for vari-
ety dissemination. These types of data could be used when a
breeding programme is near the end of the variety development
cycle, to search for sites that can be used to support germplasm
deployment. Building on efforts since the 1980s to collect this
type of information, dedicated programmes aimed at global map-
ping have improved the availability of these socio-economic and
agricultural production data.

SITING AND REGIONAL TARGETING OF GENOTYPES
Targeting genotypes to environments has developed substantially
since the middle of the last century. Early breeding efforts led sci-
entists to use their knowledge of a crop to speculate on how well
their varieties might perform in new locations, and they could
experiment in a range of sites to test GEI. Eventually, international
trial networks were set up to provide scientifically rigorous testing
regimes (e.g., Peterson and Pfeiffer, 1989; CIAT, 2001).

4ftp://ftp.ncdc.noaa.gov/pub/data/gsod
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Most early breeding efforts sought to develop cultivars with
wide adaptation (e.g., Braun et al., 1996). Later efforts aimed to
target niche environments with unique abiotic or biotic stresses
(e.g., Wilhelmi et al., 2002; Annicchiarico et al., 2005). The latter
approach led to greater demand for mapping the agro-ecology of
a crop, supporting the breeders’ targeting of a genotype to specific
conditions.

An understanding of the target environment and the extent of
GEI are essential elements of all breeding programmes. GEI take
several forms but of major concern are the crossover interactions,
where the GEI result in a change in the rank of the genotypes
between environments and hence influence the nature, magni-
tude, and predictability of the selection response achieved by any
breeding programme (e.g., Cooper, 1999).

Using multienvironmental trials, breeders draw on statistical
techniques developed to measure GEI (Finlay and Wilkinson,
1963). The statistical tools developed have centered on the use
of 88 linear–bilinear models and mixed models (Crossa et al.,
2004), and have permitted a better understanding of crossover
GEI. These tools permit the identification of clusters of sites or
genotypes that show little or no crossover GEI. As a result, a
smaller number of globally representative key locations can be
identified that assist breeders in the selection of widely adapted
germplasm. Ultimately, these statistical methods and GIS can be
used to recommend cultivars for specific locations (Annicchiarico
et al., 2005, 2006).

For wheat, analyses of several major international trial nurs-
eries of CIMMYT (Centro Internacional de Mejoramiento de
Maiz y Trigo; International Maize and Wheat Improvement
Center) have been undertaken using these statistical approaches
(e.g., Trethowan et al., 2001, 2002, 2003; Lillemo et al., 2005).
Analysis of sites and variety performance builds on an exten-
sive literature related to multienvironment trial networks (DeLacy
et al., 1996; van Eeuwijk et al., 2001).

Plant breeders can use soil and climate information of
the trial sites to classify these point locations into more or

less homogenous environment types (DeLacy et al., 1994;
Mgonja et al., 2002; Setimela et al., 2003, 2005; Maideni, 2006;
Roozeboom et al., 2008). Grouping trial sites can be useful in
designing field testing plans for plant breeding programmes, but
may not tell us ultimately where genotypes can perform well
because the sites only represent a limited number of point loca-
tions. Therefore, linking individual trials sites to larger regions for
which they are representative opens up numerous possibilities for
phenotyping work and, ultimately, for introducing varieties into
environments where they are expected to perform well (DeLacy
et al., 1994; Gauch and Zobel, 1997). The following sections
discuss environment-matching methods and crop-specific agro-
ecological mapping, and their use for targeting genotypes to
environments.

SITE ANALYSIS AND MATCHING
Environmental data on the sites of variety trials or potential
future trials can give us key information for targeting genotypes
to environments. Any number of sites can be compared to each
other to determine their similarity in terms of climate and soils.
Researchers may use a number of different methods to make these
comparisons. A few examples are given here to illustrate some of
the issues in comparing sites.

Measuring site similarity requires methods to be able to com-
pare climate data at different locations. Since climates vary with
latitude and season, similar levels of rainfall or temperature can
occur at different times of the year. One way to account for these
differences is to express climate data in terms of their relationship
to climate extremes, removing reference to the date of the data.
For example, the BIOCLIM method uses data on rainfall and
temperatures in the wettest, driest, warmest, and coldest months
(Busby, 1991). A more common method is to transform the data
to “standard” time scale. Figure 1 illustrates rainfall of a hypo-
thetical climate in the northern hemisphere and an identifical one
in the southern hemisphere. In order to standardize these climate
patterns, Jones and Thornton (1993) describe a 12-point Fourier

FIGURE 1 | Two hypothetical pluviographs exhibiting identical rainfall patterns (Source: http://gisweb.ciat.cgiar.org/marksim/).
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transform to rotate the data to a standard season. Other methods
are variations on the same process of standardizing the seasons so
that climates at different latitudes can be compared.

Once climate data have been standardized, comparisons can
be made to evaluate the degree of similarity between any set
of stations. The use of the climate-matching software CLIMEX
illustrates this concept5. The software utilizes a large database of
climate stations with 30 years of weekly data. CLIMEX displaces
data to standardize them according to latitude. Difference equa-
tions are applied to create indices of similarity for maximum,
minimum, and average temperature, rainfall, and rainfall pat-
tern, humidity and soil moisture. Table 2 shows the results of

Table 2 | The similarity of locations to Valparaiso, Chile: Temperature,

rainfall, and similarity indicesa.

Location Tmin Tmax Rtot I-Tmin I-Tmax I-Rtot CMI

Valparaiso,
Chile

8.3 22.2 506 1.00 1.00 1.00 1.00

Kingscote,
Australia

8.2 24.8 485 0.87 0.86 0.97 0.88

San Francisco,
USA

7.2 20.6 463 0.90 0.75 0.92 0.87

Wingfield,
South Africa

7.2 26.1 509 0.82 0.68 0.99 0.86

Shahhat, Libya 4.4 28.3 608 0.69 0.59 0.87 0.79

aTmin, minimum temperature; Tmax , maximum temperature; Rtot , total rainfall;

I-Tmin, I-Tmax, and I-Rtot are the similarity indices. The CMI is a combination of

similarity indices. For a description of the method, see Sutherst and Maywald

(1991).

5http://www.hearne.com.au/products/climex/

a climate similarity analysis between Valparaiso, Chile, and four
other stations in Mediterranean climates. Included here are sta-
tions with some of the highest similarity indices in the United
States of America (USA), Australia, and the northern and south-
ern extremes of Africa. Temperature and rainfall values are shown
together with the similarity indices calculated by CLIMEX. The
composite match index (CMI) combines the six climate parame-
ters mentioned above. The corresponding map (Figure 2) shows
the CMIs for over 2000 weather stations throughout the world.
Higher CMI values indicate greater similarity.

Similarity analyses can be extended from weather station data
to cover a continuous surface through spatial interpolation of
climate data. For example, Figure 3 shows the result of the
Homologue model for Bambey, Senegal. Homologue eliminates
the need for input weather station data by interpolating climate
data between stations6. The mapped results cover a continuous
surface. The Bambey, Senegal station is similar to environments
across the Sahel region of sub-Saharan Africa, and has been
important in French efforts in agricultural research throughout
West Africa. The map shows many areas that are right at the edge
of very dry areas marginal for agriculture, such as northeast Brazil
and the southern African area bordering the Kalahari desert.

The tools described above can be used for planning variety tri-
als but lack information on the crop of interest. As discuss below,
linking locations to the ecological niches of the crop of interest
provides a more reliable basis for considering where a genotype
could be targeted.

AGRO-ECOLOGICAL MAPPING
Maps of the systems characteristics, production, and ecology of
crops can support the task of targeting genotypes to environments

6Contact article author Glenn Hyman (g.hyman@cgiar.org) to request,
Homologue software.

FIGURE 2 | The composite match index (CMI) showing the similarity of locations to Valparaiso, Chile.
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for both testing and deployment. Agricultural system maps draw
on qualitative and quantitative information to depict regions of
similar farming characteristics (Whittlesey, 1936; van Lanen et al.,
1992; Pollack and Corbett, 1993; Dixon et al., 2001). We have
already described the development of crop production maps.
Maps of the ecology and environment of a particular crop are
especially useful in targeting genotypes to environments.

In the latter part of the 1980s, an FAO workshop and resul-
tant publication indicated a growing interest in environmen-
tal and agro-ecological mapping by the international agricul-
tural research and development community (Bunting, 1987).
Examples of this type of mapping work include CIAT’s agro-
ecological maps of cassava (CIAT, 2003) and rice (Jones, 1984).
Such work often focused on regions instead of crops, and
CIAT used these maps to define its research domain in Latin
America (Jones et al., 1990). They were also used to assess

the geographical distribution of environments that were the
target of research in the Brazilian Cerrados (Jones et al.,
1992).

Methods for making these maps vary with respect to the
type of data used and the statistical analyses employed. A cas-
sava agro-ecology map is based on key precipitation, soil and
elevation thresholds that define regions according to moisture
conditions, soil acidity, and altitude (Figures 4 and 5; Carter,
1987; Carter et al., 1992; CIAT, 2003). For this classification sys-
tem, cassava specialists identified key environmental thresholds
for distinguishing between seven cassava agro-ecological regions.
In a different approach, the Brazilian Cerrados was mapped using
climatic and soils data in a cluster analysis (Jones et al., 1992).
Clusters were mapped directly from the data and then gener-
alized into homogenous regions within the Cerrados. A similar
approach was carried out to map wheat agro-ecologies in Algeria

FIGURE 3 | The Homologue model showing areas similar in climate to Bambey, Senegal.

FIGURE 4 | Edapho-climatic map of cassava (CIAT, 2003).
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FIGURE 5 | Diagram showing the classification scheme for CIAT’s cassava agro-ecology map (CIAT, 2003).

using an unsupervised classification of GIS data layers (Delli et al.,
2002).

The agro-ecological maps described above include knowledge
of the crop but are not based on actual trial data. The discussion
below turns to the CIMMYT methodology for mapping mega-
environments, an approach that starts with the results of cultivar
trials.

CIMMYT’s MEGA-ENVIRONMENT APPROACH FOR MAIZE AND WHEAT
For maize, and specifically in the highly variable drought-prone
environments of southern Africa, similar statistical techniques
to multilocation yield trial data were applied, combined with
environmental factors derived from GIS (Setimela et al., 2003,
2005; Maideni, 2006). Cluster analysis grouped the regional trials
into seven groups with seasonal maximum temperature, pre-
cipitation, soil pH, and nitrogen stress identified as the factors
accounting for repeatable GEI. Six final mega-environment zones

were derived based on seasonal maximum temperature and pre-
cipitation, because available soil pH data were considered too
unreliable for inclusion. Hence, maize germplasm in any mega-
environment would have a requirement for evaluation under both
low and high nitrogen and low and neutral pH. This combina-
tion of approaches has resulted in a better understanding of target
environments in southern Africa (Bänziger et al., 2004) and has
assisted in the identification of breeding strategies and key loca-
tions for regional variety testing. The stress factors responsible
for GEI at the global scale were extrapolated and fine-tuned for
southern Africa through feedback from experts (Figure 6).

For wheat, CIMMYT has developed mega-environments that
have as a foundation the extensive network of international wheat
testing sites, comprising over 800 unique sites. Wheat experts clas-
sified trial sites according to the predominant mega-environment
and, subsequently, GIS was used to extract the underlying climatic
and edaphic factors, resulting in quantitative criteria for mapping
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FIGURE 6 | Maize mega-environments.

the mega-environments (Hodson and White, 2007). Long-term
mean minimum temperature in the coolest quarter (i.e., three
consecutive coolest months of the year) proved effective in distin-
guishing among the winter-grown spring, winter/facultative, and
summer-grown spring wheat types. This temperature criterion
was also useful for separating favorable, irrigated spring wheat
environments from environments that are similar but where heat
tolerance is required.

The climatic basis of both the maize and wheat mega-
environments, and other agro-ecological mapping efforts, relies
on long-term normal data such as Worldclim, described in
the introduction (Hijmans et al., 2005). While the approaches
have improved the understanding of general crop agro-ecologies,
they ignore temporal variation due to year-to-year variation in
climatic conditions. Trethowan et al. (2005) showed how spe-
cific locations may fluctuate between high or low rainfall wheat
mega-environments depending on seasonal conditions. Such lim-
itations are now being addressed by work on frequencies of
environment types.

In practical terms, the real nature of the problem from the
point of view of GEI is that testing environments may represent
the wrong balance of stress intensity or timing, so selection will
not address optimally the needs of the target population of envi-
ronments (TPE). In highly variable environments, the degree of
mismatch between the sample from multienvironment trials and
the TPE is likely to be high, and could lead to decreased or even
reversed genetic gain (Cooper et al., 1996).

Considerable advances are being made in the area of improved
characterization of TPE, environment types, and frequencies of
environment types. These advances are largely due to the cou-
pling of crop simulation models with long-term weather records
in order to generate seasonal sequences of stress that can subse-
quently be used to determine frequencies of stress environment
types (Chapman and Barreto, 1996; Hartkamp et al., 1999, 2001;
Chapman et al., 2000a, 2002, 2003; Loffler et al., 2005; Putto
et al., 2009). This type of information, in combination with

multienvironment trial data, can be used to weight data from
different trials according to how representative they are of the
TPE and so improve selection, especially in variable environments
(Chapman et al., 2000b).

Loffler et al. (2005) used the crop simulation and GIS approach
to classify the major maize environments in the Corn Belt of the
USA. Even in this highly productive maize environment, the spa-
tial and temporal dimensions of environmental variation in the
TPE were highly significant. For each of the six major environ-
ment types identified, relative frequencies of each of the envi-
ronments varied greatly from year to year and significant hybrid
by environment interaction variance was observed. Stratification
of environments sampled by the multienvironment trials by the
temporally specific environment type explained a significant por-
tion of the GEI for observed grain yield. This methodology is
therefore likely to improve the predictability of cultivar perfor-
mance in the TPE. These new approaches have only been reported
from the USA or Australia but future application to highly vari-
able environments such as Africa have the potential to produce
significant breeding gains.

SPATIAL ANALYSIS OF ENVIRONMENTAL CHANGE
Projections of environmental change are motivating greater
emphasis on future constraints to agricultural production. The
pace of population, climatic, and environmental change has
compelled the crop improvement community to consider those
stresses that are likely to result in significant yield declines (Cassel-
Gintz et al., 1997). Spatial analysis is already playing a role
in assisting breeding programmes to respond to environmental
change. The rapid changes in soils and climate will likely increase
this role in the coming decades.

Intensive land use and agricultural development erode, leach,
and degrade our soils. In the absence of improved agronomic
practices and land management, cultivars of the future will prob-
ably need to be tolerant of aluminium toxicity, low nutrient
status and other chemical changes that make soils less fertile.
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Salinisation of soils will demand salt-tolerant cultivars. New vari-
eties will have to survive in poorly structured soils with low
water-holding capacity. Crop improvement to overcome abiotic
soil constraints will focus on these difficult soil environments.
Crop improvement specialists can map accessions of wild relatives
overlaid on environmental stresses to provide clues about which
accessions may be adapted to a given stress. More cultivar testing
needs to be carried out in those soil environments where a par-
ticular production constraint is representative of the growing soil
problems we shall face in the future. However, improved agro-
nomic practices will play a vital mitigating role and these need to
be an integrated part of crop improvement.

Of more immediate concern for crop improvement are the
effects of climate change (Jones and Thornton, 2003; Lobell et al.,
2008). Improved cultivars have a product life cycle (research,
development, testing and use) of 46 years on average (Jones et al.,
2007b). Therefore, the development of new cultivars should aim
for adaptation in the climate we will find in 30–50 years from
now. For example, an analysis of testing sites for biofortification
programmes found that many of the current maize testing sites
in Africa do not represent the likely environments for maize in
2055 (Jones et al., 2007b). Another important consideration for
crop improvement is the conservation of wild relatives and lan-
draces that may otherwise become extinct due to climate change.
Jarvis et al. (2003) found that of 17 wild Arachis species in South
America, 12 could be extinct in 50 years time due to climate
change. If we do not conserve these genetic resources now, future
efforts may lack valuable material needed for crop improvement.

New data and tools are facilitating spatial analysis of cli-
mate change. Downscaled weather data from General Circulation
Models are often used in modeling climate change impacts
on agriculture (Jones and Thornton, 2013). The Worldclim
data set now includes downscaled projections of future climate
for three popular climate models from the Intergovernmental
Panel on Climate Change (IPCC) family of climate change
scenarios 7. These data can be used directly in GIS software

7http://www.worldclim.org/futdown.htm

packages such as DIVA (Hijmans et al., 2001). Initial efforts have
been made to incorporate future climate projections in CIAT’s
Homologue and Marksim tools. Researchers of the CGIAR have
downscaled the 21 IPCC model scenarios for climate change
to 1-km climate surfaces, some of which have not been pub-
licly released to date. These recent developments suggest that the
prospects for using spatial analysis for studies of genetic resources
and climate change are improving.

CONCLUSION
Methods to target genotypes to environments are evolving. Plant
breeders used a “hit-or-miss” approach for many years, sim-
ply testing their cultivars in as many environments as they
could. The development of agro-ecological mapping (as per
Bunting, 1987) gave them a better idea about the target envi-
ronments. Developing maps from large international yield tri-
als, as in CIMMYT’s mega-environment approach, improved on
agro-ecological mapping. Spatially explicit crop modeling has
improved targeting studies over the last decades. Recent efforts
to account for changes in year-to-year environmental condi-
tions have further improved our understanding of how to more
efficiently reach our goal of getting the right genotype to farmers.

Geographic information science and technology has played a
valuable role in the evolution of genotype targeting approaches.
It has provided high-resolution spatial and temporal data to
help breeders unravel GEI. Spatial synthesis of model and sta-
tistical outputs has improved our capacity to map out target
environments and the frequencies of environments, an effort that
ultimately leads to a more effective deployment of germplasm.
Greater collaboration between breeders, crop improvement spe-
cialists, and the climate change modeling community are needed
now more than ever.
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CHALLENGES AND GENERAL INFORMATION
IMPORTANCE OF RICE IN THE HUMAN DIET
Rice is the staple food for approximately 340 million poor people
in South Asia and 140 million each in Southeast Asia and sub-
Saharan Africa (International Rice Research Institute; IRRI, 2006).
It is the basic food crop of Asia, providing over 30% of the calo-
ries consumed in the region. Overall, there is an estimated global
need for an additional 116 million tons of rice by 2035 as com-
pared to 439 million tons production in 2010 (Seck et al., 2012).
The estimated annual increase is expected to be 13% for the first

Abbreviations: ACIAR, Australian Center for International Agricultural Research;
CIAT, Centro Internacional de Agriculture; CSSL, chromosomal segment substitu-
tion lines; CV, coefficient of variation; DH, double haploid (lines); DM, dry matter;
DRI, drought response index; EMS, ethyl methane sulfonate; FST, flanking sequence
tags; GCP, Generation Challenge Programme; GEI, genotype-by-environment-
interaction; GLD, green leaf duration; H, broad based heritability; HI, harvest
index; HIF’s, heterogeneous inbred families; IRD, Institut de Recherche pour le
Development (France); IRFGC, International Rice Functional Genomics Consor-
tium; IRRI, The International Rice Research Institute; LWP, leaf water potential;
LSD, least significant difference; MAGIC, multiple advanced generation intercross;
MAS, marker aided selection; MET’s, multi environment trials; NIAS, National
Institute of Agroecological Sciences (Japan); NERICA, new rice for Africa; OA,
osmotic adjustment; PNHI, panicle harvest index; QTL’s, quantitative trait loci;
RCB, randomized complete block; RGA, rapid generation advance; RIL’s, recom-
binant inbred lines; RNAi, RNA interference; RWC, relative water content (leaves);
SAG’s, stress-associated genes; SE, selection environment; SNP, single nucleotide
polymorphism; SSD, single-seed descent; T-DNA, transfer DNA-based vectors; TPE,
target population of environments; WARDA, Africa Rice Center; WUE, water-use
efficiency.

10 years and 12% in the next 15 years as population growth drops
and people diversify from rice to other crops (Seck et al., 2012).

CULTIVATED AREA AND YIELD PERFORMANCE UNDER OPTIMAL
CONDITIONS
Irrigated rice accounts for almost 75% of total world rice pro-
duction. It was the source of the large increases of productivity
leading to the Green Revolution. However, technological progress
in rice cultivation has slowed down substantially since the early
1990s from the 2.5% per year during the first two decades of the
Green Revolution to about 1.1% per year since the late 1980s. The
stagnation in yield growth is because yields are approaching the
practical potential of the rice crop growing under favorable envi-
ronments (IRRI, 2006). Further increases will have to come from
new breakthroughs in increasing the yield potential under favor-
able conditions and from increased performance of rice growing
under less favorable conditions. In both scenarios it is likely that
there will be less water and probably less available labor. Thus,
research needs to increase the productivity of water for both
irrigated and rain-fed systems.

IMPORTANCE OF DROUGHT IN RICE FARMING
Rain-fed rice ecosystems are home to 80 million farmers on 60
million ha. Progress has been slow in improving productivity, and
drought is a major constraint affecting rice production, especially
in rain-fed areas across Asia and sub-Saharan Africa. Pandey et al.
(2007) estimate that at least 23 million ha of rain-fed rice area
(20% of the total rice area) in Asia are drought-prone. Even in
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traditionally irrigated areas, which account for almost 75% of
total rice production, drought is becoming an increasing prob-
lem because of water scarcity resulting from rising demand for
water for competing uses. Drought imposes a serious economic
burden on society and has been historically associated with food
shortages of varying intensities, including those that have resulted
in major famines in different parts of Asia and Africa. For exam-
ple, Pandey et al. (2007) estimate production losses of 36% of the
average value of production in eastern India in drought years. This
represents a massive loss of US$856 million and, on a yearly basis,
a loss of 6.8% of the average value of output in India.1In addi-
tion to the direct effects on production, there are indirect effects
of drought which may be felt over several years. Its impact can
even span generations as, e.g., when children fail to recoup lost
educational opportunities (Pandey et al., 2007).

OPPORTUNITIES TO IMPROVE DROUGHT TOLERANCE IN RICE
O’Toole (2004) suggests that the probability of success in devel-
oping drought-tolerant varieties of rice2 is enhanced because of
scientific progress in: (i) understanding the physiological mecha-
nisms that impart tolerance of drought in rice (Fukai and Cooper,
1995); (ii) new molecular tools; and (iii) the practical application
of this knowledge and tools for screening selection and improve-
ment of rice germplasm for drought (Atlin, 2003; Jongdee et al.,
2006; Lafitte et al., 2006; Bernier et al., 2007; Venuprasad et al.,
2007a). Also several international workshops and training courses
have dealt with the theory and practice of science-based screening
of rice for drought tolerance (Ito et al., 1999; IRRI, 2002; Saxena
and O’Toole, 2002; also see: www.plantstress.com). Bennett (2003)
has provided an overview of the opportunities for increasing water
productivity of major food crops through plant breeding and mol-
ecular biology, and Fischer et al. (2003a) have provided a practical
manual with updated information for rice breeders regarding the
theory and practice of breeding for drought tolerance in rice.

In recent years, rice research programs in India (Babu et al.,
2003), China (Zheng et al., 2004, Thailand (Jongdee et al., 2006),
Laos and Cambodia (Report to Rockefeller Foundation, 2006),
The Philippines (Atlin, 2003; Lafitte et al., 2006; Bernier et al.,
2009), and Brazil (da Silveira Pinheiro, 2003) are now selecting
for drought tolerance as a specific trait to improve performance
under rain-fed conditions. O’Toole (2004) identifies two innova-
tions that characterize this new and successful approach. First, the
work of physiologists, geneticists, and breeders led to more reliable
control of water-stress severity and duration at the critical yield
determining growth stages, and this gave rise to the development
and utilization of effective selection measures. Second, by employ-
ing farmers’ participatory selection groups as the final evaluators
(Witcombe et al., 2002), real and lasting progress is now within
reach. While end-user evaluations are important to any breed-
ing program, they are particularly critical across drought-prone

1In the same study Pandey et al. (2007) showed that for northeast Thailand and
southern China, the losses were smaller, averaging less than US$20 million per year
(or less than 1.5% of the value of output).
2The term “drought-tolerant variety” as used here refers to a variety that produces
a high grain yield relative to other cultivars under drought stress. This definition is
as given by Atlin (2003).

regions,where local variation in soils and landscape result in strong
genotype-by-environment interactions (GEI). O’Toole (2004) fur-
ther suggests that these innovations, when taken together, bode
well for the large-scale dissemination of new drought-tolerant rice
varieties across Asia in the very near future.

RELEVANT RESEARCH AVAILABLE
GENETIC AND GENOMIC RESOURCES
Since genetic resources are being produced continuously in breed-
ing and genetic research programs around the world, it is not
possible to provide an exhaustive list of current genetic stocks.
Instead, it is more meaningful to indicate the principles and
approaches behind the development and use of genetic resources
relevant to drought breeding, and illustrate each principle with
specific examples.

Due to the complexity of genetic control, genetic stocks for
drought research require unique features that enable detection of
not only individual genes but also possibly complex genetic loci
(e.g., gene clusters or interacting loci). Table 1 summarizes the cat-
egories of publicly accessible genetic resources useful for drought
research and breeding.

Specialized genetic stocks can be classified broadly as those
derived from natural genetic variation, and those induced by arti-
ficial means. This distinction is useful in a practical sense because
different genetic and molecular approaches are required to analyze
the materials. A wide range of natural variation is harbored in the
deep genepool of rice germplasm comprising domesticated and
wild species (Leung et al., 2007). This genepool represents genetic
diversity resulting from thousands of years of natural selection
and more recent selection through breeding. Thus, the genetic
variation present in germplasm is likely to be agronomically rele-
vant. On the other hand, artificially induced variation is generated
by randomly mutating the genome to increase the probability of
detecting novel variation, or by over-expressing or silencing spe-
cific genes. Mutants offer the advantage of carrying precise genetic
alterations in the genome, and are, therefore, ideal for investigating
genes with major phenotypic effects. Being essentially isogenic,
mutants are useful for examining genetic loci with quantitative
effects, provided that fixed lines are evaluated in replicated trials.
A limitation of mutation analysis is that it is confined to analysis
of two alternate alleles in a fixed genetic background. Thus, for
phenotypes that are conditioned by large gene blocks or complex
genetic interactions, mutation analysis alone is not adequate and
should be complemented with analysis of natural diversity present
in the germplasm.

RANDOM AND TARGETED INDUCED VARIATION
Randomly induced mutations
To take advantage of rice genome sequence information, a large
collection of rice mutants has been produced in the scientific com-
munity (Hirochika et al., 2004). These mutants can be classified
broadly as transgenic and non-transgenic. The transgenic mutants
are produced by transformation vectors, primarily transfer DNA
(T-DNA)-based vectors. Depending on the features of the vectors,
insertion events can cause knockout or activation mutations. Acti-
vation mutations are unique in that a normally “dormant” gene
can be activated to unleash novel variation (Leung and An, 2004).
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Table 1 | Overview of rice genetic resources useful for drought research and breeding.

Specialized genetic stock Feature Produced and accessible at

Chromosomal segment substitution

lines (CSSL)

Two sativa×glabberima libraries

Four wild interspecific libraries using different

wild rice relatives

Centro Internacional de Agricultura Tropical; International

Center for Tropical Agriculture (CIAT)

National Institute of Agrobiological Sciences (NIAS), Japan

Four japonica× indica libraries

Recombinant inbred lines

[tolerant× sensitive, including

doubled haploid (DH) lines]

Approximately six commonly used populations IRRI, Institut de recherche pour le développement (IRD),

France

Breeding populations Advanced lowland and upland breeding lines,

new rice for Africa (NERICA) series

IRRI, WARDA (Africa Rice Center)

Introgression lines glabberima× sativa CIAT, IRRI, WARDA

Near-isogenic lines Derived from breeding populations evaluated

under field conditions

IRRI

Mutants Insertions/activations/deletions Multiple institutions with different degrees of accessibility.

Materials can be requested from individual institutions

through Standard Material Transfer Agreements

Source: Information assembled from discussion sessions at theThird Annual Research Meeting of the Generation Challenge Programme (GCP), 16 September 2007,

Johannesburg, South Africa.

A main advantage of insertion mutants is that the insertion sites
can be sequenced, producing a large dataset of flanking sequence
tags (FST; for articles on such specialized mutant populations pro-
duced in Asia see An et al., 2007). With the current FST databases,
there is more than a 60% probability of finding a mutation in a
given gene, providing a reverse genetics tool to search for knockout
or activation mutants in genes suspected to play a role in response
to water stress. An ongoing project of the Generation Challenge
Programme (GCP) is to exploit this FST database to identify
and phenotype mutants with insertions in stress-associated genes
(SAGs; A. Pereira, personal communication).

Non-transgenic mutants include those produced by conven-
tional chemical and irradiation mutagenesis. Wu et al. (2005)
described a large collection of indica rice mutants produced by
fast neutron, gamma ray, ethyl methanesulfonate (EMS), and
diepoxybutane. 3For forward genetics screening of drought tol-
erance, non-transgenic mutants are advantageous because they
can be freely distributed and tested under field conditions. With
very few exceptions, it remains difficult to conduct extensive field
screening of transgenic mutants. Not all insertion mutants are
transgenic. For example, the Tos17 population caused by inser-
tions of a retrotransposon element can be evaluated under field
conditions.

Targeted silencing and activation of specific genes
For genes with hypothesized function in drought tolerance, there is
the option of creating “down-expression” mutants by silencing the
gene by the RNA interference (RNAi) technique or more recently
by artificial micro-RNA (Warthmann et al., 2008). By combin-
ing over- and under-expression, the function of the gene can be

3See: www.iris.irri.org

inferred conclusively if side effects of the introduced RNAi con-
struct can be excluded. Recent examples include the functional
characterization of the SHINE and HARDY genes (Karaba et al.,
2007). Expression of SHINE and HARDY are reported to con-
fer water-use efficiency (WUE) in rice, although their phenotypic
effects have not been evaluated under field conditions.

It is hypothesized that ERECTA is a “master” gene regulating
transpiration efficiency in Arabidopsis (Masle et al., 2003). Muta-
tions in ERECTA have been found in the Tos17 population and
in Pohang collection (Hirochika et al., 2004). However, attempts
to phenotype the ERECTA mutants have proved difficult because
of the extensive somaclonal variation expressed by the mutants
derived from tissue culture. Most of the transgenic mutants are
maintained in early generations (T1 or at most T2) and some
of them continue to segregate in characters unrelated to the dis-
rupted gene. It is important that mutants be backcrossed to the
wild type to clean up the background mutations before extensive
phenotyping (Dworkin et al., 2009).

CAPTURING NATURAL VARIATION THROUGH SPECIALIZED GENETIC
STOCKS
Mapping populations
Mapping populations can broadly be defined as genetic popu-
lations that can be used to demonstrate inheritance of traits.
In general, such a population is derived from a cross between
two genetically distinct parents. Taking this broad definition, a
large collection of rice genetic stocks are available for defining
inheritance of drought response (see Table 2).

In rice, the most common mapping populations are recombi-
nant inbred lines (RILs) derived from two parental lines with high
and low traits for drought tolerance. A key advantage of ‘s is that
they can be “immortalized” (Collard et al., 2005) as advanced F7
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Table 2 | Segregating populations generated by drought breeding programs for genetic analysis and breeding for drought tolerance; genetic

stocks maintained at IRRI (Source: information provided by Arvind Kumar, IRRI).

Population name Parent A Parent B Type Population size

IR78875 Apo IR64 RIL 200

IR78877 Apo IR72 RIL 200

IR78908 Vandana IR64 RIL 200

IR78910 Vandana IR72 RIL 200

IR79971 Vandana Way Rarem RIL 500

IR78937 IR 47701-6-B-1 IR55435-05 RIL 500

IR79913 IR 55419-04 Way Rarem RIL 500

IR79915 IRRI 132 IR55419-04 RIL 500

IR72757 Bala IR64 RIL 400

IR79971 Vandana Way Rarem RIL 500

IR80508 IRRI 132 AUS 257 RIL 500

IR81023 IRRI 143 CT 6510-24-1-2 RIL 500

IR81027 IRRI 143 UPLRI 7 RIL 500

IR81047 IR 01A102 CT 6510-24-1-2 RIL 500

IR81063 NOK IR74371-46-1-1 RIL 500

IR81896 Apo Swarna*2 BCa 500

IR81895 Apo Mahsuri*2 BC 200

IR84179 IR 78877-208-B-1-2 IR72*2 BC 500

IR84182 IR 78878-53-2-2-2 IR 72875-94-3-3-2*2 BC 400

IR83632 IR 78910-34-B-2-2 IR72 RIL 500

IR84184 IR 78908-63-B-1 IR64*2 RIL 300

IR83614 IR78875-131-B-1-2 IR64 RIL 800

IR84148 IR79971-B-55-B-B Way Rarem RIL 500

IR83575 IR 79913-B-102-B-5 Way Rarem RIL 200

IR81024 IR77298-5-6 IR71525-19-1-1 RIL 500

IR84129 IR77298-5-6 IR77298-14-1-2 RIL 500

IR83641 IR77298-14-1-2 IR64 RIL 300

aBC, backcross.

generations or beyond. The population can be evaluated repeat-
edly over time and over locations to generate a large amount of
phenotype data. Historically, RIL mapping populations are made
to map component or secondary traits contributing to drought
response. For example, the well-studied IR64×Azucena RIL or
double haploid populations have been used for mapping osmotic
adjustment among other traits. However, using these quantitative
trait loci (QTLs) to reconstitute drought-tolerant varieties has had
limited success (Venuprasad et al., 2009).

More recently, considerable effort has been devoted to extract-
ing segregating materials directly from breeding programs and
converting them into advanced genetic stocks that can serve the
dual purposes of QTL/gene identification and breeding. A main
advantage of these materials is that they are selected for yield under
stress in field conditions. Hence, the traits or QTLs under inves-
tigation have a high probability of being relevant agronomically.
Examples of advanced breeding populations for detecting QTLs
for yield under drought stress are shown in Table 3.

Near-isogenic lines
Near-isogenic lines (NILs) have a special place in genetic analysis
and breeding. A pair of NILs with and without the target trait pro-
vides the best genetic materials to define unique chromosomal
regions conditioning phenotypes, and eventually leads to gene

cloning. Compared to disease resistance, NILs for drought tol-
erance are neither common nor well developed in rice. To fill this
gap, advanced backcross lines have been developed using breeding
lines with demonstrated field performance against drought stress
(see Table 3). Their development can be facilitated through the use
of heterogeneous inbred families (HIFs) resulting in an NIL that
carries a heterozygous region for the target QTL. Such a line can be
selfed to produce a pair of lines homozygous at the target region.
Several pairs of NILs are now available for detecting the chromo-
somal regions conferring large effect for drought tolerance.

Multiparent advanced generation intercross populations
The multiparent advanced generation intercross (MAGIC)
approach originally developed in animal genetics is now being
explored in plants (Cavanagh et al., 2008). In this approach, recom-
binant populations are generated by intercrossing a number of
selected founder lines (between 8 and 16 genotypes) that are genet-
ically distant from each other and carry unique genetic attributes.
The resulting populations are subjected to multiple cycles of inter-
crossing to maximize recombination between chromosomes. At
an advanced stage, a large (>2,000) RIL population is established.
This recombinagenic population is expected to exhibit novel vari-
ation and to provide a permanent resource for high-resolution
mapping.
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Table 3 | Rice breeding populations for detecting large-effect QTLs for yield under drought stress under upland and rain-fed lowland production

systems; genetic stocks maintained at IRRI (Source: information provided by Arvind Kumar, IRRI).

Population Generation Rice production system Reference

Vandana×Way Rarem F3 derived, BC1F3, BC3F3 Upland Bernier et al. (2007)

IR55419-04/Way Rarem F3 derived, BC1F3, BC3F3 Upland IRRI, unpublished

Aday Sel/IR64 BC3F5, approaching NIL Rain-fed lowland Venuprasad et al. (2007b)

Apo×Swarna F3 derived, BC1F3 Rain-fed lowland IRRI, unpublished

CT9993-5-10-1-M/IR62266-42-6-2 DH Rain-fed lowland Kumar et al. (2007)

The International Rice Research Institute (IRRI) has initiated
the development of MAGIC populations for rice. Two popula-
tions will be developed: one will be targeted at irrigated and one
at rain-fed ecosystems that are relevant to both Asia and Africa,
recognizing that the utility of the two populations will overlap.
Each population will have eight founders, selected either as elite,
well-adapted varieties for the respective environment, or as poten-
tial donors of useful germplasm not found within the current elite
pool. Within 3 years, it is expected to have sufficient seeds from the
MAGIC populations for a first round of phenotypic evaluation.

Diverse germplasm panel for association genetics
Genetic association analysis makes use of the fact that, within
an unstructured genepool, blocks of chromosome can be found
associated with certain phenotypes. Unlike conventional linkage
analysis, association analysis exploits the large number of histor-
ical meioses (genetic recombination events) in the germplasm.
The resolution of this association depends on the levels of linkage
disequilibrium (LD).

Rice is particularly suitable for developing an association genet-
ics platform for determining the relationship between chromoso-
mal blocks and traits of interest. Under the OryzaSNP project
coordinated by the International Rice Functional Genomics Con-
sortium (IRFGC), there is now an extensive single nucleotide
polymorphism (SNP) database consisting of over 150,000 SNPs
across 20 diverse rice genotypes (McNally et al., 2006; OryzaSNP
website4). This OryzaSNP dataset, together with other SNP data
from the rice research community, provides the tools for high-
resolution genotyping. The OryzaSNP consortium is mobilizing
the community to conduct a comprehensive survey of genome-
wide SNP variation in more than 2,000 diverse rice genotypes
selected based on diversity, utility in breeding, and geographical
representation. If successfully implemented, the SNP haplotype
and phenotype database of a large collection of rice germplasm
and breeding lines will provide a powerful platform for relating
phenotypes to specific regions of chromosomes in rice.

In summary, genetic variation for conditioning drought tol-
erance exists in rice but such variation must be captured and
displayed in a suitable genetic background amenable to genetic
analysis and breeding manipulation. To understand and use this
genetic variation for breeding, it is necessary to continue to invest
in producing and maintaining well-managed, publicly accessible,
high-quality genetic stocks relevant to drought research. Such

4http://www.oryzasnp.org/

genetic stocks should enable QTL mapping for drought tolerance
at 1 cM (0.5–1 Mb) resolution and they should be useful donors
in prebreeding. Learning from the experience of breeding for
disease resistance, developing breeding-ready NILs with sequence-
indexed chromosomes and known phenotypic contribution to
drought tolerance should prove highly valuable to breeding for
drought tolerance.

BREEDING STRATEGY
Generally, breeding methods for rain-fed rice have been strongly
influenced by experiences in irrigated rice,where the crop is usually
grown under stress-free conditions and where yields in farmers’
fields approach those on experiment stations. Most conventional
plant breeders in rain-fed systems use the early screening phase to
select for traits such as height, maturity, plant type, pest tolerance,
and grain quality, often under well-watered conditions on research
stations. Only at the advanced testing stage, when relatively few
genotypes remain, are entries evaluated under the stress conditions
of farmers’ fields. The outcome is often a variety that performs well
under well-watered conditions but poorly under stress.

In contrast to this conventional approach, growing evidence
indicates that varieties developed for improved yield under
drought stress will respond to well-watered conditions if there
is early selection in both environments. There are several reasons
for plant breeders’ apprehension about selection under drought
stress. Uppermost among them is that the target environment
where selection and testing work are done is often spatially variable
in terms of rainfall. Because of the variability in the rain-fed envi-
ronment, breeders are searching for more reliable phenotyping
protocols that can accelerate progress. However, breeders must be
aware that there is a“chain of correlation”between performance in
a screening environment and performance in farmers’ fields. Thus,
before embarking on a phenotyping protocol, the breeder must test
the assumption that the performance in a given drought protocol
is predictive of performance on-farm under farmer management.

Rain-fed rice is grown in two major ecosystems, rain-fed low-
land where the rainwater is stored through “bunding” of the fields
such that the crop is exposed to anaerobic and aerobic conditions,
and upland rice where the crop grows under aerobic conditions.
There is another emerging ecosystem of interest and that is the tra-
ditional irrigated rice system where there is increasing pressure on
water availability. Rice researchers are developing“aerobic rice” for
this emerging ecosystem. Of these, the former is by far the domi-
nant and accounts for around half of the rice area worldwide. It is
the main focus of this case study in breeding for drought resistance
in rice.
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PLANT WATER STRATEGY
Background and simple model for yield under drought
Numerous workers have studied the complex processes, mecha-
nisms, and traits that determine rice yield under moisture-limiting
conditions. Fukai and Cooper (2001) have summarized this com-
plexity, and focus on three broad mechanisms that influence yield
depending on the severity and predictability of the drought in
the TPE where the crop is grown (Figure 1). The contribution of
phenology to escape from predictable drought is well understood.
Its role in unpredictable drought occurring around flowering is
still under investigation. There is considerable evidence that yield
potential contributes to yield under drought, with recent evidence
from the work of Kumar et al. (2007) showing a genetic correlation
of 0.8 between yield under stress and non-stress. This indicates
that much of the yield under drought is accounted for by yield
potential. Plant breeders have improved yield potential, mainly by
increasing harvest index (HI) through shorter plants and earlier
flowering with more tillers and greater spikelet number, and, to a
lesser extent, green leaf duration (GLD), by maintaining a larger
leaf area for a longer period.

The main approach for breeding for drought-prone environ-
ments is to: (i) improve yield potential and, depending on the type
of drought, select for the appropriate combination of maturity
to avoid stress during the reproductive stage; and (ii) select for
tolerance to drought stress during the reproductive period, and
avoid plant types that use a lot of water prior to flowering (i.e.,
produce large amounts of dry matter (DM) and run out of water

FIGURE 1 | Schematic diagram of three components of yield under
drought-prone environments (potential yield, phenology, and
drought-tolerance traits) and yield relationship in different types of
drought in rain-fed rice. Note that when drought is not present, yield
potential determines grain production. Moving to the right in the figure,
drought becomes more severe and drought escape or drought tolerance
becomes more important. The vertical axis represents the predictability of
drought. If drought is very predictable (bottom), drought escape through
changing phenology or planting date is a good option. As drought becomes
more unpredictable (moving up on the axis), drought-tolerance traits
become more necessary (Redrawn from: Fukai and Cooper, 2001).

at the critical stage of flowering. In upland rice, as in other aerobic
crops, there may also be opportunities to increase the amount of
water transpired through more vigorous root systems.

Putative traits for drought tolerance
There are many putative traits that have been studied for their
use in breeding for drought tolerance in rice, as listed in Table 4.
However only a few can be recommended for use in a practical
breeding program at this time. They are described in detail later.
Research continues on some of the putative traits but at this stage
they are not recommended for application in a breeding program.

PHENOTYPING TRAITS5

Why use secondary traits?
Grain yield under stress is the primary trait for selection in breed-
ing programs for drought-prone environments. However, it is
sometimes useful to screen for secondary traits as well. These traits
are plant characteristics that are associated with yield under stress,
and they can provide additional information for breeders to use
when they make selections. Breeders who select for disease scores,
plant height, and flowering date are all using secondary traits. For
a secondary trait to be useful in a breeding program, it has to pass
five tests:

• It must be genetically correlated with grain yield in the predom-
inant stress situations that occur in the target environment.

• It should not be affected very much by environment; that is, it
should be highly heritable in the screening system used.

• There must be variation among lines for the trait.
• It should not be associated with poor yields in the unstressed

environment.
• It must be possible to measure the trait rapidly and economically.

When to use secondary traits?
Secondary traits can improve the selection response if they
contribute in one of the following ways:

• They improve precision if the heritability of yield is reduced by
stress and the heritability of the secondary trait is not reduced
by stress.

• They facilitate manipulation of the drought environment. It may
be easier to reveal variation in the secondary trait than to reveal
variation in yield. For example, the timing of stress has a very
large effect on the extent to which yield is reduced, so it is hard
to compare lines with different flowering dates. If a secondary
trait is less sensitive to the growth stage of the crop, this makes
it easier to compare lines of different maturity.

• They focus the selection on a specific type of drought, yield
being the summation of all stresses, including those not directly
associated with water.

• They are cheaper and easier to measure than grain yield under
stress. Frequently, experiments are lost because of pests or
weather damage before the final yield can be recorded. In such
cases, a good secondary trait allows useful data to be collected
from the experiment.

5Reprinted from Lafitte et al. (2003).
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Table 4 | Putative traits for drought tolerance.

Trait Proposed function Comments Reference

Leaf-rolling score To reduce transpiration Used during vegetative stress; high heritability (ca.

0.8), but low/no association with yield. Good as an

indicator of stress in an experiment

Courtois et al. (2000)

Osmotic adjustment (OA) To allow turgor maintenance at

low plant water potential

Indica types have high OA, japonica types have low

OA. This trait has been associated with a yield

advantage in wheat, especially in terminal stress

environments

Lilley et al. (1996)

Deeper, thicker roots To explore a greater soil volume There is evidence from MAS that increasing root

mass below 30 cm results in greater yield under

stress. No evidence on root thickness per se.

Large-scale screening is difficult

Yadav et al. (1997)

Root-pulling resistance For root penetration into deeper

soil layers

Is correlated with larger root system Pantuwan et al. (2002b)

Greater root penetration ability To explore a larger soil volume Most studies use artificial barriers with known

mechanical resistance. There is some controversy

regarding how well this mimics the soil situation

Ali et al. (2000),

Clark et al. (2000)

Membrane stability To allow leaves to continue

functioning at high temperature

Genotypic differences are clear. Has been linked to

heat tolerance in several species. Link to drought

tolerance is less evident

Tripathy et al. (2000)

Leaf relative water content (RWC) Indicates maintenance of

favorable plant water status

Trait has rather low heritability; QTLs not repeatable Courtois et al. (2000)

Water-use efficiency (WUE) Indicates greater carbon gain

per unit of water lost by

transpiration

Carbon isotope discrimination (∆13C) provides an

integrated measure of WUE over the season. It has

been used successfully for crops in more arid

climates but has not been applied to rice

Specht et al. (2001)

Note that QTLs have been identified for these secondary traits. Now they need to be tested for their relationship with performance under drought stress, and suitable

high-throughput screening strategies must be developed (Source: Lafitte et al., 2003).

METHODOLOGY AND FIELD TRIALS
The following provides some practical advice for breeding rice
for drought-prone environments with a focus on practical proto-
cols for phenotyping. The focus is on rain-fed lowland rice. The
material is taken from Fischer et al. (2003a).

TRIAL PLANNING
Definition of the target environment6

There is no one environment, even on the same farm, for which a
breeding program is targeting improvement toward. Rather, there
are several environments that will change from year-to-year and
from field-to-field. These are referred as “the target population of
environments” (TPE; Cooper et al., 1997). Each breeding program
must clearly define the TPE for which it is developing varieties.
Thus, a TPE is the set of all environments, fields, and seasons in
which improved varieties are expected to do well. However, the
environments must be sufficiently similar for one genotype to
perform well in all of them.

6Reprinted from Fischer et al. (2003b).

How to determine the target population of environments for rain-fed
lowland rice
Start with spatial information on water availability at the sub-
ecosystem level. A commonly used system for characterizing rain-
fed lowland systems is that of sub-ecosystems defined by Khush
(1984), and later modified by Mackill et al. (1996). Three of these
sub-ecosystems are relevant to breeding for drought tolerance:

• rain-fed, shallow, favorable sub-ecosystem, where rainfall and
water control are generally adequate for crop growth, and only
short periods of drought stress or mild submergence occur

• rain-fed, shallow, drought-prone sub-ecosystem, with either a
short rainy season or a long and bimodal rainy period

• rain-fed, shallow, drought- and submergence-prone sub-
ecosystem, where drought and submergence may occur within
the same growing season or in different seasons.

Use the knowledge and experience of farmers and breeders to
characterize local environments
Farmers, agronomists, and breeders who are familiar with a field
and have observed rice crops grown in it over several years can
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usually determine the type of drought risk it is subject to quickly
and accurately. This is largely a function of toposequence position
and soil texture. Upper terraces, particularly those with light soils,
are most subject to drought risk. Using the knowledge of expe-
rienced farmers and researchers is the most accurate and simple
approach for assigning fields to a particular TPE. As a general rule,
drought risk is most severe in entirely rain-fed upper fields, in
which standing water rarely accumulates, and in which farmers
grow short-duration, photoperiod-insensitive varieties.

Use the performance of known varieties to define the target
population of environments
Most breeding programs routinely collect data from variety tri-
als grown over all environments, called multienvironment trials
(METs). These historical data can be reanalyzed using the statisti-
cal package CROPSTAT8 to determine the clustering or grouping
of environments, based on the correlation of variety means across
trials. The results can be used to define the TPE. There is a simple
way to group locations and fields into the TPE, using the correla-
tion of variety means from trials testing the same set of varieties.
The repeatability (also known as the broad-sense heritability or
H) of a three- or four-replicate trial usually ranges from 0.3 to 0.4.
This is also the expected correlation of variety means in trials con-
ducted in different fields if there is not much GEI between them.
Thus, if the correlation between cultivar means in trials conducted
at two different sites is consistently 0.3 or greater, they can be safely
included in the same TPE. This method of grouping environments
in the TPE should only be used if data from trials containing 20
or more varieties are available over several years.7

Be cautious in using this approach
First, it is necessary to make sure that the trials/locations are rep-
resentative of the TPE (i.e., the farmers’ fields), and that crops
are not grown only at the experiment station (often with water).
Second, do not exclude trials that did poorly because of drought.
Our experience from several analyses of METs shows that there is
a large non-predictable component of GEI (associated with year-
to-year variation), as well as a large error component. This makes
it difficult to define consistent patterns for the grouping on the
basis of locations (Cooper et al., 1999a) and requires large datasets
to estimate frequencies of environmental types based largely on
variable water conditions. Since our aim is to develop varieties
with adaptation to these water conditions, we need to know more
about the patterns of water supply and the types of drought. The
GEI analysis needs to be supplemented with measurements of the
water supply at the local level.

The process of defining the target population of environments is an
ongoing one
Since most breeding programs conduct METs, a few modifica-
tions can improve the data for the continuing process of the TPE
definition:

7Rajatasereekul et al. (1997) used this approach to define three broad domains
for the rainfed systems of Thailand and Lao PDR and, from that, the duration of
preferred varieties.

• Select “probe” varieties with contrasting differences in impor-
tant traits (i.e., early or late, photosensitive or insensitive) as
reference lines.

• Test these varieties under representative conditions, including
farmers’ fields.

• Measure the water environment of the MET.

Monitoring water levels to characterize drought
Water supply can be monitored during crop growth to determine
the timing and severity of drought to further define the TPE. The
pattern of water level recorded over the season can be used to
characterize three different types of drought:

• An early drought that occurs during vegetative growth.
• An intermittent mid-season drought that occurs between tiller-

ing and mid-grain filling.
• A late drought that occurs during flowering and grain filling.

In addition to knowing the frequency, it is also important to
know the severity. For this, it is necessary to compare the yields
under the drought and irrigated conditions or, if irrigation is not
possible, choose a well-watered site such as the bottom of the
toposequence.

Modeling the availability of water and the use of geographic
information systems in the rain-fed lowlands to define the target
population of environments
In the rain-fed lowland rice ecosystem, the TPEs are often defined
by their position in the toposequence (hydrology). For example
in Thailand, farmers’ estimates of yield reduction because of late-
season drought were 45–50 and 15–20%,respectively, for the upper
and middle levels on the toposequence.8 The national breeding
program now uses the different positions on the toposequence
to represent differences in the severity of drought in their testing
program. A water balance model to predict available water has
been developed and linked with geographic information systems
(GIS) to characterize environments based on water availability
(Inthavong et al., 2008).

How to determine the target population of environments for the
upland rain-fed system
In upland rice, water availability for crop growth depends largely
on rainfall patterns, rather than on total rainfall, and on land and
soil properties that influence infiltration. The upland system is
generally poorly buffered against variation in rainfall because it
cannot store as much water as the lowland system. Short periods
without rainfall (around 7 days) are most damaging if they occur
just after sowing, when roots are poorly developed. Periods with-
out rain can also cause spikelet sterility during the critical period
from about 10 days before anthesis to 5 days after anthesis. As a
general guideline for tropical areas:

• Flowering-stage stress will generally be significant after 7 days
without significant (>5 mm) rainfall.

8Boonrat Jongdee (see The Thailand Experience of Integration of Direct Selection
for Grain Yield and Physiological Traits to Confer Drought Resistance).
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• For each additional day without rainfall during this critical stage,
yield will decrease by about 10%.9 The water supply during crop
growth can be estimated using a simple water balance model
based on weather data and knowledge of soil texture and depth
at a site. Starting from a soil at field capacity, use the following
as a guide to make an estimate of water use:

• Water content at field capacity can range from about 10 mm
(sandy soil) to 20 mm (heavy soil) per 100 mm of soil.

• Rice grows well until about 30% of the available water is
extracted. This means that the crop will have 3–6 mm of water
available per 100 mm of rooting depth.

• Rice roots of many indica varieties below 600 mm seem mostly
ineffective in water uptake, so their maximum rooting depth is
probably 600 mm.

• In soils with high acidity, plow pans, or other conditions that
encourage surface rooting, rooting depth will be much less.
Therefore the depth of effective rooting needs to be measured
for the site.
If the roots extend to 600 mm, the crop can extract 18–36 mm
of water, which is enough for 6–11 days of transpiration in the
humid tropics during the vegetative and grain-filling stages, or
4–7 days of transpiration during the critical flowering stage. If
the rooting depth is only 300 mm, a crop starting at field capac-
ity can grow for only half this long before it begins to experience
water stress.

It is recommended to use the rainfall and estimate of water
use to develop a simple water balance for the crop to define the
frequency and type of drought.

Choice and characterization of the testing environment
The TPE has to be used to define the breeding strategy; once the
TPEs have been defined, a breeding strategy can then be devel-
oped for each TPE based on adaptation to the prevalent water
supply and type of drought. In broad terms, that strategy includes
selection for:

• Yield potential for favorable conditions.
• Drought escape (early maturing) for terminal stress.
• Drought tolerance for all stress conditions, but particularly

intermittent stress.

However, when large year-to-year variation occurs in the type
of drought, no one drought type can define the TPE. Under these
conditions, breeders need to balance selection criteria to reflect the
likelihood of each drought type in the TPE. The important point
is to know which drought type occurred in each nursery and make
sure that material that is well adapted to other frequently occur-
ring drought types is retained among the selected lines. Otherwise,
a cyclic pattern of genotypes adapted to different drought types
can limit progress in selection.

Evaluation of the GEI helps to decide on the number of TPEs for
the breeding program. In rain-fed environments, GEI or the ten-
dency for genotypes to rank differently in different environments

9Courtois and Lafitte (1999) have used this approach for a regional characterization
of the uplands.

may be large. Under these circumstances, several TPEs, each served
by different varieties, may be optimal. This is very different from
irrigated rice, where the TPE can be very large, as in the example of
IR36 grown on a large area. However, since each new TPE served
will need additional breeding and testing resources, there will be
a practical limit to the number of TPEs served by a breeding pro-
gram. In some TPEs, the size of the target area will be inadequate
to justify the resources required for a separate effort, and breeders
must rely on the “spillover” of a variety from another TPE.

There is a trade-off between precisely defining the TPE and
achieving enough replication within it. Thus, even when the TPE
has been precisely defined, there will be random rank changes in
variety means from site to site and from year-to-year, that cannot
be explained by differences in water status. This is because many
factors, such as pest damage, disease, and measurement error, rou-
tinely affect yield data collected in field trials. These “noise” factors
are known to be very large in rain-fed lowland rice, and they can
be overcome only through adequate replication within and across
environments. If the TPE served by a breeding program is too nar-
rowly defined, budget considerations will allow only one or a few
trials to be conducted within each TPE. When genotype means are
estimated from only one or two trials, least significant difference
(LSD) values are very large, preventing accurate evaluations from
being made and reducing progress from selection. In general, the
TPE must be large enough to support three to five testing sites.

FIELD EXPERIMENTAL DESIGN10

The design should be precisely defined. A major departure from
conventional (irrigated) rice breeding that is required in rain-fed
systems is the need for early generation yield testing in selec-
tion environments (SE) that represent the TPEs and the large GEI
within them. Replicate check lines must be used in early screening
nurseries: in early generation screening trials, we are usually lim-
ited to very few environments. In fact, in some cases, the number of
replications (r), locations (l), and years (y) may be only one. Even
when all test lines cannot be replicated, one or more check lines
should be replicated. Check lines in screening trials fall into two
categories: probe lines that have well-known responses to specific
stresses, and replicated checks that may be less well known but rep-
resent the test material as accurately as possible. Some guidelines
for using replicated checks are:

• Lay out probe lines in a systematic way. The objective of these
checks is to verify that the appropriate stress was in fact applied.
For drought screening, a check line that is susceptible to the par-
ticular form of drought being tested should be used, and this
might actually die under the applied stress.

• Identify plots for replicate check entries at regularly spaced
positions in the field or screen layout. These positions must
themselves be representative of the experimental space. In sta-
tistical terms, they represent a stratification of this space. They
should not be selected to be at edges or along pathways, or in
other non-representative areas. Border rows, plots, or pots as
appropriate and necessary should in any case, protect them.

10Reprinted from McLaren (2003).
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• The replicated checks should be allocated to the check plots
according to a standard experimental design such as a random-
ized complete block (RCB) design or a Latin square design (see
CROPSTAT tutorial11 on “Randomization and layout of exper-
imental designs”). The resulting nursery is then described as
being laid out in an “augmented RCB” or “augmented Latin
square” design as described below. If the field contains a single
identifiable gradient, then an RCB with blocks perpendicular to
the gradient is appropriate. For spatial control in two directions,
the Latin square is better.

The main objective of the replicated checks is to quantify spatial
variability in the test environment and adjust the measurements
of the test lines accordingly. A desirable byproduct of using repli-
cated checks is an estimate of measurement error and, indeed, if
the checks themselves are interesting test material, extra valuable
information is obtained on those particular lines [see CROPSTAT
tutorial (see text footnote 12) on “Single-site analysis for variety
trials”]. We recommend the use of augmented designs that have
been developed to overcome the serious drawbacks of unreplicated
trials, such as a lack of control of field variability, and no estimate
of error for comparing entries (Federer and Raghavarao, 1975).

In advanced yield trials and METs, the main objective is to
increase the number of environments where lines are evaluated.
With limited resources it is preferable to increase the number of
sites rather than the number of replications in any one trial. To do
this, we use designs that are more efficient than the RCB designs
such as modern alpha lattice designs. However they require spe-
cialist computer programs for their design and analysis. Some
guidelines for effective METs are:

• Increase the locations rather than the replications to maximize
the chance of testing under drought conditions.

• Choose locations that are likely to experience the relevant
drought stress.

• Use a lattice design with only two replications and small blocks
(<less than 10 plots per block) at each location (see CROP-
STAT tutorial8 on “Randomization and layout of experimen-
tal designs” and on “Single-site analysis of variety trials” for
examples of how to use classical simple lattice designs).

• Use data from drought trials even if coefficients of variation
(CVs) are high (provided that the trials were well-conducted).

• Do not use yield data from locations that do not experience the
target drought stress for the TPE, unless the wish is to use them
as an estimate of yield potential.12

BREEDING TO IMPROVE YIELDS UNDER DROUGHT: FROM THE SE TO
THE FARMER’S FIELDS AND HOW TO INCREASE RESPONSE TO DIRECT
SELECTION FOR YIELDS
The SE must be representative of the TPE. Performance in the
TPE and the SE can be thought of as correlated traits expressed
by a single genotype in separate environments. This relationship
is measured as the genetic correlation (rG). Thus, the rG is an
indicator of the accuracy with which performance in the TPE can
be predicted in the SE. An rG value of 0 indicates that there is

11http://www.riceworld.org/science/software/cropstat.asp
12Reprinted from Atlin (2003).

no association between performance in the selection and target
environments. An rG value of 1 indicates that the SE is perfectly
predictive of performance in the TPE. Therefore,before embarking
on a controlled-drought screening program, the breeder needs to
test the assumption that the performance in the controlled exper-
iments is predictive of performance in the research station field
(rG1) and that performance in the research station field is predic-
tive of performance on-farm under farmer management (rG2). To
maximize rG between the SE and the TPE:

• Ensure that conditions at the research station (nursery and tri-
als) are similar to those in farmers’ fields. Note that selection is
often conducted at research stations under management regimes
that are not representative of those used by farmers. This type of
selection may be justified in terms of selecting for yield poten-
tial or maximizing the precision of yield trials, but breeders must
ensure that performance on-station is predictive of performance
on the farm.

• Use two kinds of screening trial, one that predicts performance
in drought years and one that predicts performance in favorable
years. For the design of the managed-drought screening trial
see the section “Water-stress management and characterization”
below. Note that nurseries in which managed levels of stress are
purposefully applied are useful in ensuring that rG is maximized
for stresses, such as drought, that occur sporadically in the TPE.
It is important to verify that the results of managed-stress trials
really are predictive of performance on-farm.

• Select directly in the target environment, that is, on-farm. For
on-farm screening, the correlation between performance in the
selection and target environment is necessarily 1, assuming that
representative farmer-cooperators have been chosen. Therefore,
on-farm screening should be a component of all breeding pro-
grams in which any uncertainty exists about the predictive power
of on-station screening. Note that on-farm trials can be expen-
sive and imprecise because of variability caused by weeds and low
fertility, and are subject to a high risk of failure. Consequently,
on-farm testing programs must be carefully designed and con-
ducted to avoid wasting money and time, and to maximize the
reliability of the data obtained. Use the robust experimental
designs discussed earlier.

• Irrigate only if the objective is to measure yield potential.
• Use data from trials affected by drought even when the coef-

ficient of variation (CV) is large; the inherent variability of
stressful environments is often high (Atlin and Frey, 1989). This
has important implications for the use of data from METs and
on-farm trials in selecting drought-tolerant materials. Often, tri-
als with high CVs are omitted from the analysis. However, these
are frequently the trials in which stress was most severe. Omitting
high-CV trials almost always introduces bias into the sampling
of the TPE toward more favorable environments. This bias can
be avoided by not using an arbitrary CV value as a criterion for
accepting or rejecting a certain on-farm or off-station trial. If
no obvious errors have been made in layout or data collection,
results from low-yield, high-CV trials should be retained. These
are often precisely the trials that are the most informative about
cultivar performance in stressful environments.

• Select genotypes that perform well under both drought and well-
watered conditions. Varieties that perform well in both types of
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SE can generally be identified because rG across drought stress
levels is usually positive in other crops (Atlin and Frey, 1989;
Bänziger et al., 1997) and there is evidence that rG is also usually
positive (sometimes with a low value) in rice grown under a
range of water-stress environments (Lafitte and Courtois, 2002;
Pantuwan, personal communication). Selection intensity must
be high. Drought-tolerance breeding programs must be large to
make progress. In most rain-fed rice breeding programs, only
a few lines (usually fewer than 50) are tested in the replicated
MET at several locations, although this is the selection phase
most responsible for making gains in stress environments. If lit-
tle selection pressure for yield under drought stress is applied,
little progress will be made. For a small rain-fed rice breeding
program focusing on drought tolerance and producing 1,000
new F6 or F7 lines per year from its pedigree breeding program,
an appropriate distribution of effort might look something like
the scheme below:

• preliminary managed-stress screening: N = 1,000
• preliminary replicated yield testing under stress: N = 200
• METs – advanced lines: N = 100
• participatory on-farm testing: N = 20.

The following techniques can increase the number of plots and,
therefore, the number of entries using the same resources:

• Use augmented experimental designs that maximize the number
of entries for given resources.

• Use micro-plots and visual rating scales judiciously (see later
section).

• Use screening methods that are inexpensive and able to handle
large numbers.

Broad-sense heritability (H ) must be maximized through careful
management of drought screening nurseries and by high levels
of replication within trials and across sites and years. There are
several ways to increase H :

• Increase the number of replicates per trial.
• Increase the number of trial locations.
• Increase the number of years of testing.

It is important to reduce the error (σ2
E) variance to detect real

differences between lines. In our experience, the genotype-by-
location-by-year (σ2

GLY)and the error (σ2
E) variance are the largest

contributors to random noise in field trials. The contribution of
(σ2

E) can be reduced by choosing uniform test sites, increasing
within-site replication, adopting improved methods of control-
ling within-block error (for example, lattice designs or neighbor
analysis), or increasing the number of locations or years of testing.
The contribution of (σ2

GLY) can only be reduced by increasing the
number of tests across locations or years. This is expensive and
must involve:

• cooperation among research centers in collaborative net-
works for the early stages of yield testing, rather than
extensive testing at a single center until advanced stages
(Cooper et al., 1999b)

• increasing the number of test locations rather than the number
of replications at each site.13

Increasing the number of replicates (without increasing the num-
ber of trials) is less expensive but also less effective in increasing
heritability!

WATER-STRESS MANAGEMENT AND CHARACTERIZATION14

One of the major limitations to the improvement of rice for
drought-prone areas has been the lack of appropriate methods
to impose drought routinely and reliably in order to select more
tolerant lines. Many methods have been used to impose drought
in order to have a better understanding of the mechanisms that
lead to higher yields and the traits that can be selected for drought
tolerance. However, few have been evaluated to assess their pre-
dictability of performance in farmer’s fields (see more on this
later). Each has a strength and weakness as outline in Table 5.
Therefore, care is needed in deciding which approach to use. We
advocate more studies to validate that the testing environment
predicts performance in farmer’s fields.

Start with a uniform field and apply all inputs uniformly
When fields are well irrigated, they often appear uniform. However,
as drought develops, differences in topography, slope, soil texture
and field history can have a large effect on plant growth. Choose
a level field with minimum variation in soil depth or texture. Not
all the variation in a field can be seen from the surface; observa-
tions of weed or crop growth in a previous season can give hints
of problems. A transect of soil cores or soil impedance readings
can also indicate below-ground variation. If irrigation is applied, it
must be uniform in depth. Replicates or incomplete blocks should
be placed inside a basin. If sprinklers are used, irrigation must be
applied when there is little wind. All sprinkler heads must throw
the same amount of water, so the pump pressure must be high
enough to pressurize the system evenly. Sprinkler heads must be
cleaned and checked, and leaks should not occur within plots.
Other management practices such as the application of fertilizer
and weed control should also be carried out uniformly. If it is
found that uneven drying still occurs in the field, a visual score of
soil drying can be given to each plot when differences are obvious,
and this score can be used to adjust for field differences. Statistical
designs are available that can also help deal with variability, but
there is no substitute for starting with a good, uniform field.

Know what happened
Whether managing irrigation or relying on natural drought peri-
ods for stress, the essential measurements needed to characterize
the environment are depth of standing water (in lowland fields),
depth of the water table, and daily rainfall:

13In rainfed rice METs,both within-site residual variance and genotype-by-location-
by-year variance tend to be large and much more important than genotype-by-
location or genotype-by-year variance. Increasing either the number of trials or
the number of replications per trial will usually increase selection response, but
increasing the number of trials will have the greater effect.
14Reprinted from Lafitte (2003).
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Table 5 | Evaluation of different field devices for genotype study/screening in response to drought.

Field devices for

drought study

Cost Strengths Limitations Suitable climate

and soils

Reference

Late planting with

drainage in rainy

season trial

Large uniform field

management

High chance of

reproductive and

terminal drought

Photoperiod non-sensitive Semi-arid tropics Pantuwan et al. (2002a)

Dry-season trial Large uniform field

management

High chance of drought,

vegetative drought

Photoperiod non-sensitive,

genotype-by-season interaction

Semi-arid tropics Pantuwan et al. (2004)

Line-source

sprinkler

Equipment, water

source, monitoring

Different water regimes Wind, space Semi-arid to arid

climate

Garrity and O’Toole

(1994)

Rainout shelter Construction All types of drought Space, cost Lilley and Fukai (1994)

Greenhouse Construction All types of drought Space, cost, rhizosphere

differences (small and loose)

Yadav et al. (1997),

Wade et al. (2000)

Root restriction Rhizosphere

manipulation

Evaluation of non-root

traitsa

Space Hardpan,

simulated lowland

Kato et al. (2007)

Raised bed Rhizosphere

manipulation

Dry surface soil (interrupt

capillary water)

Space Sub-humid climate Kato et al. (2007)

(Source: Kamoshita et al., 2008).
aRestriction of the root zone removes the advantage of deep rooted varieties that would be expressed if no restriction; in most puddled lowland fields roots are

restricted.

• The simplest measure is to record the presence or absence of
standing water weekly. A late-season drought can be identified
by the last date of the standing water relative to the flowering
date of the variety.

• A measure of the depth of the water above and below the ground
is more informative. For an accurate measure of the above
ground water, use a “slant meter”; for below the ground, use
a PVC tube.

• Use a minimum of three recording stations for each trial located
across any perceived water gradient.

• Make some additional measurements. It is useful to know pan
evaporation and this can be measured from a central station
in a region. For upland experiments, it is useful to know soil
moisture tension, which can be measured inexpensively using a
tensiometer. For guidelines on making groundwater wells and
tensiometers, see Mackill et al. (1996).

• Remember that many potentially useful datasets cannot be inter-
preted because no one knows whether drought affected the
experiment or not. Observations of leaf rolling in check cul-
tivars can provide good evidence of when water stress began.
It is critical to know both the dates of disappearance of stand-
ing water in lowland fields and the amount of water in upland
experiments. If the water table is at a depth of 1–1.5 m, it can
provide an additional source of water to the crop; so check for
groundwater depth.

Keep out unwanted water
To apply stress consistently, there must be a way to limit water
input to the plots. This can be done by the following means:

• Sow at a time of year when a good chance of low rainfall
is expected (provided that this season is representative of the
regular season in the target environment).

• Use a rain exclusion shelter. Such shelters are expensive to build
and maintain, so these are usually used only for small experi-
ments. The temperature under shelters tends to be higher than
the outside air temperature. This may affect crop flowering
date and can, in some cases, result in high-temperature dam-
age. Monitoring of air temperature will allow interpretation of
the results.

Check for water from underground sources, especially if there
is lowland rice nearby. To avoid entry of water from adjacent wet
areas, between the experimental field and the source of free water,
it is necessary to dig a ditch that is at least 40 cm deeper than the
expected root zone. This ditch will intercept water moving into the
field, and the water must then be drained away. At upland sites,
lateral water movement is not usually more than about 1 m but,
depending on the irrigation method, it may be necessary to have
wider borders.

Remove water at the desired time
In rain-fed lowland experiments, the soil is generally saturated
before stress begins, and the field is then drained to allow the
development of drought. The number of days it takes for drought
to develop depends on the moisture-holding characteristics of the
soil, losses from seepage and percolation, and the amount of water
transpired by the crop. Thus it is necessary to conduct an initial
experiment to see when to remove water to induce stress at the
desired time. Remove water at a developmental stage of a check
variety. With experience, it is possible to estimate the number of
days this will require in the experimental field. For a fully devel-
oped crop growing in a heavy clay soil at IRRI, it takes about 10 days
for a field to dry from saturation to near field capacity. After about
1 week more, some leaf rolling can be observed. This means that it
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takes about 20 days for stress to develop after the field is drained,
and would take more time if the crop were small. In contrast, sandy
soils dry much more quickly and stress can develop within 14 days
or so.

In upland experiments, it will take much less time for stress to
develop after rainfall or irrigation stops. If root depth is shallow
(25–30 cm), the amount of water available to the crop between
field capacity (about 10 kPa) and 20 kPa is only adequate for a
few days of transpiration, and irrigation must be applied every
2–3 days in control plots. Stress will begin almost immediately on
the withholding of the irrigation.

It is also possible to apply a mild continuous stress by simply
reducing irrigation frequency. This has the advantage that it has
a similar effect on genotypes with different flowering dates, and
the stress treatment is not affected much by minor rainfall events.
However, a mild continuous stress is not very effective in separat-
ing lines for some traits that require more severe stress, such as
flowering delay and leaf drying.

How severe a drought stress?
Aim to reduce yield by almost 50%. One reason for this is that
rG for line means estimated in trials with only slightly different
stress levels is likely to be very close to 1.0. Another reason is that
severe stress, when skillfully and uniformly applied, can amplify
genetic differences between lines. For example, if uniform and
severe drought stress can be applied to rice breeding lines at flow-
ering, some highly susceptible lines simply do not flower. This is
a large, visible genetic response that can make it easy to eliminate
susceptible genotypes.

Conduct a companion nursery under well-watered conditions
In addition to the controlled-drought SE, it is very useful to have a
companion nursery with well-watered conditions to estimate the
yield potential of the genotypes:

• Estimate the severity of the controlled environment as the mean
reduction in yield between the well-watered and the drought
nursery.

• Avoid water deficit in the uplands; irrigation is usually applied
when the soil moisture tension at 15 cm depth reaches about
20 kPa.

• Maintain free-standing water in the well-watered rain-fed
lowlands.

Correct for differences in flowering date
Rice is especially sensitive to stress around flowering. This means
that a line that flowers shortly after the field has been drained will
be much less affected by stress than a line that flowers later. One
option is to place genotypes in early, middle, and late maturity
groups, and stagger the planting dates so that all genotypes flower
at the same time. This requires good information on flowering
time and is difficult to manage. Another possibility is to stratify
the entries based on the flowering dates of the well-watered plots,
and select lines that are less affected by stress within each group.
If there is a clear linear relationship between stress yield and flow-
ering date, a drought response index (DRI) can be used (Bidinger
et al., 1987).

This means regressing stress yield on flowering date in the
control, and finding the predicted yield as follows:

Predicted yield = a + b (flowering date) And the DRI is cal-
culated as: (observed yield-predicted yield)/standard error of
predicted yield.

OTHER POINTS TO CONSIDER
Dry-season screening is, in most parts of the world, equivalent
to out-of-season screening. Fields that are sown out of season
are generally much more susceptible to insect, bird and rodent
attack because other food sources are unavailable. There are also
climatic factors to consider, such as low temperature, high radia-
tion and low humidity. Because of these factors, performance in a
dry-season nursery may not accurately predict yield potential for
a variety targeted to the wet season. The main purpose of the dry-
season nursery is to obtain additional information about drought
tolerance. This information can be combined with other data from
wet-season screening in a selection strategy.

When rice is grown repeatedly in upland fields, yield poten-
tial often declines markedly after the first crop or two, perhaps
because of nematode accumulation, micronutrient deficiencies,
or other unknown factors. If a field is developed as a long-term
screening site, it should be large enough to allow part of the field
to be rotated with a non-rice crop each year.

PHENOTYPING (TRAITS)
Which secondary traits are useful?
There must be a relationship between the secondary trait and grain
yield in the target environment. The traits expected to be of value in
some drought-tolerance breeding programs are shown in Table 6.
However, even when this relationship is found, that is not enough
to show that breeders should use the secondary trait. For breeders
to use the trait, the expected progress from selection using the sec-
ondary trait and yield together must be greater than the progress
made using grain yield alone. Kamoshita et al. (2008) provide a
review of the broad-sense heritability of the main traits proposed
for use in selection for drought tolerance in rice. Based on an earlier
assessment by Lafitte et al. (2003) the recommended traits are:

• Flowering/maturity date (useful for predictable terminal
drought): Rice is extraordinarily sensitive to water deficit from
about 12 days before 50% flowering to about 7 days after flow-
ering. If the pattern of water deficit is predictable in a given
region, selection for a flowering date that does not coincide with
the period of water deficit is a very effective way to improve
drought tolerance. The limitations to this approach are that very
early varieties may suffer a yield penalty in good seasons, and
that this approach works only where the timing of the water
stress is quite predictable. As well as avoiding drought at critical
growth stages, there may be an additional advantage to compar-
ative earliness. Early materials sometimes tend to have a more
stable HI than later ones.

• Flowering delay (useful for intermittent mid-season drought):
When rice experiences a water deficit before flowering, a delay
usually occurs in flowering date. Lines with a longer delay will
tend to produce less grain, even if the water stress is relieved
later. The length of the delay is partly related to the amount of
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stress the line experienced, but there is also genetic variation in
how much delay results from a given level of stress. The reason
for the delay in flowering is not fully understood.

• Percentage of fertile spikelets: When stress occurs near flowering,
i.e., the most sensitive growth stage, the main yield component
affected is the percentage of fertile spikelets. The genetic cor-
relation between yield under stress and this trait is very high,
and the heritability of spikelet fertility is less affected by stress
than is the heritability of grain yield. The way that spikelet fer-
tility is affected by drought at flowering is quite specific, so it
gives clearer information on genotypic response to stress than
does yield, which is the integrated result of many processes that
occurred over the season. However, many factors other than
drought can affect spikelet sterility, and some of these, such as
stem borer damage, interact with drought. Experiments should
be monitored for possible confounding factors.

• Leaf-death (desiccation or “firing”) score: Leaf water deficit can
be reduced further beyond the point of turgor loss, reaching the
point of tissue death. Leaf tissues may die (showing desiccation)
because of extreme loss of water or because of heat stress when
the leaf temperature rises as a result of inadequate transpira-
tional cooling. Unlike leaf rolling, leaf desiccation is irreversible.
All leaves in the canopy should be observed when leaf death is
scored. Desiccation may not occur throughout a given leaf in a
uniform fashion, unless the water deficit is acute. More typically,
it begins at the tip of the leaf, which is usually under greater
water deficit than the basal part closer to the stem. If the timing
and severity of drought in the screening environment are similar
to those of the target environment, leaf drying can be correlated
well with yield under stress.

CONCLUSION
Choice of parental material
Atlin (2003) notes that choosing parents is one of the most impor-
tant steps in a breeding program. No selection method can extract
good cultivars if the parents used in the program are not suitable.
Although breeders have different approaches to parent choice and
have achieved success in different ways, many successful crosses
have some common features that can be recommended:

• Use at least one locally adapted, popular cultivar as a parent.
This helps ensure the recovery of a high proportion of progenies
with adaptation and quality that are acceptable to farmers. If
quality requirements are very important and if the local variety
is highly preferred by farmers, a backcross to the local variety
may be required to reach an acceptable level of quality.

• Choose each parent to complement the weaknesses of the other.
For example, if both parents are susceptible to an important dis-
ease, it is highly unlikely that many offspring will be resistant.
Thus, when breeding for drought tolerance, avoid parents that
are highly drought-susceptible.

• Use improved modern varieties in crosses with an adapted par-
ent. Often, elite modern varieties have high yield potential and
many disease-, insect-, and abiotic stress-tolerance genes that
local ones lack.

• If no drought-tolerant cultivars are known, evaluate a diverse
range of cultivars and advanced lines for the characters identified
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for the TPE, including the specific characters for drought toler-
ance. This will mean testing the potential parental material under
controlled drought.

Researchers in Thailand, Cambodia, and Laos have screened local
materials for drought tolerance; they used DRI to normalize the
effects of yield potential and flowering date on yield under drought
stress. DRI ranges from−2 to+2, and values greater than 1.4 may
be considered as drought tolerance. When several experiments are
considered, the mean DRI of the drought-tolerant genotype may
be below 1.4, with the actual value depending on the consistency
of performance across the experiments. The DRI provides a better
estimate of the contribution of drought-tolerance traits to yield
under drought, independent of those for yield potential and flow-
ering. However, this estimate is prone to high errors and should
be considered mainly as supporting evidence. These researchers
screened a total of 1,279 rice genotypes including a large number
of landraces for drought resistance in 34 experiments across the
three countries. Drought was imposed (i.e., controlled drought)
in 76% of the trials. The project validated the use of DRI for
grain yield and spikelet fertility as important drought traits. DRI
heritability ranged from 0.39 to 0.88, and from 0.31 to 0.77 for
grain yield and spikelet fertility, respectively. In each country, the
selected donor lines were crossed to local recipient cultivars with
a high yield potential and/or good grain quality attributes. A total
of 85 populations (40 for Thailand, 19 for Laos, and 26 for Cam-
bodia) were developed that were derived from single-seed descent
(SSD). In Thailand, a number of populations were backcrossed to
the recipient parent to form NILs. Five RIL populations in Laos,
eight in Cambodia, and six in Thailand were selected based on the
performance of the putative drought lines, and are being carried
forward. These, plus some of the original populations, are now
part of the routine breeding program of the three countries. The
progenies (F6) will be phenotyped for drought response, and supe-
rior lines will enter the routine advanced testing trials (Report to
Rockefeller Foundation, 2006).

Early generation yield testing in the target population of
environments
A major departure from conventional (irrigated) rice breeding
that is required in rain-fed systems is the need for early generation
yield testing in SEs that represent the TPE (Atlin, 2003; Jongdee,
2003). The aim of the breeding program is then to develop fixed
lines for early yield testing at a large number of sites (direct selec-
tion for yield) and under controlled-drought conditions (indirect
selection). A number of strategies can be followed:

• Fix lines through SSD. The main goal is to fix the lines with
minimum selection. Where facilities are available to control
day length (and when using photoperiod-sensitive materials),

up to three generations per year can be produced using rapid
generation advance (RGA), thus reducing the time to develop
fixed lines (F5 and later) for yield testing.

• Fix lines through the normal process of single plant selection
within the F2 and later generations in the bulk method. Usu-
ally, two generations are developed each year by the use of an
off-season nursery. This provides an opportunity to select for
characters that are more highly heritable – selection is based on
a single plant or progeny row and one observation. It also cre-
ates a danger that selection, particularly under irrigation or in
the off-season nursery, will not be representative of the TPE.

• Select for traits such as maturity and height (main season) and
disease resistance only in the early generations, if the desirable
agronomic traits have been identified with farmers’ priorities in
mind. For example, breeders may select short materials because
of their high yield potential, but farmers may not accept these
because of various problems such as poor weed competition and
low straw yield.

• Select under drought conditions in the early stages. Many plants
in a segregating population may not produce any seed because
of susceptibility to drought. Since the heritability of drought
tolerance is usually low, it will be beneficial to practise this type
of selection for more than one generation. Many breeders find
that the bulk method of breeding is suitable for this type of
environment, and requires fewer resources than the pedigree
method.

• When fixed lines are developed (F5 or later), seed supplies are
sufficient for replicated testing. This will allow more flexibility
in conducting METs in the TPE.

All breeding programs should include participatory on-farm trials
To ensure that selection has been effective and that progress made
at the station will be transferable to the farm, on-farm trials man-
aged by farmers should be part of the testing of a new cultivar
(Atlin, 2003). In such trials:

• Include as many cultivars as possible in participatory testing by
farmers in their fields.

• Consider the use of “mother-baby” trials (Bänziger et al., 1997)
to maximize the number of genotypes tested.

• Run participatory trials concurrently with advanced METs.
• Test for grain quality, in consultation with farmers from the

TPE. This is cheaper than replicated yield testing. Hence, quality
screening should be done before METs to discard varieties with
quality unacceptable to farmers.
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APPENDIX
THE THAILAND EXPERIENCE OF INTEGRATION OF DIRECT SELECTION
FOR GRAIN YIELD AND PHYSIOLOGICAL TRAITS TO CONFER DROUGHT
RESISTANCE
The rain-fed lowland is a major rice ecosystem in Thailand with
an area of approximately 5.7 million ha, more than 60% of the
total rice land of Thailand. Rainfall is bimodal and drought may
develop early and late in the growing season. The early season
drought occurs in most areas, affecting the time of transplant-
ing of seedlings and the growth of direct-seeded rice. Late-season
drought develops at the end of the monsoon season in most years
in the northeast, particularly on upper part of the toposequence
of the paddy, where there is more water loss from soil percola-
tion and lateral water movement. Early season drought is more
frequent than late-season drought, but yield loss is more severe in
the latter. Thus, the target of our breeding program is the devel-
opment of late-season drought-tolerant cultivars. The following
describes our approach to screening and breeding for drought tol-
erance. To date nine breeding lines of traditional and improved
germplasm have been selected and used as donors for drought
tolerance. Single and backcross populations had been developed.
Presently, 10 lines which have been selected under field screen-
ing are being tested under farmer fields in target drought-prone
areas.

The breeding approach
The breeding approach has been changed to increase efficiency
and shorten the selection process. The change is based on recom-
mendations from the Australian Center for International Agri-
cultural Research (ACIAR) project on “Plant breeding strate-
gies for rain-fed lowland rice in northeast Thailand and Laos”
(Cooper et al., 1999a,b). The previous breeding program took
12–15 years, now the cycle is completed in 10–11 years. There
are three major phases of the selection cycle: intra-station (local,
on-station selection); inter-station (across 13 stations, on-station
selection); and on-farm selection. In the previous breeding sys-
tem, selection was carried out mainly in the intra-station phase
and most lines were discarded based on visual selection and
on the results from yield testing at a single location (i.e., local
adaptation). Only a small number of lines relative to the total
generated from the crossing program were selected for subse-
quent inter-station (wide adaptation) and on-farm performance.
This selection system made it difficult to identify high yielding
lines at the farm level due to a large GEI for grain yield (Cooper
et al., 1999a). One of the recommendations for the breeding sys-
tem was to replace the intra-station phase with early generation
inter-station yield testing of F4 bulks in order to select for wide
adaptation at an earlier stage of the selection process. However,
the F4s are still segregating for flowering date and this causes
some error in estimating grain yield. We modified the recom-
mendation to develop our new breeding system which tests large
numbers of F7/F8 in the inter-station (multilocation) trials. We
use the RGA technique at the intra-station phase to save time.
Recently we have again modified the selection to incorporate
on-farm testing earlier in the selection process. The details of
these changes in the selection process are described by Jongdee
(2003).

Definition of the target domain
The majority of the lowlands are in the northeast and north, and
are classified as shallow-favorable and shallow drought-prone.
We used GEI and cluster analysis of grain yield from multi-
location trials to further define our TPE. However, groups of
environments changed from year-to-year, resulting in a large
genotype-by-year component of the GEI, and it was difficult to
define genotype-by-location groupings. Recently, we changed the
system of defining the TPE based on our work with farmers.
We conducted a farmer participatory workshop for production
improvement for rain-fed lowland rice in north and northeast
Thailand and, from this, identified the target domains based on
hydrology of rice paddies. Three levels of the paddy toposequence
are identified – upper, middle, and lower terrace paddies – and
these three water environments are included in the test loca-
tions in each region. Drought may occur at any time during
the growing season as shown in Table A1, but our focus is on
improvement for the intermittent and late-season drought. The
upper terrace paddy can be defined as unfavorable conditions,
in which drought can develop at any growth stage. The middle
terrace paddy can be drought prone, where rainfall is variable
and soils are light in texture. In other areas, the middle part
of the toposequence can be considered as favorable. The lower
terrace paddy can be defined as less favorable, because drought
may develop in the early season followed by a sudden flood.
The estimates by farmers of yield reduction due to late-season
drought were 45–50 and 15–20% for the upper and middle terrace
respectively. We use the different positions of the toposequence
to provide differences in the severity of drought in our testing
program.

The selection strategy
The different selection criteria used for developing cultivars for
each of the TPE defined by the upper, middle, and lower ter-
races are shown in Table A2. Phenology, particularly flowering
time, is the most important trait for avoiding the late-season
drought in each of the different domains. Flowering must occur
before the standing water in the paddy disappears. Thus we
select three flowering groups for the different domains of the
toposequence:

• early maturing: flowering around mid-September to beginning
of October

• intermediate maturing: flowering around mid-October
• late maturing: flowering around late October.

We select directly for yield in the multi-site selection program
(described below) and we manipulate the water environment at a
few sites in order to measure the drought-tolerant traits of flower-
ing delay, spikelet sterility and, increasingly, for leaf water potential
(LWP).

Water management to simulate late-season drought (at three of the
test locations)
The drought screening trials under water-managed conditions are
conducted in the wet season, in which the seeding is delayed by
2–3 weeks compared to the normal planting time. This increases
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Table A1 | Use of the position on the toposequence to define the types of drought occurrence and the target population of environments (TPE)

for the breeding program.

Position on the toposequence Type of drought occurrence Yield loss in theTPE

Upper Early, intermittent and late drought Late drought causes 45–50% yield loss

Middle (drought-prone) Early and late drought Late drought causes 15–20% yield loss

Middle (favorable) Early drought Minimal yield loss

Lower Early drought and sudden flood Minimal yield loss in drought; higher risk of loss from flooding

Table A2 | Selection criteria to develop varieties for each target domain.

Target domain Cultivar requirement Drought traits Selection strategy

Upper Early maturing drought tolerance Low number

of tillers

Maintenance of LWP Less delay in

flowering Low spikelet sterility

Select for yield under the test location

Middle (drought-prone) Intermediate maturing photoperiod sensitivity

drought tolerance Intermediate height

Maintenance of LWP Less delay in

flowering Low spikelet sterility

Select for yield under the test location

Middle (favorable) High grain yield Intermediate height Nil Select for potential grain yield

Lower Late maturing photoperiod sensitivity submer-

gence tolerance

Nil Select for yield under the test location

the chance of the development of a late-season drought. Also, the
standing water is drained from the field 2 weeks prior to flow-
ering time, to further induce drought stress during the targeted
growth stage. The water is drained from the field when the ear-
liest lines have reached the flag leaf stage. If necessary, irrigation
water is added to ensure free-standing water prior to the flag leaf
extrusion. Measurements in this trial include grain yield, spikelet
sterility, and flowering date. The main measure of drought resis-
tance used to complement direct selection for yield is spikelet
sterility. We measure the percentage of sterile spikelets from pani-
cles that are randomly harvested in each line, and which are grown
in the controlled-stress trial. Variation in flowering date among
the test lines causes differences in the severity of the drought stress
and, thus, the spikelet fertility. To adjust for this effect, we com-
pare spikelet sterility and grain yield among lines within the same
maturity group. Because drought can occur at any time during
the growing season, we record the pattern of water supply and
the severity of the drought. We measure the standing water in the
paddy as an indicator for drought development, and the level of
underground water below the soil surface as an indicator for the
severity of drought. We use a slant meter to measure the surface
water and a piezometer to measure the water underground. All
observations are made on a weekly basis.

Crossing and rapid development of fixed lines for yield testing
Only a few research stations are involved in the development
of lines for yield testing. Photoperiod-insensitive materials are
advanced for one or two generations in the same year by grow-
ing them in the dry season. In photosensitive materials, we use a
dark room to induce flowering as part of the RGA methods.

In order to reduce the number of materials before RGA, selec-
tion can be conducted on the F2 generation for characters with
high heritability such as height, plant type, flowering time, and
grain size. (Note that there is no selection while under RGA).

Direct selection for yield and for drought-resistant traits at the
station
Thirteen research stations across the north (five stations) and
northeast (eight stations) are involved in the multilocation yield-
testing program. The trials are conducted under two conditions
of water availability: the water regime of the normal rain-fed low-
lands in 10 stations, and a water regime that is manipulated to
simulate late-season drought in three stations (two in the northeast
and one in the north). The objective of this selection is to evalu-
ate families for grain yield under normal rain-fed and late-season
drought conditions.

The F7 lines developed from the intra-station selection (i.e.,
mainly for plant and grain type), are evaluated in two steps: an
inter-station observation trial and an inter-station yield trial. The
inter-station observation trial contains a large number of lines
(200–300) grown in two replications and in plots of four rows,
2 m in length. In some cases, the lines are grouped on flowering
time and form a separate trial, with each trial containing a set of
check varieties that have been selected for their known response to
different water environments. An alpha-plus experimental design
is employed. The data are analyzed using REML, SAS, and Gen-
Stat. The selection in the inter-station observation trials is based on
grain yield under normal and manipulated late-season drought.
The first analysis is of grain yield data from the normal water
regimes from each of the 10 stations. The data are analyzed by site
and also in a combined analysis across the stations. The lines are
grouped based on the GEI analysis for yield into different patterns
by cluster analysis. The group(s) of lines that perform well at most
environmental sites are selected, and the group(s) that have low
grain yield in most environmental groups are discarded.

Because there is variation in flowering time among test lines
and thus the timing of drought influences the yield, the second
analysis is conducted for lines within the selected groups. Individ-
ual lines are selected based on spikelet sterility percentage and on
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grain yield under the manipulated late-season drought, bearing
in mind the variation in the flowering date. Lines with resistance
to the major diseases and insects pest, and with appropriate grain
chemical quality are selected at this step as well.

The inter-station yield trial is conducted across the same sta-
tions in the north and northeast, using the same experimental
design as that of the inter-observation trial, but with three repli-
cations. The plot size is expanded to five rows, 5 m long. The lines
may be grouped by flowering date if there are a large number of
lines in each flowering group. The grouping facilitates trial man-
agement of the timing of fertilizer application and of bird control,
and it allows for the adjustment of the effects of different flower-
ing times (and therefore different levels of stress) on grain yield.
The selection of lines is based on the grain yield under rain-fed
conditions, and also under the manipulated late-season drought.
The approach is the same as described for the observational trials.
Again, there is selection for resistance to important insects and
diseases, and for chemical grain-quality characters.

Selection at the farm level
Our previous on-farm trials included only four to six lines
with different flowering times, and favored the selection of lines
for shallow-favorable conditions which are not representative of
farmer fields. More recently, Inthapanya et al. (2000) have sug-
gested more rigorous testing in farmer fields representative of
their risk of drought and of the levels of fertility. We now con-
duct two stages of on-farm trials, the first with a large number of
lines in each of the three flowering groups of our target domain,
in which 20 lines are grown with a small plot size (6–8 rows per
plot). The second is conducted with a small number of lines with
a large plot size (16 rows per plot). The farmers’ evaluation of
agronomic characters (panicle size, grain color, etc.), is conducted
during grain filling. The selected lines are tested for eating quality
at harvest using 15–20 farmers at each site.

Selection of parents
Now that we have modified our routine breeding program we
are focusing on the selection of parental material based on more
in-depth screening of sound physiological traits. We are selecting
drought resistance donors based on the following criteria:

• maintenance of LWP
• drought score
• DRI
• delay in flowering
• spikelet sterility.

The trials used to phenotype the progenitors are conducted in
three locations, two in the northeast and one in the north. We
use two screening systems to induce drought: a line-source sprin-
kler and the water drainage technique applied before flowering, as
described earlier. We measure LWP at midday (11.30–15.00 hours)
on up to 60 plots per hour (one to three leaves per measurement)
per team of five people. The flowering time and grain yield under
both well-watered and stress conditions, and drought score and
spikelet sterility under stress conditions are determined. These
data are used to select progenitors with high drought resistance

for crossing with well-adapted and accepted commercial cultivars.
The progenies from these crosses are used in the routine breeding
program described above.

Use of molecular markers
Recently, the number of lines derived from QTL-based selection
has been increased in the rain-fed lowland rice breeding program.
The QTL-based selection was done mostly for tolerance to disease
(e.g., blast) and eating quality traits. Then, they are selected in the
manner described earlier. The use of molecular-assisted selection
has reduced the time to release varieties by 3–4 years, and is also
more resource effective by selecting specific target traits.

Outcomes from the screening for drought tolerance
We have identified a number of drought-tolerant lines, e.g., three
double haploid lines from a cross between CT9993 and IR62266,
two lines from the rain-fed lowland rice breeding program, and
seven lines from local germplasm. The double haploid lines were
crossed with Surin 1 (a variety for irrigated areas), KDML105, and
RD15. The latter two are popular rain-fed lowland rice varieties,
and were backcrossed to BC3 using molecular markers, and then
F2 materials have been selected under well-watered conditions.
The Surin 1 backcross population is now undergoing field screen-
ing for drought tolerance. The populations from crosses between
drought-tolerant lines and RD6 have also been developed with the
aim of producing varieties with high grain yield, grain quality, and
drought tolerance. These crosses have been backcrossed without
using markers. The materials are used for breeding purpose as well
as identifying QTLs for drought tolerance.

Already, there is some anecdotal evidence of the advantages of
farmer participation in the selection of experimental lines. For
example, RD12, an early maturing, blast resistant, good eating
quality glutinous variety was released in early 2007 after farmer
participatory selection. Adoption of this variety by the farmers is
already high and increasing in northeast Thailand.

We are exploring two innovations to improve the selection
process. We are determining spikelet sterility on a weight basis,
weighing the total spikelets and then filled grain weight. The value
is then adjusted for the difference in flowering time among lines
tested. This is a quick and more accurate method. We are also
improving the estimation of the time of flowering, so that we can
accurately estimate delay in flowering. We are testing whether or
not plot-based determination is sufficiently accurate.

MEASUREMENT OF SECONDARY TRAITS: SOME PRACTICAL
CONSIDERATIONS
To measure flowering date, record the date when 50% of the pro-
ductive tillers in a plot have emerged. This can be a difficult date
to pinpoint, especially in stressed plots where flowering is delayed,
and experienced scorers can differ by as much as 3 days in their
estimates of when a plot reaches 50% flowering. To improve the
quality of the data, the area to be rated can be restricted to a specific
central, fully bordered, part of the plot. This area will be more uni-
form and the data will be more consistent. Alternatively, if the crop
is sown in hills, flowering date can be defined as when a certain
number of hills have produced panicles. Estimates of flowering
should be recorded at least three times per week.
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To measure flowering delay, there must be an irrigated
(unstressed) control treatment sown nearby. Make regular, reliable
observations of flowering date to calculate the delay:

Floweing delay (days) = days to flowering in stress treatment

− days to floweing in control treatment.

Because this character is the difference between two independent
measurements of flowering date, the error is generally larger for
the delay than for flowering date alone. Flowering delay is best
expressed when the stress is severe, so it is easily seen in fields where
drying occurs over a period of weeks. In this type of stress, lines
with later flowering dates will tend to be delayed more than lines
that flower early, because the stress intensity increases over time.
To correct for this effect, lines can be sown with similar flowering
dates in separate experiments and stress applied at the appropriate
time for each experiment. Another approach is to make a statistical
correction for flowering date. This can be done by using flowering
date in the control as a covariate in the analysis.

To measure spikelet fertility, at maturity collect a sample of rep-
resentative panicles from the plot. Do not use only the tallest
tillers or tillers from the main stem only; these will be strongly
biased. Weigh the sample. Divide the sample randomly into two,
and repeat the division until the sub-sample is small enough to
process. Weigh the sub-sample. Thresh the sub-sample by hand to
remove all filled and unfilled spikelets. Rolling or other threshing
methods cannot usually do this because, if the sample is dry, the
rachis will break off with the unfilled grains or, if the sample is wet,
the unfilled spikelets will remain stuck to the rachis. Separate the
filled and unfilled spikelets by blowing or by flotation. Weigh the
filled grains and the unfilled spikelets. Then count out 200 filled
grains and record their weight, and do the same for 200 unfilled
spikelets. All samples should be at the same moisture status when
weighed.

Spikelet fertility (%) = (number of filled grains/(number of filled

grians+ number of unfilled spikelets))× 100.

where the number of filled grains is determined from the weight
of filled grains in the sub sample/the mean filled grain weight and

the mean filled grain weight is determined by the weight of the
200 grains sample/200.

And where the number of unfilled spikelets is determined in a
similar manner to that of the filled grain.

If there are large differences in spikelet fertility among lines in
an experiment, this character can be scored. Some people score
in the field, but there is a tendency for scorers to look only at
the tallest panicles. Other groups have found that representative
panicles can be collected in the field, returned to the laboratory,
and then a scorer can individually score the panicles represent-
ing each plot. The selection of panicles to harvest is critical. The
sample will be more representative if all panicles from a hill are
harvested.

The problem with measuring spikelet fertility is that it requires
a lot of labor and, because of the many measurements required, it is
prone to error. To avoid this problem, some researchers have made
visual scores of percentage spikelet fertility. These scores can be
used to group lines into classes of high, medium, and low fertility.
Experienced scorers recommend that scoring be done on a sample
of representative panicles, scoring each panicle individually, rather
than trying to assign an overall plot score.

Another substitute for direct measurements of spikelet fertil-
ity is the change in the panicle harvest index (PNHI) with stress,
where PNHI= grain weight/weight of panicle.

If stress has mostly affected spikelet fertility, the support struc-
ture of panicles from stress plots is similar to that of control plots,
but only a proportion of the spikelets from stress plots form grains.
This means that the PNHI will be lower in the stress plots. The cor-
relation between percent fertility and PNHI is quite high for rice
that experiences drought near flowering.

To measure leaf desiccation, make a visual integration of the
symptoms in a plot, based on total leaf area lost by desiccation. A
common scoring system ranges from zero (no senescence) to five
(complete leaf drying). Just as for leaf rolling, it is most helpful for
the final analysis if scoring is performed several times during the
drought stress cycle. Because leaf desiccation is irreversible, time
of day is not critical for scoring. Furthermore, since the canopy
may regain turgor during the night, the morning is a good time
to distinguish those parts of the canopy that are indeed desiccated
and dead.
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Wheat (Triticum spp) is one of the first domesticated food crops. It represents the
first source of calories (after rice) and an important source of proteins in developing
countries. As a result of the Green Revolution, wheat yield sharply increased due to
the use of improved varieties, irrigation, pesticides, and fertilizers. The rate of increase
in world wheat production, however, slowed after 1980, except in China, India, and
Pakistan. Being adapted to a wide range of moisture conditions, wheat is grown on
more land area worldwide than any other crop, including in drought prone areas. In
these marginal rain-fed environments where at least 60 m ha of wheat is grown,
amount and distribution of rainfall are the predominant factors influencing yield variability.
Intensive work has been carried out in the area of drought adaptation over the last
decades. Breeding strategies for drought tolerance improvement include: definition of the
target environment, choice and characterization of the testing environment, water stress
management and characterization, and use of phenotyping traits with high heritability. The
use of integrative traits, facilitated by the development and application of new technologies
(thermal imaging, spectral reflectance, stable isotopes) is facilitating high throughput
phenotyping and indirect selection, consequently favoring yield improvement in drought
prone environments.
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GENERAL INFORMATION
IMPORTANCE OF WHEAT IN THE HUMAN DIET
Wheat (Triticum spp) is one of the first domesticated food crops
and, for 8000 years, has been the basic staple food of major civ-
ilizations of Europe, West Asia, and North Africa. Today, wheat
continues to be an important food grain source for humans,
and is a close third to rice and corn in total world produc-
tion. Approximately two-thirds of the wheat produced is used
for human food and about one-sixth for livestock feed. Industrial
uses, seed requirements, and post-harvest losses account for the
remainder. Wheat is used to produce a large variety of foods
including many kinds of bread, cakes, noodles, crackers, break-
fast foods, biscuits, and confectionary items. The protein content
of wheat is in the range 12–16 percent and lipid content 1.5–2.0
percent.

World wheat production increased at a rate of 3.3 percent per
year between 1949 and 1978. Increases at the start of this period
were due to both an expansion of production area and increased
yields. However, starting in the 1960s, yield increases came mainly
from the use of improved varieties and a greatly expanded use of
irrigation, pesticides, and fertilizers. The rate of increase in world
wheat production slowed to 1.5 percent per year between 1982
and 1991, one exception being China, which maintained a rate
of increase in production of 2.6 percent per year and became the
world’s largest wheat producer. Also, wheat production increased

at nearly 3 percent per year in India and Pakistan during the same
period.

Today, world wheat production is 626 million tons [Food and
Agriculture Organization of the United Nations (FAO), 2007].
World leaders in order of production (all of the following fig-
ures are in million tons) are China (109), India (75.8), United
States of America (55.8), Russian Federation (49.4), and France
(32.8). Wheat is the dominant grain of world commerce. The
five top exporters are USA (32.9), Canada (17.6), the European
Community (16.5), Australia (14.7), and Argentina (9.6). The five
top importers in 2007 were Brazil (6.6), Italy (6.2), Egypt (5.9),
Japan (5.3), and Algeria (5.8).

HISTORY OF THE CROP, CULTIVATED AREA, AND YIELD PERFORMANCE
UNDER OPTIMAL CONDITIONS
Wheat is believed to have been domesticated in southwestern Asia
(Gupta, 2004). Some of the earliest remains of the crop have been
found in Syria, Jordan, and Turkey (Pasternak, 1998). Primitive
relatives of present-day wheat have been discovered in some of the
oldest excavations of the world in eastern Iraq, dating back 9000
years. Bread wheat is known to have been grown in the Nile valley
from 5000 BC, and was later cultivated in other regions (e.g., the
Indus and Euphrates valleys from 4000 BC, China from 2500 BC,
and Europe from 2000 BC). It was introduced into the American
continent around 1520.
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Today, bread or common wheat (T. aestivum L) represents
more than 90 percent of total wheat production. Several classes
of bread wheat can be distinguished (hard red spring, hard
red winter, soft red winter, hard white, and soft white) accord-
ing to grain characteristics. Durum wheat or macaroni wheat
(T turgidum subsp durum (Desf) Husnot) represents around
5 percent of global wheat production, i.e., 30 million tons. Durum
wheat grain is hard, translucent, and large. The protein con-
tent can be as high as 18 percent. When durum is milled, the
endosperm is ground into a granular product called “semolina,”
used for premium pastas and breads. Due to its high level of
tolerance to terminal drought, most durum wheat is grown in
Mediterranean environments. The remaining part of the wheat
growing area is distributed among the diploid species einkorn, the
tetraploid species emmer, poulard, polish and timopheevi, and
the hexaploid species spelt, club, compact and macha (Table 1).

Being adapted to a wide range of moisture conditions from
xerophytic to littoral, wheat is grown on more land area world-
wide than any other crop. About three-quarters of the land
area where wheat is grown receives between 375 and 875 mm
of annual precipitation, but wheat can be grown in locations
where precipitation ranges from 250 to 1750 mm. The optimum
growing temperature is about 25◦C, with minimum and maxi-
mum growth temperatures of 3–4◦C and 30–32◦C, respectively
(Briggle and Curtis, 1987). Classification into spring or winter

wheat traditionally refers to the season during which the crop
is grown. For winter wheat, heading is delayed until the plant
experiences a period of cold winter temperatures (0–5◦C). It is
planted in the autumn to germinate and develop into young
plants that remain in the vegetative phase during the winter, and
resume growth in early spring. This provides the advantage of
using autumn moisture for germination and making effective use
of early spring sunshine, warmth, and rainfall. Spring wheat, as
the name implies, is usually planted in the spring and matures in
late summer, but can be sown in autumn in countries that expe-
rience mild winters, such as in South Asia, North Africa, and the
Middle East.

During the past 50 years, most of the yield progress in wheat
has been due to the gradual replacement of traditional tall culti-
vars by dwarf and fertilizer-responsive varieties (Donmez et al.,
2001; Brancourt-Hulmel et al., 2003; Jiang et al., 2003). Reducing
height increased the proportion of carbon partitioned to grain
and increased the harvest index (HI). It simultaneously reduced
the risk of yield penalties caused by lodging. Most experiments
analysing the effects of genetic improvement on yield found that,
while selecting for higher-yielding cultivars, wheat breeders have
consistently increased the number of grains per unit land area
(Calderini et al., 1999). This is a consequence of a higher sur-
vival of floret primordia, the number of potential florets per spike
remaining similar (Slafer and Andrade, 1993). It is likely to be due

Table 1 | Cultivated species (C) within the Triticum genus, and their wild relatives (W) (Source: van Slageren, 1994).

Sections and species Common name Regions of cultivation

Section Monococca Flaksb

Triticum monococcum L

Subsp. monococcum Einkorn C Mountainous areas (France, Morocco, the former Yugoslavia, Turkey)

Subsp. aegilopoides (Link) Thell W

Triticum urartu Tumanian ex Gandilyan W

Section Dicoccoidea Flaksb

Triticum turgidum

Subsp. turgidum Poulard C Mediterranean countries

Subsp. carthlicum (Nevski in Kom) Á Löve & D Löve C

Subsp. dicoccum (Schrank ex Schübler) Thell Emmer C Yemen, India, Morocco, Spain, Albania, Turkey, Italy

Subsp. durum (Desf) Husnot Durum C

Subsp. paleocolchicum (Menabde) Á Löve & D Löve W

Subsp. polonicum (L) Thell Polish C Mediterranean countries

Subsp. turanicum (Jakubz) Á Löve & D Löve W

Subsp. dicoccoides (Körn ex Asch & Graebner) Thell W

Triticum timopheevii (Zhuk) Zhuk

Subsp. timopheevii Timopheevi C Georgia

Subsp. armeniacum (Jakubz) MacKey W

Section Triticum

Triticum aestivum L

Subsp. aestivum Bread C

Subsp. compactum (Host) MacKey Compact C Alpine countries and Southern Europe

Subsp. macha (Dekapr & Menabde) MacKey C Caucasus area

Subsp. spelta (L) Thell Spelt C Northern and Central Europe

Subsp. sphaerococcum (Percival) MacKey Club C India

Triticum zhukovskyi Menabde & Ericzjan
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to pleiotropic effects on spike fertility of the two most commer-
cially important gibberellic acid (GA)-insensitive dwarfing genes
Rht-B1b and Rht-D1b (Flintham et al., 1997). Although there was
an increase in grain number per m2, there was no reduction of
grain weight, probably because photosynthetic capacity during
grain filling together with pre-anthesis assimilate reserves exceed
the demands of the growing wheat grains during post-anthesis
(Borras et al., 2004).

Since the HI in most modern cultivars seems to be close to its
biological maximum, i.e., 60 percent, further genetic gain in yield
potential is expected to come from biomass increases (Shearman
et al., 2005). Such increases have started to be reported in spring
wheat (Reynolds et al., 1999) and winter bread wheat (Shearman
et al., 2005). A biomass increase of about 10 percent has been
reported in spring wheat, associated with the introduction of
the long arm of chromosome 7D from the wheat wild relative
Lophopyrum elongatum (Reynolds et al., 2001a; Monneveux et al.,
2003). CIMMYT (Centro Internacional de Mejoramiento de Maíz
y Trigo; the International Maize and Wheat Improvement Center)
is exploring several approaches to exploit the excess photosyn-
thetic capacity, like the multi-ovary characteristic which causes
a single floret to set up to four kernels instead of just the usual
one (Reynolds et al., 2005).

This requires, however, a good knowledge of the genetic and
genomic resources available.

GENETIC AND GENOMIC RESOURCES
Genetic resources
Wheat belongs to the Triticum genus, family Poaceae Barnhart,
subfamily Pooideae, tribe Triticeae Dumort, subtribe Triticinae
Griseb (van Slageren, 1994). Kihara (1919) and Sax (1922)
showed that, in the genus Triticum, there are three different
genomes, each composed of seven chromosomes. Both genera
Aegilops and Triticum (6 species and 17 subspecies) belong to a
complex of wild and domesticated species of which the allopoly-
ploid members evolved via hybrid speciation (Kimber and Sears,
1987), which have the same base chromosome number (n = 7),
and can be divided into three ploidy levels (i.e., diploid 2n = 14,
tetraploid 2n = 28, and hexaploid 2n = 42). Consequently, the
available genepool of wheat is exceptionally wide (Zaharieva and
Monneveux, 2006). As defined by Von Bothmer et al. (1992), the
primary genepool consists of the cultivated and wild forms of a
crop species. Gene transfer in the primary genepool is consid-
ered to be easy. The secondary genepool includes coenospecies
from which gene transfer is possible but difficult, while the ter-
tiary gene pool is composed of species from which gene transfer
is very difficult.

Genetic resources have been categorized by Frankel (1975) as
modern cultivars in current use, obsolete cultivars (i.e., the elite
cultivars of the past, often found in the pedigrees of modern culti-
vars), landraces, wild relatives of the crop, genetic and cytogenetic
stocks, and breeding lines. Today, CIMMYT’s wheat germplasm
bank holds more than 114,000 accessions, including parental and
advanced breeding lines, cultivars and landraces, and more than
13,000 wild relatives from various regions of the world. Wheat
genetic stocks involving translocation and substitution lines and
produced by different institutions have been collected through

a project supported by the Generation Challenge Programme
(GCP), and are stored at CIMMYT.

Genomic resources
To address the need for general access to genetic maps, the
International Triticeae Mapping Initiative (ITMI) was launched
in 1989, to ensure that such maps would be available as a public
good (Gustafson et al., 2004). Mapping using restriction frag-
ment length polymorphisms (RFLPs) was conducted by scientists
in several countries (McGuire and Qualset, 1997). As it became
clear that resources for functional genomics, such as expressed
sequence tags (ESTs), were the next critical need, ITMI cre-
ated the International Triticeae EST Cooperative (ITEC). ITEC
produced some 24,000 ESTs and mapped unigenes to chromo-
some bins defined by a set of deletion stocks. Then, a project
on “The structure and function of the expressed portion of the
wheat genomes” known as “wEST,” funded by the USA’s National
Science Foundation (NSF) Plant Genome Research Program
along with support from the collaborating institutions, developed
several activities such as complementary DNA (cDNA) library
development, EST production, deletion stock characterization
(Qi et al., 2003) and mapping, and coordination of individual
chromosome maps. Project investigators and members of the
international scientific community are free to use the ESTs for
gene discovery and utilization. The ESTs are available from the
Wheat Genomics Resource Repository—a collaboration between
the United States Department of Agriculture (USDA) and the
University of California, Davis, USA. It is now feasible to envis-
age the development of single nucleotide polymorphism (SNP)
markers in wheat, due to the explosion in the availability of
ESTs. The hexaploid nature of the wheat genome makes such
analysis more complex than it would be in species with simple
genomes. As an open international consortium of institutions
(public and private), ITMI is now attempting to mine the con-
tigs in a coordinated way, pooling information on validated SNPs
and avoiding duplication of effort. Information on progress in
this project can be found at: http://wheat.pw.usda.gov/ITMI/
WheatSNP/

RATIONALE FOR DEVELOPING DROUGHT RESEARCH IN WHEAT
There has been a significant increase in the productivity of wheat
due to the application of Green Revolution technology. This has
resulted in a doubling and tripling of wheat production in many
environments, most notably in irrigated areas. In these locations,
the high-yielding semi-dwarf statured wheat cultivars continu-
ously replaced the older tall types at a rate of 2 m ha year−1 in
the 1980s (Byerlee and Moya, 1993). There is, however, a grow-
ing recognition that dissemination, application, and adoption of
this technology have been slower in marginal environments, espe-
cially those affected by drought. Over the last three decades, many
investigators have attempted to produce wheat cultivars adapted
to these semi-arid environments with limited success in earlier
years.

To examine the challenges facing wheat breeders more closely,
Singh and Byerlee (1990) analysed wheat yield variability in
57 countries over 35 years. Yield variability was measured by cal-
culating coefficients of variation of yield around linear climatic
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trends. The amount and distribution of rainfall was the predom-
inant factor influencing yield variability. Countries in which half
the wheat was sown in dryland conditions experienced twice as
much variability as countries in which wheat was mostly grown
under well-watered conditions. At least 60 m ha of wheat is
grown in marginal rain-fed environments in developing coun-
tries. National average yields in these regions range from 0.8 to
1.5 t ha−1, which represents approximately 10–50 percent of their
theoretical irrigated potential (Morris et al., 1991).

In recent years, breeders have been more successful in increas-
ing the adaptation of wheat to dry environments. In developing
countries, farmers have traditionally grown landrace cultivars
that are well adapted to serious moisture stress conditions.
However, these traditional cultivars generally give a poor yield
in “good years” when rainfall is more plentiful. Modern culti-
vars now yield the same as the traditional cultivars in dry years
as well as showing a better response to more favorable conditions
of moisture and nutrient supply (Osmanzai et al., 1987). Due to
their improved yield stability, these modern cultivars are increas-
ingly grown in dry regions, with rates of adoption approaching
those in irrigated and high rainfall areas.

Further progress in developing drought tolerant germplasm
depends on the efficiency of breeding and phenotyping method-
ologies. Accurate drought phenotyping implies precise definition
of the target environment, choice and characterization of the
testing environment, and water stress management and charac-
terization.

METHODOLOGY
BREEDING STRATEGY
Breeding work for drought-prone environments has been largely
empirical to date, with grain yield being the primary trait for
selection in wheat breeding programmes. However, most breeders
select strongly for traits other than yield in the early segregating
generations and do yield testing only at later stages, when a certain
level of homozygosity has been achieved and large enough seed
quantities are available. The decision to advance or reject a geno-
type is often complex and, in practical terms, breeders most often
use a system of multiple cut-offs. In early generations, they select
genotypes that, presumably, achieve the levels required for the
primary traits evaluated in segregating populations (plant type,
plant height, growth cycle, spike fertility, etc.).

When a breeding programme for drought adaptation is
assisted by analytical selection, the conceptual model used con-
siders yield under drought to be a function of: (1) yield potential;
(2) flowering date (which indicates whether the crop will avoid
drought stress); and (3) secondary traits that provide drought
resistance. Physiological secondary traits can be used for the selec-
tion of parents to be included in the crossing block, as direct
selection criteria for screening among a large number of geno-
types (i.e., segregating populations) and/or when the amount of
seed available is too small to carry out field trials with replica-
tions. Whereas intensive work is continuously being carried out
by physiologists in the area of drought adaptation, few breeders
routinely use physiological criteria in their mainstream breed-
ing programmes. In the first place, the evaluation of some of
the traits proposed by plant physiologists is time-consuming or

expensive. This is not practical for application to the thousands
of entries that comprise the segregating generations of breeding
programmes. Then, the real value of a given trait may only be
assessed by determining the genetic gain in segregating popula-
tions following selection, while many traits are not available in
well adapted genotypes and their validation frequently requires
the development of appropriate breeding material, which is again
costly and time-consuming (Royo et al., 2005). Finally, selection
in segregating populations requires screening at the plant level
or between very small plots, thus hindering the use of traits that
require large field plots for their assessment.

Gene-based markers generated from gene sequence data, i.e.,
“perfect markers” can be used to screen large numbers of entries
for a particular trait improving the efficiency and effectiveness
of conventional breeding. Gene-based markers are particularly
useful for introgressing genes whose expression is highly affected
by the environment, such as genes for useful physiological traits
that cannot easily be screened (e.g., root architecture traits),
as well as for gene pyramiding. The most common situations
in which marker-assisted selection (MAS) confers an advantage
are: (1) when accurate measurement of the phenotype is expen-
sive or difficult; (2) when multiple genes conferring a similar
phenotype are being combined; and (3) when there is a need
for rapid removal of donor chromosome segments in a back-
crossing programme (Nelson et al., 2004). Most important traits
(yield, stress adaptation, etc.) are governed by multiple genes,
each producing a relatively small individual effect. MAS for these
“quantitative traits” is challenging because many quantitative trait
loci (QTLs) identified in mapping population studies are cross-
specific, subject to genotype-by-environment interaction (GEI)
effects.

QTL estimation often spans several centimorgans, and hun-
dreds of genes underlie a region of this size. The size of such a
region can be reduced through a number of approaches, such as
the use of high resolution crosses, or the development of near-
isogenic lines (NILs) for small chromosomal segments across the
putative QTL region (Nelson et al., 2004). Linkage disequilibrium
(LD) mapping offers another alternative, exploiting the long his-
tory of recombination, and rich allelic diversity in germplasm
collections (Remington et al., 2001; Buckler and Thornsberry,
2002). Genome sequencing for various crops would improve the
quality of molecular markers used for MAS by helping breed-
ers to target the gene of interest, rather than a nearby sequence
(Dubcovsky, 2004). Continuing efforts to sequence expressed
genes will provide data for SNP markers for individual alleles,
making MAS more cost-efficient (Dubcovsky, 2004).

For MAS to be useful, proper phenotyping is required and
the evaluation of yield and relevant physiological traits should
be done in conditions similar those of the target environment.
An ecophysiological understanding of the traits in question and
of how to measure them is crucial (Araus et al., 2003a,b; Slafer,
2003).

TRIAL PLANNING
Definition of the target environment
Rainfall distribution patterns and evaporative demand over
the crop cycle vary considerably among locations and years.
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The different sets of climatic conditions under which wheat
is cultivated are characterized by breeders as “wheat mega-
environments” (wheat MEs). ME delineation is based on water
availability, soil type, temperature regime, production system,
and associated biotic and abiotic stresses. Consumer preferences
for grain color and industrial and end-use quality are also con-
sidered. CIMMYT has defined 12 MEs (Table 2): six focus on
spring wheat production areas, three on facultative wheat areas,
and three on true winter wheat areas (Rajaram et al., 1995).
According to the ME classification, drought environments mainly
correspond to ME4. Within ME4, three distinct patterns can be
distinguished: post-anthesis water stress (ME4A); pre-anthesis
water stress (ME4B); and residual moisture stress (ME4C). In
the first scenario, ME4A, evapotranspiration exceeds average pre-
cipitation after anthesis, causing an increasing water deficit over
the grain-filling period. Conversely, in ME4B, water deficit occurs
mainly before anthesis. In ME4C, there is no significant rain-
fall, and evaporation is always in excess of precipitation during
the growing season. Consequently, the crop must survive using
the water stored in the soil profile from the summer rainfall.
Wheat can also face drought situations in other MEs, such as
ME6B, ME9, and ME12. In all drought situations, wheat may
also experience additional stresses such as heat and cold stress,
soil micro-element deficiency, or toxicity, and a range of biotic
stresses. For example, late frosts frequently occur in ME4A, while
high temperature stress occurs in ME5A. In ME4B, resistances to
leaf and stem rust, Septoria spp and Fusarium spp, and pre-harvest
sprouting are highly necessary.

Choice and characterization of the testing environment
The choice of the selection environment directly determines
the potential genetic gains in the target environment. Ideally,
the selection environment should mimic the target environment
in all aspects: water distribution, profiles and potential evapo-
transpiration rates, and physical and chemical soil properties.
Deviations may result in significant GEI between target and selec-
tion environments, and genetic gains achieved in the selection
environment may not be expressed in the target environment.

Geographic information system (GIS) tools can help considerably
in describing the relationships between target and selection
environments and establishing “homology maps.”

The crop facing water deficit simultaneously experiences
a number of additional stress factors (e.g., micronutrient
deficiency, soil compaction, salinity, nematodes, and fungal
pathogens) that exacerbate drought stress. Such factors are hard
to control and are generally not considered in field experiments.
Hence, efforts should be made to remove all other constraints
except drought. Soil surveys may allow the identification of selec-
tion sites or fields that avoid confounding factors. In some cases,
these surveys may enable sites to be chosen where the selection
pressure for these stress factors would permit the selection of
genotypes targeted for regions where these stresses interact with
drought. They could also identify the within-site distribution of
e.g., nematodes (Nicol and Ortiz-Monasterio, 2004) or zinc defi-
ciency (Ekiz et al., 1998). Field trials are conducted on land that
may be quite variable in terms of topography, soil fertility, and
soil structure. Spatial variability in the field affects the detection
of treatment differences in agricultural experiments by inflating
the estimated experimental error variance. In order to account
for such variation and to reduce experimental error, adapted trial
designs must be applied, like the augmented designs proposed by
Federer (2005).

WATER STRESS MANAGEMENT AND CHARACTERIZATION
Target environments can also be mimicked if water is controlled
by imposing a water regime by gravity or, better, by drip irri-
gation. Water stress management (timing, intensity, uniformity)
and characterization (soil, plant measurements) are essential
issues in drought phenotyping.

Moisture availability can itself be a complicating factor when
comparing genotypes in field experiments. Although plots grow-
ing the different genotypes may receive the same quantity of
water, the genotypes can vary in their water use and/or access
to underground water, thereby confounding measurements asso-
ciated with plant water relations. Study of water profiles (either
experimentally or by using simulation models) can provide very

Table 2 | The main wheat mega-environments (Source: Rajaram et al., 1995).

MEa Moisture regime Temperature Wheat type Area (%) Production (106 tons)

ME1 IR IR Temperate Spring 36.1 83

ME2 HR HR (>500 mm) Temperate Spring 8.5 25

ME3 AS HR (>500 mm); AS Temperate Spring 1.9 3

ME4 SA LR (<500 mm) Temperate/hot Spring 14.6 20

ME5 TE IR, HR Hot Spring 7.1 12

ME6 HL SA Temperate Spring 6.2 13

ME7 IR IR Cool Facultative − −
ME8 HR HR Cool Facultative 10.0 23

ME9 SA SA Cool Facultative − −
ME10 IR IR Cold Winter − −
ME11 HR HR Cold Winter 15.0 30

ME12 SA SA Cold Winter − −
aME, Mega-environment; where: IR, irrigated; HR, high rainfall; AS, acid soil; SA, semi-arid; TE, tropical environment; HL, high latitude.
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useful information. Trait evaluation should preferably be carried
out under field conditions, avoiding experimental situations
(growth chambers, greenhouses, pots) that differ significantly
from the agricultural growing environment. The ability to access
water deep in the soil profile, which is an important drought-
adaptive mechanism, is eliminated as a variable in pot conditions.
Furthermore, the relative humidity of the air, which has an
important influence on stomatal conductance (Ben Haj Salah and
Tardieu, 1997), is extremely difficult to simulate in controlled
environments.

When possible, drought tolerance evaluation should be done
out-of-season, under irrigated conditions. This option allows bet-
ter management of water stress but needs a dry season sufficiently
long to cover the whole growth cycle. The photoperiod and tem-
perature should not differ too much from the growing season, as
is the case in the dry tropics, to avoid genotype-by-season inter-
actions and allow results obtained from the out-of-season experi-
ments to be extrapolated to the growing season conditions.

PLANT WATER STRATEGY
Survival and drought escape
In the case of drought, some traits proposed by stress physiol-
ogists appear to be associated with crop survival. For example,
comparison of old and new varieties has shown that, under
drought, older varieties over-produce tillers many of which fail
to set grain, while modern drought tolerant lines produce fewer
tillers the majority of which survive (Loss and Siddique, 1994).
In most circumstances, however, the main effect of drought is to
reduce grain yield without killing the plant.

If the pattern of water deficit is predictable in a given region,
selection for a flowering date that does not coincide with the
period of water deficit is a very effective way of improving drought
adaptation (Araus et al., 2002). The limitations of this approach
are that very early varieties may suffer yield penalties in good
seasons, while late-in-season freezing episodes may affect spike
fertility. In such cases, breeding for higher yield potential plus
traits conferring stress avoidance (i.e., to avoid cell dehydration)
may generally be effective (Araus et al., 2003a,b).

PHENOTYPING TRAITS
Requirements
Most of the traits currently mentioned in the literature associ-
ated with drought adaptation in wheat are shown in Table 3.
However, the potential value of each trait needs to be consid-
ered with respect to the type of drought environment in which
a cultivar is to be adapted. Secondary traits may be particularly
suited to improving the selection response for stress conditions
if they avoid any confounding effects of stress timing on yield
(e.g., drought and flowering dates), and allow the selection to be
focused on a specific type of drought. For a secondary trait to be
useful in a breeding programme, it has also to comply with sev-
eral requirements (Edmeades et al., 1997). Thus, a secondary trait
should ideally be: (1) genetically associated with grain yield under
drought; (2) genetically variable; (3) highly heritable; (4) easy,
inexpensive and fast to observe or measure; (5) non-destructive;
(6) stable over the measurement period; and (7) not associated
with yield loss under unstressed conditions.

Wheat faces different drought scenarios worldwide; conse-
quently, the physiological traits that confer drought resistance in
specific environments may be very distinct. The combination of
yield data with data relating to secondary traits in multi-site field
experiments ranging from well-watered to high stress levels may
be useful at this stage by providing some light on GEI of traits
related to drought tolerance. This is particularly the case when
the heritability of the secondary traits is higher than that of yield,
and the genetic correlation of these traits with yield in the target
environment is high. Secondary traits can be classified accord-
ing to their relationship to pre-anthesis growth, access to water,
water-use efficiency (WUE), and photoprotection.

Traits related to pre-anthesis growth
Crop establishment. Vigorous crop establishment is agronom-
ically desirable because it helps to shade the soil and suppress
weeds that compete for water. It also improves radiation inter-
ception by the crop at the early stages of growth. Rapid ground
cover can be achieved by breeding for: (1) large seed and embryo
size which may help to achieve early vigor (Aparicio et al., 2002);
and (2) thinner, wider leaves (i.e., with a relatively low specific
leaf weight) and a more prostrate growth habit which help to
increase ground cover, thus conserving soil moisture and poten-
tially increasing radiation-use efficiency (RUE; Richards, 1996).
These traits are especially important in Mediterranean types of
drought environment (ME4A), where up to 40 percent of avail-
able water may be lost by evaporation directly from the soil (Loss
and Siddique, 1994). In ME4A, the potential for vigorous growth
prior to heading also provides the opportunity to take advantage
of relatively good growing temperatures and moisture availability
earlier in the cycle.

Total biomass. Evaluation of total biomass is only feasible in
practice through indirect methods, e.g., using spectroradiometers
to measure the spectra of light reflected by the canopy (Aparicio
et al., 2000, 2002; Royo et al., 2003). Field spectroradiometers
able to measure the spectrum of light reflected by the canopy
have been expensive in the past. However, the situation is now
changing with the availability of simple, less expensive, and easy-
to-handle spectroradiometers such as the GreenSeeker1. Designed
initially for nitrogen management, this has become a potentially
very useful instrument in breeding. It gives the basic spectro-
radiometric indices of green biomass, such as the normalized
difference vegetation index (NDVI), which is the most useful
for routine breeding purposes. Moreover, as the GreenSeeker
includes its own radiation source, it may be used independently of
atmospheric conditions and deployed on both sunny and cloudy
days. Alternative techniques such as the use of an affordable
conventional digital camera may provide complementary infor-
mation, such as the portion of the soil occupied by green biomass
(Casadesús et al., 2005). Digital pictures may also provide infor-
mation that is not currently acquired through spectral reflectance
measurements, such as the degree of soil covered by the crop, the
percentage of yellow leaves, or even yield components such as the
number of spikes per unit land area (Casadesús et al., 2005).

1http://www.ntechindustries.com/
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Table 3 | Main secondary traits that can be used to improve drought tolerance in wheat, associated mechanisms, references, ease of use, and

target mega-environment of application (Adapted from Reynolds et al., 2001b).

Secondary Associated Methodology Ease Target

trait with (References) of use environment

Large seed size Emergence, early ground cover, and
initial biomass

Mian and Nafziger, 1994 + + + ME4A

Long coleoptiles Emergence from deep sowing Radford, 1987 + + + ME4C

Early ground cover (visual) Decrease of evaporation and
increase of radiation-use efficiency
(RUE)

Hafid et al., 1998; Richards, 1996 + + + ME4A

Specific leaf dry weight Thinner, wider leaves, early ground
cover

Merah et al., 2001a ++ ME4A

Growth habit (visual) Lower soil evaporation and higher
RUE

Richards et al., 2002 + + + ME4A

Tiller survival Survival and recovery Loss and Siddique, 1994 ++ Severe stress

Long and thick stem internodes Storage of carbon products Loss and Siddique, 1994 + + + ME4A

Vegetation indices (normalized
difference vegetation index; NDVI)

Green biomass Royo et al., 2003 +

Earliness Drought escape Blum, 1988; Monneveux et al.,
2005

+ + + ME4A and ME4C

Number of grain per spike around Spike sterility Hafsi et al., 2006 ++ Drought flowering

Stomatal conductance Extraction of water from soil Farquhar and Sharkey, 1982 +
Canopy temperature depression Stomatal conductance, extraction

of water from soil
Reynolds et al., 2000 ++

Carbon isotope discrimination Stomatal conductance, extraction
of water from soil

Monneveux et al., 2005 ++

Ash content Stomatal conductance, extraction
of water from soil

Misra et al., 2006 ++

Spike photosynthetic capacity Grain filling Evans et al., 1972 + ME4A, hot

Leaf color (visual, SPAD) Delayed senescence, maintenance
of photosynthesis

Araus et al., 1997 + + +

Leaf waxiness Lower transpiration rate and
reduced photo-inhibition

Richards, 1996 + + + Severe stress

Leaf pubescence Lower transpiration rate and
reduced photo-inhibition

Richards, 1996 + + + Severe stress

Leaf thickness and posture Lower transpiration rate and
reduced photo-inhibition

Reynolds et al., 2000 + + + Severe stress

Leaf rolling Lower transpiration rate and
reduced photo-inhibition

Reynolds et al., 2001b + + + Severe stress

Glume pubescence Lower transpiration rate and
reduced photo-inhibition

Trethowan et al., 1998 + + +

Delayed senescence Higher RUE Hafsi et al., 2006 ++
Fructanes in stem Storage of carbon products Rawson and Evans, 1971 ++ ME4A

Solute concentration in cells Osmotic adjustment (OA) Morgan and Condon, 1986 +
Accumulation of ABA Reduced stomatal conductance and

cell division
Innes et al., 1984 + Severe stress

Remobilization of stored assimilates. Stored assimilates can be
remobilized during grain filling to supplement assimilates gen-
erated in the drier post-anthesis period. Stored fructans con-
tribute substantially to grain filling, especially when canopy
photosynthesis is inhibited by post-anthesis drought (Blum,
1998). Traits that may also contribute to remobilization dur-
ing grain filling in these conditions include long and thick
stem internodes, perhaps with extra storage tissue in the form
of solid stems. In studies where crosses were made between

lines contrasting in the solid-stem trait, the solid-stem progeny
contained more soluble carbohydrate per unit of stem length,
although total stem carbohydrate was unaffected due to the
stems being narrower and shorter (Ford et al., 1979). Conversely,
where the crop grows exclusively on stored soil moisture, long
coleoptiles are desirable to avoid extremely hot soil surface
temperatures and rapid soil drying. Moreover, longer coleop-
tiles improve seedling emergence with deep sowing (Radford,
1987), improving early biomass accumulation (Rebetzke et al.,
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2005). Long coleoptiles are also useful in dryland Mediterranean
environments, helping to avoid a false start in early planted
crops.

Traits relating to access to water
Root characteristics. A root system that can extract whatever
water is available in the soil profile is clearly drought-adaptive
(Hurd, 1968), but this ability is difficult to measure directly.
Traits that are indicative of the water status of a plant, espe-
cially when measured during periods of peak stress, are useful
indicators of the plant’s capacity to match evaporative demand
by exploring and extracting soil water. Instantaneous measure-
ment of traits affected by the water relations of the plant, such
as stomatal conductance (gs) and canopy temperature depres-
sion (CTD) can give indications of water extraction patterns.
The role of abscisic acid (ABA) accumulation in stomatal reg-
ulation under drought has been demonstrated (Innes et al.,
1984). It also appears to preadapt plants to stress by reduc-
ing rates of cell division, reducing organ size, and increasing
the rate of development. However, high ABA can also result in
sterility problems since high ABA levels may abort developing
florets.

Canopy temperature depression. Among the traits relating to
access to water, by far the easiest to measure in the field is CTD,
which shows good correlations with other water relations param-
eters (Blum et al., 1982), as well as with performance under
drought of random sister lines (Reynolds et al., 2000). Canopy
temperature can provide information on transpiration as the
main contributor to reduced leaf temperature. Although canopy
temperature may seem very easy to measure, in practice there are
methodological problems, particularly in Mediterranean drought
environments. This is mainly found when there is variation in
the air temperature with wind or cloudiness (Araus et al., 2002;
Royo et al., 2002), or where there is not a homogeneous canopy.
In fact, screening by canopy temperature measurements under
drought stress can be done only during the vegetative growth
stage after full ground cover has been attained, before inflo-
rescence emergence, at high vapour-pressure deficits in recently
irrigated crops, and without the presence of wind or clouds
(Royo et al., 2005).

So far, studies have only been accomplished in recombinant
inbred lines (RILs). CTD showed a significant association with
yield under drought when measured pre-anthesis, suggesting
an advantage from higher pre-anthesis growth rates. CTD also
showed some association with final yield when measured during
grain filling. Because a major role of transpiration is leaf cool-
ing, canopy temperature, and its reduction relative to ambient air
temperature are an indication of how much transpiration cools
the leaves under a demanding environmental load. Higher tran-
spiration means colder leaves and higher stomatal conductance,
both aspects favoring net photosynthesis and crop duration.
A relatively lower canopy temperature in drought-stressed crops
indicates a relatively greater capacity for taking up soil moisture or
for maintaining a better plant water status. Thus, higher transpi-
ration is a positive trait when selecting for higher yield potential
or better adaptation to moderate drought stress.

Osmotic adjustment. Solute concentration in the cell is inti-
mately tied to plant water status and, under drought, osmotic
adjustment (OA) may facilitate critical growth functions such as
root growth, and also meiosis and pollen development, thereby
mitigating some of the most detrimental effects of plant water
deficit. Genetic variation in OA is well-established in wheat
(Rekika et al., 1998). A number of experiments have shown that
wheat lines selected for high OA in response to the lowering of leaf
water potential have higher grain yields in field experiments. In a
study by Morgan and Condon (1986), high OA was strongly asso-
ciated with greater soil water extraction. Nevertheless, the role
of OA on yield still remains controversial (Serraj and Sinclair,
2002). It will help to maintain leaf metabolism and root growth
at relatively low leaf water potentials by maintaining turgor pres-
sure in cells. However, OA is difficult to measure in large samples
under field conditions. Some research suggests that the trait can
be assayed relatively easily by measuring the coleoptile growth
rate of seedlings in a polyethylene glycol (PEG) solution (Morgan,
1988).

Carbon isotope discrimination. Carbon isotope discrimination
(�13C), despite being a very promising trait, is probably less
widely accepted because of the cost of its determination. In
recent years, Commonwealth Scientific and Industrial Research
Organisation (CSIRO, Australia) Plant Industry has released the
first two commercial wheat varieties selected for high transpira-
tion efficiency using �13C (“Drysdale” in 2002, and “Rees” in
2003). These varieties are cultivated under rain-fed conditions
and rely solely upon the precipitation accumulated prior to plant-
ing. They have been selected based on their low �13C (and thus
high transpiration efficiency), fitting with what has been pos-
tulated with regard to this trait. However, for Mediterranean
environments, �13C (particularly when measured in mature
grains) is frequently positively correlated with grain yield (Araus
et al., 1998; Villegas et al., 2000; Merah et al., 2001b; Condon
et al., 2004; Monneveux et al., 2005). One of the reasons for
this positive relationship is that a genotype exhibiting higher
�13C is probably able to maintain a better water status (Condon
et al., 2004). Given the relatively high costs associated with car-
bon isotopic analysis (about C10 per sample), several surrogate
approaches which are much cheaper, faster, and easier to han-
dle have been proposed. The option most studied has been to
use the mineral or ash content of leaves (Masle et al., 1992;
Mayland et al., 1993; Araus et al., 1998; Merah et al., 1999)
or grains (Febrero et al., 1994; Voltas et al., 1998; Monneveux
et al., 2005; Misra et al., 2006). Another promising alterna-
tive relies on the estimation of �13C through the near-infrared
spectroscopy (NIRS) technique (Clark et al., 1995; Ferrio et al.,
2001), which carries with it the further advantage of being
non-destructive.

Traits relating to water-use efficiency
Measurement of carbon isotope discrimination or ash content
of grain or other tissues can be used to estimate the WUE of
the crop, since their signals are based on the integration of plant
water status over a period of time (Condon et al., 1993). However,
these data must be interpreted with care. Although most field

Frontiers in Physiology | Plant Physiology November 2012 | Volume 3 | Article 429 | 133

http://www.frontiersin.org/Plant_Physiology
http://www.frontiersin.org/Plant_Physiology
http://www.frontiersin.org/Plant_Physiology/archive


Monneveux et al. Phenotyping for drought adaptation in wheat

studies have shown that better performance of wheat culti-
vars under Mediterranean drought conditions is associated with
lower WUE (Condon et al., 1993), studies in Australia (Rebetzke
et al., 2002) indicated an advantage for high WUE genotypes
under conditions where crops survive exclusively on stored soil
moisture.

Spikes have higher WUE than leaves, and have been shown
to contribute up to 40 percent of total carbon fixation under
moisture stress (Evans et al., 1972). Awns contribute substan-
tially to spike photosynthesis and longer awns are a possible
selection criterion. While gas exchange measurement of spikes is
time consuming and difficult to standardize, chlorophyll fluores-
cence should be considered as a more rapid means of screening
for spike photosynthetic capacity under stress (Horton, pers.
communication).

Genes that affect a greater relative partitioning of assimilates to
the sink, resulting in a higher HI, would be expected to improve
yield under drought, not being associated with the water cost
of generating additional biomass. Plant height is usually neg-
atively related with HI. However, there is a minimum height
below which limitation on yield becomes evident (Slafer et al.,
2005). Under extreme drought stress where most of the canopy
may have senesced, spike photosynthesis can play a major role
in grain filling, because of high WUE of the spike due to the
fact than they can refix respiratory carbon (Bort et al., 1996).
Moreover, they are able to maintain a better water status than
leaves, through a higher OA and a more xeromorphic structure
(Tambussi et al., 2005). This stay-green spike trait is currently
being introgressed by CIMMYT into elite drought-tolerant back-
grounds to see if it can be combined with yield responsiveness,
such that the trait is facultative, responding only in drier years.
Changes in leaf color can reflect a variation in partitioning of
assimilates to the sink. Stress may accelerate the senescence of
leaves. The stay-green trait may indicate the presence of drought
avoidance mechanisms, but probably does not contribute to
yield per se if there is no water left in the soil profile by the
end of the cycle to support leaf gas exchange. It may be detri-
mental if it indicates lack of ability to remobilize stem reserves
(Blum, 1998).

To check for delayed senescence of leaves, particularly flag
leaves, portable chlorophyll meters such as the Minolta SPAD2

are extensively used, due to their speed and ease of use. Delayed
senescence of leaves has been proposed as a secondary trait for
performance under drought by several authors (Araus et al.,
1997; Rharrabti et al., 2001). However, the relationship between
delayed senescence and yield has been found by other authors
to be unstable and highly dependent on drought intensity (Hafsi
et al., 2006). In addition, the cost of a portable chlorophyll meter
makes this device unaffordable for many breeding programmes in
developing countries.

Traits relating to photoprotection
Decreased stomatal conductance in response to drought leads
to warmer leaf temperatures and insufficient CO2 to dissipate

2http://www.specmeters.com/Chlorophyll_Meters/Minolta_SPAD_502_
Meter.html

incident radiation, both of which increase the accumulation of
harmful oxygen radicals and photo-inhibitory damage. Photo-
inhibition can be modified by some leaf adaptive traits such as
waxiness, pubescence, rolling, thickness, or posture (Richards,
1996). These traits decrease the radiation load to the leaf surface.
Benefits include a lower evapotranspiration rate and reduced risk
of irreversible photo-inhibition. However, they may also be asso-
ciated with reduce RUE, which would reduce yield under more
favorable conditions.

The effects of photo-inhibition can be alleviated by antioxi-
dants such as superoxide dismutase (SOD) and ascorbate perox-
idise, which have been shown to increase in quantity in response
to drought stress (Mittler and Zilinskas, 1994). Thermal dissipa-
tion through the xanthophyll cycle is another protective mech-
anism that can dissipate as much as 75 percent of absorbed
light energy (Niyogi, 1999). In a study comparing a drought-
adapted barley landrace with a modern cultivar, the former
displayed two mechanisms of photoprotection: (1) rapid xan-
thophyll cycling; and (2) up to 50 percent less leaf chlorophyll,
resulting in a passive reduction of light absorbance (Havaux and
Tardy, 1999).

Application in breeding
While many traits have been studied for their use in breeding for
drought resistance, there is a general consensus among breeders
that only a few of them can be recommended for use in prac-
tical breeding programmes at this time (Table 3). For example,
CIMMYT (Reynolds et al., 2001a) recommend the use of flower-
ing and maturity dates, spike fertility, changes in green biomass
(e.g., leaf death score), and canopy temperature. In practical
terms, these traits seem valuable when breeding for higher yield
potential and adaptation to some degree of stress. Development
of new equipment like spectroradiometers will facilitate future
measurement of new physiological traits in the field. Most other
traits cannot yet be recommended as part of an ongoing breeding
programme, particularly those that are expensive or difficult to
measure. However, some such as �13C can be used for the selec-
tion of parents (Misra et al., 2006; Xu et al., 2007). Thermal imag-
ing and color imaging techniques are expected to greatly facilitate
large scale evaluations in the next future (Cabrera-Bosquet et al.,
2012).

CONCLUSIONS
Many drought-adaptive traits have been investigated in wheat.
However, association of these traits with genetic gains for yield
under drought has been poorly tested and documented. Most
difficulties encountered in the identification of accurate drought
tolerance traits are due to the fact that wheat is cultivated under
very different climatic conditions and faces very different drought
scenarios worldwide.

While some single traits have benefited from tremendous
research efforts and have generated considerable debate in the lit-
erature (e.g., OA, ABA), relatively little emphasis has been placed
on research that can be extrapolated and used directly to crop
genetic improvement in target environments.

Most drought physiology research in wheat has been con-
ducted in controlled environments and has been poorly

www.frontiersin.org November 2012 | Volume 3 | Article 429 | 134

http://www.specmeters.com/Chlorophyll_Meters/Minolta_SPAD_502_Meter.html
http://www.specmeters.com/Chlorophyll_Meters/Minolta_SPAD_502_Meter.html
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Physiology/archive


Monneveux et al. Phenotyping for drought adaptation in wheat

integrated into breeding programmes. Multidisciplinary
approaches involving physiologist, breeders, genebank managers,
and biotechnologists are still scarce, holding back the exploita-
tion of genetic diversity and the use of MAS for drought tolerance
improvement.

Despite the tremendous potential offered by access to genetic
resources from related species, and well-documented success
in using them (e.g., 1B/1R translocation, synthetic wheats),
wild Triticeae have been poorly exploited until now to improve
drought tolerance in wheat.
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The need of a better adaptation of crops to drought is an issue of increasing urgency.
However, enhancing the tolerance of maize has, therefore, proved to be somewhat elusive
in terms of plant breeding. In that context, proper phenotyping remains as one of the main
factors limiting breeding advance. Topics covered by this review include the conceptual
framework for identifying secondary traits associated with yield response to drought and
how to measure these secondary traits in practice.
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GENERAL INFORMATION
CULTIVATED AREA AND YIELD PERFORMANCE UNDER OPTIMAL
CONDITIONS
Maize is grown in virtually every country in the world, with a total
production in 2002–2003 of 637,444,480 tons on 142,331,335 ha
[Food and Agriculture Organization of the United Nations (FAO,
2007)]. This represents an average yield of 3.41 t ha−1, albeit
very variable across countries. The United States of America and
the People’s Republic of China each produced over 100 million
tons in 2002–2003, with US production being 2.25 times that
of China. During the last decade, these two countries accounted
for near 60% of total corn production. Six other countries pro-
duced at least 10 million tons during 2002–2003. These were, in
order of production: Brazil, Mexico, Argentina, India, France and
Indonesia. In 2020, demand for maize in developing countries is
expected to exceed 500 million tons, and will surpass the demand
for both rice and wheat (Pingali and Heisey, 2001). This pro-
jected rapid increase in demand is mainly explained by growth
in the demand for maize as livestock feed (for poultry and pigs,
particularly in East and Southeast Asia).

Genetic contributions to grain yield improvement in maize,
attributable to plant breeding, have been estimated from stud-
ies which compare side-by-side the performance of hybrids and
open-pollinated cultivars from various eras (Tollenaar and Lee,
2006). Most of the available literature concerns temperate maize
and, with some reservations, may be applicable to tropical maize.
Maize grain yield in the USA has increased by about 100 kg ha−1

year−1 or 2% year−1 from the start of large-scale adoption of
hybrids by maize growers in the late 1930s until the first decade
of the twenty-first century. About 75% of the yield improve-
ment has been attributed to genetic gain and the rest to improved
agronomical practices. The genetic gain was not associated with
an increase in heterosis but rather with more stress tolerance
(Duvick, 1999; Tollenaar et al., 2000) related to a higher leaf area
per plant and higher harvest index (HI; Tollenaar and Lee, 2006).

Two important physiological processes appear to be involved:
(1) sustained leaf photosynthesis during grain-filling, which con-
tributes to increases in dry matter accumulation; and (2) an
increase in kernel number due to higher partitioning to the ker-
nels during the sensitive period of kernel number determination.
As a consequence, genetic gain is not associated with a change
in HI because the increase in kernel number and the increase in
dry matter accumulation during the grain filling period have been
proportional.

The stability in HI rejects an increase in heterosis as being
responsible for the genetic gain (Tollenaar and Lee, 2006). The
higher dry matter accumulation in newer than in older hybrids
during grain filling can be attributed, in part, to a longer dura-
tion of the grain-filling period in the former (Tollenaar and Lee,
2006). However, the silking date as well as the relative matu-
rity do not differ between modern and old hybrids (Cavalieri
and Smith, 1985), which further refutes changes in heterosis as
responsible for genetic gain (Tollenaar et al., 2004). There is evi-
dence that supports higher tolerance to low resource availability
in newer maize hybrids; they performed better than older ones
under stress, due to parental line involvement (Duvick, 1997)
associated with better tolerance to high plant density (Tollenaar
and Lee, 2006). In fact, plant water deficit will occur more read-
ily at high rather than at low density, and resistance to high
plant density involves resistance to drought stress when moisture
becomes limiting (Tollenaar and Wu, 1999).

Anthesis-silking interval (ASI) under drought has become
shorter in modern hybrids, and selection has possibly led to an
increase in the growth of spikelets and ears and a reduction in
final spikelet number (Bänziger et al., 2000). Moreover, “stay-
green” or a reduction in the rate of leaf senescence during grain
filling has been one of the traits that were the most visually dis-
tinctive between older and newer hybrids (Duvick et al., 2004a).
Changes in constitutive traits such as plant phenology also seem
to be involved in the different response to limiting resources.
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Older hybrids suffered a greater yield loss, in part, because they
had extracted most of the plant-available water before entering
the critical flowering period (Nissanka et al., 1997; Campos et al.,
2004). In temperate maize hybrids there has also been a signifi-
cant reduction in tassel size. From 1967 to 1991, tassel dry weight
decreased by 36% (Duvick and Cassman, 1999). However, in
tropical maize, the indirect pressure of selection to reduce tassel
size by selecting for increased grain production has had relatively
modest effects on tassel size. Therefore, tropical inbreds usually
still possess a relatively large tassel, which may eventually have a
negative effect on the development of ear and silk when the sup-
ply of photoassimilates is limited by drought stress (Ribaut et al.,
2004; Sawkins et al., 2006).

Retrospective studies also show a large hybrid-by-environment
interaction in terms of grain density. The genotype-by-
environment interaction (GEI) could be a result of: (1) a greater
genetic yield potential of newer hybrids; (2) a greater ability of
newer hybrids to tolerate low resource availability; and (3) a
greater general stress tolerance in newer hybrids (Tollenaar and
Lee, 2006). Increased yield of newer hybrids could be a result
of the synergistic effect between increased yield potential and
increased resource availability (Duvick and Cassman, 1999). In
general, increased yield potential will place a greater demand on
all resources, resulting in increased stress frequency unless the
greater yield potential is associated with an increase in general
stress tolerance. In fact, yield stability and general stress tolerance
are highly associated and yield stability does not appear to have
declined with increasing yield potential (Tollenaar and Lee, 2002;
Duvick et al., 2004b).

GENETIC AND GENOMIC RESOURCES
Hybrids tend to concentrate on a few inbred lines and their
derivatives; less than 5% of the world’s maize germplasm has
been used by US breeders (Taba et al., 2004). In years to come,
the ancestral base of US maize hybrids will increase as exotic
germplasm is introgressed. Genetic diversity really is available
to minimize the risk of a widespread catastrophe. Goodman
(1998) has already shown a twofold increase in the use of exotic
germplasm in a 12 year period from 1984 to 1996. In addition to
having the right technologies, the other pillar of future breeding
is to use more of the useful genetic variation that is available. This
fact is of concern to all involved with maize germplasm, breeding
and production (see Taba et al., 2004 for a comprehensive review).
In that context, maize germplasm collections such as that hosted
by CIMMYT (Centro Internacional de Mejoramiento de Maiz y
Trigo; the International Maize and Wheat Improvement Center),
which preserves genetic diversity and makes it fully available to
all researchers with no restrictions on use, are the obvious source
of genes for breeding efforts to develop tropical and subtropical
maize better adapted to drought.

RELEVANT RESULTS PUBLISHED IN THE AREA OF DROUGHT
ADAPTATION
In general, average yields in tropical and subtropical regions
are far lower than in temperate ones, with sub-Saharan Africa
way below other regions with average values across countries
of around 1 t ha−1. This is in spite the fact that maize is one

of the main crops in these regions, where the effects of climate
change including rising temperatures, evapotranspiration losses
and, eventually, decreasing rainfall are expected to be particularly
negative (World Bank, 2007). The possibilities for alleviation of
water stress are limited. The majority of tropical maize is grown
under rainfed conditions and poor farmers from these regions are
unable to implement crop management strategies that might at
least mitigate such constraints. In such a scenario, breeding for
drought adapted maize remains the best alternative.

However, advances in breeding are frequently hindered by
methodological bottlenecks. Among these, proper phenotyping
is perhaps one of the most obvious today. This was not so evident
few years ago, when phenotyping was considered as something
already achieved, whereas emphasis was placed on other more
fashionable breeding approaches such the adoption of molec-
ular marker-assisted selection (MAS), genetic modification and
the different “omics.” Fortunately, the situation seems to have
changed and awareness is now increasing that new genetic and
genomic tools will enhance but not substitute for the conven-
tional breeding evaluation process (Varshney et al., 2005), and
that only through an integrate use of different disciplines (includ-
ing proper phenotyping) will breeding be speeded up. In that con-
text, identification of key physiological processes associated with
yield improvement and the determination of gene-to-phenotype
associations can potentially increase the efficiency of breeding,
whether through traditional or molecular methods (Araus et al.,
2003, 2008; Tollenaar and Lee, 2006) including genomic selection
propitiated by the availability of dense molecular markers (Crossa
et al., 2010; Cabrera-Bosquet et al., 2012).

PRIMARY DETERMINANTS OF GRAIN YIELD AND DROUGHT
ADAPTATION
Grain yield may be expressed as the integrated response of dif-
ferent plant processes to a limiting resource such as radiation or
water. Two main steps are involved: production of photoassimi-
lates, and its further transformation onto an economic (usually
harvestable) component. An additional factor to consider is the
phenological stage of the plant when the limiting resource acts.

Radiation limited yield
Grain yield (GY) can be considered the product of the following:

GY = RAD · %RI · GLD · RUE · HI

where: RAD = incident radiation received per day (e.g.,
20 MJ m−3); %RI = % intercepted radiation over crop life cycle
(e.g., 50%); GLD = green leaf duration (e.g., 100 days); RUE =
radiation-use efficiency, taken as 1.5 g MJ−1; HI = harvest index
(0.45; range 0.4–0.55 under well-watered conditions). Thus:

GY = [20 · 0.5 · 120 · 1.5] · 0.45 = 810 g m−2, or 8.1 t ha−1

Grain yield can be reduced by the effects of drought on most of
these factors (Andrade et al., 1996). Drought during establish-
ment can reduce plant germination, while water stress during
leaf area expansion reduces leaf area and radiation interception.
Later in growth, it will reduce green leaf duration from accelerated
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senescence, and reduce RUE by direct effects on photosynthesis
(Dwyer et al., 1992). It can also have direct effects on yield com-
ponents through induced barrenness, kernel abortion or shriveled
grain, which can in turn reduce HI. The rate of seasonal dry
matter accumulation is a function of interception and utiliza-
tion of incident solar radiation. Differences in the rate of dry
matter accumulation can be attributable to increased light inter-
ception due to: (1) greater maximum leaf area index (LAI);
and (2) reduced leaf senescence (greater “stay-green”) during
grain filling and a greater canopy-level efficiency of utilization of
intercepted radiation, due to higher leaf angle and a reduced func-
tional leaf senescence sustaining leaf photosynthesis during grain
filling (Tollenaar and Lee, 2006). Reduction in leaf growth with
water deficit may be coregulated with several mechanisms, each
controlled by a large number of genes. Therefore, it may well be
naïve to seek a single mechanism that accounts for the effect of
water deficit on leaf growth and for the genetic variability of this
process (Tardieu, 2006).

Water limited yield
Passioura (1977) proposed a parallel way of considering grain
yield in a water limited situation:

GY = W · WUE · HI

where: W = water transpired by the crop (e.g., 400 mm); WUE =
water-use efficiency, biomass/unit water transpired (e.g., 4.5 g
m−2 mm−1). Thus:

GY = [400 · 4.5] · 0.45 = 810 g m−2, or 8.1 t ha−1

In the same sense, Blum (2006) summarized the primary factors
responsible for superior performance of drought-adapted cereal
cultivars, grouping them into four categories:

• capturing more soil water—thus, where deep soil moisture
is available, deep-rooted cultivars demonstrate a clear yield
advantage under drought (Lorens et al., 1987)

• economizing water use
• maintaining cellular hydration
• utilizing stem reserves for grain filling under stress—perhaps

less applicable to maize than to small grain cereals.

Seedling establishment and pre-flowering growth
A requirement for high yield is an adequate plant stand. If
drought severely reduces the stand at the onset of the sea-
son, farmers can replant fields with a shorter duration culti-
var or a different species, although this entails additional cost.
A limited research effort directed toward improving seedling
establishment suggests that natural selection may have exploited
most of the genetic variation for this trait. Recurrent selection
based on stressed seedlings in the field showed only modest
increases in survival under water deficit (Bänziger et al., 1997).
Selection for improved survival and biomass production under
post-emergence drought stress is also difficult because environ-
mental variation is high in field screens. A recent study of the
effects of pre-flowering growth on maize has demonstrated that
this type of stress leads to significant reductions in plant height,

in leaf area per plant and in grain yield, but to an increase in HI
of several percentage points (Moser et al., 2006). However, the
number of kernel rows was also reduced by stress prior to flow-
ering, leading to a reduced kernel number per plant. Genotypes
showing tolerance at flowering were not necessarily the most
drought-tolerant in the pre-flowering phase. Early seedling vigor
is a general expression of heterosis in cereals and is beneficial
for reasons that may be related to reduced evaporation, thereby
economising on water use.

Flowering
A failure of the rains later in the season when replanting is not
possible may lead to a total crop loss, since maize yield in conven-
tionally selected cultivars is often reduced two to three times more
when water deficits coincide with flowering, compared with other
growth stages (Shaw, 1977; Grant et al., 1989). Maize is thought to
be more susceptible than other rainfed crops because of its near-
synchronous development of florets, usually on a single ear, and
because of the exposure of silks and pollen caused by the physical
separation of male and female flowers on the same plant. Spikelets
that are growing rapidly are more likely to set seed; one indicator
of this is rapid silk extrusion. Since the date on which anthe-
sis occurs is affected little by drought, slow silk growth results
in a long ASI, a trait that is easily observed by breeders. A long
ASI is an external indicator of a reduced partitioning to the ear,
resulting in a slow spikelet growth rate (Edmeades et al., 2000b;
Monneveux et al., 2006). Plants with a large ASI under drought
are often barren, or have few grains per ear. Grain yield of maize
grown under severe water stress at flowering is highly correlated
with kernel number per plant (r = 0.90∗∗) and quite strongly
with ASI (r = −0.53∗∗; Bolaños and Edmeades, 1996).

Factors affecting grain set under drought have been exten-
sively reviewed by Westgate (2000). Grain number per plant in
water-deficient maize appears to depend directly on the flux of
current photosynthates during the 2 weeks bracketing flower-
ing (Schussler and Westgate, 1995). It appears that reserves of
pre-flowering assimilate are simply not attracted to the ear; per-
haps the carbohydrate metabolism of the ovaries of water-stressed
plants is disrupted, thereby impairing sink strength (Zinselmeier
et al., 1995c; Westgate, 1997; Saini and Lalonde, 1998). However,
once kernels enter the linear phase of biomass accumulation, they
develop the sink strength needed to remobilize carbon reserves.
This, along with continued photoassimilation, determines final
kernel weight. The critical step in determining HI appears to
take place 10–15 days either side of flowering. When assimi-
late flux per plant is reduced by competition, it has been shown
that tassel growth is favored over ear growth (Edmeades et al.,
2000a), and a similar tendency has been observed by Bolaños and
Edmeades (1993a,b) under drought. Reductions in plant height
and tassel size have also been associated with a reduction in ASI
(Fischer et al., 1983, 1987). Although little is known about com-
peting effects of root growth on ear growth, Bolaños et al. (1993)
reported that, in one tropical maize population, reduced root
biomass was associated with increased ear growth under drought.

Leaf growth and anthesis-silking interval
Leaf growth and ASI are the main determinants of source and sink
strengths of maize, via their relations with light interception and
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HI, respectively. They depend on the ability of leaves and silks to
expand under fluctuating environmental conditions, so the possi-
bility is raised that they may have a partly common genetic deter-
minism. This was tested in a mapping population segregating
for ASI. For well-watered plants, the alleles conferring high leaf
elongation rate conferred a low ASI (high silk elongation rate).
Under water deficit, the allele for leaf growth maintenance was,
in all cases, that for shorter ASI (maintained silk elongation rate).
By contrast, other regions influencing ASI had no influence on
leaf growth. These results may have important consequences for
modeling the GEI and for designing drought-tolerant ideotypes
(Welcker et al., 2007).

The relationship between anthesis-silking interval and grain yield
Stress susceptibility varies considerably throughout the life cycle
of the maize plant, and is greatest at flowering. Much of our con-
ventional thinking on the degree of susceptibility to stress has
been based on research published by Shaw (1977), in which stress-
induced loss of yield per day was related to developmental stage
in a hybrid that is now almost 40 years old (Figure 1).

There is good evidence that this marked susceptibility to
drought stress at flowering has diminished with selection.
However, there remains considerable genetic variation for tol-
erance to drought at flowering in modern commercial Corn
Belt germplasm (Campos et al., 2004; Barker et al., 2005). One
clear indicator of stress at flowering is a delay in silk exsertion
in conjunction with very little or no delay in anthesis, giv-
ing rise to an easily observed ASI. Correlation analyses relating
secondary traits to grain yield under drought stress at flow-
ering in tropical germplasm show a close dependence of yield
on kernel number per ear (KPE; up to r = 0.9), and mod-
erate to strong associations of grain yield and KPE with ASI
(r = −0.4 to −0.7; Bolaños and Edmeades, 1996). Others have
reported similar correlations between ASI and grain yield in a

wide array of germplasm (DuPlessis and Dijkhuis, 1967; Jensen,
1971; Bolaños and Edmeades, 1993b; Chapman and Edmeades,
1999; Monneveux et al., 2006). These are among the largest corre-
lations of any secondary trait with grain yield under drought (e.g.,
correlation of grain yield under stress with stay-green: r = 0.3 to
0.5; with weight per kernel, r = 0.2 to 0.4; Bolaños and Edmeades,
1996), and emphasize the critical importance of the flowering
process in establishing KPE and in stabilizing yield under stress.

Where stress is severe enough to induce barrenness, ASI is also
highly correlated with the number of ears per plant (r = −0.5
to −0.7). Thus, ASI measured at flowering can predict a signifi-
cant proportion of variation observed in grain yield that is only
revealed 2 to 3 months later. These results are not confined to
older hybrids or tropical germplasm. Evaluation of a representa-
tive sample of 54 modern precommercial Corn Belt hybrids has
shown a correlation between grain yield and ASI across water
stress levels of −0.72∗∗, and between kernel number per plant and
ASI of −0.71∗∗ (Edmeades, 2002, unpublished data). Andrade
et al. (2002) reported a common relationship between kernel
number per plant and plant growth rate when both water and
nitrogen supplies varied. Evidence of this nature led Edmeades
et al. (2000b) to conclude that variation for stress tolerance at
flowering exists, and that ASI is a convenient external indicator
of this and may be a reasonable indicator of tolerance to reduced
photosynthesis per plant at flowering arising from many causes.

The heritability of ASI is often slightly higher than that for
grain yield, and several QTLs associated with this trait under
drought stress have been identified (Ribaut et al., 1996). Other
studies have subsequently identified similar regions and con-
firmed those originally identified in several other crosses (Welcker
et al., 2007). These authors have also reported a QTL that colo-
calises for leaf elongation as well as for short ASI, suggesting
a common genetic control or that turgor maintenance affects
both. Marker-assisted backcrossing of some of these QTLs has

FIGURE 1 | Relationship between yield loss per day of stress and growth stage in a maize hybrid bred in the 1960s (Redrawn from Shaw, 1977).
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demonstrated significant improvement in grain yield under flow-
ering stress (Ribaut and Ragot, 2007). Managed drought stress
environments, where stress is imposed by withdrawing irrigation
during an otherwise dry growing season, are a highly effective
means of exposing genetic variation for ASI in a repeatable, reli-
able manner (see Bänziger et al., 2000 for a useful practical guide
to their use).

Selection for traits that govern kernel set
Given this strong relationship between ASI and grain yield and/or
kernel number, can selection for these traits lead to greater yield
stability when drought stress coincides with the flowering period?
If so, what are the limits to progress, and are there concomitant
penalties in non-stressed performance? The best current examples
of selection are found in tropical germplasm. Here, selection for
improved grain yield under drought stress at flowering, achieved
mainly by emphasizing increased grain yield and reduced ASI and
barrenness, resulted in gains per selection cycle in yield, ASI, ears
per plant (EPP) and HI under severe stress. These gains averaged,
respectively 100 kg ha−1, −1.1 day (or around 15◦C day), 0.03
and 0.013 respectively (Edmeades et al., 2000a). There were also
modest increases in the KPE. The increase in HI occurred under
both stressed and unstressed conditions (Edmeades et al., 2000b).
Similar results have recently been reported in another tropical
population (Monneveux et al., 2006). Selection for more rapid
silk emergence also improved tolerance to low nitrogen (Bänziger
et al., 1999; Zaidi et al., 2004). Subsequently, Bänziger et al.

(2005) reported that hybrids selected under managed stress using
similar protocols significantly outyielded commercial hybrids in
Southern and Eastern Africa by an average of 17% at yield levels
in the 0–3 t ha−1 range, 11% in the 3–6 t ha−1 range and 4% in
the 6–9 t ha−1 range.

Are the changes brought about by this type of selection sub-
ject to GEI? Tropical germplasm was largely selected in dry
winter seasons where stress intensity and timing could be man-
aged. Byrne et al. (1995) tested several selection cycles of tropical
maize in the target environment, i.e., a normal summer crop
season in a number of tropical sites away from the selection
location. They found that 83% of the gains reported at the
selection site carried over into the target environment. Pioneer
Hi-Bred International Inc. tested initial and advanced selection
cycles from three tropical populations, along with an older tem-
perate drought tolerant population, at sites where the tropical
germplasm was not adapted because of its photoperiod sen-
sitivity. Although mean yields of tropical selections were not
competitive with adapted temperate germplasm, gains due to
selection for increased grain yields and due to reduced ASI and
barrenness under stress were very similar to those observed at
the selection site (Figure 2). These data suggest that changes
due to selection targeted at the flowering period provide sta-
bility of performance across locations, even in locations where
overall adaptation is poor. Zaidi et al. (2004) reported correla-
tions between hybrids selected under drought versus conventional
selection for yields under drought and under low nitrogen of

FIGURE 2 | Yield of unselected and selected versions of a tropical population, “La Posta Sequia,” when grown in environments to which it was not

adapted. Yields of an adapted Corn Belt population, “York Dryland Synthetic,” are given as reference.
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0.65∗–0.67∗ versus 0.44–0.46 ns, suggesting selection for tolerance
at flowering reduced GEI. Reviews of progress in the ERA Corn
Belt hybrid set, spanning improvement through pedigree breed-
ing over the past 70 years, suggest that multilocation testing and
screening at high plant densities have provided gains in yield in
stressed and unstressed environments, although rates of gain in
stressed environments were less than half of those in unstressed
fields (Duvick, 2005; Campos et al., 2006).

Underlying causes for the relationship between anthesis-silking
interval and grain yield
The dependence of kernels per ear on ASI suggests that
germplasm that has not been previously exposed to strong selec-
tion under stress at silking may respond to stress by giving a large
spread in silk emergence. Is an extended ASI a symptom of some
deeper problem associated with spikelet fertility? There are three
main reasons for the association between ASI, kernel set and grain
yield (Hall et al., 1981; Otegui et al., 1995), as follows:

• Lack of pollen because of heat, asynchrony, or because anthers do
not exsert: Hot dry weather during pollination may cause tas-
sels to blast and kill the pollen before it is shed (Lonnquist
and Jugenheimer, 1943; Schoper et al., 1987). Pollen quan-
tity and viability are reduced in some genotypes when tassel
temperatures reach 38◦C (Lonnquist and Jugenheimer, 1943;
Schoper et al., 1987), although drought per se does not appear
to affect pollen viability (Hall et al., 1982; Schoper et al., 1986;
Westgate and Boyer, 1986). Lizaso et al. (2003) have created
algorithms that predict the effect of pollen viability on pollen
concentrations considered critical for full kernel set, but have
not provided any in situ measurements of pollen viability in
the field. Asynchrony, caused by delayed silking, may simply
result in a shortage of pollen for late emerging silks. Bassetti
and Westgate (1994) have shown in one hybrid, P3790, that a
reduction in kernel set occurred when pollen shed fell below
100 grains cm−2 d−1. This value agrees fairly well with that
provided by Sadras et al. (1985), who reported that a mean
pollen density of five grains per silk was necessary for 90%
kernel set. Bassetti and Westgate (1994) also observed that this
threshold pollen concentration increased if silks emerged more
than 3 days after the start of anthesis. This suggested that the
competence of silks and ovaries in late emerging silks, typically
originating from the tip of the ear, had declined. In tropical
genotypes that are usually characterized by large tassels, the
period of shed is lengthened.

• Marked reductions in tassel size have occurred in temperate
maize over the past 50 years of selection (Campos et al., 2006).
However, in single cross hybrids that have been selected for
high yield, tassels are typically half the biomass per plant of
landraces. This means that the window of pollen availability is
narrower, and the numbers of grains shed per day and per tassel
are less. For example, Hall et al. (1982) cite pollen produc-
tion per tassel of large open-pollinated varieties as 42.2 million
versus 14.8 million for a Corn Belt synthetic. This can be com-
pared with only 4.5 million pollen grains per tassel in modern
hybrids in mid-Western environments (Westgate et al., 2003)
and as little as 1.4 million per tassel in inbred lines (Fonseca

et al., 2004), amounts that are undoubtedly affected by the
environment (Uribelarrea et al., 2002). Male sterility can also
be a cause of pollen shortage. Interplanting male sterile inbreds
in varying proportions has been used as a means of altering
pollen supply in quantitative studies of kernel set response to
pollen supply (Lizaso et al., 2003; Westgate et al., 2003), and
recurrent selection in populations for short ASI has sometimes
resulted in a sharp increase in male sterile plants (Edmeades
et al., 2000a).

• Damage to the embryo sac during megasporagenesis: This will
normally prevent pollination, although silking may occur
(Moss and Downey, 1971). Damage of this nature only occurs
when severe water stress is encountered 1 to 2 weeks before
silking, and is not reversible.

• A slow rate of spikelet growth: This results in a large ASI,
silk senescence and abortion following pollination; drought
reduces plant growth rate generally, and slows ear and spikelet
growth.

Bolaños and Edmeades (1993b) found that selection for short
ASI and increased grain weight under drought in a tropical popu-
lation resulted in a significant increase in ear relative growth rate
and a decrease in tassel relative growth rates. These changes are
usually considered to reflect alterations in carbon partitioning. In
this study, biomass of the upper ear at anthesis more than dou-
bled over eight cycles of selection, and ear biomass per spikelet at
anthesis increased by 12% per selection cycle. Rapid silk growth
could be related to increased spikelet size, perhaps because there
were fewer spikelets growing (Edmeades et al., 2000b; Monneveux
et al., 2006). It is also possible that the earlier cessation of spikelet
initiation in advanced selection cycles released already-initiated
spikelets from a type of apical dominance, and permitted their
more rapid growth.

The reduction in growth of tassels, stems, and roots that also
accompanied selection probably released current assimilates to
support accelerated ear growth. Reduced stem growth near flow-
ering appears to accelerate ear growth, and results in reduced
ASI (Sowell et al., 1961; Johnson et al., 1986; Edmeades et al.,
2000b). Several recent studies have related kernel set to plant
growth rate in the period of 10–15 days either side of flowering
(Vega et al., 2001a), a technique that sharply reduces sampling
errors. Lower plant and ear growth rates indicate lower assim-
ilate flux to the growing plant and to the ear, a scenario that
often results in kernel abortion within a few days after pollina-
tion (Schussler and Westgate, 1995). Increased rates of ear growth
result in a rapid exsertion of silks, a higher rate of reproductive
success, increased grain yield under all conditions, but especially
under stress, and a general increase in HI (Bolaños and Edmeades,
1993a; Edmeades et al., 1999) in stressed and unstressed con-
ditions. When slow growing silks of water-stressed plants were
pollinated with fresh pollen, the majority of egg sacs were fertil-
ized, but many ceased development 2 to 3 days after pollination
(Westgate and Boyer, 1986; Bassetti and Westgate, 1993c). Others
have also noted that when silks on plants exhibiting a long ASI
are pollinated with fresh pollen, they will often not form grain
(Lonnquist and Jugenheimer, 1943; Moss and Downey, 1971; Hall
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et al., 1981; Otegui et al., 1995). This failure probably reflects the
state of health of the silks and the ovaries.

More recent research suggests that sucrose serves as a substrate
for ovary growth, and that its concentration is a signal for gene
expression (Boyer and McLaughlin, 2007). When the sucrose con-
centration is low, invertase genes are downregulated and genes
associated with senescence are upregulated. Quantification of
the extent of this type of abortion is difficult, since no trace
of the aborted floret remains at maturity. It is possible that
pollination with transgenic pollen, followed by testing for the
presence of the transgene in specific kernel rings of immature
ears with a quantitative polymerase chain reaction (PCR) assay,
could detect abortion by comparing the position of the signal
with that of filled kernels on mature unstressed ears. Infusion
of sucrose into the internode near the point of ear insertion has
been successful in reversing a large proportion of the grain loss
associated with severe drought stress near flowering (Boyle et al.,
1991). However, studies by Schussler and Westgate (1991b) and
Zinselmeier et al. (1995a) both noted that there were direct effects
of water stress on carbohydrate metabolism in the ovaries at
silking.

In an elegant set of sucrose feeding studies, Zinselmeier et al.
(1999) showed that ovary abortion under stress was related to the
disappearance of starch reserves around the ovary walls. Both this

and previous work showed that sucrose fed to stressed plants at
flowering accumulated in the ovary tissues, and was apparently
not broken down to hexose sugars in the first steps needed to form
starch. It was hypothesized that water stress sharply inhibited the
activity of acid invertase that catalyzes this step (Zinselmeier et al.,
1995c, 1999).

It is apparent that the developing maize ear is a weak sink at
a time when stem reserves of assimilate formed from previous
photosynthesis are at a relatively low concentration (Westgate and
Boyer, 1985). At silking, the ear appears unable to mobilize and
attract these reserves and, instead, relies heavily on current pho-
tosynthesis (Schussler and Westgate, 1991a,b, 1994). This source
of assimilate also supports concurrent stem, husk, tassel, and
root growth (Zinselmeier et al., 1995b; Edmeades et al., 2000a).
If this flux is reduced, or stems and tassels are growing aggres-
sively, then the flux to the ear also falls, and kernel set can be
reduced substantially. Therefore, accelerated silk emergence and
a short ASI appear to be manifestations of increased partition-
ing of biomass to the developing ear and of a larger ear growth
rate. Thresholds may be important. If assimilate flux to the ear
falls below a certain threshold (Figure 3A), the normal pattern of
silking is disturbed and the ear will abort completely or produce
30–50 kernels unevenly scattered over the rachis (Edmeades et al.,
2000b).

FIGURE 3 | Theoretical thresholds (Thr) in ear growth. (A) Kernel number versus plant growth rate at flowering; (B) Silk number versus ear dry weight; and
(C) Silk dry weight versus ovary dry weight.
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Another threshold could be the ear dry weight needed to gen-
erate silk growth (Figure 3B). We also hypothesize that there
is a threshold weight or growth rate for each ovary before silk
growth will commence (Figure 3C). Non-destructive morpho-
metric methods for estimating the thresholds of reproductive
growth versus plant growth rate and kernel set versus ear growth
rate have been described for maize by Vega et al. (2001a,b). They
related kernel number per plant to plant growth rate around flow-
ering to estimate threshold growth rates of the type illustrated in
Figure 3A. Using similar methods in a series of hybrids released
in Argentina over a 30 year period, Echarte et al. (2004) showed
that the threshold plant growth rate for kernel set has fallen with
selection, implying that modern hybrids can set kernels at lower
plant growth rates than older hybrids.

Assuming that the methodology exists to estimate these
thresholds precisely, it is very likely that genetic variation will be
detected for all the thresholds described. Silks age, and if the silk
has been emerged for 7 to 8 days, it will begin to senesce at its
base. This will prevent the growth of pollen tubes to the ovary
(Bassetti and Westgate, 1993a,b). When evaluating the effects of
time of pollination on kernel set, Anderson et al. (2004) reported
a rise in kernel set until 6–8 days after first silk, at a time when
the maximum number of silks were exposed (Fonseca et al., 2004)
and then a general decline in kernel set that, presumably, reflected
senescing silks. The timing of the decline varied with year, sug-
gesting that environmental conditions may affect the speed at
which senescence occurs. When growth of silks is slowed by water
stress early in their lives (e.g., 3 days after first silk), silk senescence
is delayed. However, when the stress occurs a few days later, it
serves to accelerate the senescence process (Bassetti and Westgate,
1993c).

Grain filling and stay-green
Provided that an ear has been established, the maintenance of
a green functional canopy and a capacity to remobilize carbo-
hydrates stored in the stem and husk should contribute to high
yield under terminal drought stress. Associations between foliar
stay-green and yield are often weak (Bolaños and Edmeades,
1996), and reasons for this must be sought in the nitrogen bal-
ance of the crop at that growth stage. Selection for more grains
per plant will likely increase the internal demand for nitrogen
and, since nitrogen uptake from a dry soil is low, this may result
in “mining” of nitrogen from leaves, thus offsetting improve-
ments in stay-green resulting from directed selection (Chapman
and Edmeades, 1999). Duvick (2005) reported that stay-green
had improved significantly over 50 years of breeding in Corn
Belt maize, although the improvement was much greater under
unstressed conditions than under terminal drought. However,
QTLs have been identified in sorghum that significantly extend
stay-green under drought (Harris et al., 2007), and it seems likely
that they will also be identified under moderate terminal drought
in maize.

Under drought stress, delayed senescence (commonly termed
“stay-green”) during post-anthesis can sometimes be accom-
panied by maintenance of leaf water status, as in the case of
stay-green sorghum (Xu et al., 2000). However in maize, stay-
green was associated with higher yield (Ma and Dwyer, 1998),

probably because of nitrogen use factors rather than plant water
status effects (Blum, 2006). Thus, stay-green and kernel numbers
are affected by nitrogen uptake and use efficiency, and by nitro-
gen remobilization (Gallais and Hirel, 2004). The most important
single factor influencing nitrogen use efficiency is glutamine syn-
thetase (Hirel et al., 2007). Other factors affecting stay-green
are growth regulators. Thus, increasing the amount of endoge-
nous cytokinin (Ori et al., 1999) or reducing the production
of ethylene led to a delay in senescence (John et al., 1995). In
fact, 1-methylcyclopropene has recently been commercialized for
application in maize and other crops; it apparently binds with
ethylene receptor sites in plants, reducing the negative effects of
ethylene. In other cereals, ethylene has been related to decreased
kernel number (Hays et al., 2007).

Irrespective of the underlying cause, stay-green may be a con-
sequence of a plant’s being able to keep a better water or nitrogen
status rather than a primary factor in itself. Whatever the physi-
ological mechanism involved in the adaptive trait, stay-green is a
major factor that may contribute to improving grain yield when
water shortage occurs during flowering and at the beginning of
grain filling, provided that water is available further during grain
filling (Ribaut et al., 2004). Regarding the use of stem reserves
stored before and during heading for grain filling under stress, it
seems that this characteristic is not evident in maize.

METHODOLOGY
BREEDING STRATEGY
Multilocation testing
Conventional breeding for drought tolerance based on exten-
sive multilocation testing of progenies and GEI analysis has
successfully increased grain yield under well-watered and moder-
ately stressed environments. However, the use of nurseries where
timing and intensity of water deficits are carefully managed, com-
bined with the use of secondary traits, is more efficient and gener-
ally cheaper than multilocation testing (Monneveux and Ribaut,
2006). Proper control of the spatial variability inherent to field
testing may also help to improve the efficiency of maize breed-
ing for abiotic stresses (Cairns et al., 2012; Prasanna et al., 2012).
Moreover to facilitate the full potential of molecular tools greater
emphasis needs to be given to reducing the within-experimental
site variability, application of stress and characterization of the
environment and appropriate phenotyping tools (Masuka et al.,
2012).

Empirical versus analytical breeding
Grain yield and its response to stress are highly complex traits
involving a long-term (the full crop cycle) interaction between
the environment and plant characteristics and regulatory path-
ways at different scales of organization (from molecular to the
whole canopy). Empirical breeding, which is based on select-
ing directly by yield, has limited success under drought, due to
large genotype-by-season and genotype-by-location interactions,
which cause a low heritability of yield (Araus et al., 2002, 2008;
Monneveux and Ribaut, 2006; Lopes et al., 2011; Prasanna et al.,
2012). Alternatively, analytical breeding consists of the use of
secondary traits to either complement phenotypic selection or
eventually replace selection based on yield as the only phenotypic
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trait. This approach may improve the selection response because
heritability of some secondary traits remains higher than that of
yield, where those traits exhibit enough genetic variability, and are
genetically correlated with yield.

Even if analytical breeding is not widely recognized, in prac-
tice, many breeders use secondary traits in addition to yield to
improve the selection response. This kind of evolved empirical
breeding has the concept of ideotype as a cornerstone and, de
facto, integrates the concept of secondary traits. In a purely ana-
lytical breeding scheme, ideotype would be replaced by a selection
index formulated based on the adjusted weight of the different
traits considered during phenotyping (see below).

Farmer participatory approach
In addition to the above considerations, the optimal managed
growing conditions (for the available water) of an experimen-
tal station are far different from the conditions prevailing in
the fields of resource-poor farmers. In recent years, due to the
lack of impact of traditional plant breeding approaches in low-
income countries, there has been a movement toward the greater
involvement of farmers in variety selection, the so-called “farmer
participatory approach.” This may be considered as an adapta-
tion of phenotyping protocols that have been discussed elsewhere
(Bänziger et al., 2000; Sawkins et al., 2006).

TRIAL PLANNING
Choice and characterization of the testing environment
The difficulty in choosing appropriate selection environments has
restricted breeding progress for drought tolerance in highly vari-
able target environments. GEI are common under drought and
make breeding progress difficult. GEI may originate from envi-
ronmental variation in the timing and severity of water deficits,
from genetic variation in flowering time, and from nutrient defi-
ciencies and toxicities whose occurrence and severity interact with
water deficits (Bänziger and Cooper, 2001). Also, high error vari-
ances such as induced by variable plant stand or variable soil water
holding capacity are intrinsic to many field trials grown under
drought, and impede selection decisions. Even though there is
extensive evidence that selection under target stresses may accel-
erate breeding gains for stress environments (Bänziger et al.,
1997), the difficulty of choosing appropriate selection environ-
ments, given a highly variable target environment, may limit the
identification of superior genotypes (Cairns et al., 2012; Masuka
et al., 2012; Prasanna et al., 2012). While breeding programmes
in high-income countries may resort to real-time geographic
information system (GIS) information for adequately weighting
information from multienvironments trial (Podlich et al., 1999),
those opportunities rarely exist in low-income countries because
there is a lack of both real-time GIS information and resources for
conducting a large number of multienvironment trials.

WATER STRESS MANAGEMENT AND CHARACTERISATION
Phenotyping for drought performance is not just a matter of
choosing the right combination of traits and measuring them
at the right time. It is also necessary to cope with other
sources of uncertainty relating to the need for suitable test
sites with a drought cycle, irrigation system, and trained staff.

Efficient phenotyping (frequently termed “precision phenotyp-
ing”) implies meeting two requirements. The first requirement is
proper stress management of the agronomic conditions (includ-
ing irrigation management and agroclimatic record) in order to
impose as closely as possible the desired stress in terms of severity
and occurrence during the crop cycle. For example CIMMYT has
traditionally put emphasis on inducing drought stress around the
time of flowering rather than at earlier stages of the crop cycle.
The second requirement is to phenotype the critical traits using
the right procedure and/or tools. The main principles of drought
environment management have been described by Bänziger et al.
(2000), and its successful translation to into practical breeding has
been well illustrated in a recent study (Bänziger et al., 2005).

PLANT WATER STRATEGY
When consider the response of any crop to drought stress, it is
convenient to distinguish between moderate and severe stress.
Yield under moderate stress conditions is highly dependent on the
yield potential of the cultivar. For most cereals, moderate stress
means a yield reduction of no more than about 50% compared
with non-stress conditions, where drought resistance is less of
an issue than is the yield potential of the cultivar (Araus et al.,
2002, 2008; Blum, 2006). When yield is further reduced by stress
to a level far below 50% of yield potential, then yield potential
becomes irrelevant or even a liability, and a plant cannot yield well
without some protection against this dysfunction. However, there
is a range of growing environments where the combined effect of
both factors eventually makes selection more complex (Sawkins
et al., 2006). Therefore, germplasm screening in the absence
of water stress as well as under stress environments is usually
required. This approach, with the simultaneous use of selection
under different contrasted environments, has been successfully
implemented in sub-Saharan Africa, where hybrids developed by
CIMMYT have outyielded hybrids from commercial companies
(Bänziger et al., 2005).

Experience from drought-resistant cereal cultivation during
a century of scientific breeding (Araus et al., 2002, 2004, 2008;
Blum, 2005; Tollenaar and Lee, 2006) clearly indicates that
drought resistance in crop plants at this level of stress is mainly
derived from their ability to sustain tissue hydration under
drought (i.e., dehydration avoidance), rather than an ability to
sustain biological function when tissues are dehydrated (i.e.,
dehydration tolerance). However, until recently, most molecular
biology approaches involving plant transformation, for exam-
ple, have traditionally dealt with dehydration tolerance rather
than avoidance (Araus et al., 2003). Dehydration avoidance in
drought-resistant cereals cultivars is largely derived from consti-
tutive traits (i.e., traits expressed in the absence of stress) rather
than from drought-responsive traits (Blum, 2005). Constitutive
traits may include seedling vigor, early, or synchronized flowering,
leaf area, potential root length and plant size. In a historical per-
spective, the role of drought-responsive genes in comparison to
genes that control constitutive traits seems to have had a relatively
moderate role in the development of drought-resistant cereal cul-
tivars, perhaps with the exception of osmotic adjustment (Blum,
2006), which does not seem to play an important role in maize
(Tardieu, 2006).
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PHENOTYPING TRAITS
For a secondary trait to be useful in a breeding programme, it
has to comply with several requirements (Araus et al., 2002, 2008;
Lafitte et al., 2003):

• It should be genetically correlated with grain yield in the
environmental conditions of the target environment, i.e., the
relationship with yield has to be causal not casual.

• It should be less affected by environment than grain yield is;
i.e., it should have higher heritability than the yield itself, and
so less GEI.

• Genetic variability for the trait must exist within the
species.

• In the case of traits addressed in breeding for stress-prone envi-
ronments, the trait should not be associated with poor yields
in unstressed environments. Unfortunately the latter is the case
for many traits selected because they confer tolerance instead
of avoidance of a given stress (Araus et al., 2002, 2003).

• It should be possible to measure the trait rapidly, more eco-
nomically than yield itself, and in a reliable way.

• The trait must be able to be assessed in individual plants or in
very small plots, preferably by non-destructive means.

Most successful traits are “integrative,” either in time (reflect-
ing physiological activities throughout the growing cycle), or in
level of organization (i.e., at the whole plant level or, even better,
at the level of the canopy), or both (Araus et al., 2002, 2008). In
such a category we may include phenological traits (either consti-
tutive or affected by stress) having an effect on HI (such as time
to anthesis and ASI) or on energy uptake (stay-green), as well as
other traits related with water status (such as transpiration and
stomatal conductance).

Anthesis-silking interval
By determining genotypic correlations between a range of sec-
ondary traits and grain yield under drought, Bolaños and
Edmeades (1996) found that reproductive traits related with HI,
such as ASI, explained much more of the variation in yield
than did traits related to plant water status, water use and WUE
(e.g., leaf extension rate, canopy temperature, leaf erectness, leaf
rolling, and leaf senescence). Indeed, ASI is one of the few exam-
ples of secondary traits widely used for maize selection under
drought. The trait was developed by CIMMYT (Bolaños et al.,
1993; Bolaños and Edmeades, 1996). ASI is an excellent sec-
ondary trait since it exhibits a significant negative correlation with
grain yield and relatively high heritability, plus the other require-
ments indicated above. However, because continued selection for
secondary traits results in changes in the underlying genetic cor-
relation between traits, these relationships require reevaluation
over time (Edmeades et al., 1997). Moreover, a short ASI has
already been incorporated into the genetic background, which
means that phenotyping for other traits is increasingly impor-
tant. As noted above, there is a consistent correlation between ASI
and kernels per ear under drought stress at flowering, normally
ranging from −0.3 to −0.7. Gains have been made in yield and
through reduced barrenness under stress when ASI has been used
directly in selection.

Why not simply continue to use this trait as an integrated indi-
cator of reproductive competence under stress? The following are
some of the limitations of ASI as a selection trait:

• It does not capture variation in flowering behavior within and
among plants. It is not clear what a plot value for ASI means
at the individual plant level. Fifty percent anthesis and silk-
ing dates do not reflect the trajectory of anthesis or silking
over time, but merely capture the median behavior of the
population of plants. Thus, ASI does not describe attributes
of a population of silks or pollen grains, nor can it quantify
the asynchronous exsertion of silks within ears. It does not
describe the fate of later emerging silks, nor the probability of
these silks encountering pollen. ASI per se provides no infor-
mation on changing spikelet numbers. Fewer spikelets appear
to result in a greater reproductive efficiency per spikelet, but
under unstressed conditions this reduction in spikelets may
ultimately restrict yield potential, unless additional spikelets
are added through a second ear per plant (Tollenaar et al.,
1992).

• ASI is subject to error when silk delays are small. Since ASI is
the difference of two measurements, both of which are subject
to error, it can only be estimated precisely when the differ-
ence between anthesis and silking is reasonably large. Typically,
errors in high-throughput visual estimation of flowering are
±1 day, so errors in ASI from rapid estimates are likely to be
±2 days. Other types of error can also occur when stress is
severe. Some Corn Belt hybrids with small tassels enclose the
tassel in the flag leaf during anther exsertion, and pollen shed
cannot be observed. Similarly some hybrids will exsert silks in
the gap between the stem and the ears leaf sheath, and are easily
overlooked. ASI attains its greatest value for selection when it
is >3 days, and when the exsertion of tassels and silks is clearly
visible. Large ASI values of 5–8 days have no better heritabilities
than shorter ASI of 3 days (Bolaños and Edmeades, 1996).

• ASI is time consuming to observe in the field. It is probably
more economical to record the level of barrenness at har-
vest, provided the stress at flowering has been severe enough
to induce barrenness in about 20% of the plants. The strong
genetic correlation between ASI and ears per plant under severe
drought stress (−0.7 to −0.9) can be used to advantage here
(Bolaños and Edmeades, 1996).

We conclude that, while ASI continues to be a very useful
trait that provides a snapshot of female versus male reproduc-
tive development, it does not provide useful information on
the rate of silk appearance or the quantity of pollen shed per
exposed silk.

Flowering parameters and kernel numbers
Details on applying these procedures are given in Bänziger et al.
(2000). In brief, in the field they should be observed on a well-
bordered area of known size in each plot, where there are no or
very few missing plants.

• Fifty percent silking and 50% anthesis and ASI: Observe a
known number of plants (guideline: N = 20 for inbred lines
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or hybrids; N = 35 for open-pollinated varieties) per plot at
the same time each day until 50% of the plants in the plot
have produced at least one visible anther or have at least one
silk emerged, and record the date when this occurs. The ASI is:
(days to 50% silk – days to 50% anthesis). Each of these param-
eters can also be expressed as heat units (◦C day) if temperature
data are being recorded near or in the plot.

• Pollen density: There are no known easy ways of measuring
pollen production per genotype in plot sizes of less than 6
rows × 5 m that do not involve the slow process of bagging
tassels to avoid cross contamination, followed by weighing the
pollen shed into the bag each day. Pollen subsamples are then
counted and weighed to provide an estimate of the number of
pollen grains shed per plant (Hall et al., 1982). Aylor (2005)
suggests that this method overestimates pollen at the silk level
fourfold, because a proportion of grains lodge on leaves above
the ear. The internal bag environment may also hasten anther
dehiscence and increase shed. Where the goal is simply to mea-
sure the pollen density present in the plot from all shedding
tassels (i.e., to assess if pollen is limiting seed set in a specific
genotype growing in a trial) a sticky or liquid trap placed at
silk level is usually used and is changed daily to avoid con-
tamination with anthers, insects, etc. Counting is usually done
either by suspending in an isotonic solution and counting with
a Coulter counter (Fonseca et al., 2004), or by direct count-
ing of the sticky surface using computerized imaging methods
(Bassetti and Westgate, 1994; Fonseca et al., 2002; Uribelarrea
et al., 2002).

• Silk number: Traditionally this has been counted by hand from
approximately 10 ears per plot (hybrids; Bassetti and Westgate,
1993a). Usually, a cross section of the silk brush (1–2 cm long)
is cut in the field and stored in water (for a few hours) or
in 95% ethyl alcohol (several months). Where newly exposed
silks need to be identified, the brush must be cut daily and
the newly emerged silks visually identified by their bisected
apical end (Cárcova et al., 2000). Similar methods were used
by Uribelarrea et al. (2002), Cárcova and Otegui (2001), and
Fonseca et al. (2004). Hand counting silk samples takes 10–
15 min per sample and is, understandably subject to operator
error. Computer imaging of pieces cut to a standard length
seems increasingly feasible (Bassetti and Westgate, 1994).

• Ears per plant: The number of plants in a known area of plot
are counted (N = 20 for inbreds or hybrids, N = 35 for open-
pollinated varieties). At harvest, when ears are removed by
hand, the number of ears with one or more kernels is counted.
If there are no normal kernels on the ear, the plant is barren.
When plots are mechanically harvested, ears are normally not
visible, so counts must be made of ears that can be felt through
the husk. Usually, this means that the ear needs to have ca 5 cm
of grain formed along each of several ear rows, so that it can be
felt through the husk as a solid mass. Ear numbers are recorded
and divided by the number of plants for ears plant−1 and by
the plot area for ears m−2.

• Plant and ear growth rates at flowering: The morphometric
methods developed and described by Vega et al. (2001a) are
recommended for this measurement, if thresholds of ear and
plant growth for kernel set are required.

Measurement of source traits affecting individual kernel weight
These are largely related to the trait itself, or are measures of
source (i.e., assimilate storage) activities:

• Individual kernel weight: When ears are being shelled, a rep-
resentative sample of kernels is selected, either from the sta-
tionary sheller of from the grain stream of the plot combine
harvester. Broken grains and non-grain matter are removed,
and two aliquots of 100 representative kernels are each hand
counted, dried to constant moisture at 80◦C, and weighed.
Alternatively, samples of about this number of clean represen-
tative kernels can be counted using an electronic seed counter,
and weights of the samples taken as before. When using the
average kernel weight obtained in this way to estimate kernels
per ear, care must be taken to ensure that the moisture contents
of all weights are compatible.

• Stay-green: This is usually assessed on a 0–9 scale, where each
unit refers to 10% of the visually assessed foliage area that is
green (or brown) at the time. This score is usually assessed
on a plot basis once differences in foliar senescence of 2–3
units become clear among plots, and is usually repeated every
7–10 days until the leaves of about 10% of genotypes have fully
senesced.

• Remobilization of stem reserves: Grain filling could continue in
the absence of green leaf if assimilate stored in the stem and
husk could be remobilized to the ear. Maize loses a signifi-
cant amount of dry weight from both of these organs during
grain filling, although taller maize plants with larger stem vol-
umes are no more effective in maintaining kernel weight than
their shorter counterparts when defoliated during grain fill-
ing (Edmeades and Lafitte, 1993). To measure remobilization
per se requires an estimate of the loss of stem dry weight,
either directly by destructive sampling, or from a reduction
in stem diameter. Neither has been used on a large scale
to assess differences among maize genotypes in remobiliza-
tion capacity under drought; stable weight per kernel is the
most economical way of estimating buffering capacity through
remobilization.

The following measurements, carried out rapidly and pre-
cisely, are keys to successful genetic manipulation of kernel set
and grain filling, and hence yield stability under drought stress:

• grain yield
• ASI
• number of silks emerging from stressed versus unstressed ears

over time
• threshold plant growth rate for ear formation
• threshold ear size (or ear growth rate) for silk growth and for

kernel set
• adequacy of pollen supply (its timing, intensity, and viability)
• ears per plant (or, conversely, barrenness)
• kernels per ear
• weight per kernel
• degree of kernel abortion in the first 5 days after pollination
• canopy stay-green estimates.
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Water status parameters
The water status of the crop may be assessed through transpira-
tion, i.e., the water used by the leaf or the plant. The rationale is
quite straightforward: the better the status the more the plant will
transpire. There are different potentials tools (or surrogates) that
allow transpiration to be measured indirectly:

• Porometry: transpiration may be broken down into two com-
ponents. One is the leaf conductance (mostly determined by
how open the stomata are, i.e., the stomatal conductance, gs)
which really depends on the water status of the plant. The
other is the evapotranspirative demand, which depends on
environmental variables such as temperature, relative humid-
ity and wind. Thus, gs may be used to screen for water status
in maize (Sanguineti et al., 1999), and the current generation
of relatively low-cost (a few thousand US$) and easy-to-handle
porometers such as the Decagon Leaf Porometer SC-1 or the
Delta-T AP4 allow rapid (20–30 s) measurement of leaf con-
ductance (Figure 4). However, unless several porometers are
used simultaneously, it may still be impractical for a large scale
evaluation.

• Canopy temperature: Depression of the canopy tempera-
ture reflects evaporative cooling of the leaf surface due to

transpiration. Measurements are performed from a distance
using infrared thermometers (Figure 4), which are inexpensive
devices (a few 100 US$). They are frequently used on crops
with homogenous canopies (e.g., cotton or small grain cere-
als such as wheat or barley) provided that they fully cover the
soil (Reynolds et al., 2001), the atmospheric conditions are
adequate (sunny days, lack of wind, high evapotranspirative
demand), and there are not strong differences in phenology
(e.g., heading time for cereals) between genotypes. The canopy
temperature has also been measured in maize (Sadler et al.,
2000; Wanjura and Upchurch, 2000). However, the characteris-
tics of the plant make it less practical to measure temperature at
the canopy level, although it is possible to do it for individual
leaves (Sanguineti et al., 1999; O’Neill et al., 2006), provided
that they are fully exposed to the sun and at a similar angle.

New remote-sensing tools based on the use of thermal imag-
ing to estimate plant water status at field level are achieving
increased importance (Chaerle et al., 2007; Grant et al., 2007;
Möller et al., 2007). Recently the use of thermography (Figure 5)
has been proposed for high throughput phenotyping of tropical
maize adaptation in water stress (Romano et al., 2011; Zia et al.,
2012).

FIGURE 4 | Different devices to evaluate plant growth, phenology and water status. (A) spectroradiometer with active sensor to measure the normalized
difference vegetation index (NDVI); (B) porometer to measure stomatal conductance; (C) leaf chlorophyll meter; (D) infrared thermometer to measure leaf
temperature.
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FIGURE 5 | Thermal image and corresponding temperatures of different maize testcrosses measured at CIMMYT’s experimental station of

Tlaltizapan (Ed. Morelos, Mexico). For more information about the procedure used see Romano et al., 2011 and Zia et al., 2012.

Oxygen isotope composition
The stable 13C/12C isotope composition (δ13C) measured in plant
matter has been used to help breeding for drought adaptation
in wheat and other small grain cereals. However, in maize, its
C4 metabolism prevents the use of δ13C as a tool for screening
(Monneveux et al., 2007; Cabrera-Bosquet et al., 2009b). The sta-
ble 18O/16O isotope composition of plant organic material (δ18O)
has been shown to reflect the isotope composition of soil water,
evaporative 18O enrichment in transpiring leaves, and isotopic
exchange between oxygen atoms in organic molecules and local
water in the cells in which the organic molecules are formed
(Barbour, 2007). As plant material has been shown to record
leaf evaporative conditions, measurement of 18O enrichment of
the plant matter compared with the source water may provide a
powerful tool for plant breeders (Barbour, 2007; Cabrera-Bosquet
et al., 2009a). Although an integrative record of gs may, in its own
right, be of interest to breeders, the link between δ18O and crop
yield is likely to stimulate greater interest.

Cotton and wheat display strong correlations between gs and
yield when grown in non-limiting environments (Lu et al., 1994;
Sayre et al., 1997). Barbour et al. (2000) have shown that the
δ18O of both whole leaf tissue and cellulose is strongly negatively
related to the seasonal mean gs and to grain yield for field-grown
wheat. Therefore, the δ18O composition of plant tissue is of inter-
est to breeding for improved water use and yield in crop species.
Its theoretical foundations already seem reasonably well estab-
lished (Farquhar et al., 2007), which may help its further adoption
as a breeding tool. Some contradictory results (Sheshshayee et al.,
2005) still need to be resolved, however, and practical aspects
rather than theoretical ones prevent a more widespread adoption
of δ18O as a breeding tool. First is its cost, which is still far higher
than for δ13C, and second is the fact that, except for kernels, it is
better to analyze chemical fractions such as cellulose rather than
dry matter as a whole. In such a context, other surrogates for
transpiration may be used such as the total mineral content accu-
mulated in transpiring organs. For crops such as wheat and barley,
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these have shown a good positive relationship with grain yield
(Araus et al., 1998; Voltas et al., 1998). Recently the potential util-
ity of δ18O analyzed in kernels (Cabrera-Bosquet et al., 2009c) as
well as total mineral (i.e., ash) content in mature but not senescent
leaves (Cabrera-Bosquet et al., 2009b) has been demonstrated in
maize. These approaches have also shown that phenotypic expres-
sion of heterosis in maize in linked to a better water status of
hybrids compared with lines regardless of the growing condi-
tions (Araus et al., 2010; Figure 6). While a potential limitation
of a wider use of δ18O arise in its cost and technical facilities
required, a recent study concluded that near infrared reflectance
spectroscopy (NIRS) can be used as a rapid, cost-effective, non-
destructive method for screening δ18O, moreover to represent an
accurate method for predicting ash and N contents in the same
samples (Cabrera-Bosquet et al., 2011). Therefore, these NIRS-
based analytical methodologies represent a promising application
in crop management and maize breeding programs for improved
water and nitrogen use efficiency and grain quality.

Plant growth, senescence, and other traits: spectroradiometrical
techniques
Extensive phenotyping of large field trials for several traits is
extremely expensive. Spectroradiometrical techniques allow fast
and non-destructive evaluation of different characteristics of
plants. They, therefore, present opportunities to develop novel
phenotyping platforms that allow large screenings of genotypes
for several traits in multilocation field trials (Aparicio et al., 2000;
Araus et al., 2001; Babar et al., 2006). These techniques allow
monitoring of several dynamic complex traits with high temporal
resolution (Araus et al., 2001).

The most common use of spectroradiometrical techniques is
for evaluation of chlorophyll content and related traits (such

as nitrogen content, green area), based in a shift of light
absorbed in the visible (400–700 nm wavelength, where the pho-
tosynthetic pigments absorb) versus the near infrared bands
(700–1000 nm) of the spectrum. The same principle is used to
evaluate plant status at different organization levels (Figure 4),
from the leaf (e.g., the portable leaf chlorophyll meter like
SPAD, which works using the light transmitted) to the canopy
(with land-based portable spectroradiometers), where the light
reflected is usually measured and vegetation indices subsequently
calculated, or even to the entire crop or ecosystem (with aerial
or satellite placed sensors). One of the most common vegetation
indices is the normalized difference vegetation index (NDVI),
which may be used to evaluate crop characteristics such as early
vigor and stay-green that may be important in maize, and even
grain yield (Lu et al., 2011). The use of NDVI has also been
proposed as a covariate trait to remove the effect of confound-
ing management problems (e.g., differences in plant emergence
across plots) on genotype grain yield performance (Bänziger, per-
sonal communication). Besides vegetation indices, other spectral
indices allow the evaluation of different traits related to photo-
synthetic efficiency and water status. A list of the main spectral
reflectance indices potentially useful in breeding programmes is
summarized by Araus et al. (2001). In addition, recent develop-
ment of new formulations of the water index (WI) may open
up promising perspectives for its use in drought phenotyping
(Babar et al., 2006).

Canopy spectral reflectance sensors have been grouped into
two categories, active and passive. Active sensors (equipped with
their own source of radiation) are less influenced by environ-
mental conditions but measure few wavelengths (Teal et al., 2006;
Marti et al., 2007). The most widely known example of a land-
based portable spectroradiometer with these characteristics is the

FIGURE 6 | Relationship between biomass per plant about 2 weeks after

anthesis with (A) oxygen isotope composition in mature kernels (δ18O)

and (B) ash concentration in leaves about 2 weeks after anthesis. Data

from a set of maize inbred lines and derived hybrids grown under three

different water regimes were plotted together (n = 96).

Each point represents a mean value for three plots of a single genotype

grown under a particular water regime (Redrawn from Araus et al.,

2010).
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“GreenSeeker”1. Passive sensors (using solar radiation) are largely
influenced by environmental conditions, but measure a wide
spectral range with high spectral resolution (with a bandwidth
of ca 2 nm; Araus et al., 2001; Osborne et al., 2002; Babar et al.,
2006). The cost of active sensors is far less than (about quarter of)
that of commercialized passive sensors and they are more suitable
for phenotyping multilocation field trials because data collection
can be performed during a more extended time than with passive
sensors. Moreover, they are configured to faster (more automatic)
collection of data. However, the few measured wavelengths and
low spectral resolution of active sensors might limit the predic-
tion of complex traits; they usually measure NDVI. Therefore,
the development of active sensors with increased spectral range
and resolution will certainly bring forward the application of
canopy spectral reflectance as a component of high-throughput
phenotyping platforms.

At the leaf level, in addition to the portable chlorophyll meters
developed about 20 years ago and widely used currently to evalu-
ate differences in leaf senescence or nitrogen status, there is a new
generation of sensors specifically designed to evaluate other pig-
ments like anthocyanins (e.g., Dualex 3.3 ANTH) and flavonoids
(e.g., Dualex 3.3 FLAV)2. Their cost, even though about one third
of that of multispectral passive sensors, still prevents their wide
adoption in breeding programmes.

Other more novel phenotyping techniques based on chloro-
phyll fluorescence (Chaerle et al., 2007), digital imaging
(Casadesús et al., 2007), or even the use of spectroradiome-
ters covering the region of 2–3 μm wavelength are promising,
although still very expensive and at an early phase of their
development.

Many new phenotyping tools based on remote sensing are now
available including non-destructive measurements of growth-
related parameters and even grain yield predictions based on
spectral reflectance (Weber et al., 2012). The ability to accu-
rately estimate grain yield using spectral reflectance measure-
ments prior harvest could be used to reduce phenotyping time
and costs. Thus in a recent study with tropical and subtropical
maize grain yield of 300 maize testcrosses grown under differ-
ent water and temperature regimes was predicted using spectral
reflectance (495–1853 nm) of both leaves and canopy measured
between tassel emergence until milkgrain stage and using partial
least square regression (PLSR) was used for data analysis (Weber
et al., 2012).

Is it worth measuring metabolic levels?
The role of abscisic acid (ABA) in relation to drought has been
intensively studied in maize over many years (Settler, 2006). ABA
is widely believed to be a major contributor to the control of plant
transpiration and leaf growth (Tardieu, 2006). Moreover, ABA is
thought to inhibit cell division in the endosperm; if this occurs
at an early stage, the kernels will abort. A lot of research has
been undertaken on the control of biosynthesis and catabolism of
ABA, and the action and role of ABA under water stress (Sawkins
et al., 2006; Settler, 2006). The signaling pathways of ABA and

1http://www.ntechindustries.com/greenseeker-home.html
2ftp://ftp.dynamax.com/DynamaxPDF/Dualex.pdf

ethylene overlap because mutants affected in their sensitivity to
ABA are allelic with mutants of ethylene sensitivity (Beaudoin
et al., 2000). Furthermore a similar overlap is observed between
the signaling pathways of ABA and of sucrose (Leon and Sheen,
2003). However, this avenue, like others dealing with transient
levels of metabolites and other growth regulators, has an inherent
potential limitation. In the case of ABA, it provides just a measure
of drought stress at the time of sampling and in the organ sam-
pled. Moreover, the adaptive (i.e., positive) role of ABA is under
challenge. In maize, near isogenic lines (NILs) have been pro-
duced for root-ABA1, a major QTL that affects root architecture,
ABA concentration, and grain yield across different water regimes
(Giuliani et al., 2005; Landi et al., 2005). The lines producing
more ABA were those showing less yield performance not only
under well irrigated conditions, but also under moderate water
stress.

Carbohydrates are also claimed to be another critical control
factor. The supply of photoassimilates to the developing maize
grain is of critical importance during conditions of water stress
(Settler, 2006; Tiessen et al., 2006). Carbohydrates, along with
other compatible solutes may play a role in osmotic adjustment
(OA), maintaining turgor pressure in cells (in leaves as well as in
reproductive organs) during water stress. Tang and Boyer (2002)
observed a decrease in osmotic potential of about 1.5 MPa in
growing maize tissues subjected to water deficit, whereas Bolaños
et al. (1993) observed a small OA in the same species. However,
several studies in maize found no correlation between accumula-
tion of osmolytes and yield (Bolaños and Edmeades, 1991; Guei
and Wassom, 1993). In fact, OA may be incomplete in maize
leaves subjected to mild air or soil water deficits (Bouchabke et al.,
2006). Nevertheless, osmolytes may still have a role in plant sur-
vival, helping to maintain the reversibility of cell dehydration. In
fact, osmolytes can also serve as antioxidants and chaperons.

A recent study in tropical maize has shown that different
organs possessed distinct metabolite compositions, with the leaf
blade displaying the most considerable metabolome changes fol-
lowing water deficiency. However whilst a general increase in
metabolite levels under drought stress was shown, including
changes in amino acids, sugars, sugar alcohols, and interme-
diates of the TCA cycle, these changes were not differential
between maize hybrids that had previously been designated based
on field performance as either drought-tolerant or susceptible.
Nevertheless several metabolites displayed conserved responses to
drought (Witt et al., 2011).

How to use phenotypic traits
Once diverse phenotypic data have been collected, the question
arises as to how to use them. Valuable traits may be combined
in a selection index which is, in a way, a quantitative transla-
tion of the ideotype concept. Fischer et al. (1989) have already
obtained higher yield gains under severe moisture stress condi-
tions in maize by using a selection index combining ASI, relative
leaf extension and leaf death score, rather than selecting by yield
per se. More recently, Bänziger et al. (2000) have proposed to com-
bine data on stressed and unstressed yield, ASI, barrenness, and
stay-green under stress in a selection index used by CIMMYT
to identify superior genotypes with increases in yield averaging
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100 kg ha−1 per selection cycle. When defining a selection index,
weights of different traits are chosen based on variance and her-
itability and on genetic correlation with yield. In maize, weights
typically allocated to secondary traits are +3, −2, −2, −2, and
−1 for ears per plant, ASI, leaf senescence, tassel size, and leaf
rolling, respectively (Bänziger et al., 2000). Selection indices are
continuously redefined, giving attention not only to the target
environment for selection, but also with a view to incorporat-
ing new secondary traits and innovative tools for their evaluation.
Selection indices still have an important empirical bias related
to the assigned weights of each of the phenotypic traits consid-
ered. A step forward would consist of integrating phenotypic data
into a crop model. Models may help to manage phenotyping
more efficiently. However, available models are not yet developed
well enough to predict differences in performance across geno-
types in a reliable manner. Nevertheless more recently a selection
index method based on Eigenanalysis and developed by CIMMYT
(Cerón-Rojas et al., 2006) has been proposed to calculate the best
selection indices for each target environment.

CONCLUSIONS
When drought occurs around flowering, grain number and, con-
sequently, grain yield are affected markedly, particularly in maize.
By contrast, losses due to drought during plant establishment are
relatively low and can, to some extent, be offset by replanting.
Therefore, research on traits affecting inflorescence and grain for-
mation is and will continue to be a main priority in the tropical
maize breeding research agenda at CIMMYT (Edmeades et al.,
2000b; Bänziger et al., 2006). In such a context, productivity-
enhancing traits become more important during flowering and
grain filling. If terminal drought is the major constraint, then
traits affecting grain filling (e.g., current photosynthesis, stay-
green) will be more important (Monneveux and Ribaut, 2006;
Monneveux et al., 2008).
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Pearl millet is highly resilient to some of the driest areas of the world, like the Sahel area
or fringes of the Thar desert in India. Despite this, there is a wealth of variation in pearl
millet genotypes for their adaptation to drought and the object of this paper was to review
some related work in the past 25 years to harness these capacities toward the breeding
of better adapted cultivars. Work on short duration cultivars has been a major effort. Pearl
millet has also some development plasticity thanks to a high tillering ability, which allows
compensating for possible drought-related failure of the main culm under intermittent
drought. The development of molecular tools for breeding has made great progress in the
last 10–15 years and markers, maps, EST libraries, BACs are now available and a number
of quantitative trait loci (QTLs) for different traits, including drought, have been identified.
Most of the work on drought has focused on the drought tolerance index (DTI), an index
that reflect the genetic differences in drought adaptation that are independent of flowering
time and yield potential. The DTI is closely associated to the panicle harvest index (PNHI),
a trait that relates to a better grain setting and grain filling capacity. Initial work on the DTI
involved empirical breeding and selection based on PNHI. A QTL for PNHI has then been
identified and introgressed by marker-assisted backcrossing. More recently, a thorough
dissection of that QTL has been carried out and shows that high PNHI is related to the
constitutive ability of tolerant lines to save water (lower leaf conductance and sensitivity
of transpiration to high vapor pressure deficit) at a vegetative stage and use it for the grain
filling period. However, there is no contribution of root traits in this QTL. Current work is
taking place to map these water saving traits, understand their genetic interactions, and
design ideotypes having specific genetic make-up toward adaptation to specific rainfall
environments.

Keywords: drought, pearl millet

GENERAL INFORMATION
IMPORTANCE OF PEARL MILLET IN THE HUMAN DIET
Pearl millet (Pennisetum glaucum (L) R Br) is a hardy cereal crop,
grown mostly in marginal environments in the arid and semi-arid
tropical regions of Asia and Africa. It is grown primarily for grain
production but is also valued for its fodder, the importance of
which has been rising in recent years. Pearl millet is grown in areas
with very limited rainfall (300–500 mm in the majority of cases),
where crops such as maize or sorghum are very likely to fail in
most years. Therefore, pearl millet is a central component of the
food security of the rural poor in dry areas.

With regard to nutritional quality, pearl millet is at least
equivalent to maize and generally superior to sorghum in pro-
tein content and quality, protein efficiency ratio (PER) values,
and metabolizable energy levels. Pearl millet does not contain
any condensed polyphenols such as the tannins in sorghum that
can decrease digestibility. It is deficient in essential amino acids,
although it contains 35% more lysine than sorghum (Rooney
and McDonough, 1987). Pearl millet grain contains 5–6% oil
(Jambunathan and Subramanian, 1988) and is also rich in impor-
tant micronutrients such as iron and zinc. Moreover, among all
cereals, it is the cheapest source of energy, protein, iron, and
zinc. These qualities make pearl millet the major contributor to

protein, iron, and zinc intake in the regions where it is grown,
accounting, for example, for 20–30% of the zinc intake, and
35–50% of the total iron intake of low-income consumers.

Yet, pearl millet remains a food for the poor and is stigma-
tized by its frequent association with poverty. As a result, the
consumer choice is to move away from pearl millet consumption
whenever possible. In India, for example, the food use of coarse
cereals has been declining during the last two to three decades,
owing to a shift in consumption to fine cereals such as rice and
wheat. Pearl millet is no exception to this; its consumption per
capita and per year in India in 1999–2000 was only 3.7 kg out
of 147 kg for all cereals. Despite the decline in overall per capita
consumption of pearl millet, it remains an important staple in
producing regions, with 66.7 kg per capita consumed in Western
Rajasthan, and 62.6 kg in Gujarat. However, even though pearl
millet remains at the heart of food security in large areas of the
semi-arid tropics, there is a need to diversify its uses, in particular
commercially, to make it more attractive and fully use its potential
for these regions.

Alternative uses of pearl millet such as for poultry feed are on
the increase. Indeed, Smith et al. (1989) report that pearl mil-
let can replace maize in chick diets without affecting weight gain
or feed efficiency. The crop residue/straw of dual-purpose pearl
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millet is an important source of fodder, accounting for 40–50%
of dry matter intake year round, and the only source of feed in
the dry months. The use of pearl millet for fodder predominates
in low input crop-livestock systems and is likely to become a very
important component of the sustainability of such systems. In
fact, the growing demand for milk and meat is reflected in the
rising price of straw of cereals like pearl millet (Hash et al., 2003).

CULTIVATED AREA AND YIELD PERFORMANCE UNDER OPTIMAL
CONDITIONS
The total area cultivated with pearl millet worldwide is 26 million
ha, comprising ca 11 million ha in each of West Africa and South
Asia, and ca 2 million ha in each of East Africa, Southern Africa,
and Brazil [International Crops Research Institute for the Semi-
arid Tropics (ICRISAT)] and Food and Agriculture Organization
of the United Nations, (FAO, 1996). India is the largest producer,
with 9–10 million ha in area and 7–8 million tons of grain pro-
duction. Pearl millet is cultivated in the hot dry parts of India
in regions receiving low annual rainfall ranging from 300 to
800 mm. Between 1970 and 2001, the area under the crop in India
declined from 12.1 to 9.4 million ha but production increased
from 5.7 to 6.9 million tons due to an increase in yield from 473 to
740 kg ha−1. Pakistan has ca 500,000 ha cultivated to pearl millet.
In Africa, the largest pearl millet growing countries are Senegal,
Mali, Burkina Faso, Niger, Nigeria, Chad, and Sudan. In West and
Central Africa, open-pollinated varieties are cultivated on 16 mil-
lion ha, with a production of 11.5 million tons and productivity
of 800 kg ha−1.

The growth potential of any crop species is a function of its
growth rate and the length of the growth cycle. This is obvi-
ously conditioned by the agronomic potential where it is grown
(relating to water, light, and nutrients). In general, pearl millet
is rarely grown in areas enjoying high agronomic potential. It
is almost invariably grown in low rainfall areas (van Oosterom
et al., 1996a,b) and under marginal fertility which, in fact, results
in an incomplete use of the available water (Payne et al., 1990).
Thus, environmental factors are usually the main limitations to
its growth potential. Even under favorable conditions, pearl millet
tends to have a shorter crop cycle than other cereals because it has
a “built in” drought escape mechanism (early flowering) inherited
from its wild progenitors, having evolved in semi-desert environ-
ments with adapted short life cycles. Therefore, pearl millet is
short cycled, has a short grain-filling period and has small seed
sizes. Its growth potential is no match for other longer-duration
cereals growing in favorable environments. Yet, it enjoys a high
crop growth rate that confers a fairly high growth potential under
optimal conditions (Begg, 1965), relating in particular to its being
a C4 plant, with a large leaf area index (LAI) due to its erect type
(Craufurd and Bidinger, 1989), and high radiation-use efficiency
(RUE; Squire et al., 1986). The maximum RUE recorded ranges
between 2.5 g MJ−1 (Squire et al., 1986) and 4.0 g MJ−1 (Ram
et al., 1999), although most data range between 1.0 and 2.0 g
MJ−1. One limitation to RUE is early in the crop cycle, when the
LAI is low. There seems to be genetic variation in the rate of leaf
appearance, probably because of differences in the base tempera-
ture, although this has not been exploited in breeding (Bidinger
and Hash, 2003).

Landrace open-pollinated cultivars of pearl millet usually
exhibit high levels of vegetative vigor and very high biomass pro-
duction. However, the harvest index (HI) of these traditionally
tall cultivars is only 15–20%. This is largely due to the fact that
the photoperiod-mediated change in the total growth duration
mostly affects the length of the vegetative period (Carberry and
Campbell, 1985). It has been reported that a crop of a local vari-
ety of pearl millet, cv Ex-Bornu, grown in Northern Nigeria under
high fertility conditions without irrigation, could produce 22 tons
ha−1 of above ground dry matter 90 days after sowing, although
only 3.2 tons of this (14.5%) was grain (Kassam and Kowal, 1975).
In contrast, grain yield on a field basis of over 5 tons ha−1 was pro-
duced by semi-dwarf hybrids maturing in 85 days in India (Rachie
and Majmudar, 1980). Experimental yields of up to 8 tons ha−1

have even been reported (Burton et al., 1972).

GENETIC AND GENOMIC RESOURCES
Over the past decade, ICRISAT and its partners have made sub-
stantial investments in developing mapping populations (Hash
and Witcombe, 1994) and in DNA-based molecular marker
systems including restriction fragment length polymorphism
(RFLP; Liu et al., 1994), sequence-tagged sites (STS; Devos et al.,
1995), amplified fragment length polymorphism (AFLP), and
simple sequence repeat (SSR) markers (Qi et al., 2000; Allouis
et al., 2001), and a bacterial artificial chromosome (BAC) library
(Allouis et al., 2001) for pearl millet. These genetic tools have been
used to develop a DNA marker-based linkage map for pearl millet
(Liu et al., 1994), and to map quantitative trait loci (QTLs) confer-
ring resistance to biotic stresses (Jones et al., 1995, 2002; Morgan
et al., 1998) and tolerance to terminal drought stress (Yadav
et al., 2002b). They have also been used for: (1) identification of
QTLs for flowering time, that appear to be largely responsible for
genotype-by-environment interaction (GEI) for grain and stover
yield under favorable growing conditions (Yadav et al., 2002a); (2)
diversity assessment (Liu et al., 1992; Bhattacharjee et al., 2002);
(3) studies of recombination rates (Busso et al., 1995; Liu et al.,
1996); (4) analysis of the domestication syndrome (Poncet et al.,
2000, 2002); and (5) comparative genomics (Devos et al., 1998;
Devos and Gale, 2000).

Levels of DNA marker polymorphism in pearl millet are very
high, even between elite inbred parental lines of hybrids adapted
to growth in India. The current pearl millet DNA marker-based
genetic linkage map covers about 700 cM (Haldane function)
distributed across the expected seven linkage groups for this
diploid (2n = 2x = 14) species, and at least one free-floating
pair of linked RFLP markers. However, telomeric regions cap-
ping the chromosomes have not yet been mapped (Devos, pers.
communication). These DNA marker-based linkage groups have
not been definitively linked with the chromosome map of this
species (Minocha and Sidhu, 1981; Kaul and Sidhu, 1997), which
has been developed over the past 35 years using morphological
markers (Anand Kumar and Andrews, 1993) and conventional
cytogenetic methods (Jauhar and Hanna, 1998).

Compared to most other grasses, the pearl millet genome
appears to have undergone a large number of structural
re-arrangements (Devos and Gale, 2000). It seems likely that these
re-arrangements could have been associated with the evolution
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and maintenance of adaptive gene complexes that permit this
highly cross-pollinated crop and its wild progenitors to thrive in
environments where they are routinely subject to severe abiotic
stresses (e.g., seedling and reproductive heat stress, sand blasting
of seedlings, soil nutrient deficiencies and soil toxicities, drought
stress). These structural re-arrangements continue to be common
in pearl millet, although marker relationships are nearly all col-
inear across the 10 pearl millet mapping population skeletons
mapped to date (Liu et al., 1994, 1996; Devos and Gale, 2000;
Azhaguvel, 2001; Kolesnikova, 2001).

Several pearl millet mapping populations of moderate
size (120–275 progenies) have been developed at ICRISAT
Headquarters at Patancheru, India as sets of F4 progeny bulks and
their F3 test-crosses, derived from individual skeleton-mapped F2

plants (Hash and Witcombe, 1994; Hash and Bramel-Cox, 2000).
These now involve some 10 pairs of genetically diverse inbred
lines of Asian, African, and American origin, selected for QTL
mapping of disease resistances (Jones et al., 1995, 2002), abiotic
stress tolerances (Howarth et al., 1997; Yadav and Weltzien, 1999;
Yadav et al., 1999, 2000, 2002b), grain and stover yield and qual-
ity components (Yadav et al., 2002a), and morphological markers
(Azhaguvel, 2001). Several of these populations have parents of
contrasting Indian and West African origin (e.g., PT 732B × P
1449-2; H 77/833-2 × PRLT 2/89-33; ICMB 841 × 863B; and W
504 × P 310-17) that are expected to differ for many traits.

Being domesticated from wild relatives, i.e., Pennisetum fal-
lax and Pennisetum violaceum (Stapf and Hubbard, 1934), later
reclassified as P glaucum (de Wet et al., 1992), living in the
southern fringes of the Sahara, pearl millet has a number of
characteristics that confer upon it adaptation to drought condi-
tions. The different characteristics and whether these have been
exploited for breeding purpose are discussed below.

Tillering and developmental plasticity
This is an attribute that derives from wild progenitors. Pearl
millet develops primary tillers, and then secondary tillers from
the primary ones, about every 45–50◦C days (base temperature
of 10◦C). Because of this high tillering ability and because the
length of the period between floral initiation and flowering is
similar, plants have tillers at all stages of apical development at
all times (Craufurd and Bidinger, 1988a,b). This developmental
plasticity allows pearl millet to compensate for potential fail-
ure of the main and primary tillers in the case of a mid-season
drought. The secondary tillers would, to a large extent, compen-
sate for the yield loss on the main tillers by a larger number of
them developing a panicle, as long as the relief from mid-season
drought makes sufficient water available for the secondary tillers
to reach maturity (Mahalakshmi and Bidinger, 1986). Because of
this plasticity, it is often considered that pearl millet is not affected
very much by mid-season drought, provided that moisture is
available for the end of the season (Mahalakshmi and Bidinger,
1985a,b).

Flowering time
In most crops, matching plant phenology with the stress envi-
ronment is a key factor in adaptation to drought. Flowering
time, a so-called “drought escape mechanism,” is the major

component of pearl millet’s adaptation to water-scarce environ-
ments (e.g., Bidinger et al., 1987a,b; see “Drought Resistance
Index” below). The floral morphogenesis stage, GC2, which is
the period between floral initiation and flowering, appears to
be fairly constant across genotypes of pearl millet. The relative
shortness of that period (about 350◦C-days (degree-days, which
represent a thermal unit of temperature accumulation above a
baseline temperature of 10◦C for pearl millet—for instance 1 day
with a mean temperature of 25◦ would accumulate 25 – 10 =
15◦C-days) allows pearl millet to complete it with relatively lim-
ited water (Dancette, 1983). Therefore, earliness is an important
drought escape attribute of pearl millet and is, indeed, a major
component of GEI. For instance, in the case where the rains
stop early, a 1-week difference in the time to flowering between
two genotypes brings about a 30% reduction in the grain-filling
period and gives the early cultivar more chance to escape drought
stress, whereas the late cultivar is likely to suffer the stress before
or during reproduction. However, it appears that the prospect of
breeding for earliness is limited because of the often poor pre-
dictability of rainfall events in the semi-arid tropics. Therefore,
there seems to be an optimal time for flowering, suited to the
average season length. It is within that particular range of flow-
ering times for any particular environment that other traits likely
to improve performance under water-limited conditions must be
found.

In West Africa, the sensitivity of pearl millet to the photope-
riod (Clerget et al., 2004) is a way that it has evolved to “trigger”
an escape mechanism, since it appears that the timing of flower-
ing is closely related to the end of the rainy season. In other words,
pearl millet flowers “on time” to ensure that it can complete
its maturation cycle with the remaining soil moisture (Kouressy
et al., 1998). Any genotype with delayed flowering may be exposed
to serious stress conditions during its reproduction phase.

Drought resistance index
It has been found that about 50% of yield variation under drought
stress conditions could be explained by differences in the yield
potential of genotypes and their flowering time (Bidinger et al.,
1982, 1987a). Therefore, data on yield under stress conditions
would have little relation to drought tolerance per se without
removing the components that are explained by yield potential
and phenology. This led Bidinger et al. (1987b) to develop an
index, the “drought resistance index” (DRI), in which the effect of
yield potential and drought escape (flowering time) are removed
by assuming that yield under stress is a function of yield potential
(control yield in the test environment), drought escape (proxied
by time to flowering), and a residual that accounts for drought
tolerance/susceptibility. So that:

Ŷs = aYc + bFl + Residual

where Ŷs is the predicted yield under stress based on the yield
under control conditions, respectively, the flowering time (Fl) and
a residual. This residual variation in grain yield under stress that
is not explained by either the potential yield (Yc) or by the flow-
ering time (Fl) represents the DRI. The value of the residual (=
DRI) is obtained as follows: DRI = Ys – Ŷs, where Ys is the actual
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grain yield under stress conditions. Therefore, the DRI represent
the deviation in grain yield under stress from a baseline yield that
depends on the yield potential and flowering time and it there-
fore allows to compare genotype’s performance regardless of their
yield potential and flowering time.

A similar approach has been used in other stresses, for exam-
ple, to separate salinity tolerance per se from yield potential in
a set of chickpea germplasm lines (Vadez et al., 2007). The DRI
approach has been used in a selection programme for improved
drought tolerance (see below), using the panicle harvest index
(PNHI), i.e., the ratio of grain yield to panicle yield on a plot basis,
as a proxy to assess the DRI.

Rooting ability
Pearl millet is known to be deep and profusely rooted, with the
ability to match its rooting to water availability in a very plastic
manner, leading to a highly varying root growth to shoot growth
ratio, depending on the intensity of water limitation (Squire et al.,
1987). During the vegetative period, root growth is very profuse,
but little is known about root growth during the post-anthesis
period, although it has been reported that it continues well into
grain-filling in long-duration West African cultivars (Do et al.,
1989). Root penetration rates between 3.5 and 4.5 cm day−1 have
been reported in sandy soils (Chopart, 1983; Azam Ali et al.,
1984). Root depth is dependent on the season length of the cul-
tivar, and can be as deep as 3 m in long-duration varieties, in
contrast to only 140 cm in short-duration cultivars (Chopart,
1983). Lateral root spreading is also a major feature of pearl mil-
let, with the soil volume exploration at low planting density being
as much as 6 m3 (Chopart, 1983).

It is often assumed that water uptake and, consequently, water
limitation is what limits pearl millet production in a low rainfall
environment. However, it has been shown that water may not be
the most limiting factor, at least in the sandy soils of Niger, where
substantial water storage and drainage have been found below the
deep root zone (Payne et al., 1990). This may not be the case in all
soils where pearl millet is grown. In fact, roots appear to play an
important role in pearl millet genotypes that differ in the presence
or absence of a major terminal drought tolerance QTL (Vadez
et al., 2005). Further efforts are needed to clarify the extent of the
role of the root in the drought tolerance of pearl millet.

Water-use efficiency
Being a C4 plant, pearl millet already has high transpiration effi-
ciency (TE). However, it seems that the major strategy of pearl
millet is to maximize carbon fixation as long as water is available.
Therefore, stomatal movements adapt in such a way that the tran-
spiration rate is kept as high as possible (Squire, 1979; Henson
and Mahaklakshmi, 1985). It also appears that stomata are sensi-
tive to the vapor pressure deficit (VPD), particularly during the
pre-flowering stage, this being related to differences in the absci-
cic acid (ABA) content of the leaves (Henson and Mahaklakshmi,
1985). In any case, there have been no studies to assess the range
of variation in TE across a diverse range of pearl millet cultivars
and lines, nor on the sensitivity of stomata to VPD.

At the plot level, water-use efficiency (WUE) values of
300–400 kg biomass ha−1 cm−1 water have been reported,

assuming a full ground cover (LAI > 3–4) (Singh and Singh,
1995). Under low planting density, the WUE usually drops to
the range 50–150 kg ha−1 cm−1, mostly because of an increased
evaporation component (Payne, 1997), itself high because of the
fertility-related low sowing density. Therefore, it seems that fertil-
ity may be the number one factor to improve the WUE at the plot
level.

QTL for terminal drought tolerance
In most of the environments where pearl millet is grown, the crop
is facing stress during the grain-filling period, in particular in
Northern India (van Oosterom et al., 1996a,b). Therefore, work
has focused on identifying QTLs for terminal drought tolerance
using the PNHI as a selection criterion.

METHODOLOGY
BREEDING STRATEGY
Possible definitions
The overall goal of a breeding programme for drought stress is,
ultimately, an improved genetic yield, or a more stable yield,
under drought conditions. These two objectives are not neces-
sarily related. The latter, the stabilization of yield across envi-
ronments in drought-prone areas, is very important because of
the large differences in the coefficient of variation of pearl mil-
let production at the all-India level (26%) compare to that in
Rajasthan state (53%), which is characterized by very low and
erratic rainfall. There are different ways to assess what is com-
monly called “drought tolerance,” and this depends mostly on
how close the assessed trait/parameter is from the final target—
an increased genetic yield. Therefore, the approaches to drought
tolerance vary. Three categories can broadly be defined, with
advantages and drawbacks as highlighted below:

• Drought tolerance is seen purely as a higher and more sta-
ble yield under drought conditions, which is fully in line with
the ultimate goal. However, in almost all cases, this is related
to a large GEI because yield is the integration of many differ-
ent processes, each of them having a close interaction with the
environment.

• Drought tolerance is considered as the maintenance of differ-
ent development and growth processes, such as leaf expansion,
at levels that are close to control well-watered plants. Here, we
assume that these would remain well-linked to yield perfor-
mance. This approach is straightforward and may be easier to
capture than yield itself. However, some of these traits can be
cumbersome to measure, which may not allow time to assess
large numbers of accessions and progenies.

• Drought tolerance can be seen as more upstream, at the organ
or cell level, and can be seen as the capacity to sustain cer-
tain biological mechanisms, such as maintaining leaf turgor,
close to the level of well-watered plants. Measuring such traits
requires screening under controlled environment conditions
where better management and reproducibility of environmen-
tal variation can help reach low levels of GEI. However, the
main drawback of this approach is that the traits may be loosely
related to the final yield under stress.
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Drought resistance index and its relationship to the panicle
harvest index
Pearl millet is very resilient to intermittent drought because of
its developmental plasticity and its capacity to compensate yield
losses on the main tillers with grain production on secondary
tillers. For these reasons, it is often considered that mid-season
drought is a less important problem for pearl millet, and that tol-
erance to terminal drought affecting the plant during grain filling
is the major target for drought improvement. It has been found
that yield under stress is, in part, determined by the yield poten-
tial of the material tested plus some escape mechanisms related
to its phenology. Bidinger et al. (1987a,b) have encapsulated
drought tolerance per se from these non-stress related param-
eters into the DRI, through correlation analyses of yield data
under stress with flowering time and yield under non-stressed
conditions. The approach has been to work backwards from
measured differences in grain yield in managed drought environ-
ments, to readily-measurable aspects of field performance that
explain those differences (Fussell et al., 1987). From that point,
various yield component parameters were measured under differ-
ent watering regimes, using some pearl millet varieties differing
in their tolerance to terminal drought (Table 1). This analysis
revealed that the number of grains per panicle and the 100-grain
weight were the yield components most affected under terminal
drought conditions, leading to a decrease in the PNHI. The PNHI
can also be called the threshing index and it represents the pro-
portion of grain weight that a whole panicle contains. A high
panicle index reflect that most florets of the panicle have success-
fully developed in a grain, and that this grain has filled up to its
potential.

DRI represents the share of the variation in yield across a
set of genotypes that cannot be explained either by differences
in yield potential or time to flowering, and is closely related to
yield under stress conditions (Table 2). Bidinger et al. (1987a,b)
have also shown DRI was closely related to the PNHI and there-
fore, a high DRI was closely related to a higher percentage grain
set and better grain filling (Table 3), which are the major com-
ponents of the PNHI. In subsequent works, the PNHI hasthen
been used as an indirect proxy for DRI, and is readily and cost-
effectively measured. PNHI is a particularly effective variable for
post-flowering stress, because the mass of the structural parts of
the panicle (which complete their growth prior to flowering) is
largely unaffected by stress, whereas the mass of grain is signifi-
cantly affected by both floret abortion and reduced grain filling
(Bidinger and Mukuru, 1995; Table 1).

Trait-based conventional approach
This approach was initially used to select genotypes achieving a
high PNHI under terminal drought conditions. PNHI was ini-
tially tested in hybrid parent breeding, where it was used as a
selection criterion by the following procedure:

(1) Conduct bidirectional selection for combining ability for
high and low PNHI in replicated potential maintainer (B)
and restorer (R) line test cross nurseries (three testers each)
grown in managed terminal drought stress environments.

(2) Cross parents selected for high and low PNHI under stress
conditions on three different A or R line testers from those
used in the original test cross nurseries in which selection was
carried out.

(3) Evaluate these test crosses for general combining ability
(GCA) for PNHI, grain yield and yield components, in both
fully irrigated control environments and in managed stress
environments.

In both experiments, the differences between the high and low
PNHI selections in the irrigated control environments were small
and generally not statistically significant (1% for PNHI itself, 2%
for grain yield, and 3% for seed mass). Differences in the termi-
nal stress environment between the high and low selections were

Table 2 | Relations between the drought resistance index (DRI) and

various agronomic factors measured either under fully irrigated

conditions (control) or under terminal drought stress (stress)

[Adapted from Bidinger et al. (1987b)].

DRI versus: 1981 1982

MID-SEASON STRESS

Control flowering 0.06 0.08

Control yield 0.06 0.06

Stress yield 0.67*** 0.58***

Stress/control yield 0.47*** 0.46***

TERMINAL STRESS

Control flowering 0.00 −0.05

Control yield 0.05 0.05

Stress yield 0.55*** 0.72***

Stress/control yield 0.55*** 0.61***

Stress/control represents the ratio of the yields under each respective treatment.
*P < 0.05; **P < 0.01; and ***P < 0.0001.

Table 1 | Consequences of different levels of terminal stress tolerance on pearl millet panicle components and panicle harvest index (PNHI;

Source: hypothetical data extracted from Bidinger, 2002).

Genotype level of tolerance Panicle structural Grains per Single grain Total grain Total panicle PNHI (%)

part (g) panicle (no.) mass (g) mass (g) mass (g)

Non-stress conditions 5.0 1500 0.0100 15.0 20.0 75

Escape: early flowering 5.0 1500 0.0085 12.8 17.8 72

Tolerant 5.0 1350 (−10%) 0.0085 (−15%) 11.5 16.5 70

Intermediate 5.0 1200 (−20%) 0.0070 (−30%) 8.4 13.4 63

Susceptible 5.0 1200 (−20%) 0.0050 (−50%) 6.0 11.0 55
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Table 3 | Relationships between the drought resistance index (DRI)

and yield and various yield components under a range of water

stress regimes, i.e., a mid-season stress or a terminal water stress

[Adapted from Bidinger et al. (1987b)].

DRI versus: 1981 1982

MID-SEASON STRESS

Grain m−2 0.39*** 0.49***

Plant m−2 0.03 0.28*

Panicle plant−1 0.08 −0.19

Grain panicle−1 0.26* 0.31**

Individual grain mass 0.10 0.32**

Panicle m−2 0.07 0.18

Grain yield panicle−1 0.24* 0.34**

TERMINAL STRESS

Grain m−2 0.46*** 0.45***

Plant m−2 −0.12 −0.0

Panicle plant−1 0.10 0.07

Grain panicle−1 0.53*** 0.37**

Individual grain mass 0.25* 0.40***

Panicle m−2 0.10 0.06

Grain yield panicle−1 0.69*** 0.58***

*P < 0.05; **P < 0.01; and ***P < 0.0001.

generally statistically significant and of a greater magnitude under
stress conditions (Table 4). For example, the combining ability
of high PNHI selections exceeded that of the low PNHI selec-
tions by approximately 5–8% for PNHI itself, by 9–13% for grain
yield, and by 6–7% for seed mass. Thus, selection for or against
GCA for PNHI under terminal stress had little effect on the com-
bining ability of elite parental lines in non-stress conditions, but
resulted in a significant difference in their combining ability for
both PNHI itself and for grain yield under terminal stress.

PNHI was also used as a selection criterion in open-pollinated
variety breeding for improved tolerance to terminal stress, using
S1 progeny selection in a random mating population (data
not shown). The selection was based on PNHI under terminal
stress (PNHI/stress) compared to two controls: selection on the
basis of grain yield in a paired irrigated control environment
(yield/control), and selection of random S1 progenies (random
check). Two cycles of selection were conducted, using 810 S1

progenies from the parent population in cycle 1, and 400 S1
progenies from each of two subpopulations (formed from 50 pro-
genies from the first cycle) representing the PNHI/stress and
yield/control selection alternatives, in cycle 2. Overall, after two
cycles of selection, selecting experimental varieties on the basis
of composite progeny PNHI in terminal stress environments
improved PNHI by 1–3% and grain yield by 2–8% under termi-
nal stress (in comparison to control experimental varieties, based
on randomly selected progenies).

Trait-based molecular breeding approach in current use
This is the current approach to pearl millet breeding for drought
tolerance. It is based on the fact that PNHI remains a highly
complex trait for which a molecular approach can increase pre-
cision during the selection process. For molecular breeding, the

Table 4 | Combining ability for PNHI, yield and yield components of

restorer and maintainer lines selected for high (nine lines) and low

(nine lines) combining ability for PNHI, in test cross nurseries grown

under terminal drought stress at ICRISAT-Patancheru.

PNHI (%) Grain yield Grain no Seed mass

(g m−2) (103 m−2) (mg seed−1)

RESTORER LINES

High PNHI selections 64.8 218 31.1 6.86

Low PNHI selections 59.8 192 29.5 6.38

SED 0.4 2.7 3.7 0.69

MAINTAINER LINES

High PNHI selections 63.6 189 29.7 6.31

Low PNHI selections 60.4 173 28.9 5.93

SED 0.4 2.8 3.9 0.57

Data are means of three test crosses per line and 3 years of replicated evalu-

ations in managed terminal stress environments in the dry season at ICRISAT-

Patancheru. [SED, standard error of the difference; Adapted from Bidinger et al.

(2000)].

development of recombinant inbred lines (RILs) is needed to link
phenotypic data and marker data, and potentially identify QTLs,
i.e., genome portions that are related to phenotypic data. Prior to
that, the parents used for crossing should comply with a number
of characteristics to maximize the chances of discovering RILs.
They should: (1) be chosen from large number of accessions;
(2) have maximum phenotypic contrast; (3) have large genotypic
contrast; and (4) be similar for certain phenotypic traits that can
interact with the trait of interest (yield), such as time to flowering
or photoperiod sensitivity.

Although parents chosen for crossing and development of
RILs, may display large phenotypic contrast, they may have lit-
tle DNA-level polymorphism. Such a situation limits the marker
coverage that can be used to map the genomic portion responsible
for the observed phenotypic differences. Having a limited number
of polymorphic markers will, in most cases, increase the cost and
time to get QTLs, and lower the resolution of the QTLs. An alter-
native in such cases is to develop different types of marker with
a higher resolution, such as single nucleotide polymorphisms
(SNPs). Finally, the crossing of parents may involve certain crite-
ria that can have a strong influence on the response to drought or
salinity. Indeed, we have shown earlier that the yield under termi-
nal drought was a function of the yield potential under no stress,
a drought escape mechanism, and DRI per se. Therefore, it not is
advisable to cross parents with large variations in yield potential
or flowering time if the intention is to develop a RIL population
to map terminal drought tolerance.

This approach has been used successfully for the identification
of terminal drought tolerance QTLs (Yadav et al., 2000, 2002b,
2003), and the introgression of a terminal drought tolerance QTL
into the background of the popular pearl millet hybrid HHB67 to
create the new hybrid HHB67-improved. This terminal drought
tolerance QTL has a major effect, explaining over 30% of the yield
variation under terminal drought. It is located on linkage group 2
(LG2) (Figure 1). Further efforts are still needed to reduce the size
of that QTL to improve the precision of its introgression. Better
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FIGURE 1 | Phenotypic expression of stress effects on the panicle of

sensitive HHB67 (= 843A × H77/833-2) and an improved version of this

hybrid (843A × ICMR 01029), and showing a better seed set and a

better grain filling in the tolerant hybrid. ICMR01029 is an introgression
line with a terminal drought tolerance on linkage group 2 from donor parent
PRLT/89-33, after four backcrosses using H77/833-2 (Source: Hash,
unpublished).

marker coverage of the QTL region would be needed for that, and
work toward that aim is in progress.

Scheme for RIL development and testcross hybrid testing
For terminal drought tolerance, contrasting parents PRLT 2/89-33
(tolerant) and H77/833-2 (sensitive) were identified and crossed.
Then, selfing was done for two generations. Test crossing was
done on F4:F2 derived progenies, using several pollinators, and
measuring the GCA for PNHI (Figure 2). In doing this, two par-
ents and 19 product lines all combined to five different testers
were used, giving 105 Drought Tolerance QTL-near isogenic line
(NIL) testcross hybrids. These materials were evaluated dur-
ing the summers of 2003 and 2004 in the drought nursery at
ICRISAT-Patancheru under three moisture regimes (fully irri-
gated conditions; early stress imposed by stopping irrigation at
booting; late stress imposed by stopping irrigation at flowering).
The experimental design is an alpha design with two-row plots
and 4 m rows, into three replications. Usually, many QTLs are
identified, each differing in the percentage of the variation in phe-
notypic data that they explain. QTLs can be identified for many
different traits, some of these collocating at the same portion of
the chromosome (Figure 3).

The likelihood of odds (LOD) score assesses, in part, the
importance of a QTL. The higher the LOD score, the more sig-
nificant is the QTL. Among the many usually identified, one or
two major QTLs are chosen to be introgressed into a genetic back-
ground of either elite germplasm, or locally adapted germplasm.
A few rounds of backcrosses are usually needed to end up with
introgression lines having maintained most, if not all, of the

FIGURE 2 | Strategy for the development of a skeleton map and

identification of drought tolerance QTLs (Source: Hash, unpublished).

FIGURE 3 | The outcome of QTL mapping: identification of a set of

QTLs for different traits (leaf rolling, biomass yield, dry straw yield,

panicle number, panicle grain number, 100-grain mass, grain yield, and

harvest index) in pearl millet in three drought nursery experiments.

recurrent parent genome, except for the portion flanked by the
marker pair (Figure 4). Results of the whole effort are repre-
sented in Figure 1, where the introgression of a major QTL for
terminal drought tolerance from donor parent PRLT/89-33 in the
background of sensitive parent, high tillering H77/833-2, led to
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FIGURE 4 | Scheme for marker-assisted backcrossing of desired (+) segregants. A QTL was introgressed after four rounds of marker-assisted backcrossing
(Source: Hash, unpublished).

panicles with a higher percentage of seed setting, and a high 100-
grain weight. The output is a genotype that looks essentially like
the recurrent parent but with a higher threshing index of the
panicle.

TRIAL PLANNING
The creation and genotyping of mapping populations is often the
most expensive part of the overall effort, but its ultimate suc-
cess depends on the effectiveness of the phenotyping procedure in
detecting repeatable, highly heritable differences among recombi-
nant lines, that permit the identification of robust QTLs. Drought
is a particularly difficult topic for molecular mapping, because
it is not possible to define or measure tolerance with the same
clarity or precision as disease resistance or morphological or phys-
iological traits. Nor is it easy to manage experimental drought
or saline environments with a high level of control and repeata-
bility. One key aspect in the implementation of a phenotyping
experiment is to carefully exclude any possibility of non-genetic
variation in the measured traits. Therefore, extra effort is needed
in the conceptualization, design and management of phenotyping

programmes for drought, to maximize the chances of identifying
highly contrasting materials and, further, QTLs that will be useful
in the future improvement of tolerance in the target crop and in
the target environment.

WATER STRESS MANAGEMENT AND CHARACTERISATION
Pearl millet is usually grown in areas receiving less than 500 mm
of rainfall annually. It is usually planted at the start of the rains,
either in the Sahelian areas or the arid semi-desert areas of north-
east India (Rajasthan) and southwest Pakistan (Bidinger et al.,
1987a,b). Because the duration of the rains is normally shorter
than the duration of the crop, the stress that millet commonly
experience is a terminal drought, whereby seed filling occurs with
plants depending on the moisture available in the soil. We have
previously seen that the phenotyping of terminal drought toler-
ance uses three water regimes: full irrigation; early stress imposed
by stopping irrigation at booting; and late stress imposed by stop-
ping irrigation at flowering (Serraj et al., 2005). However, the
intensity of stress imposed is also very important, and certain
genotypes can react differently to different intensities. Therefore,
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line source treatments have also been set up. These are based
on the fact that sprinkler irrigation provides a decreasing sup-
ply of water when moving away from the sprinkler head, and
this decline is roughly linear (unpublished). This allows impo-
sition of a gradient of irrigation and, therefore, a gradient of
stress intensities. This approach (Figure 5) has been used to
assess a limited number of promising drought tolerant QTL–NIL
test-cross hybrids.

Protocol and measures
The DRI is a measure of tolerance to terminal drought condi-
tions, as explained previously. Experiments have been conducted
to expose pearl millet to a range of environments and differ-
ent intensities of stress from flowering onwards. In each of the
treatments, the yield components (grain number per panicle and
surface area, grain size) are measured, as well as time to flower-
ing and to maturity. To separate out the effects of yield potential
and phenology from the yield under stress to obtain the DRI, the
following equation is used:

Ys = aYc + bFl + cDRI + E

DRI is usually well correlated to PNHI and, therefore, PNHI is
routinely calculated from the yield components.

PLANT WATER STRATEGY
Accurate field or controlled environment phenotyping of
germplasm accessions or mapping populations for traits as com-
plex as drought tolerance is almost certainly the limiting factor in
our ability to detect contrasting materials and to discover molec-
ular markers for such traits. The PNHI trait remains complex,
and its measurement under field conditions remains subject to
field variability and the usual experimental errors associated with
field evaluations. For that reason, secondary traits that correlate
well with field performance and that can be measured under
more controlled conditions are very useful. Several hypotheses
can explain differences in the PNHI. Better grain filling during
the post-anthesis period could be due to water saving in the
soil profile from the time it is wet. The water saved would then

FIGURE 5 | Typical line source experiment, which allows the

imposition of a gradient of watering regimes, from fully irrigated

conditions close to the irrigation line, to severely stressed at the point

most distant from the line (Source: SMH Rizvi, unpublished).

be available later on for grain filling. Another possibility is that
deeper or more profuse rooting would allow the crop to sustain
water uptake and continue grain filling in the latest part of the
grain-filling period. Other hypotheses to explain differences in
PNHI and, eventually, differences in grain yield under terminal
drought stress can be formulated. Such hypotheses lead to the
identification of putative secondary traits.

PHENOTYPING TRAITS
The hypotheses above are currently being tested. For instance, we
have found that the rate of water loss per unit of leaf area and time
was lower in PRLT/89-33, our terminal drought tolerant parent
and donor for the major drought tolerance QTL on LG2, com-
pared to H77/833-2, a terminal drought sensitive genotype (Vadez
et al., 2007). These differences were found under well-watered
conditions and were consistently found across experimental sea-
sons, at both the pre-flowering and post-flowering stages. This
trait, which appears to be constitutive and also relatively easy to
measure, is very suitable for phenotyping the RIL progenies of the
cross between PRLT/89-33 and H77/833-2.

We also measured the root depth and root length density in
a set of pearl millet genotypes contrasting for terminal drought
tolerance, and including PRLT/89-33 and H77/833-2, as well as
terminal drought sensitive 841B and tolerant 863B, along with
some introgression lines with the DT QTL from PRLT/89-33 in
the background of H77/833-2. Root traits were measured under
water stress conditions, and all terminal drought tolerant mate-
rials appeared to have more profuse rooting in the deep soil
layers than did sensitive materials (Vadez et al., 2007). In contrast,
there seemed to be little difference under well-watered condi-
tions. Therefore, rooting appears to be an adaptive trait that
tolerant pearl millet genotypes “develop” under stress conditions.
However, the measurement of rooting was time-consuming and
showed fairly large experimental errors. Since the putative role of
deeper rooting would be to sustain water uptake during the lat-
est part of the grain-filling period, the phenotyping of root trait
differences would better be based on the volume of water uptake
during the grain-filling period.

Phenotyping work on pearl millet has, so far, focused on
terminal drought tolerance. QTLs have been identified under
the screening conditions of the drought nursery at ICRISAT-
Patancheru. Soils are heavy and deep Alfisols, with a significant
water-holding capacity (well above 200 mm), thereby allowing
the secondary traits described above to be relevant under such
conditions. A similar situation may also prevail in pearl millet
cultivation in certain areas of West and Central Africa endowed
with heavy soils. However, the terminal drought tolerance QTL
identified under these particular drought conditions may not be
suited to other types of drought environment, for example, those
prevalent in semi-desert areas such as northwestern India, or in
areas of West and Central Africa, where sandy soils with limited
moisture availability dominate.

Therefore, it is crucial in a phenotyping exercise to ensure that
the traits that would be measured are the traits that are relevant
for the target area. In that respect, the past 30 years have taught
us a lot with respect to traits for adaptation to terminal drought
tolerance. We feel that more needs to be learnt about traits that
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would contribute to better drought adaptation to harsher
environment. Only the improvement of phenotyping capac-
ities in all representative types of stress environment would
allow us to understand the specificity of each trait and would
improve the accuracy of trait-based marker-assisted breeding for
drought.

CONCLUSIONS
Phenotyping remains the foundation for success in every marker-
assisted selection approach, particularly for such complex trait as
drought. Precise and accurate phenotyping methods have been
set up to phenotype the response to terminal drought in pearl
millet, using PNHI as a proxy for an increased yield under ter-
minal drought, independently of yield potential and time to
flowering. Such precise phenotyping was possible because of the
large human and physical investment made in that activity at
ICRISAT’s Headquarters at Patancheru. This has led to the iden-
tification of a major terminal drought tolerance QTL on LG2 of
the pearl millet genome. The subsequent introgression of that
QTL into the background of a sensitive hybrid, HHB67, has led
to an improved version of that hybrid, HHB67-improved. This

QTL remains large in size and, therefore, relatively difficult to
introgress. Secondary traits for the high PNHI of the terminal
drought tolerant lines would be needed to refine the QTL interval
and facilitate its use in modern breeding. More work would also
be needed to identify the traits involved in better performance and
resilience of pearl millet under other types of drought environ-
ment. This would require significant investment in human and
physical capacity to phenotype in these other environments for
modern breeding to be used.
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Common beans (Phaseolus vulgaris L.) originated in the New World and are the grain
legume of greatest production for direct human consumption. Common bean production
is subject to frequent droughts in highland Mexico, in the Pacific coast of Central America,
in northeast Brazil, and in eastern and southern Africa from Ethiopia to South Africa.
This article reviews efforts to improve common bean for drought tolerance, referring to
genetic diversity for drought response, the physiology of drought tolerance mechanisms,
and breeding strategies. Different races of common bean respond differently to drought,
with race Durango of highland Mexico being a major source of genes. Sister species
of P. vulgaris likewise have unique traits, especially P. acutifolius which is well adapted
to dryland conditions. Diverse sources of tolerance may have different mechanisms of
plant response, implying the need for different methods of phenotyping to recognize the
relevant traits. Practical considerations of field management are discussed including: trial
planning; water management; and field preparation.

Keywords: Phaseolus, field technique, abiotic stress, breeding, stress physiology

GENERAL INFORMATION
IMPORTANCE OF BEANS IN THE HUMAN DIET
Common beans (Phaseolus vulgaris L) are the most important
grain legume for human consumption (Broughton et al., 2003;
Beebe, 2012). Given that most protein consumed by the poor is
from plant sources, being protein-rich, beans play an especially
significant role in the human diet. Although far less important
than cereals as a source of calories, beans often supply a significant
proportion of carbohydrates [Food and Agriculture Organization
of the United Nations (FAO), 2001]. Like other legumes, they
are also a key source of minerals, especially iron (Graham et al.,
2007).

In Latin American countries, national per capita consumption
of beans is typically between 12 and 18 kg per year, but this does
not reflect differences in urban versus rural consumption, nor
income differences (Broughton et al., 2003). In rural Nicaragua,
for example, per capita consumption can be as high as 36 kg per
year among the more affluent, whereas the rural poor cannot sat-
isfy their needs and consume about half that amount (FAO, 2001).
In Africa, bean consumption can be as high as 60 kg per capita per
year in countries like Rwanda or in western Kenya. However, here
as well, availability and cost often limit bean consumption and
real consumption levels may be lower. In Mexico, an estimated
per capita consumption of 12 kg per year of dry beans has been
registered, but almost 100,000 tons are transformed into canned
beans with a yield of 3.5 kg of canned bean product per kg of dry
beans. The need for ready cooked bean products is increasing, due
to the inclusion of an increasing number of women in the work
force.

CULTIVATED AREA AND YIELD PERFORMANCE UNDER OPTIMAL
CONDITIONS
Total world production cannot be calculated with certainty due to
confusion with other legumes in some of the data, but is between
11 and 12 million tons (FAO, 2006). Latin America is the region
of greatest production of common beans, representing about 50%
of world volume, followed by Africa with 25%. Brazil, Mexico and
the United States of America are the three largest producers in
the western hemisphere. In Mexico, runner beans (Phaseolus coc-
cineus L) are a relatively important crop in the highlands, but data
on this species are included with those for common beans.

In Africa, most bean production is found in the eastern and
southern highlands, extending from Ethiopia to South Africa,
with Kenya being the largest producer in the region. In West
Africa, bean production is localized in specific environments,
with Cameroon being the principal producer. Beans are a minor
crop in Europe and North Africa, concentrated around the
Mediterranean, in Spain, Italy, Morocco, Algeria, and the Balkan
states. In Asia, beans are spread in an extensive band from Turkey
through Iran and the Himalayan foothills, and east through
Myanmar and China. India is cited as a major producer of com-
mon beans (FAO, 2006), but these figures undoubtedly include
other legumes (Singh, 1999).

Beans are traditionally a small farmer crop, often grown in
complex farming systems in association or rotation with maize,
sorghum, bananas, or other crops (Broughton et al., 2003). The
range of growth habits (from determinate bush types to vigorous
climbers), and the range of growth cycles (from 2 to 10 months
in length) make beans a crop that fits many production niches.
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Nevertheless, beans are becoming increasingly commercial with
the trends of urbanization and market globalization. These trends
impact on both small farmers who market excess production to
local urban centers, and large commercial farmers in Argentina,
China, Mexico, the USA, and Canada with an eye to export
markets. Small farmers are also organizing themselves to tap
into opportunities to export in countries like Bolivia, Ethiopia,
Nicaragua, and Peru, each of which report from US$20–100
million in bean exports annually.

Experimental yields of bush beans can be 4 t ha−1 or more,
while climbing beans can reach 6 t ha−1 under a trellis system.
On-farm yields, as expected, are far below experimental yields.
National averages in Latin America range from 600 to 950 kg
ha−1, with a long-term tendency to increase, while national aver-
ages in Africa are similar but tending to decline (FAO, 2006).
Total production in both regions is increasing. This trend in
Latin America is driven by increasing yields on a stable total area,
whereas in Africa, increased production reflects an increased area
planted despite declining yields. Anecdotal reports suggest that
declining yields in Africa are due to the extension of the crop
into marginal production areas with poorer soil fertility and/or
drought (Buruchara, pers. communication). This highlights the
importance of attention to abiotic stress resistance, including
water deficits, which will be emphasized in this review.

As expected, countries with technified agricultural systems
present much higher yields than tropical and developing coun-
tries. In the USA, average yields in the past decade range from
1.64 to 1.96 t ha−1 (USDA, 2007), albeit with significant regional
differences. Similarly, average yields in Argentina and Colombia
are about 1.2 t ha−1 due to varietal selection, and in Brazil under
intensive management and irrigation, yields average 1.8 t ha−1

(Broughton et al., 2003). Although well above yields in most
developing countries, these are still as much as 3 t ha−1 below the
yield potential of the crop. While it is clear that the yield gap is a
generalized phenomenon, yields in drought-endemic regions are
typically lower. The largest single drought susceptible production
area in the world is in highland Mexico, where more than a mil-
lion hectares of beans are cultivated, and where yields fall below
0.4 t ha−1 in dry years. In Northeastern Brazil, which accounts
for another million hectares, yields are around 0.45 t ha−1, which
is far lower than the 1.5 t ha−1 obtained in the more developed
southern state of São Paulo (Conab, 2007).

Low yields are undoubtedly due in part to the direct effect
of droughts, and in part to the fact that dry areas are also
poverty hot spots where there is less capital investment. The
Pacific coast of Central America, where most of the population
lives, is another drought-prone region, as are Haiti and eastern
Cuba in the Caribbean. In Africa, an estimated 682,000 hectares
of beans are cultivated in semi-arid environments, with annual
yield losses to drought of 781,000 tons across all environments
(Wortmann et al., 1998). The drought-endemic area stretches
from eastern and central Ethiopia, south through eastern Kenya
and the Rift Valley, and through northern Tanzania. Kenya has
the largest area of beans under threat of drought, often result-
ing from failure of the short rains. Occasionally, severe droughts
also occur in Southern Africa, affecting Malawi, Zimbabwe, and
Mozambique. They are often associated with “El Niño” weather

events. Although drought may be less frequent than in eastern
Africa, southern Africa enjoys only one rainfed cropping season
per year. Therefore, droughts in this region have an especially
tragic impact. Moreover, climate models predict that this region
will become drier with global climate change (Williams et al.,
2007).

GENETIC AND GENOMIC RESOURCES
The genetic structure of common beans has been reviewed fre-
quently (Gepts and Debouck, 1991; Singh et al., 1991; Broughton
et al., 2003), and is only summarized here. Cultivated common
beans display a well-defined genepool structure that originates
in the wild bean ancestor. Wild common beans grow as a viny
annual herbaceous plant in a sub-humid premontane forest ecol-
ogy from northern Mexico to northern Argentina (Toro et al.,
1990). Genetic analysis using amplified fragment length poly-
morphism (AFLP) reveals at least four wild bean genepools, cen-
tered in: (1) Middle America (Mexico and Central America); (2)
Colombia; (3) western Ecuador and northern Peru; and (4) the
southern Andes (Tohme et al., 1996). Cultivated bean genepools
derive principally from the Middle American wild bean pool, and
the southern Andean pool. Additionally some incipient domes-
tication or introgression appears to have occurred in Colombia
(Gepts and Bliss, 1986; Chacón et al., 1996; Islam et al., 2001b).

Wild common bean populations are under threat due to
urbanization and intensive cattle grazing, and they occur dis-
proportionately in regions where climate change will impact
on natural ecosystems (Williams et al., 2007). The Andean and
Middle American genepools of cultivated beans are distinguished
clearly by DNA markers (for example, Beebe et al., 2000; Islam
et al., 2004; Blair et al., 2006a), by plant and seed morphology
(Singh et al., 1991), by reaction to diseases including anthracnose
(Mahuku et al., 2003) and angular leaf spot (Mahuku et al., 2002),
and by grain mineral content (Islam et al., 2001a), among other
traits.

The major genepools in turn have been divided into races
based on plant morphology, adaptation range and agronomic
traits. The Middle American genepool was divided into the races
Durango (prostrate bush types with medium-sized seed from
dry highland Mexico), Jalisco (climbing beans from the moist
highlands of central Mexico), and Mesoamerica (small seeded
types, mostly bush habits, from lowland Central America and
Mexico; Singh et al., 1991). Beebe et al. (2000) suggested the exis-
tence of a fourth race—Guatemala (mostly climbing beans from
Guatemala and southern Mexico)—as well as some systematic
variation within races. Chacón et al. (2005) found that the races
Durango and Jalisco shared a common chloroplast DNA pattern,
while the races Guatemala and Mesoamerica each presented a
distinctive pattern, emphasizing their evolutionary uniqueness.
Díaz and Blair (2006) found a dichotomous structure in the
Middle American genepool, with grouping of the Durango and
Jalisco races apart from the race Mesoamerica, and novel diver-
sity in some climbing bean accessions potentially from the race
Guatemala.

Three races have also been proposed within the Andean
genepool (Singh et al., 1991), but their differentiation by restric-
tion fragment length polymorphism (RFLP) or random amplified
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polymorphic DNA (RAPD) markers is not as clear as in the
Middle American genepool (Becerra Velásquez and Gepts, 1994;
Beebe et al., 2001). All such races display a common chloroplast
DNA composition, suggesting that a single population might have
been domesticated (Chacón et al., 2005). Andean races can, how-
ever, be distinguished by microsatellite alleles (Blair et al., 2007),
and are known to be different in terms of growth habit prevalence
and adaptation ranges. They include the races Peru (predomi-
nantly highland climbing beans), Nueva Granada (mostly bush
beans with mid-altitude adaptation), and Chile (prostrate bush
or weak climbers, with temperate adaptation to higher latitudes).
Significant introgression has occurred into the Andean genepool
from Middle American types that have filtered into the north-
ern Andes since pre-Colombian times (Islam et al., 2004; Blair
et al., 2007). Cultivars of the Andean genepool are distinguished
by more attractive colors and by larger seed (35–50 g 100 seed−1,
compared to 20 g 100 seed−1 for Mesoamerican beans or 30 g
100 seed−1 for Durango types; Singh et al., 1991). A unique
white bean cultivated in Spain, the Fabada bean, has grain as
large as 100 g 100 seed−1! These traits add value to Andean
beans and make them an attractive crop for sale. In regions
of Africa in which both Andean and Middle American beans
are grown, many market-oriented farmers would prefer Andean
types, whereas small seeded Mesoamerican types might be used
for home consumption.

Over the past decade and a half, the genepool structure and
the concept of races within genepools has become the intellec-
tual framework for the improvement of common beans. Breeders
now routinely speak of commercial grain classes within the con-
text of races. It is appreciated that crosses among genotypes
of the Andean and Middle American genepools represent wide
crosses with a low probability of success. There is a sense of
which parental types can combine more readily to produce use-
ful progeny. There is a structure within which to explore genetic
diversity systematically for useful traits. This represents a signifi-
cant systematization of knowledge about bean genetic resources
accompanied by practical application. Unanswered questions
regarding the genetic structure of common beans and its signif-
icance include: the extent and potential value of wild and weedy
types from Colombia (Beebe et al., 1997); the existence of other
possibly unique wild bean populations in Nicaragua, Venezuela,
and/or parts of Peru; the origin and potential value of Brazilian
landraces of the Andean genepool (Beebe et al., 2001); and the
origins of the races, especially Chile and Guatemala (Díaz and
Blair, 2006; Blair et al., 2007). A deeper understanding of genetic
diversity and population structure within cultivated common
beans is necessary both for greater utilization of useful germplasm
but also for association mapping of valuable traits such as drought
tolerance.

In addition to wild ancestors in the primary genepool, com-
mon beans enjoy an extensive secondary genepool that can be
crossed quite readily with P. vulgaris. Singh (2001) has reviewed
the use of these genetic resources extensively. Briefly, two other
cultivated species, runner beans (P. coccineus) and year-long beans
(Phaseolus dumosus; = polyanthus) are found in this genepool,
as well as wild species such as Phaseolus costaricensis. All three
species are vigorous vines with perennial or semi-perennial

tendencies, and are found in moist environments. Wild or
escaped types experience intense competition from surround-
ing vegetation, making aggressive vegetative growth necessary for
survival. Of these species, runner beans display wider genetic
variability, even at the level of the chloroplast (Tovar, 2001).
Runner beans and year-long beans have both been employed as
sources of resistance to a wide array of bean pathogens (Singh,
2001), although their use for other traits has been very lim-
ited. Some accessions of P. coccineus are very tolerant of alu-
minum toxicity in the field and in greenhouse hydroponic sys-
tems [Centro International de Agricultura Tropical (CIAT), 2005;
Butare et al., 2011]. Field observations and subsequent green-
house studies of root systems have revealed that runner beans
have thick roots that might have a better potential to pene-
trate compacted soil than common beans. These are traits that
could well contribute to drought resistance, and merit further
investigation.

Tepary beans (Phaseolus acutifolius) are a fourth domesticated
species of the genus pertaining to the tertiary genepool, and
are native to the desert highlands of northwest Mexico and the
southwest of the USA. As such, they are extremely resistant to
drought, heat and cold (Martinez-Rojo et al., 2007), and have
been viewed as a potential source of drought resistance for com-
mon beans. Greenhouse studies of tepary bean root systems reveal
extremely fine roots that penetrate soil rapidly and branch pro-
fusely, offering quick access to limited soil water reserves (Butare
et al., 2011). Crosses between common beans and tepary beans
have normally been difficult, requiring the use of P. vulgaris
cytoplasm and embryo rescue to obtain F1 plants. In spite of dif-
ficulties, tepary beans have been used as a source of resistance
for biotic constraints, especially common bacterial blight (Coyne
et al., 1963; McElroy, 1985). An innovative breeding method
called “congruity backcrossing” involving alternate crossing to
common bean and tepary bean parents, has permitted a greater
degree of cross compatibility between these two species, possi-
bly by gradually improving chromosome pairing (Haghighi and
Ascher, 1988). A modification of this system now permits cross-
ing into P. acutifolius cytoplasm (CIAT, 2002b). An evaluation
of introgression from the tepary bean genome shows that DNA
markers in the tepary bean parent can be transferred to the inter-
specific progeny (Muñoz et al., 2004). Thus, the introgression of
drought resistance might be feasible. Modest levels of drought
resistance have already been introgressed from tepary beans into
common beans, but not yet at the levels of tepary beans, nor at a
levels superior to that available within P. vulgaris (CIAT, 2002a).
As an alternative, the cloning of genes from tepary beans could
lead to wider exploitation.

Lima beans (P. lunatus) are the fifth domesticate within the
Phaseolus genus. Lima beans grow over an even wider range of
environments than common beans, since they are very tolerant
of heat and edaphic problems. It is tempting to introgress traits
from lima beans into common beans. However, efforts to date to
cross lima beans with common beans have resulted in no more
than totally sterile F1 plants (Mok et al., 1978). For the foresee-
able future, it will be more productive to view lima beans as crop
in its own right, unless genes can be extracted from it through
molecular biological techniques.
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With the advent of DNA markers in the 1980’s, multiple map-
ping populations were created. A list of 14 such populations has
been published, including 10 of recombinant inbred lines (RILs;
Broughton et al., 2003). The first two maps based on RFLP, and
therefore of wider accessibility, were published in the early 1990’s
(Vallejos et al., 1992; Nodari et al., 1993). Many subsequent maps
were based on RAPD markers. Eventually, a total of five maps
were harmonized around a core map (Freyre et al., 1998). A sixth
map created at CIAT has, likewise, been cross-referenced with
the core map (Blair et al., 2003). Cross-comparable RFLP, RAPD,
and microsatellite markers form the basis of these maps. A siz-
able set of microsatellites has been evaluated for polymorphism
across parents of multiple mapping populations, as a means of
integrating genetic studies through known map positions (Blair
et al., 2006a).

CIAT holds other sets of RILs, several created specifically for
drought studies, and others for studies of root structure and func-
tion in plant nutrition (Blair et al., 2011). A series of publications
on roots and phosphorus nutrition resulted from a population of
DOR 364 × G 19833 (Liao et al., 2004; Yan et al., 2004; Beebe
et al., 2006a). This population proved to be especially useful to
reveal the relationship between the acquisition of soil phospho-
rus and specific root traits, by demonstrating the association
of each with common genomic regions. This methodology can
readily be extended to drought resistance traits. Other RIL popu-
lations include drought-resistant parents BAT 477, G 21212, ICA
Quimbaya, and SEA 5.

However, most maps with ample genome coverage have been
based on segregation of crosses between Mesoamerican and
Andean genotypes to facilitate abundant DNA polymorphism
(Blair et al., 2006a). Many polymorphic markers in these crosses
are genepool specific, and do not discriminate between DNA of
genotypes from the same genepool or race. Since most genetic
improvement is carried out within genepools, such markers are
seldom useful for gene tagging, mapping or marker-assisted selec-
tion (MAS). Thus, there is still a need for a larger set of simple
sequence repeat (SSR) or other markers of similar attributes that
will permit better genome coverage of crosses among genetically
similar materials. CIAT and partners are currently mining addi-
tional genomic and complementary DNA (cDNA)-based SSRs for
marker development others are developing SNP platforms.

Genomic and cDNA clones have been useful for marker devel-
opment and gene mining, and they form the basis for some recent
sequencing projects. These include an expressed sequence tag
(EST) effort consisting of 22,000 sequences derived from four
cDNA libraries made from the Mesoamerican genotype, Negro
Jamapa, and one cDNA library made from the Andean geno-
type, G 19833 (Ramírez et al., 2005). Given that these sequences
are from drought-susceptible genotypes and represent 3′ end
sequences, one option is to develop more cDNA libraries for
drought-tolerant genotypes and obtain a set of full-length and
5′ end sequences. In addition, a bacterial artificial chromosome
(BAC) library made for the genotype G 19833 is being end-
sequenced as part of a physical mapping project for common
beans, which will be a useful source of additional markers and
partial gene sequences. Finally, for functional analysis of candi-
date genes of interest, TILLING populations are being created

between CIAT and partners at the University of Geneva and the
United States Department of Agriculture (USDA)—Puerto Rico
which can be screened for mutations in drought gene pathways.

The approach of using ESTs and functional analysis for gene
analysis in legumes was described by VandenBosch and Stacey
(2003), and includes discussion of applications to improve com-
mon beans for nutritional quality and abiotic stress tolerance.
Furthermore, an international network of Phaseolus researchers
called “Phaseomics” maintains communications among bean sci-
entists. A description of their interests and stocks under develop-
ment has been published in Broughton et al. (2003) a reference
genome sequence will soon be published.

RELEVANT RESULTS PUBLISHED IN THE AREA OF DROUGHT
ADAPTATION
For common beans, the working definition of drought would be
the inadequacy of water availability, including precipitation and
soil moisture storage capacity, in quantity and distribution dur-
ing the life cycle of the crop, which restricts the expression of
the full genetic potential of the cultivar. Terminal or intermit-
tent drought stress affects over 60% of the dry bean production
worldwide (White and Singh, 1991). As described earlier, the bean
growing areas in Latin America most affected by drought are
Northeastern Brazil and the central and northern highlands of
Mexico. These are the areas where drought tolerance screening
has been undertaken. In Africa, droughts are frequent and severe
in bean growing areas of eastern Kenya and eastern Transvaal,
while other areas such as parts of northern Tanzania, the Kasese
area of Uganda, and parts of the Hararghe Highlands and the Rift
Valley of Ethiopia are affected by water deficits (Wortmann et al.,
1998).

Breeding for drought resistance has a long history in Mexico,
Honduras, and Brazil, and at CIAT in Colombia. It has gained
momentum in recent years, with field studies of advanced lines in
Cuba, Ecuador, El Salvador, Guatemala, and Nicaragua in Latin
America, and with the creation of international drought nurs-
eries in Kenya, Sudan, Ethiopia, and other countries in Eastern
Africa. Most research has concentrated on germplasm evaluation.
For example, White et al. (1994a,b) carried out genetic studies of
parental materials from CIAT and from Mexico, finding that com-
bining ability was determined largely by local adaptation. Thus,
Mexican lines were good parents in Mexico and lines selected
in Colombia served better as parents in Colombia, indicating
that genes that were specific for drought resistance required an
adapted genetic background for expression.

In the drought prone region of northern Mexico, two differ-
ent sets of germplasm were tested under the typical conditions of
insufficient and erratic rainfall. The primary trait measured was
seed yield. The first set included more than 7000 accessions from
the INIFAP (Instituto Nacional de Investigaciones Forestales,
Agrícolas y Pecuarias) germplasm bank grown in subdivided sets
over 3 years at two locations. Drought-resistant genotypes were
identified mainly in the Durango (type III growth habit) and
Mesoamerica races (types II and III), whereas genotypes from
the Jalisco race were susceptible. The second set included 800
bush genotypes of the worldwide core collection assembled at
CIAT (Tohme et al., 1995). After 2 years of evaluation, a set of 20
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genotypes mostly from the Durango race originating in Mexico
were identified as drought-resistant, plus a few accessions from
other latitudes.

Subsequently, all resistant genotypes, along with locally
improved cultivars previously identified as drought-resistant,
were tested in eight trials across three different regions in Mexico:
lowland, mid-altitude and highlands. In the four trials at the
lowland tropics and in the mid-altitude El Bajio region, “G” acces-
sions from the CIAT core collection (mostly Pinto landraces from
the Durango race) performed poorly, as expected. In the former
location, this was mainly due to a short growing cycle (due to
photoperiod sensitivity coupled with short winter days), whereas
in the latter location it was due to an inherent susceptibility to
diseases (rust and common blight) and to leafhoppers (Empoasca
kraemeri). In the lowland and mid-altitude sites, locally adapted
genotypes along with introduced bred cultivars were among the
top 25% yielders, a few of them yielding well in the four tri-
als, e.g., TLP 19 and SEA 10, improved CIAT lines from the
Mesoamerican race, and 97-RS-101 from the Durango race. In
contrast, at the semi-arid highland location, CIAT “G” accessions
were outstanding under both rainfed and rainfed-plus-irrigated
conditions. In the four semi-arid highland trials, superior cul-
tivars included the improved cultivar Pinto Villa and landraces
G 13637 (Apetito) and G 842 (PI 201331). Furthermore, culti-
vars 97-RS-101 and SEA 10 were among the top yielders in six
out of eight trials, and Pinto Zapata and 97-RS-110 in five tri-
als. Superior cultivars at each site included genotypes from the
type II and type III growth habit, early to mid-season types and
those with disease resistance (Acosta-Gallegos et al., 2004). In
addition, cultivars that displayed broad adaptation across regions
were of neutral reaction to photoperiod. Under both terminal and
intermittent drought stress, an accelerated partitioning of photo-
synthates toward the reproductive structures under stress seemed
to be the chief trait for seed yield (Rao, 2001; Rosales-Serna et al.,
2004; Rao et al., 2006a).

Singh (1995) reported the results of breeding for drought resis-
tance in a tropical environment at CIAT in Colombia. One line,
SEA 5, was especially resistant (Singh et al., 2001; Terán and Singh,
2002b). At higher latitudes in Mexico, cultivars Pinto Villa, and
Pinto Saltillo were developed in and released for drought stressed
environments of the northern highlands (Acosta-Gallegos et al.,
1995; Sánchez-Valdez et al., 2004). They are extensively used in
commercial production and as parents in the bean breeding pro-
gramme. Although successful cultivars have been released (Beaver
et al., 2003), sources of resistance outside the Durango race are
being sought, based on the hypothesis that different mechanisms
to cope with drought stress might exist in other genepools, plus
the need to widen the genetic base in the Mexican breeding pro-
gramme. A few promising cultivars from the Middle American
(SEQ 12, SER 16, Negro Cotaxtla 91, Negro Veracruz, Black Jack)
and Nueva Granada (ICA Palmar, A195) races have been iden-
tified. Muñoz-Perea et al. (2006), working in Idaho, found that
Durango landraces of the red Mexican grain class presented a
relatively better yield under drought than bred cultivars released
over the past 30 years, whereas improved varieties released in
other grain classes were superior to landraces. In other recent
efforts, Beebe et al. (2008) have reported improvement of lines

of small-seeded race Mesoamerica commercial classes (small red,
small black and cream striped or carioca types). Besides improved
yield under drought, the drought-selected lines presented shorter
days to maturity, improved yield per day and, in some cases, better
yield potential under favorable conditions.

The perspective of genepool structure, and especially of races,
offers useful insights into past successes in breeding for drought
resistance. Singh et al. (1991) noted that the race Durango often
presents drought resistance and a good harvest index (HI). Much
of the subsequent work on drought resistance has been built
around the race Durango or genes extracted from it. The combi-
nation of Durango and Mesoamerica races has resulted in lines
with higher yield in drought environments (Singh et al., 2001;
Terán and Singh, 2002a) as well as in non-stressed environments
(Nienhuis and Singh, 1986). This combination of races has also
resulted in improved materials in other reports (Schneider et al.,
1997a; Frahm et al., 2004; Beebe et al., 2008). Thus, these two bean
races have complementary genes and/or mechanisms that permit
the expression of transgressive segregation for drought resistance.
It is notable that more progress has been made in small-seeded
Mesoamerican types for Central America and Brazil, than in the
large seeded Andean types that are more popular in Africa and
parts of South America. This is possibly because crosses have
rarely been made between Durango drought tolerance sources
and Andean genotypes.

Schneider et al. (1997b) studied the genetics of drought resis-
tance in Mexico and in Michigan, USA using quantitative trait
loci (QTLs) detected with RAPD markers and multiple regres-
sion analysis. Four markers in one population and five in a second
population of RILs were reported as important for drought resis-
tance, although all of the non-anchored linkage groups were
associated with some yield trait in some site and year. In a simula-
tion of the application of MAS for a drought resistance QTL, the
authors found that MAS would have been effective in one pop-
ulation in Mexico, and in the other population in Michigan. A
second experience in the identification of markers for QTLs was
reported by Beebe et al. (2006b). A population of RILs of the cross
of SEA 5 × MD 23-24 was evaluated under drought and irrigated
conditions in two seasons with contrasting patterns of drought.
One QTL was common to two drought seasons, one QTL was spe-
cific to each of two seasons, and some were common to unstressed
environments. What was perhaps most significant was that in
no case were the two alleles at an important locus specifically
adapted to the contrary environments (i.e., one allele to drought
conditions and the other allele to favorable conditions). Rather,
a drought allele (or an allele for a favorable environment) was
accompanied by a neutral allele for the other environment. This
implies that yield under drought and yield under well-watered
conditions are not mutually exclusive and can be combined. In
fact, cultivars that are high-yielding under irrigated conditions
have shown, despite a large reduction, higher than average yields
under terminal drought-stressed conditions (Acosta-Díaz et al.,
2004).

PHYSIOLOGICAL MECHANISMS OF ADAPTATION TO DROUGHT
Adaptation to drought encompasses a diversity of mechanisms
that enable plants to survive and produce in periods of dry
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weather. The mechanisms of drought resistance are grouped into
three categories: drought escape; drought avoidance; and drought
tolerance (Levitt, 1972).

Drought escape is defined as the ability of the crop to complete
its life cycle before serious soil and crop water deficits develop.
This mechanism involves rapid phenological development (early
flowering and early maturity), developmental plasticity (variation
in duration of growth period depending on the extent of water
deficit), and remobilization of photosynthates to the grain.

Drought avoidance is defined as the ability of the crop to main-
tain relatively high tissue water potential, despite a shortage of
soil moisture. It is achieved through increased rooting depth, an
efficient root system and increased hydraulic conductance, and
by reduction of water loss through reduced leaf conductance,
reduced absorption of radiation by leaf movement/rolling, and
reduced evaporation surface (leaf area).

Drought tolerance is defined as the ability of the crop to with-
stand water deficit with low tissue water potential. It is achieved
through maintenance of turgor through osmotic adjustment
(a process which induces solute accumulation in the cell), increase
in cell elasticity and decrease in cell size, and desiccation tol-
erance by protoplasmic resistance. Blum (2005) indicated that
an effective drought tolerance mechanism in crop plants is stem
reserve utilization for grain filling under drought stress. Research
approaches that have most successfully improved drought perfor-
mance of crop plants: (1) used realistic soil conditions; (2) tested
with adequate water and with limited water; (3) understood the
sources of crop failure in the proposed growing area; and (4) tar-
geted a limited number of traits for genetic improvement (Boyer,
1996).

Significant research efforts have been made, particularly over
the past two to three decades, to improve common bean adap-
tation to drought (Laing et al., 1984; White and Singh, 1991;
Subbarao et al., 1995; Rao, 2001; Amede et al., 2004; Hall, 2004;
Ishitani et al., 2004; Beebe et al., 2008; Beebe, 2012). These have
involved:

• Studying the effects of drought stress on plant growth, devel-
opment, and seed yield (Robins and Domingo, 1956; Acosta-
Gallegos and Kohashi-Shibata, 1989; White and Izquierdo,
1991; Nielsen and Nelson, 1998; Nleya et al., 2001; Ontiveros-
Cortes et al., 2005).

• Developing field screening methods (Bascur et al., 1985;
Sponchiado et al., 1989; White and Castillo, 1989).

• Evaluating and identifying sources of drought tolerance in
germplasm (Da Silveira et al., 1981; Miller and Burke, 1983;
Jara-R, 1990; White and Singh, 1991; Singh, 1995; Terán and
Singh, 2002a,b; Muñoz-Perea et al., 2006; Singh, 2007).

• Evaluating physiological traits related to underlying mecha-
nisms of adaptation to drought (see Table 1 for details and
references).

Common beans are grown over a wide range of habitats where
they can be exposed to seasonal droughts and wide fluctua-
tions in soil moisture availability between years. Therefore, they
have evolved several mechanisms to maintain plant water sta-
tus within reasonable limits for normal metabolic functioning

under drought stress (Beebe, 2012). Results from a set of the
same genotypes that were evaluated in several countries in the
1980’s indicate that local adaptation is an important component
of drought resistance (White, 1988). A number of shoot and root
traits contribute to improved drought adaptation. The root traits
maximize water uptake, and the shoot traits optimize the use
of absorbed water for producing grain during drought stress.
Loss of leaf area is the most important morphological adapta-
tion. It results from a reduced number of leaves, reduced size of
younger leaves, inhibited expansion of developing foliage, or leaf
loss accentuated by senescence, all of which result in decreased
seed yield (Acosta-Gallegos, 1988). Through field screening, some
relatively drought-tolerant lines of bean germplasm have been
identified, such as BAT 477, A 195, and BAT 1289 (White, 1988;
White and Singh, 1991). The superior adaptation of BAT 477
to water deficits was attributed to drought avoidance through
greater root length density and deeper soil moisture extraction
(Sponchiado et al., 1989).

White and Castillo (1992) grafted diverse shoot genotypes
onto selected root genotypes of common beans and evaluated
yield under drought. They found variation with shoot genotype,
but the effect on growth and yield under drought was found to
be small, compared with the effect of root genotype. Sanders and
Markhart (1992) also used grafting to examine the importance
and mechanisms of the root system’s effect on leaf water status in
P. vulgaris and P. acutifolius. They found that the root genotype
determined leaf water potential in the most stressed plants, and
that roots of tepary beans had greater hydraulic conductivity than
those of common beans. Castonguay and Markhart (1991) mea-
sured saturated rates of photosynthesis in water-stressed leaves
of common and tepary beans, and found that genotypic vari-
ability in drought tolerance between the two was not related to
differences in mesophyll tolerance of dehydration. Tepary beans
relied more on drought avoidance than on drought tolerance.
Severe drought impaired nitrogen mobilization, HI and water-use
efficiency (WUE) in common beans (Foster et al., 1995).

Further research work by White (1993) under field conditions
indicated that WUE (based on carbon isotope discrimination,
CID) was not a promising indicator of adaptation to drought.
Since this work included a limited number of parental genotypes
in a single year, further research work is needed on WUE using
CID values in leaves and grain. Other physiological traits such
as shoot dry weight and leaf nitrogen concentration appeared
the most promising based on heritability, strong general combin-
ing ability effects, and correlations with seed yield across trials
(White et al., 1994a,b). Phenotypic plasticity is considered to
be another mechanism contributing to increased performance
under drought (Acosta-Gallegos and White, 1995). This par-
ticular attribute, accentuated in photoperiod-sensitive cultivars,
allows genotypes to shorten their growing cycle dramatically at
later planting dates to avoid drought conditions later in the
growing season.

Rao et al. (2004) evaluated 36 promising bred lines and
accessions under field conditions over two seasons at CIAT in
Colombia, and found that two accessions of P. acutifolius (G
40159 and G 40068) and two bred lines (RAB 650 and SEA 23)
were outstanding in their adaptation to water stress conditions.
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Table 1 | Physiological studies with a focus on shoot and/or root traits that contribute to improved adaptation to drought in common beans.

Studied Shoot traits measured Root traits measured References

NUMBER OF GENOTYPES

1 Photosynthesis, transpiration, leaf water potential, ribulose
bisphosphate carboxylase (Rubisco) activity

– O’Toole et al., 1977

3 Leaf water potential, osmotic potential, turgor potential,
relative water content

– Parsons and Howe, 1984

2 Leaf area, leaf dry weight, stem dry weight, leaf water
potential, leaf osmotic potential, stomatal resistance

Rooting depth, root dry
weight, root distribution

Markhart, 1985

4 Seed yield, crop dry weight, leaf area duration, number of
seeds/pod, canopy temperature

Root length density Sponchiado et al., 1989

6 Seed yield – White and Castillo, 1989;
White et al., 1990

27 Carbon isotope discrimination, ratio of intercellular to
ambient CO2 concentration, transpiration efficiency

– Ehleringer et al., 1991

2 Water potential, relative water content, photosynthesis,
chlorophyll fluorescence, quantum yield

– Castonguay and Markhart,
1991

16 Seed yield, shoot dry weight, harvest index (HI), leaf
conductance, days to maturity

– White and Castillo, 1992

12 Net photosynthesis, transpiration, leaf nitrogen, specific leaf
area, leaf conductance, photosynthetic nitrogen use
efficiency, carbon isotope discrimination

– Comstock and Ehleringer,
1993; Kao et al., 1994

9-parent diallel Carbon isotope discrimination, leaf optical density, leaf N and
K, relative duration of podfilling, shoot dry weight, HI, seed
yield, 100 seed weight

– White et al., 1994a

20 Days to flowering, days to maturity, phonological plasticity,
relative response to photoperiod

– Acosta-Gallegos and White,
1995; Foster et al., 1995

3 – Root length density, root
efficiency in water absorption

Guimarães et al., 1996

5 Stomatal conductance, water content, relative water
content, moisture retention capacity, HI, phenology, biomass
and yield components

– Pimentel et al., 1999;
Ramírez-Vallejo and Kelly,
1998; Serraj and Sinclair, 1998

4 Relative growth rate, leaf water potential, stomatal
conductance, net assimilation rate, osmotic adjustment

– Costa Franca et al., 2000

4 Leaf area index (LAI), shoot biomass, number of pods per
plant, grain yield

– Dowkiw et al., 2000; Gomes
et al., 2000

2 Water potential, stomatal conductance, assimilation rate, leaf
abscisic acid (ABA)

– Menuccini et al., 2000

4 Leaf area, relative water content, transpiration rate, stomatal
conductance, leaf dry mass, stem dry mass, shoot dry mass,
seed yield

Root dry mass, root
distribution

Mohamed et al., 2002

1 Leaf water potential, leaf osmotic potential, leaf turgor
potential, sugars and sugar alcohols, proline

– Amede and Schubert, 2003a

1 Leaf water potential, plant dry weight, stomatal
conductance, water-use efficiency (WUE), leaf sugars

Root dry weight Abebe and Brick, 2003;
Amede and Schubert, 2003b

2 RIL Seed yield, yield components populations – Frahm et al., 2004; Pastenes
et al., 2004, 2005

2 Relative water content, shoot water content, photosynthesis,
transpiration, WUE, leaf area, shoot dry mass, 100 seed
weight, seed set, seeds/pod, pod length, number of pods,
seed yield

Root dry mass, root
distribution, root depth

Mohamed et al., 2005;
Wakrim et al., 2005

6 Seed yield, HI, leaf area, relative growth rate, relative water
content, leaf water potential, leaf osmotic potential, leaf
turgor pressure, photosynthesis, leaf ABA, stomatal
conductance, dark respiration, leaf sugars, leaf starch, stem
sucrose, seed starch, seed protein

– Gebeyehu, 2006

(Continued)
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Table 1 | Continued

Studied Shoot traits measured Root traits measured References

24 (2 for detailed analysis) Seed yield and yield components, abscission of
reproductive organs, relative growth rate, relative water
content, stomatal conductance, transpiration rate,
photosynthetic capacity, leaf ABA, leaf rotation,
chlorophyll fluorescence, leaf anthocyanin and
malondialdehyde

– Lizana et al., 2006

2 Photosynthetic rate, chlorophyll fluorescence, electron
transport rate, leaf area, leaf thickness, carotenoid
composition, stomatal density, leaf cell organization

– Wentworth et al., 2006

16 Biomass yield, seed yield, HI, 100 seed weight, days to
maturity

– Muñoz-Perea et al.,
2007

2 Relative growth rate, photosynthesis and transpiration
rates, stomatal conductance, water-use efficiency,
relative water content, proline accumulation, glycolate
oxidase activity, peroxidation, antioxidant enzyme
activities, ascorbate, phenolic and flavanoid compounds

– Rosales et al., 2012

The superior performance of these two accessions under drought
was associated with their ability to mobilize photosynthates to
the developing grain and to utilize the acquired nitrogen more
efficiently for grain production. More recent field evaluation of
advanced lines at CIAT resulted in identification of three lines
(SER 16, SEA 5, and SER 5) that were superior in their adapta-
tion to drought stress conditions (Rao et al., 2006a). The superior
performance of these lines was associated with higher values of
pod harvest index (PHI), pod partitioning index and leaf area
index (LAI), and a lower proportion of pod wall biomass and
lower value of seed phosphorus content. The findings indicate the
importance of greater mobilization of photosynthates to pods and
seed per unit of seed phosphorus in common beans under rain-
fed conditions. The SER lines that were developed in the last few
years seem to combine these desirable traits for drought adap-
tation (Beebe et al., 2008). The above field studies conducted
at CIAT have contributed to the analysis of phenotypic differ-
ences in shoot traits that contribute to superior adaptation to
drought stress conditions. From these studies, it has been learned
that superior PHI, pod partitioning index and lower propor-
tion of pod wall biomass are important phenotypic traits that
reflect greater ability to mobilize photosynthates to grain under
drought stress. Recently, Klaedtke et al. (2012) reported that pho-
tosynthate mobilization capacity from drought adapted common
bean lines can improve yield potential of interspecific populations
within the secondary gene pool.

The candidate genes underlying drought tolerance are begin-
ning to be understood at a molecular level as well as for their
physiological effects (Ishitani et al., 2004). At CIAT, candidate
genes for drought tolerance are being pursued based on genes for
osmotic adjustment, transpiration/WUE, and root development.
Some, such as the dehydration responsive element binding pro-
tein (DREB) genes, could be converted to molecular markers for
physical mapping and MAS. Subtractive libraries based on dif-
ferential display of genes expressed in roots under stressed and
non-stressed conditions, or by tolerant and sensitive genotypes,

may lead to the identification of genes specific to the deep-rooting
trait.

METHODOLOGIES FOR IMPROVING ADAPTATION TO
DROUGHT
BREEDING STRATEGIES
Since the initiation of the breeding effort in the semi-arid high-
lands of Mexico, local landraces from the Durango race have been
utilized in the development of improved cultivars, along with
sources of specific traits, mostly disease resistance and earliness.
Successful cultivars include in their pedigree parents from the
Nueva Granada race chosen on the basis of yield, disease resis-
tance and earliness (Acosta-Gallegos et al., 1995; Beaver et al.,
2003; Sánchez-Valdez et al., 2004). The yield testing of the bush
core collection in the semi-arid highlands of Mexico mostly
identified accessions from the Durango race as resistant under
intermittent drought stress. The resistant accessions are of inde-
terminate prostrate type III growth habit, root-rot resistant, pho-
toperiod sensitive and originating in the region (Acosta-Gallegos
et al., 2004). Under intermittent stress environments, mid-season
genotypes of indeterminate prostrate growth habit that flower
in flushes are best suited to cope with such variable conditions
(Acosta-Gallegos and Kohashi-Shibata, 1989; Rosales-Serna et al.,
2004).

For the improvement of small seeded cultivars of the race
Mesoamerica, Durango genes continue to be valuable, but these
are now introgressed into this race, so no direct use of Durango is
being practiced. For Central America, Northeastern Brazil, and
the Caribbean, lines in the small red, small black, and carioca
grains are being developed, which present double or more yield
under severe stress compared to the respective commercial con-
trol (Beebe et al., 2008). Small seeded beans are often planted in
warmer climates where high temperatures exacerbate drought, or
under conditions of low soil fertility or aluminum toxicity that
can limit vigor and root development. Thus, tolerance of low soil
fertility, especially to low soil phosphorus availability, and heat
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tolerance should be combined with drought resistance. The com-
bination of drought and low soil fertility tolerance has proven to
be practical, since several drought-resistant lines already express
a relative degree of tolerance to low soil phosphorus availabil-
ity (Beebe et al., 2008). If progeny of interspecific crosses with
P. acutifolius become available as sources, they will probably be
small seeded, and thus of more immediate use to improve small
seeded cultivars. Similarly, to date, it has been easier to introgress
genes for aluminum resistance from P. coccineus into the small
seeded genotypes than into the large seeded Andean types. These
are all options to be pursued. Furthermore, in the light of results
that demonstrated that differences in photosynthate mobilization
during terminal drought were related to drought resistance, field
selection for well-filled grain has been used to improve drought
resistance in the small red and black seed classes (Beebe et al.,
2008). This trait apparently integrates the effects of several ele-
ments of a physiologically complex process, and the practice of
selecting for good seed filling has worked well when terminal
drought was severe enough to have visible effects on seed quality.

Within the Andean genepool, drought resistance is needed
most in bush beans, since climbing beans are usually planted
in moister environments. Parental sources combining the race
Durango with Andean types have resulted in lines with mod-
est gain over the Colombian cultivar ICA Quimbaya—one of the
best Andean genotypes available previously—and have produced
resistant lines in a much wider range of grain colors (CIAT, 2006).
Screening of potential parental genotypes has identified drought
resistance in the SEQ and BRB series of advanced lines from CIAT,
as well as in some dark red kidney (DRK) genotypes derived from
ICA Quimbaya. In the case of Andean beans, drought resistance
traits often need to be combined with vegetative and reproductive
heat tolerances, especially for intermediate elevation production
sites since, with the exception of some heat-tolerant germplasm
accessions, Andean beans are notably poor at seed set in high
temperatures.

The breeding strategies needed for improvement of drought
tolerance in commercial classes of either genepool must take into
account the quantitative nature of inheritance of this trait. This
fact will circumscribe the breeding methods that can be applied
to drought resistance, and calls for the application of novel
approaches that are not widely practiced in common bean breed-
ing. A particularly useful method for drought resistance breed-
ing where sufficient drought resistance is found within a given
genepool is recurrent selection (Beebe et al., 2008). Prebreeding
can be used to create a sufficient number of potential parents
with drought resistance component traits to initiate recurrent
selection. After generating drought-resistant advanced lines, these
can be used with standard common bean breeding techniques
to incorporate new traits into the drought-resistant background.
Among these techniques, gamete selection is a method recom-
mended for use in common beans. It involves complex crosses
and selection among F1 plants and F1-derived families (Singh,
1994), whereas pedigree selection is widely practiced by bean
breeders to obtain fixed lines (Miklas et al., 2006).

Another method termed “advanced backcrossing” is a poten-
tially useful method for improving drought resistance traits
using crosses across genepools. Advanced backcrossing is valuable

because it can be used to transfer multiple gene combinations
from source germplasm to recipient genotypes. One advantage
of the advanced backcross technique is the creation of improved
lines that are useful simultaneously in an agronomic context and
for genetic analysis. Blair et al. (2006b) showed that advanced
backcrossing could be used for both QTL detection and dis-
covery of transgressive segregation for yield traits in common
beans. In summary, it can be seen that, whether the approach
is advanced backcross, recurrent, gamete, or pedigree selection,
good drought resistance sources must be amply represented in the
genetic makeup of any of the populations developed.

While resistance to local diseases is a requisite for cultivar
development in general, resistance to soil pathogens is espe-
cially important in drought-prone areas. Soil pathogens can infect
when moisture is adequate and inhibit the root growth that is
necessary for drought resistance later in the season. Fusarium
spp in Mexico exacerbate drought by causing deterioration of
the root system and reducing absorptive capacity for nutrients
and water (Navarette-Maya et al., 2002). Charcoal rot caused by
Macrophomina phaseoli is most severe under drought (Frahm
et al., 2004). If early rains are abundant and result in serious infec-
tion and damage to hypocotyls and tap roots by fungi such as
Rhizoctonia solani or Sclerotium rolfsii, this will also expose the
crop to more severe late season drought.

As yet, there has been no routine use of MAS for improv-
ing drought resistance in common bean breeding programmes.
However, MAS offers great potential for incorporating disease
resistance into drought-resistant genetic backgrounds. The appli-
cation of MAS for resistance to bean golden yellow mosaic virus
(BGYMV) is the best example to date of selection of QTLs in com-
mon beans (Miklas et al., 2006). Two important QTLs have been
tagged, sequence characterized amplified region (SCAR) mark-
ers created, and protocols defined. Selection has been practiced
on populations ranging from F1 plants of complex crosses to
advanced families. Subsequently, it will be necessary to confirm
resistance of lines in field trials because the full resistance comple-
ment cannot be assured by MAS, markers run the risk of genetic
recombination and, finally, an entire suite of traits is required in a
commercial cultivar. Application of MAS for drought would fol-
low a similar scheme: the identification of relatively important
QTLs and the creation of robust markers, followed by their use in
various generations including in the F1 of complex crosses, and
subsequent field evaluation to confirm drought resistance and to
distinguish levels of resistance.

However, compared to MAS for disease resistance, QTLs for
drought resistance would require an additional step to validate
the value of QTLs over sites, seasons, patterns of drought, soil
types, etc. The nature of drought and its interaction with multiple
environmental factors make the validation of QTLs much more
complex. Ideally, the validation would be carried out within the
target production zone, but this is normally difficult, since find-
ing uniform experimental conditions for evaluation of large RIL
populations close to production zones is usually not practical. A
compromise might be to test a subsample of 30–40 phenotypically
extreme segregant RILs in a smaller trial over multiple sites, with
the sole purpose of validating the QTL. This population size could
serve to confirm the effect of a relatively major QTL, assuming
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that this is the target for eventual MAS. Schneider et al. (1997b)
were able to validate markers using a small set of selected RILs. In
this scheme, a multi-trait analysis (considering yield at different
sites as independent traits) can augment the statistical power lost
due to small population size (Jiang and Zeng, 1995).

TRIAL PLANNING
In planning trials for drought resistance testing it is important
to consider carefully the choice of field sites and management
of collateral factors. Principal among these are seasonal rainfall
patterns, aspects of water control provided by irrigation systems
and/or rainout shelters, soil bulk density, and prevalent abiotic
and biotic stresses including soil fertility/toxicity problems and
diseases or insect pests, some of which are more prevalent during
dry season testing.

Crop yields in farmers’ fields are as much affected by the tim-
ing of water deficits during a season as by the total seasonal
water supply (Passioura, 2007). Field evaluation under realistic
production conditions is the “gold standard” of drought resis-
tance. In general, reliable and uniform field agronomy continues
to be the key to genetic advance. This requires a uniform soil
profile and texture, to the extent possible, since these affect the
available soil moisture. Sampling of soil cores can reveal hid-
den soil variability that does not affect crop performance under
optimal conditions but that would later affect the crop response
under stress. Uniform field preparation with regard to subsoiling,
plough depth, and bedding is critical, since this determines much
of the effective rooting volume of the crop. Often, spatial vari-
ability in reaction to drought can be traced to variability in soil
preparation. Gradients are often observed down the length of the
field in the direction of field preparation. In this case, experimen-
tal designs might best be oriented in the same direction instead
of across the field, and lattice designs often reduce experimen-
tal error. The testing of genotypes under stress and non-stress
conditions allows for the gathering of more information in a
single season and site, and for the calculation of several indices
such as the geometric mean, the reduction of the yield, and the
drought susceptibility index (Fischer and Maurer, 1978). As a rule
of thumb, the more severe the drought-stressed environment, the
more replicates are needed.

The interaction of drought with other stresses is notorious,
especially with edaphic stresses (fertility, toxicities, and high soil
bulk density) that affect root development. Also, drought effects
are frequently exacerbated by pathogens causing root rots—
Fusarium spp and Rhizoctonia solani in highland environments
and Macrophomina phaseolina in lowland environments. If these
are relevant stresses in the target production zones, it is important
to understand their impact on the expression of drought resis-
tance in order to have a realistic expectation of the benefits to
be derived from drought resistance. For example, in Nicaragua,
drought-resistant lines in fertile environments yield 50% more
than local varieties under drought, but only 15% more in infer-
tile environments (Llano, pers. communication). This requires a
careful strategy that takes into consideration all factors and allows
interactions among stresses to be examined. Inclusion of multiple
stresses during the selection process is normally too complex and
would obscure useful genetic variability in drought resistance.

It is more practical to practiced selection for individual stresses
in tandem, and to study the reaction to combined stresses with
advanced lines.

Biotic stresses that are more prevalent during dry season
testing include a range of insect pests such as leafhopper and
whiteflies. These must be controlled for valid testing of drought
resistance, since these pests can have a large effect on plant pheno-
type either through direct feeding or virus transmission. It is often
necessary to control soil fungal pathogens, such as Macrophomina
and Sclerotium, which are a major concern under water stressed
conditions and which are easily spread through irrigation water
used to establish drought nurseries. This can be achieved by seed
dressing and directed fungicide application early in the growing
season, or by planting into plots that have not had a long his-
tory of common bean testing. This is often the only solution when
faced with high levels of Fusarium infestation.

Segregating population analysis in particular requires uniform
conditions of soil and stress, and is best managed with the inter-
planting of parental genotypes plus frequent checks throughout
the field for ready comparison. As noted above, variability in
crop response often follows lengthwise field preparation. Thus,
the identification of superior early generation materials for which
replication is not practical must take into account not only neigh-
boring plots to the right and left but also in the same row above
and below the plot of interest. Segregating populations can also
be replicated across sites to minimize the effects of selection at
a single site, where the risk of out-of-season rainfall can inter-
fere with drought selection pressure. Selection for traits of high
heritability such as disease resistance in early segregating genera-
tions, and delaying the selection for yield under drought stress to
intermediate generations, are common practices.

For family and line evaluation, lattice designs are a valuable
tool, especially to control error that results from soil variabil-
ity. At the family stage of testing that normally involves several
hundred entries, unbordered two-row plots can be used for econ-
omy of space. Small lattices permit even smaller sub-plots. A
six-by-six lattice is relatively easy to accommodate in the field,
with compact sub-plots that are two plots by three plots. Where
a larger number of families and lines are to be evaluated, com-
mon controls among trials permit comparison of the relative
degree of drought resistance across materials in different trials.
Lattice-design experiments are also used effectively for testing of
recombinant inbred line populations in QTL studies. After the
numbers of families or lines have been reduced, duplicated trials
under two moisture regimes at two locations allow for the iden-
tification of highly responsive genotypes or for those that show
the least genotype-by-environment interaction (GEI). In environ-
ments with a history of severe drought stress, trials need to be
established with a higher number of replications than usual, due
to large experimental errors.

WATER STRESS MANAGEMENT AND CHARACTERISATION
With irrigated conditions, drought may be predictable in both
timing and intensity but, under rainfed conditions, unpre-
dictability is the rule. In bean growing areas in the tropics,
terminal drought stress is more common than intermittent
drought stress. In Latin America, terminal drought stress affects
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Central America and Northeastern Brazil, while intermittent
drought stress is common in the semi-arid highlands of Mexico.
In Africa, terminal drought is more common than intermit-
tent drought under the short rains (late October to January)
in the Eastern Highlands, while in the long rains (February
to June) and in regions of Ethiopia, intermittent drought is
common.

The tap root of the bean plant may reach a depth of 1–1.5 m.
The lateral root system is extensive and is mainly concentrated in
the first 0.3 m. At emergence, the rooting depth is about 0.07 m,
at the start of flowering it is 0.3–0.4 m, and at maturity 1–1.5 m.
Water uptake occurs mainly in the first 0.5–0.7 m of depth. In
areas of intermittent drought stress, indeterminate plants with
profuse branching above and below ground (i.e., roots) are better
equipped to cope with drought spells of variable duration. Under
these conditions, lateral and even adventitious roots are impor-
tant to take up moisture during the scarce rain events. Under
conditions when evapotranspiration is 5–6 mm day−1, 40–50% of
the total available soil water can be depleted before water uptake
is affected. When water levels are reduced beyond this point and
drought effects begin to occur, water stress in the plant can be
detected by eye, because the leaves turn dark bluish-green in
color. When the crop is grown for grain production, seed yield
will be seriously affected if the soil water depletion level during
the grain filling period reaches 60–70% of the total available soil
water. The water utilization efficiency for harvested yield or crop
water productivity for dry beans containing about 10% moisture
is 0.3–0.6 kg m−1.

The complexities of water deficit are apparent when one con-
siders the effects of variation in climatic and edaphic conditions
on the extent of dehydration which develops in a crop, and possi-
ble interference from biotic stresses as cited above. Management
aspects that improve drought adaptation include improvement of
soil water holding capacity through incorporation of organic mat-
ter, reduction of soil erosion or improvement of tillage practices,
development of water catchment systems, use of tied ridges, and
changes in planting dates. These practices involve many location-
specific considerations and require a cropping systems approach
to production under water-limited conditions.

Achieving the desired level of stress is one of the most impor-
tant and yet difficult facets of managing drought trials. Extreme
level of drought stress could reduce seed yields to very low lev-
els such that genotypic differences disappear, whereas insufficient
stress could result in selection of non-resistant genotypes. Since
very few bean growing areas in the developing world are depen-
dent on irrigation, most strategies to manage drought stress have
to focus on alternatives under rainfed conditions, with the pos-
sibility of supplemental irrigation. Trials could be established
with the minimum amount of water needed to assure vigorous
seedling establishment, and then irrigation is withheld to simulate
terminal drought stress. Use of rainout shelters where available,
can assure good terminal stress conditions. Use of furrow irri-
gation or sprinkler irrigation and withholding water at different
growth stages of the crop can help to quantify the effects of water
stress on crop growth, development, and yield.

Line source sprinklers offer a specialized irrigation system for
producing a gradient of water stress or a range of levels of stress

in the field. By closely spacing sprinklers along a single line, and
planting genotypes in strips perpendicular to the line, water could
be applied in a gradient. The main advantage of this system is to
quantify the reaction of a genotype to different levels of stress,
although wind speed and direction can influence the water stress
gradient in the field.

WATER STRATEGY
The status of water in soils, plants and the atmosphere is com-
monly described in terms of water potential (�w) i.e., the chem-
ical potential of water in a specified part of the system compared
with the chemical potential of pure water at the same tempera-
ture and atmospheric pressure. It is measured in units of pressure
(MPa; megapascal). The total water potential at any point in the
plant can be partitioned into: (1) the osmotic potential arising
from the presence of dissolved solutes; (2) the turgor potential
arising from the forces exerted on the cell walls from the water
attracted to the cell by the solutes and the solids in the protoplast;
(3) the matrix potential arising from capillary or electrostatic
forces associated with cell walls and colloidal surfaces; and (4)
the gravitational potential arising from gravitational forces on the
water in the plant.

Plants require vast quantities of water. Whereas they incor-
porate more than 90% of the absorbed nitrogen, phosphorus,
and potassium, and about 10–70% of photosynthetically fixed
carbon into new tissues (depending on respiratory demands for
carbon), less than 1% of the water absorbed by plants is retained
in biomass. The remainder is lost by transpiration, involving the
absorption of water by the plant roots, the transport of water
through the conducting tissues of the plant, and the passage of
evaporated water through the leaves and into the air, primar-
ily through the stomata. The essential need for water for crop
growth, development and yield arises from four features of plants
(Bennett, 2003): (1) When plants open the stomata of their leaves
to admit atmospheric CO2 for photosynthesis, they lose water
vapor through the same pores, a process known as “stomatal
transpiration.” Stomatal conductance is more strongly correlated
with several photosynthetic parameters (electron transport rate,
carboxylation efficiency, intrinsic WUE, and respiration rate in
the light) than with leaf water status (Medrano et al., 2002). (2)
Leaves and stems may lose water by transpiration through non-
stomatal surfaces even when stomata are closed. (3) Transpiration
serves to cool leaves that are exposed to high air temperatures,
low atmospheric water vapor pressures, or the heating effect of
light (Radin et al., 1994). (4) The transpiration stream also serves
to transport to the leaves both inorganic nutrients from the soil
and a range of chemicals synthesized in the roots, including sig-
nal molecules that contribute to the integrated response of the
whole plant (Peuke et al., 2002). Thus, the growing bean crop will
transpire several hundred times more water than is present in its
tissues at any one time.

Bean cultivars adapted to drought would require less water
for irrigation and would, therefore, contribute to the conserva-
tion of an important natural resource. The short growing season
reduces water requirements in common beans to levels below
those of other species generally considered as more drought-
adapted (White, 1993). The water requirements of a bean crop
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depend on its environment and nutrition. Water infiltrates the
pores between soil particles and is held there with varying degrees
of tenacity. Water tension (a negative pressure) in soil at any
moment controls the movement of soil water in the soil and its use
by plants. This water tension is expressed in units of MPa. When
tension is low (between −0.01 and −0.03 MPa), water moves to
lower soil layers because of gravitational pull. But when soil water
tension is −1.5 MPa or less, the adhesive force is so strong that
plant roots can hardly extract water from soil. At approximately
this water tension, most crops permanently wilt and stop growing.
The permanent wilting point is species specific and in the case of
common bean, soil water tension values above at or lower than
−0.8 MPa could impose significant drought stress and limit grain
yield. Soil water at a tension between about −0.01 and −1.5 MPa
is considered available for plants.

An assorted range of methods and instruments have been
developed to measure and express soil water. Basically there are
three ways: (1) weight percentage; (2) volume percentage; and (3)
tension. The choice of whether to express soil water content on
a weight or a volume basis is not a critical one if the informa-
tion necessary to convert one to the other is also provided. Field
capacity (FC) is defined as the water content after the soil becomes
saturated, followed by complete gravitational drainage. There is a
higher soil water content at FC in fine-textured soils with a high
clay or organic matter content. The amount of available water is
higher in clay than it is in sandy soils. If the bean crop does not
receive enough water either through rainfall or through irrigation
to maintain leaf expansion and high rates of net photosynthe-
sis per unit leaf area, total canopy dry matter accumulation will
decline, crop development will be affected, and grain yield will be
reduced. The extent of yield loss is very much dependent on the
timing, duration and intensity of water deficit.

Water requirements for maximum production of a 60–120
day bean crop vary between 300 and 500 mm depending on
climate (Allen et al., 1998). Crop coefficient (Kc) values that
relate reference evapotranspiration (ETo) to water requirements
(ETm) for different development stages of dry beans are: dur-
ing the initial stage 0.3–0.4 (15–20 days), during the development
stage 0.7–0.8 (15–20 days), during the mid-season stage 1.05–1.2
(35–45 days), during the late-season stage 0.65–0.75 (20–25 days),
and at harvest 0.25–0.3.

Guerra et al. (2000) found the highest bean seed yield with
irrigation at -41 kPa soil water tension measured at a soil depth of
10 cm. Recently, Muñoz-Perea et al. (2007) examined differences
among dry bean landraces and cultivars (pinto and red market
classes) in terms of WUE under intermittent drought-stress and
non-stress environments. Under severe drought stress, WUE in
pinto beans ranged from 1.5 to 4.4 kg ha−1 mm−1 water. Under
favorable milder climatic conditions, the mean WUE value was
10 kg ha−1 mm−1 water in the drought stress environment and
8.7 kg ha−1 mm−1 water in the non-stress environment. Using
one of the drought adapted small seeded red lines (SER 16), Builes
et al. (2011) reported WUE values up to 9.2 kg ha−1 mm−1 water
under drought stress.

Under rainfed conditions, water deficit can occur more than
once during a crop’s growth cycle, caused by erratic patterns of
rainfall distribution, and may kill the crop under a severe and

prolonged period of drought (Thung and Rao, 1999). The inten-
sity and duration of stress determine the degree of yield reduction
relative to yield potential. Different problems are created by water
deficits at different key developmental stages of the bean crop,
i.e., at sowing, establishment, branching, flowering, and grain
filling.

All other factors being equal, genotypes with high WUE will
survive and grow better in water-limiting environments than
genotypes with low WUE. However, in nature, all other factors
are rarely equal. The physiological basis for variation in drought
resistance in common beans may be due to a wide and poten-
tially unrelated array of mechanisms including earliness, rooting
depth and distribution, carbon allocation patterns, leaf morphol-
ogy, gas exchange patterns, osmotic adjustment, and photosyn-
thate mobilization to grain. In general, selection for improved
WUE through analysis of carbon isotopes will be most useful in
selection for maintenance of growth under drought rather than
survival. Survival mechanisms may relate more to growth phe-
nology and carbon allocation patterns than improved carbon
gain per unit water loss. Thus, increased survival under imposed
drought could be related more strongly to allocation to roots
than to gas exchange characteristics. It is possible that the lack
of a positive relationship observed in common beans between
carbon isotope discrimination (�13C) and seed yield under acid
soil conditions, where root growth is restricted under dry condi-
tions (White, 1993), may be due to genotypic differences in plant
survival mechanisms.

PHENOTYPING TRAITS
The phenotype is a complex expression of the genotype and
its interaction with the environment. Field trials for drought
breeding and associated goals are normally conducted in the dry
season of the year to determine genotypic differences for resis-
tance. The trials could include germplasm accessions, advanced
generation bred lines, and recombinant inbred lines as entries.
Two levels of water supply (irrigated for no stress and rainfed
for drought stress) need to be applied to quantify the effects
of the intensity and duration of drought on crop growth and
seed yield of genetically fixed materials. When the bean crop
is grown with a sufficient water supply, the timing of irriga-
tion is important and applications of water should be directed
toward meeting water requirements during the establishment
period, the early part of the flowering period, and at grain filling.
Non-irrigated treatments generally receive water only during the
establishment period, usually through pre-seeding and/or post-
emergence applications of water. Depending on the number of
genotypes, a partially balanced lattice design (4 × 4 or 6 × 6 or
10 × 10) with three replications can be used. The field trials can
be planted in continuous rows with each genotype per repli-
cation planted in four rows of 5 m length with a row-to-row
distance of 0.6 m and a plant-to-plant spacing of 0.075 m (with
15 seeds for a 1 m-long row to have a final number of 10–15
plants per 1 m-long row). The middle 2 rows are used for seed
yield determination.

Climate data (daily rainfall, minimum and maximum tem-
perature, relative humidity, and pan evaporation) need to be
recorded. Depending on the rainfall and soil texture, two to three
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gravity irrigations are needed to establish the trials with control
and drought treatments (one irrigation at 6 days before planting,
and another irrigation at 10–12 days after emergence). The spe-
cific management practices and amount of water to be applied
by either furrow or sprinkler irrigation will need to be calibrated
empirically for local conditions. However, the rule of thumb
should be to seek a 60–80% yield reduction in susceptible controls
compared to the irrigated treatment, assuming yield potential of
around 2.5 t ha−1 in control plots. In other words, the susceptible
controls would ideally yield in the range of 0.5–1 t ha−1 to have
maximal discrimination among genotypes and better chances
of selecting true drought resistance. The control treatment will
require additional irrigations (four to five) depending on the
rainfall. The drought treatment will not receive any additional
irrigation if furrow irrigation is used, but to induce drought stress
with sprinkler irrigation, a reduction of about 50% in the amount
of water applied to control plots may be considered. It is impor-
tant to monitor the amount of water applied (e.g., 35–50 mm) for
each furrow irrigation. Also, soil samples from each replication
(that includes all genotypes) need to be collected at the time when
irrigation is stopped for rainfed treatment, and followed at flow-
ering, mid-podfilling and at physiological maturity. Soil samples
need to be collected with a soil corer up to 80 cm in depth (at 0–5,
5–10, 10–20, 20–40, 40–60, 60–80, and 80–100 cm) to quantify
soil moisture content gravimetrically. This includes weighing the
fresh and dry weight of each soil sample for each soil depth. These
measurements will allow quantification of the degree of drought
stress at different growth stages.

Crop development needs to be monitored by recording days
to flowering and days to maturity. For quantifying physiological
differences in drought resistance, a number of plant attributes
can be measured at the mid-podfilling growth stage. To mea-
sure plant attributes, a row length of 0.5 m (0.3 m2 area) for each
plot should be selected for destructive sampling. During the sam-
pling, the plants are counted (number per 0.5 m) and cut to the
soil surface, put in a plastic bag and transported to the station
or field room to process. Plants are separated into leaves, stems
and the remaining plant parts (pods and reproductive structures).
If a leaf area meter is available, the leaf area can be determined.
The plant parts need to be put in separate paper bags for oven
drying (70◦C for 2 days). After drying of the samples, the dry
weight of each is recorded. From these dry weights, total dry mat-
ter production and dry matter distribution into different plant
parts as well as the leaf to stem ratio at mid-podfilling can be
quantified.

Yield components should be measured at harvest time. Again,
a 0.5 m long row (0.3 m2 area) is selected, and the number of
plants counted and cut to the soil surface. The plants are put into
a paper bag and transported to the station or field room. They
are separated into stems and pods, and the number of pods and
number of seeds per harvested area counted. The stem, pod wall
and seed samples are oven dried at 70◦C for 2 days and their dry
weights recorded.

Target traits and how to measure them
Many drought adaptation traits, such as phenology, root size,
and depth, hydraulic conductivity and storage of reserves, are

associated with plant development and structure, and are consti-
tutive rather than stress-induced (Chaves et al., 2003). Condon
et al. (2004) have suggested that the consequences of various
plant traits and environmental conditions have to be evaluated
in the specific field environments in which the crop is to be
grown. The target shoot and root traits that are pertinent for
drought resistance breeding in common beans are described
below.

Target shoot traits
From the phenotyping protocol described for field conditions,
the following shoot traits that are related to seed yield can be
quantified:

• At mid-podfilling: dry weights of leaf biomass, stem biomass,
pods plus reproductive structure biomass, total shoot biomass,
and leaf to stem ratio of dry weight.

• At harvest: dry weights of stem biomass, pod biomass and seed
biomass, number of pods per plant, dry weight of pod wall
biomass and proportion of pod wall biomass to pod biomass,
seed number per pod, 100 seed dry weight, seed number per
area and pod number per area.

• Seed yield: the two central rows of each plot are used to
determine seed yield.

• Geometric mean (GM): this is determined for seed yield, 100
seed weight and days to maturity as GM = (ns × ds)1/2 where
ns is no stress and ds is drought stress.

• Harvest index (HI): seed biomass dry weight at harvest/total
shoot biomass dry weight at mid-podfilling × 100.

• Pod harvest index (PHI): the PHI for each genotype is deter-
mined by seed biomass dry weight at harvest/pod biomass dry
weight at harvest × 100.

• Pod wall biomass proportion (%): pod wall biomass dry weight
at harvest/pod biomass dry weight at harvest × 100.

• Pod partitioning index: pod biomass dry weight at harvest/total
shoot biomass dry weight at mid-podfilling × 100.

• Stem biomass reduction (%): (stem biomass dry weight at mid-
podfilling—stem biomass dry weight at harvest)/stem biomass
dry weight at mid-podfilling × 100.

• Grain filling index (GFI): the GFI for each genotype can be esti-
mated from 100 seed dry weight under rainfed conditions/100
seed dry weight under irrigated conditions × 100.

• Seed production efficiency (number g−1): seed number per
area/total shoot biomass dry weight at mid-podfilling per area
(adapted from Board and Maricherla, 2008).

• Pod production efficiency (number g−1): pod number per
area/total shoot biomass dry weight at mid-podfilling per area
(adapted from Board and Maricherla, 2008).

• Drought intensity index (DII): the DII for each growing season
can be calculated as DII = 1 – Xds/Xns, where Xds and Xns are
the mean of all genotypes under drought stress and no stress
treatments, respectively.

• Drought susceptibility index (DSI) for seed yield: the DSI for
each genotype is calculated as follows: DSI = (1 – Yds/Yns)/DII,
where Yds and Yns are mean yields of a given genotype
in drought stress and no stress environments, respectively
(Fischer and Maurer, 1978).
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Additional shoot traits
These include non-destructive measurements that are related to
physiological processes such as photosynthetic efficiency, total
chlorophyll content (Soil–Plant Analyses Development or SPAD
measurement), stomatal conductance, transpiration rate, leaf
temperature (in both the morning and afternoon), and leaf
water potential. The destructive measurements that are related to
growth and metabolism include LAI, canopy dry weight per plant
(leaf, stem and pod biomass), shoot nutrient (nitrogen and phos-
phorus) uptake, shoot and seed ash content, and shoot and seed
total non-structural carbohydrates (TNC). Seed nitrogen, phos-
phorus, ash content, and TNC can be measured at the time of
harvest.

Field evaluation of 121 RILs of the cross MD 23-24 × SEA 5
over 2 seasons at CIAT in Colombia using the above phenotyp-
ing protocol resulted in identification of one line (MR 81) that
was superior in its adaptation to drought stress conditions (Rao
et al., 2005). The superior performance of this line was associated
with higher values of PHI, pod partitioning index, HI, and seed
TNC, and a lower proportion of pod wall biomass and lower value
of seed phosphorus content, indicating the importance of greater
mobilization of photosynthates to pods and seeds per unit of seed
phosphorus in common beans under rainfed conditions.

Target root traits in the field
Root traits associated with drought tolerance can be measured
either in the field or in the greenhouse, and these include root
depth and root architectural traits. Rooting depth and root dis-
tribution under field conditions can be quantified using soil cores
taken at different soil depths followed by root washing, scanning
and weighing as described below for greenhouse root phenotyp-
ing. Deep rooting has been positively correlated with seed yield,
crop growth, cooler canopy temperature, and soil water extrac-
tion in common beans (Sponchiado et al., 1989). In another study
by White and Castillo (1988), drought-tolerant bean genotypes
were able to extend their roots to a depth of 1.2 m in drought
environments, whereas sensitive genotypes could not extend their
roots beyond 0.8 m. These differences in rooting depth were
reflected in overall shoot growth and seed yield.

Rooting behavior and shoot development under greenhouse
conditions
When grown in the greenhouse, beans are planted in a mix
of a soil (4–8% soil organic matter) with river sand (2:1 w/w)
and grown for ca 35–45 days in small plastic tubes (80 cm long
and 7.5 cm in diameter) covered with polyvinyl chloride (PVC)
tubes. The plastic tubes are filled to 75 cm of their total length
with 2400 g of moistened soil–sand mix (made by mixing a ratio
of 500 g of soil to 100 ml of water and packing into the tubes
in aliquots to ensure uniform settling). Trials are planted as a
randomized block in a split plot arrangement with three levels
of water supply: 80% FC (well-watered), 40% FC (simulation
of intermittent drought), and without irrigation (simulation of
terminal drought conditions) as main plots, and genotypes as
subplots. Watering the plastic tube and allowing it to drain and
then registering the amount of soil moisture left determines FC.
Soil is fertilized with an adequate level of nutrients based on soil

analysis. Water stress treatments can be imposed after 10–14 days
of initial growth of the plants. The initial soil moisture level for the
three treatments is 80% of FC. Plants in the well-watered (80%
FC) and intermittent drought (40% FC) treatments are main-
tained by weighing each plastic tube every 3 days and applying
water to the soil at the top of the plastic tube. Plants with terminal
drought receive no water application after the initial establish-
ment. Each plastic tube is weighed to determine the soil moisture
content at 3-day intervals until harvest.

Traits measured in greenhouse trials
A number of shoot physiological characteristics are measured in
a soil tube screening system assay. These include photosynthetic
efficiency, total chlorophyll content (SPAD), stomatal conduc-
tance and transpiration rate, leaf temperature (both in the morn-
ing and afternoon), and leaf water potential. At the time of harvest
(ca 35–45 days after planting and 3 weeks of drought stress),
leaf area, shoot biomass distribution (leaf, stem, pod, and root
biomass), leaf TNC content, and root characteristics are deter-
mined. The soil tube is sliced into 5 layers (0–5, 5–10, 10–20,
20–40, and 40–75 cm). Roots in each soil layer are washed free
of soil, and length, diameter, specific root length, and dry weight
are determined. Root length and diameter are measured with an
image analysis system (WinRHIZO, Regent Instruments Inc.) 1.
Root weight is determined after the roots are dried in an oven at
60◦C for 48 h.

Rao et al. (2006b) used the above soil tube screening system
to evaluate the impact of drought on different genotypes of com-
mon beans in terms of root growth and root distribution. Results
on five genotypes grown in large soil cylinders indicated that SEA
5, BAT 477, and G 21212 were deep rooted compared with BAT
881 and MD 23-24. Terminal drought simulation studies in soil
tubes indicated that BAT 477 has the ability to grow tap roots
under drought conditions, whereas tap root growth was inhibited
in DOR 364. Meanwhile, BAT 477 was found to have vigorous
lateral root growth without drought stress. This constitutive trait
may help it to cope with water deficiency, although the lateral root
growth of both genotypes was inhibited under the drought con-
ditions tested. Greenhouse evaluation of 30 RILs of the cross of
DOR 364 × BAT 477 using the same method for root phenotyp-
ing resulted in identification of two RILs (BT 21138-124-1-4 and
BT 21138-6-1-1) with greater ability for fine root development at
deeper soil depth than the other RILs tested.

This greenhouse screening technique using soil tubes to deter-
mine phenotypic differences in rooting ability under drought
stress has been found to be very complementary to field studies
to evaluate shoot traits for drought resistance in both parents and
advanced lines of common beans.

CHALLENGES AND OPPORTUNITIES FOR IMPROVING
COMMON BEAN FOR ADAPTATION TO DROUGHT
Although physiological studies have revealed the role of some
traits, especially rooting depth and photosynthate remobiliza-
tion, the mechanisms behind these traits are not yet defined.
Furthermore, the relative importance of other traits is still not

1http://www.regentinstruments.com/
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understood, for example, the control of stomatal behavior. Nor
has the role of metabolites in drought resistance been well studied.
In a species as diverse as common beans, and with the potential
that it has for introgression from sister species, useful genetic vari-
ability may yet be found for other traits and mechanisms that may
have a role in drought resistance. Therefore, study of those phys-
iological traits and mechanisms needs to continue. Furthermore,
screening conditions to optimize the expression of traits need to
be fine-tuned, and the relationship between physiological traits
and the QTLs that control them needs to be explored.

While initial QTL studies have been promising, these have
mostly been in a limited number of RIL populations, all so
far created from crosses within the Middle American genepool
(Schneider et al., 1997b; Beebe et al., 2006a). Further studies with
populations developed from crosses between genepools or from
crosses within the Andean genepool are needed to explore addi-
tional diversity for drought resistance QTL alleles, and to analyze
the effect of genetic backgrounds on the QTL alleles that have
already been identified. As mentioned earlier, there is a need for
a larger number of high polymorphism microsatellites to analyze
populations derived from intra-genepool crosses. In addition, a
highly saturated marker system such as diversity arrays technol-
ogy (DArT) would be valuable for fine mapping of QTLs. To do
this effectively, larger populations are needed for genetic anal-
ysis, since most RIL populations in common beans have only
been developed with around 100 lines. However, the creation of
RIL populations of more than 300 lines presents its own difficul-
ties, given that common beans are a low multiplication species
compared to cereals. This also affects the maintenance of RILs.

Alternative population types would also be of interest for
the analysis of drought resistance. In this sense, the advanced
backcross strategy holds promise for the determination of QTLs
that function without the confounding effect of epistasis with
alleles from non-commercial sources, since advanced backcross
breeding fixes valuable alleles in the genetic background of a com-
mercial parent. If MAS for drought tolerance is to be successful,
then understanding the interaction of QTL alleles with multiple
genetic backgrounds is important, since breeding programmes
usually deal with a range of commercial classes and seed colors
representing different genetic backgrounds, genepools and races.

An additional challenge to the genetic understanding of
drought resistance is to associate QTLs with their underlying
genetic and mechanistic factors, whether these be regulatory
genes such as those governing transcription factors, or struc-
tural genes such as those involved in hormone pathways, carbon
or nitrogen metabolism under drought stress and drought-
associated secondary metabolite production. Structural genes for
biosynthesis of metabolites such as proline and trehalose would
be of interest for common beans, since these two metabolites have
had an effect on drought resistance (Farías-Rodríguez et al., 1998;
Amede and Schubert, 2003a; Chen, pers. communication; Suárez
et al., 2008).

Parts of the abscisic acid (ABA) hormone response pathway
would also be sources of candidate genes that may underlie some
of the QTLs identified to date, or that are still to be discovered. In
addition, candidate genes for carbon accumulation and remobi-
lization from leaves and stems to pods and to seeds such as those

encoding sucrose synthase, sucrose-phosphate synthase, and vac-
uolar or cell wall invertases might also be of interest (Sturm,
1999; Pinheiro et al., 2001). In this regard, the analysis of drought
related candidate genes can be an important offshoot of trans-
lational genomics that makes use of sequence information in
well-studied model species to understand genes that are impor-
tant to agricultural traits in crop species. Comparative genomics
has been exploited to a greater extent in cereals (Bennetzen, 2000)
than in legumes, but it may be possible in the future to align QTLs
for drought resistance discovered in soybeans (Mian et al., 1996,
1998) or even candidate genes analyzed in this species with their
putative orthologous loci in common beans.

Candidate genes important for hormone or metabolite pro-
duction are relatively straightforward to clone, whereas tran-
scription factors are often members of multigene families that
are relatively more difficult to analyze on either a transcriptome
or gene-by-gene basis (Udvardi et al., 2007). Furthermore, sub-
tle difference in the expression of transcription factors can have
major effects. Therefore, they are difficult to detect with differen-
tial display, subtractive library production or array-based analyses
(Torres et al., 2006). One example of a transcription factor that is
specifically expressed in roots of both tepary beans and common
beans was discovered by Rodriguez-Uribe and O’Connell (2006)
and is a member of the basic-leucine zipper (bZIP) transcription
factor family. Some members of the DREB gene family also appear
to be root specific and induced by drought (CIAT, unpublished
data). It is important when analyzing candidate genes to base
the analysis on the evaluation of gene sequences or expression
levels in the best drought resistance source genotypes or species
available to the bean researcher.

In terms of breeding, interspecific crosses with P. acutifolius
in particular continue to be attractive from the standpoint of the
very high levels of drought resistance in this species. However,
so far, such crosses have been disappointing in terms of what
has actually been transferred to common beans. Progress may
be facilitated by a better understanding of the mechanisms and
traits involved, such that selection in populations may be focused
on them. Accessions of P. acutifolius are included in physiolog-
ical studies and, to date, it is evident that deep fine roots are
typical of this species and probably contribute to drought resis-
tance. Characterization of P. acutifolius accessions for drought
resistance should continue to elucidate how its traits and mech-
anisms can complement those existing in common bean, and
to focus selection on the most important and unique traits. At
the very least, P. acutifolius can serve as a model of how mul-
tiple drought resistance traits and mechanisms can combine for
high levels of resistance. Interspecific crosses with P. coccineus
are another opportunity to modify the root structure in poten-
tially useful ways. The root system of P. coccineus is much thicker
than that of P. vulgaris and may be better able to penetrate
soil of high bulk density than roots of common beans—a use-
ful trait for compacted soils where root development is limited.
This must be confirmed, and the potential value of this trait be
evaluated.

In the medium to long term, the challenge will be to
match traits and mechanisms to specific environments with
regard to patterns of drought (terminal versus intermittent), and
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associated limitations (e.g., low soil fertility, high temperatures,
and local pathogens). This will need to be an iterative process
of identifying genetic diversity, defining general classes of traits,
and testing these across broad classes of environments. The com-
plexity of this task will defy a strictly rational approach for
the foreseeable future, and much will depend on an empirical
approach, followed by more cycles of physiological analysis and
testing.

Great potential exists for improving drought resistance in
common beans. Exploiting this potential will be enhanced by
more systematic application of physiological and genomic tools
and continued genetic and mechanistic analysis of a range of
diverse germplasm both from within the species and from close
relatives. At present, the most important traits appear to be
those associated with rooting depth and photosynthate remo-
bilization, but other traits may emerge in the future. Effective
use of genomic tools will be aided by a better understanding
of the physiology of drought response and drought resistance
mechanisms. Beans in particular are sensitive to other soil fac-
tors, such as compaction or low soil fertility, that will influence

the expression of favorable rooting traits. This fact makes the
study of drought resistance in beans especially complex, and has
important implications for the ultimate expression of drought
resistance in farmers’ fields. Beans may also be sensitive to
environmental factors that influence mobilization of photosyn-
thates to grain. Efficient breeding schemes, managed stress con-
ditions, scaling-up of the use of phenotyping tools, together
with genomics and MAS, are expected to improve the effi-
ciency of genetic enhancement for drought resistance in common
beans.
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The chickpea and pigeonpea are protein-rich grain legumes used for human consumption
in many countries. Grain yield of these crops is low to moderate in the semi-arid tropics
with large variation due to high GxE interaction. In the Indian subcontinent chickpea is
grown in the post-rainy winter season on receding soil moisture, and in other countries
during the cool and dry post winter or spring seasons.The pigeonpea is sown during rainy
season which flowers and matures in post-rainy season. The rainy months are hot and
humid with diurnal temperature varying between 25 and 35˚C (maximum) and 20 and 25˚C
(minimum) with an erratic rainfall.The available soil water during post-rainy season is about
200–250 mm which is bare minimum to meet the normal evapotranspiration. Thus occur-
rence of drought is frequent and at varying degrees.To enhance productivity of these crops
cultivars tolerant to drought need to be developed. ICRISAT conserves a large number of
accessions of chickpea (>20,000) and pigeonpea (>15,000). However only a small propor-
tion (<1%) has been used in crop improvement programs mainly due to non-availability
of reliable information on traits of economic importance. To overcome this, core and mini
core collections (10% of core, 1% of entire collection) have been developed. Using the mini
core approach, trait-specific donor lines were identified for agronomic, quality, and stress
related traits in both crops. Composite collections were developed both in chickpea (3000
accessions) and pigeonpea (1000 accessions), genotyped using SSR markers and geno-
type based reference sets of 300 accessions selected for each crop. Screening methods
for different drought-tolerant traits such as early maturity (drought escape), large and deep
root system, high water-use efficiency, smaller leaflets, reduced canopy temperature, car-
bon isotope discrimination, high leaf chlorophyll content (drought avoidance), and breeding
strategies for improving drought tolerance have been discussed.

Keywords: carbon isotope, composite collection, core collection, genetic diversity, mini core collection, reference
set, root traits, SSR markers

GENERAL INFORMATION
IMPORTANCE OF CHICKPEAS AND PIGEONPEAS IN THE HUMAN DIET
Chickpeas (Cicer arietinum L) are the fourth largest grain legume
crop in the world, with a total production of 10.9 million tons
from an area of 12.0 million ha and a productivity of 0. 91t ha-1

(Food and Agriculture Organization of the United Nations (FAO,
2010b)). Large variations in chickpea yield are reported, ranging
from 0. 45t ha-1 in Tanzania to 1.67t ha-1 in Canada. Chickpea
productivity records in the last four decades reveal an interest-
ing trend: productivity consistently increased in India and Mexico
while it declined in Turkey, Pakistan, and Iran.

The global production of pigeonpeas (Cajanus cajan L) is 3.7
million tons from an area of 4.8 million ha with a productivity of
0.77t ha-1. Large variations in pigeonpea yields from 0. 3t ha-1 in
Haiti to 1.2t ha-1 in The Philippines are reported. Pigeonpeas are
grown as a field and as a backyard crop in several countries, but as
a field crop only in 21 countries (FAO, 2010b).

Both chickpeas and pigeonpeas are important grain legumes
grown for their protein-rich seeds used in human consumption,
for their ability to restore and maintain soil fertility by nitrogen
fixation, and for their suitability to fit very well into various crop-
ping patterns. Globally, over 90% of chickpeas and pigeonpeas are
produced and consumed in Asia. Chickpea seeds contain 23% pro-
tein, 64% carbohydrates, 5% fat, 6% crude fiber, 6% soluble sugar,
and 3 percent ash (William and Singh, 1987), whereas pigeonpea
seeds contain 20.5% protein, 64.2% carbohydrates, 6.8% lysine,
3.8% fat, 5% fiber, and 4.2% ash (Faris and Singh, 1990).

CHARACTERIZATION OF GROWING ENVIRONMENTS
Chickpeas are largely grown in arid and semi-arid environments
in Asia and Africa, with more than 80% of the annual rainfall
occurring during the rainy season (June–September). The rainfall
variability within the region is usually high, leading to vary-
ing intensities of drought. In the Indian subcontinent, chickpeas
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are grown during the post-rainy season. In northern Pakistan,
Afghanistan, Iran, the Middle East, and Mediterranean Europe,
they are cultivated during the wetter winter months or, where snow
occurs, during the cool dry springtime period, wherein more than
70% of the annual precipitation (i.e., snow plus rain) falls during
the 5–6 months from November/December to April, with sum-
mers typically dry and warm (Khan, 1980). Although the mean
total annual precipitation throughout the region rarely exceeds
500 mm, it is conserved and used rather effectively during the cool
winter season by a crop that has a relatively small evapotranspira-
tion requirement (200–250 mm). Mean annual air temperatures
are often cooler than 20˚C, except in some areas where the rainfall
distribution is bimodal.

The alluvial soils (Entisols) in northwest India and Nepal may
retain up to 200 mm of available water in a 120 cm deep soil
profile. Over similar depths, the black cotton soils (Vertisols) of
the Indian subcontinent have the potential to store 250 mm of
available water. Potential evapotranspiration demand during the
5–6 month period from October/November to March is typically
within the range 200–300 mm for most chickpea-growing areas in
the region. Thus, chickpeas are usually grown under stored resid-
ual soil moisture with the moisture receding to deeper soil layers
with the age of the plants, leading to terminal drought stress. The
intensity and the timing of the stress can, of course, vary depend-
ing on the previous rainfall, soil type, crop duration, and crop
growth.

Pigeonpeas are commonly sown during the rainy season and
flower and mature in the post-rainy season. The rainy months
are hot, average diurnal air temperatures varying between 25 and
35˚C, with daily maximum values typically close to 35˚C and warm
nights (20–25˚C). There can be large gaps between the two rainfall
events leading to spells of intermittent drought stress. Pigeonpeas
are grown on a wide range of soils in the tropics and subtrop-
ics including Entisols, Vertisols, Alfisols, Inceptisols, Ultisols, and
Oxisols, with a wide variation in water-holding capacity. Both
Entisols and Vertisols are generally deep and hold more than
200 mm of plant-available water to a depth of 1.5 m at the end
of the rainy season, whereas Alfisols are usually less than 1 m
deep and hold less than 90 mm plant-available water to a depth of
1 m (Reddy and Virmani, 1981). The crop grows well on Entisols,
but suffers moisture deficits of different intensities as intermittent
and/or terminal drought on Alfisols and Inceptisols.

Clearly, there is a need to match the duration of the soil mois-
ture availability to that of the genotype duration for maximizing
productivity in any given environment.

GENETIC AND GENOMIC RESOURCES
Germplasm in CGIAR and NARS genebanks
Plant genetic resources are the most valuable among all of the
natural resources. The widespread cultivation of modern and
high-yielding cultivars has posed a great threat to the reser-
voir of local plant biodiversity that has evolved over millennia.
To safeguard this diversity, large-scale collecting and conserva-
tion efforts have been made in recent years, resulting in the
assembly of more than 7 million accessions held worldwide in
over 1750 genebanks of the Consultative Group on Interna-
tional Agricultural Research (CGIAR) or of national agricultural

research systems (NARS; FAO, 2010a). There are over 98,000
chickpea accessions in genebanks, predominantly preserved at the
International Crops Research Institute for the Semi-Arid Tropics
(ICRISAT) and the International Center for Agricultural Research
in the Dry Areas (ICARDA). There are 28,000 pigeonpea acces-
sions in genebanks, with ICRISAT holding 13, 632 accessions. In
addition, substantial numbers of chickpea and pigeonpea acces-
sions are stored at the National Bureau of Plant Genetic Resources
(NBPGR), New Delhi, India. The other two genebanks holding
large collection of chickpea are the United States Department of
Agriculture (USDA) Regional Plant Introduction Station, Pull-
man, Washington State and the Australian Temperate and Field
Crops Collection (ATFCC), Victoria, Australia. These genebanks
also maintain ca 900 wild relatives of chickpeas and ca 670 of
pigeonpeas. In addition, 269 chickpea and 1619 pigeonpea elite
germplasm lines have also been registered in the genebanks.

Assessing genetic diversity for phenotypic traits
The assessment of diversity in germplasm is important to plant
breeders for crop improvement and to genebank curators for
efficient and effective management of their collections. A large col-
lection of chickpea germplasm has been characterized for a num-
ber of morphophysiological and reproductive traits at ICRISAT,
Patancheru, India. Diversity assessment, based on 16,820 acces-
sions and 13 traits, revealed an interesting trend, namely significant
differences in means and heterogeneous variances for agronomic
traits among regions. Accessions from Africa were earliest to flower,
and those from Southeast Asia shortest in stature. Cluster analy-
sis delineated two regional clusters consisting of Africa and South
and Southeast Asia in the first, and the Americas, Europe, West
Asia, the Mediterranean, and East Asia in the second (Upadhyaya,
2003).

Diversity assessment in pigeonpeas (based on 26 traits in 11,402
accessions) also revealed significant differences in means and het-
erogeneous variances among regions. Accessions from Oceania
were conspicuous by their short growth duration, reduced plant
height, fewer branches, pods with fewer seeds, smaller seed size,
and lower seed yields. In contrast, accessions from Africa were
of longer duration, taller, with multi-seeded pods, and larger
seeds. Cluster analysis delineated three clusters: cluster 1 including
accessions from Oceania; cluster 2 from India and adjacent coun-
tries, and cluster 3 from Indonesia, Thailand, Philippines, Europe,
Africa,America, and Caribbean countries (Upadhyaya et al., 2005).

Core and mini core collections to sample representative diversity in
the entire collection
The main reason for the low use of germplasm in crop improve-
ment programs is the lack of information on a large number
of the accessions, particularly for traits of economic importance
which display a great deal of genotype-by-environment interaction
(GEI). Frankel (1984) introduced the concept of developing a core
collection, which consist of about 10% of the entire collection and
represent at least 70% of the genetic variability of the entire col-
lection (Brown, 1989) as a gateway to the enhanced utilization of
germplasm in breeding. Core collections of chickpeas and pigeon-
peas have been reported (Upadhyaya et al., 2001; Reddy et al.,
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2005). However, it soon became evident that developing core col-
lections would not solve the problem of low use of germplasm,
because even the core collection could still be large. To overcome
this, Upadhyaya and Ortiz (2001) proposed the “mini core collec-
tion” concept (consisting of 10% of the core or 1% of the entire
germplasm), and developed mini core subsets in chickpeas and
pigeonpeas (Upadhyaya and Ortiz, 2001; Upadhyaya et al., 2006b).

Core and mini core collections to identify trait-specific germplasm
Core and mini core subsets provide easy access to the wider spec-
trum of germplasm collections for discovering useful variation for
breeding and genomics applications. When evaluated, new sources
of variation have been reported in chickpeas for, for example,
high yield (Upadhyaya et al., 2007a), early maturity (Upadhyaya
et al., 2007b), large seed size, drought and salinity tolerance (Serraj
et al., 2004a,b; Kashiwagi et al., 2005, 2006a), and disease resistance
(Pande et al., 2006). In pigeonpeas, new sources of early maturity
with high yield (Upadhyaya, unpublished) and salinity tolerance
have been discovered (Srivastava et al., 2006).

Polymerase chain reaction-based markers, genotypic diversity, and
genetic maps
Development and use of polymerase chain reaction (PCR)-based
molecular markers and genetic maps in chickpeas started as early
as 1990 (Gaur and Slinkard, 1990). Subsequently, several hundred
simple sequence repeat (SSR) markers have been developed in
chickpeas (Varshney et al., 2007). The majority of these mark-
ers have been mapped in two inter-specific mapping popula-
tions: C. arietinum ICC 4958×C. reticulatum PI 489777 (Win-
ter et al., 1999, 2000; Pfaff and Kahl, 2003) and C. arietinum
FLIP 84–92C×C. reticulatum PI 599072 (Tekeoglu et al., 2002),
and genetic linkage maps of varying genome coverage have been
reported.

Molecular markers in pigeonpeas were used to study genetic
diversity (Nadimpalli et al., 1994; Ratnaparkhe et al., 1995). The
level of polymorphism among wild species was high, while little
polymorphism was detected within C cajan accessions. Recently,
amplified fragment length polymorphism (AFLP) and diversity
arrays technology (DArT) analysis have been conducted on a few
cultivars and wild species, with similar results of low polymor-
phism being observed among pigeonpea cultivars (Panguluri et al.,
2006; Yang et al., 2006).

Upadhyaya et al. (2006a) developed a composite collection of
chickpea (3,000 accessions), representing the entire spectrum of
genetic diversity present in ICRISAT and ICARDA genebanks.
They genotyped the 3,000 accessions using high-throughput assay
and 50 SSR markers. Data on two markers (TA28 and TR2) were
not used in the analysis and only a dataset of 48 SSR loci on
2,915 accessions (with less than 3.25% missing data) of the com-
posite collection was used to study structure and diversity and
thereby identify a reference set of the 300 most diverse acces-
sions (Upadhyaya et al., 2008). This composite collection showed
rich allelic diversity (1,683 alleles, and 35 alleles per locus, with
935 rare alleles, 748 common alleles, and gene diversity from
0.534 to 0.975), and a number of group-specific unique alleles
(114 in Kabuli, 297 in Desi, 69 in wild Cicer, 114 in Mediter-
ranean, 114 in West Asia, and 117 in South and Southeast Asia

groups). The Kabuli group was more genetically diverse than
other types. Only four alleles in pea-shaped chickpeas differen-
tiated them from other biological groupings. South and Southeast
Asia and West Asia groups shared 74 common alleles, Mediter-
ranean and South and Southeast Asia groups shared 33, and
Mediterranean and West Asia groups shared 38. Desi and Kab-
uli types shared 436 alleles. DARwin structure analysis revealed
that Desi and Kabuli chickpeas formed two distinct clusters. A
reference set consisting of 300 accessions captured 78% (1,315
alleles) of allelic richness from the composite collection (1,683
alleles).

A pigeonpea composite collection of 1,000 accessions was
developed that has been profiled using 20 SSRs and high-
throughput assays at ICRISAT. After quality control, a complete
dataset of 20 SSRs on 952 accessions (<3% missing data point)
was used to dissect the structure and diversity in the composite
collection and for the formation of a reference set. A total of 197
alleles were detected in the composite collection, of which 115 were
rare and 82 common alleles. Gene diversity varied from 0.002 to
0.726. Biologically, group-specific unique alleles were 60 in wild
types and 64 in cultivated types. Simple matching allele frequency-
based distance matrix was used to identify a reference set of the
300 most diverse accessions, capturing 95% (187 alleles) of the
197 alleles of the composite collection (952 accessions). The ref-
erence set will be profiled with additional markers and extensively
phenotyped for traits of economic importance to identify acces-
sions for beneficial traits for utilization in pigeonpea breeding and
genomics.

RELEVANT RESULTS PUBLISHED IN THE AREA OF DROUGHT
ADAPTATION
Improving the drought tolerance of crop plants has been a diffi-
cult challenge under rain-fed environments because: (i) the rainfall
received and the frequency of rainfall events vary among the sea-
sons/years and locations; and (ii) large genotype-by-season or
genotype-by-location interactions mask the genetic variation of
yield. It is difficult to develop phenotypic screens for intermit-
tent drought tolerance since the timing and intensity of this type
of drought are fairly unpredictable, whereas screening for ter-
minal drought has been successful in many crop plants (Turner,
1986; Subbarao et al., 1995). The strategies through which crops
cope with soil water deficit can be categorized into three groups
(Loomis and Connor, 1992): (i) drought escape in which the crops
try to complete their reproductive growth before the soil water
deficit becomes too severe; (ii) drought avoidance where the crops
either minimize the water loss from their tissues or enhance water
absorption even under drought conditions; and (iii) drought tol-
erance where the crops enhance the physical and/or physiological
capability of their cells to continue metabolism at low leaf water
status.

METHODOLOGY
BREEDING STRATEGY
Chickpeas
Terminal drought escape through early phenology (short-
duration) has been the most successful breeding strategy in chick-
peas (Gaur et al., 2008). The number of days taken from sowing
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to flowering initiation can be recorded easily, providing a good
indication of the succeeding phenological traits (days to podding
and to maturity), since these traits are intercorrelated. Pundir et al.
(1988) reported a range from 33 to 107 days for time to 50% flow-
ering in a collection of 12,018 accessions. This is a wide range
and provides good scope for developing cultivars with the desired
earliness. In segregating generations, plants that flower early, for
instance in 25–30 days at ICRISAT–Patancheru, are tagged and
their progenies are evaluated further. Selection for time to flow-
ering is effective even in early segregating generations, since the
trait is recessive and controlled by a few major genes (Or et al.,
1999; Kumar and van Rheenen, 2000). Several early maturing
high-yielding cultivars have been developed, for example, ICCV 2
(released in India, Sudan, and Myanmar), ICCV 92311, JGK 1, and
KAK 2 (released in India) and ICCV 92318 (released in Ethiopia)
in Kabuli types, and ICCC 37, JG 11, and ICCV 93954 (released
in India) and ICCV 88202 (released in Australia, Myanmar and
India) in Desi types. Adoption of early maturing varieties such as
KAK 2, JG 11, Vihar etc., has shown high impact on enhancement
of the chickpea area under cultivation and productivity in short-
season environments such as Myanmar (Than et al., 2007) and
southern India (Gaur et al., 2008).

It has been possible to develop breeding lines that mature ear-
lier than both the parents by accumulating earliness genes from
the two parents. For example, the super-early line ICCV 96029,
which flowers in about 24 days at Patancheru, was developed from
a cross between two early lines, ICCV 2 and ICCV 93929, which
flower in 30 and 32 days (Kumar and Rao, 1996). Super-early lines
have further expanded opportunities for cultivation of chickpeas
in areas and cropping systems where the cropping window avail-
able for chickpeas is narrow and in specific situations where early
podding is highly desired, for example when immature grains are
used as vegetables (Sandhu et al., 2007).

The prolific root system in chickpeas contributes to grain
yield under terminal drought conditions (Kashiwagi et al., 2006a).
Reports on the relationship of other morphophysiological traits to
grain yield under drought conditions are variable. Thus, breeding
efforts using any of these traits as criteria for drought tolerance
are few. Although the importance of a prolific root system in ter-
minal drought tolerance is well recognized, only limited efforts
have been made to breed for improved root traits. This is because
screening for root traits is a destructive and labor intensive process,
and difficult to use in large segregating populations.

Combining different drought resistance mechanisms is a poten-
tial strategy for enhancing levels of drought resistance. Efforts have
been made to combine the large root trait with few leaflets, and
breeding lines have been developed combining these traits (Sax-
ena, 2003). However, no information is available on their drought
tolerance.

It is well recognized that molecular markers linked to major
genes controlling root traits can facilitate marker-assisted breeding
(MAB) for those traits. A major quantitative trait locus (QTL)
contributing one third of the variation for root length and root
biomass has been identified (Chandra et al., 2004) and efforts are
being made to identify additional QTLs for root traits. MAB for
root traits in chickpeas is in progress.

Pigeonpeas
Traditional long- and medium-duration pigeonpea landraces
have evolved under, and have apparently adapted to, terminal
drought stress conditions. However, studies show that preva-
lence of drought during the reproductive phase usually reduces
grain yield in pigeonpeas (Chauhan et al., 1992). This is more
apparent in environments closer to the equator where evapo-
transpiration is high. Since a large spectrum of maturity is now
available in pigeonpeas, the development of genotypes with the
duration that matches well with the duration of soil moisture
availability is the first line of defense against terminal drought
stress. Another strategy may be to select the single plants from
segregating populations that show good yield in hotspots for
terminal drought conditions. Furthermore, opting for a shorter
duration cultivar than those traditionally used in a region does
not necessarily mean sacrificing yield potential, since even extra-
short-duration cultivars can produce yields above 2.5t ha-1 (Nam
et al., 1993).

Hybrids in most crops have been found to perform well under
moisture stress conditions. Two pigeonpea hybrids, ICPH 8 and
ICPH 9, exhibited higher yield levels than controls irrespective of
soil moisture regimes. This suggests that pigeonpea hybrids have
the potential to perform well in both dry as well as optimum soil
moisture environments (Saxena et al., 1997). This may be related
to their superior ability to maintain relative water content (Lopez
et al., 1994).

TRIAL PLANNING
Segregating populations originating from hybridization between
drought-tolerant and susceptible lines should be grown under
drought stress situations,and may be advanced following the single
seed descent method until the lines attain a good level of pheno-
typic uniformity. The advanced lines should be evaluated for at
least 3 years to assess their yield potential under terminal drought
stress conditions. In the first year, all the lines along with con-
trols should be grown in a preliminary trial with two to three
replications on a small plot size, using appropriate experimental
designs. In the second and third years, the selected lines along with
controls should be promoted to advanced and elite trials, respec-
tively, and should be evaluated multilocationally, preferably with
a higher number of replications and a bigger plot size. These trials
should be grown under rain-fed conditions (hotspot locations)
prone to terminal drought. The entries that outperform (at least
by 10%) under drought stress situation may be selected for further
evaluation. The best performing drought-tolerant lines should be
involved in a more detailed study to dissect the genetic, physiolog-
ical, and molecular basis of drought tolerance. In all of the trials,
soil and climate data must be recorded to document the contribu-
tion of these variables to the performance of test entries and also
to explain GEI.

DROUGHT STRESS MANAGEMENT AND CHARACTERIZATION
Rainout shelters are designed to protect a certain area of the
land against receiving precipitation so that a controlled drought
stress can be imposed on that area. Static and moveable rain-
out shelters have been constructed, with the latter having either
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automatic/motorized or manual versions. The automatic version
is activated to move over the protected plot by a rain sensor and
an electronic drive system. The manual version is moved either
by manually switching the drive on or by manually pushing it
over the protected plot. The manually handled rainout shelters
are lightweight and therefore cheaper to construct. ICRISAT has
designed manually driven rainout shelters for use in drought
research (Chauhan et al., 1997). One unit made from gabled metal
frames covered by polythene sheets is 7.5 m wide, 15 m long, and
2 m high (at the mid-point).

Line-source sprinkler irrigation (Hanks et al., 1976) is the
most common method to create a moisture gradient to screen
for mid- and terminal drought stress. The plot nearest to the
sprinkler head serves as a control (fully irrigated). The amount of
water then decreases as the distance of the plot from the sprin-
kler head increases, allowing increasing intensities of drought
stress. Catch cans (plastic buckets) are kept on each plot to mea-
sure the amount of water applied by sprinklers. A neutron probe
(Model 2651 Troxler Electronic Laboratories Inc, USA), is used
to assess the soil moisture at various depths at regular interval
through access tubes buried up to the desired depth. However,
neutron probe readings need to be calibrated, at least once, against
the gravimetrically estimated soil moisture content. The readings
derived from calibration of the count ratio of the neutron mois-
ture meter are further converted into volumetric moisture content.
A summation of volumetric water present at each soil depth, up
to the maximum known depth of root penetration, would pro-
vide the amount of available soil water (in cm) in the whole soil
profile.

When to impose drought stress – as mid-season or terminal
drought – depends upon the crop phenology, guided mainly by
the crop duration. In general, test materials are grouped according
to similar maturity and then subjected to drought stress. Mid-
season drought is imposed at flowering, while terminal drought is
imposed during the post anthesis period (preferably 30–40 days
prior to maturity). Water is withheld during this period and
the drought response is measured against the fully irrigated
control.

PLANT WATER STRATEGY
Drought escape
Crops that mature early have a better chance to escape termi-
nal drought. Even in segregating populations, it is easy to score
for early maturity, since the number of days taken to flower-
ing correlates fairly well with crop phenology (Murfet and Reid,
1985; Kumar and Abbo, 2001). A faster rate of partitioning has
been shown to be associated with drought tolerance, permitting
a relatively higher biomass at flowering and escaping part of the
terminal drought periods (Krishnamurthy et al., 1999). This can
be assessed in any conventional field studies. The traits to measure
under drought stressed environments are vegetative and reproduc-
tive growth periods, shoot biomass at 50% flowering, and shoot
biomass and grain yield at maturity. Similar sets of data under
optimally irrigated conditions as well as under drought would per-
mit comparison of the rate of partitioning between the different
environments (Krishnamurthy et al., 1999).

Drought avoidance
Stomatal conductance, root traits, water-use efficiency (WUE),
and osmotic adjustment (OA) are some important mechanisms
allowing selection for drought avoidance. Stomatal conductance
regulates transpiration activity through which the plant can min-
imize water loss under drought stress conditions. It can be esti-
mated by using a gas exchange system such as LI-COR Biosciences’
LI-6400 portable photosynthesis system. However, it is time-
consuming and, hence, not suitable for large-scale phenotyping
of populations – a requisite in molecular breeding approaches. As
canopy temperature is a consequence of stomatal activity, it can
serve as a proxy to estimate stomatal activity. Plant canopy temper-
ature differences can be quantified using an infra-thermo camera
(Figures 1A,B) and such differences have been shown to corre-
late reasonably well with the transpiration status in rice, potatoes,
wheat, and sugar beet (Fukuoka, 2005). This sophisticated device
can record the thermal digitized image of the plant canopy within
a short time (1 min), thus allowing phenotyping for transpiration
(stomatal conductance) in large populations. Now with the avail-
ability of a macro program, it is also possible to remove the image
background (Figures 2A,B) of the soil surface (or the soil reflec-
tion) before estimating the canopy area alone. These images are
also readable through the Macro for the estimation of the range
and the extent of canopy fraction with a specific temperature as
well the average temperature of the whole canopy (Figures 3A,B)
and phenotype chickpeas and pigeonpeas for canopy temperature
or transpiration status.

Variations in root traits have been associated with enhanced
drought tolerance in some crops (Subbarao et al., 1995; Kashiwagi
et al., 2005). However, it is very cumbersome to screen for root

FIGURE 1 | Infra thermal camera images displaying the canopy
temperature of a relatively (A) cooler canopy compared to a (B)
warmer canopy.

FIGURE 2 | Infra thermal camera images after removal of the
background soil reflection and retaining the canopy image alone of a
relatively (A) cooler canopy compared to a (B) warmer canopy.
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traits under field conditions. To overcome this limitation, a cylin-
der culture system (using polyvinyl chloride (PVC) pipes 18 cm in
diameter and 120 cm tall) has been developed that allows screening
of large amounts of chickpea germplasm for root characteristics
(root length density and rooting depth). With this system, the
sampling efficiency can be improved dramatically up to about 25
profiles worker-1 day-1, which is approximately 7.5 times faster
than field sampling. These observations correlate well with the
field observations (r = 0.62, p < 0.05) when cylinders are packed
with Vertisols premixed to 70% field capacity soil moisture. Fur-
ther, once the roots have been extracted, the root length can be
measured quickly in a sophisticated image analysis system. Thus,
platform scanners can each scan more than 150 samples per day,
and the powerful image analysis software WinRhizo helps mea-
sure root length with a capacity of more than 500 images per day.
This system is capable of providing reliable root phenotyping data
for any large size populations. However, with the cylinder system,
information cannot be obtained on root architecture or branching
pattern. An acrylic root rhizobox method would be the ideal way
to grow the plants in large populations and the image analysis sys-
tems could be applied directly to capture the image digitally and
analyze it. Currently, the rhizobox is being optimizing at ICRISAT
for both chickpeas (Figure 4) and pigeonpeas.

Recent work at ICRISAT has shown that the variation in root
length density in the surface layer (15–30 cm depth) also matters
and shown to contribute to the seed yield both under moder-
ate to severe drought environments in Vertisols (Kashiwagi et al.,
2006a; Table 1). This yield contributory effect was explained as a
consequence of rapid absorption of soil water by the plants of a
fraction of soil water which otherwise would have been lost due
to evaporation. A wide range of diversity in rooting profile and

FIGURE 4 | Root morphology of 20 day old chickpea genotype Annigeri
seen as a scanned image that was grown in a root box. The prominent
tap root growth is completely visible while only part of the branches are
visible.

FIGURE 3 | Histograms and the details of the image displaying the extent canopy size under a class of temperature, of the Infra thermal camera
images of a relatively (A) cooler canopy compared to a (B) warmer canopy.
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Table 1 | Correlation coefficients among the root length densities

(total and layer-wise) observed at 35 days after sowing and the seed

yield of 12 cultivated chickpea genotypes grown in a Vertisol field

during 2000–01 (moderate drought year) and 2001–02 (severe drought

year) post-rainy seasons.

RLD

(0–15)

RLD

(15–30)

RLD

(30–45)

RLD

(45–60)

RLD

tot

2000–2001 FIELDTRIAL

RLD 15–30 0.381

RLD 30–45 −0.024 0.645*

RLD 45–60 0.059 0.684* 0.935**

RLD tot 0.532 0.883** 0.797** 0.838**

YLD (g m−2) 0.344 0.699* 0.406 0.405 0.613*

2001–2002 FIELDTRIAL

RLD 15–30 0.854**

RLD 30–45 0.757** 0.785**

RLD 45–60 0.577 0.528 0.819**

RLD tot 0.943** 0.915** 0.909** 0.761**

YLD (g m−2) 0.442 0.718** 0.779** 0.576* 0.659*

RLD 0–15=Root length density at 0–15 cm soil depth.

RLD 15–30=Root length density at 15–30 cm soil depth.

RLD 30–45=Root length density at 30–45 cm soil depth.

RLD 45–60=Root length density at 45–60 cm soil depth.

RLD tot=Average root length density at the 0–60 cm profile.

YLD (g m−2)=Grain yield (g m−2) at maturity.

*Significant at P=0.05 and **Significant at P=0.01.

abundance has been noted in chickpeas: ICC 4958 and ICC 8261
have prolific and deeper roots, and ICC 1882 and ICC 283 have
small and shallow roots (Kashiwagi et al., 2005). In pigeonpeas, a
deeper rooting system is likely to have the advantage of sustaining
better growth, even under medium and long-duration drought
environments (Chauhan et al., 1992). In contrast, many high-
yielding short-duration pigeonpea varieties that were developed
to fit into sole cropping systems have shallow root systems and are
unable to extract soil water effectively beyond 50 cm (Subbarao
et al., 2000).

Water-use efficiency has been used to select for drought tol-
erance in many crops (Farquhar et al., 1982; Hubick et al.,
1986; Wright et al., 1988, 1994). Although improved WUE under
drought environments did not always result in better seed yield, it
could improve biomass production (White et al., 1990). Phenotyp-
ing for WUE in chickpeas and pigeonpeas could be achieved by
gravimetric methods in pot culture. In this approach, the pot-
grown plants are covered with polythene bags to avoid direct
evaporation and the pot weights are measured at the beginning
and the end of the experiment to estimate the transpiration loss
of each individual plant. The initial plant dry weight is mea-
sured at the beginning of the experiment using a different set
of plants, and at the end of the experiment, the final plant dry
weight is measured using some of the replicates (Krishnamurthy
et al., 2007). WUE can be estimated using data on the amount
of transpiration and the plant weight gain during the experi-
ment. This method is already in use for groundnuts, and is simple
and amenable to phenotyping of WUE in large-sized populations.
Since this pot culture method does not permit natural root growth,

the potential differences in WUE brought out by the deeper and
shallower root systems of chickpea genotypes are expected to
be masked. Certain improvements in the methodology to take
into account differences in rooting depth are being tested, e.g.,
growing plants in deep cylinder systems. For pigeonpeas, the pot
culture method has to be optimized because the root mass of
this crop is expected to be much larger and deeper than that of
chickpeas.

Carbon isotope discrimination (∆13C) has been suggested as
an indirect measure for WUE in many crops. Using this approach,
Kashiwagi et al. (2006b) showed a clear relationship between WUE
(obtained through a gravimetric method) and ∆13C under soil
water deficit conditions. In this method, only a very small quan-
tity (a few mg) of dried plant sample (e.g., leaf) is needed for the
analysis using a sophisticated mass-spectrometer, and the samples
can be kept stored for a long time. Therefore, it can potentially cope
with large-scale phenotyping. For pigeonpeas, the ∆13C method
would be more suitable because of the difficulties in estimating
WUE gravimetrically using pot culture.

Osmotic adjustment could be increased to cope with the soil
water deficit. It is the active accumulation of solutes in plant cells,
as a result of which the water potential in the plant is decreased.
OA has been shown to maintain photosynthesis and improve root
growth and water extraction ability from the soil under drought
conditions (Ludlow, 1980, 1987; Morgan and Condon, 1986). OA
in chickpeas showed positive effects on seed yield under drought
conditions (Morgan et al., 1991). Differences in OA observed in F8

progenies and parents have been shown to vary from year to year
and have not consistently benefited seed yield in chickpeas under
terminal drought, either in Australian or Indian locations (Turner
et al., 2007). However, OA enhanced the seed yield in pigeon-
peas under drought by delaying leaf senescence and improving
the remobilisation of assimilates from the stems and leaves (Flower
and Ludlow, 1986, 1987).

Membrane stability has been considered to be an indicator for
improving drought tolerance (Gaff, 1980). In most crops, once
dehydration has exceeded a critical threshold level, membrane
function collapses leading to the death of the plant. However,
in some crops, the membrane can be reconstituted and becomes
functional within hours of well-watered conditions being pro-
vided. This membrane stability could, therefore, be considered as
an important trait to contribute to improving plant growth under
drought (Gaff, 1980). However, a clear relationship between crop
performance under drought conditions and membrane stability
has not been reported. It should be well understood before opening
it up to large-scale phenotyping.

PHENOTYPING TRAITS
Of the available phenotypic screens, it appears that options for
drought tolerance/resistance breeding in chickpeas and pigeon-
peas are limited at present to selection for early maturity (drought
escape) and root traits (drought avoidance). Both of the traits are
easy to score, moderate (root trait) to high (earliness) in heri-
tability, and variation for these characteristics is controlled by a
few genes. For example, a single major gene controls flowering in
chickpeas (Or et al., 1999; Kumar and van Rheenen, 2000). These
two traits can also be scored easily in segregating populations
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to map QTLs associated with variation in flowering and root
characteristics.

Like in chickpeas, earliness as a trait in pigeonpeas has also been
used to select short or extra-short-duration lines that escape ter-
minal drought, with a potential yield of about 2.5t ha-1 (Nam et al.,
1993). A deeper rooting system would also be a promising trait to
improve soil water uptake from the subsoil, thereby improving
drought tolerance in pigeonpeas.

Polyvinyl chloride pipe-based phenotypic screens for root traits
have been well documented and can be used to screen large num-
bers of chickpea germplasm/breeding populations (Kashiwagi
et al., 2005, 2006a). With some modification, the PVC pipe-based
phenotyping of root traits can also be applied to screening for root
characteristics in pigeonpeas.

CONCLUSIONS
The core and mini core collections in chickpeas and pigeon-
peas, representing over 80% of the diversity present in the
entire collection, should be evaluated for traits associated with
drought tolerance under terminal drought stress conditions.
Chickpea and pigeonpea reference sets, selected on the basis
of genotyping results of the composite collections (3,000 and

1,000 accessions respectively), should be evaluated for drought
tolerance.

There is a need for further refinement of screening techniques
and large-scale adoption of such techniques to select for traits
associated with drought tolerance in breeding/mapping popula-
tions. There is also a need to saturate the mini core subset or
reference set with an increased number of SSR and DArT mark-
ers to scan the whole genome and be used to detect marker-trait
association using association genetics. The utility of leaf chloro-
phyll content as measured by Soil–Plant Analyses Development
(SPAD) chlorophyll meter reading, WUE, OA, and leaf size and
shape as a measure of drought tolerance need to be investigated
further.

Early maturing pigeonpeas have a prolific but shallow root
system. Consequently, there is a need to identify pigeonpea
germplasm possessing early maturity and deep rooting. More
attention is needed to understand marker-trait association in order
to find PCR-based markers associated with drought tolerance to
initiate marker-aided selection for traits associated with drought
tolerance. Finally, there is a need to investigate the physiological
basis of superior performance of pigeonpea hybrids under drought
stress conditions.
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Methods for phenotyping cowpeas for adaptation to drought are reviewed. Key factors
involve achieving optimal time of flowering and cycle length, and appropriate morphology
for different types of cultivars as they relate to their utilization for dry grain, hay, and fresh
pea production. Strong resistance to vegetative-stage drought is available and should be
incorporated. The extreme ability of extra-early erect cowpea cultivars to escape terminal
drought should be exploited in zones with very short rainfall seasons. In zones with the
possibility of limited rainfall in the middle of the growing season, resistance to mid-season
drought, and the delayed-leaf-senescence trait can be valuable. Breeding for water-use effi-
ciency, deeper rooting, and heat tolerance are discussed. Diseases and pests that influence
adaptation to drought are considered. Resistance to the organism causing ashy stem blight
disease should be incorporated because this disease can destroy cowpea seedlings under
hot, dry soil conditions. The value of varietal intercrops with contrasting types of cowpea
cultivars in enhancing adaptation to drought is described. Implications of cowpea/cereal
rotations for cowpea breeding are discussed. Breeding strategies for enhancing cowpea
adaptation to drought are described.

Keywords: cowpeas, drought resistance, drought adaptation, water-use efficiency, heat tolerance, leaf electrolyte

leakage

INTRODUCTION
USES OF COWPEAS FOR FOOD AND FEED AS THEY RELATE TO
CULTIVAR TYPES AND DROUGHT ADAPTATION
The various uses of cowpeas (Vigna unguiculata L. Walp.) as food
and as feed for animals influence the types of cultivar that are
needed. The developmental and morphological traits associated
with these uses also influence the adaptation of the cultivars to
drought. The main use of cowpeas as a food is as dry grains which
have more resistance to terminal drought than either fresh peas or
immature pods.

Cowpea grains have substantial quantities of protein (about
25%) and carbohydrate (about 64%), vitamins, and fiber. The
amino acid and vitamin profiles of cowpea grain complement
those of cereals. When one part of cowpea grain is combined with
three parts of cereal grain it provides a near-complete food. In the
subsistence farming areas where it mainly is grown, the main role
of cowpeas is as a concentrated source of protein that is cheaper
than fish, meat, poultry, or dairy products and combines well with
cereal grains in the human diet.

In some cases, the pods of cowpeas are harvested when they are
full sized and before they dry out. The pods are then shelled and
the grains are cooked and eaten as fresh“southern peas.”This prac-
tice has been important in the southeastern United States. Since
1985 the consumption of cowpeas as fresh southern peas has also
become important in the semi-arid Sahelian zone of Africa in
Senegal. The reason for this is that, with the introduction of extra-
early cowpea varieties, southern peas became available during the
“hungry period” of August and September. This period is just
before the main harvests of pearl millet, sorghum, and dry grains
of traditional varieties of cowpeas and peanuts, which begin in

October. Estimates made in Senegal from 1994 to 1996 indicated
that fresh southern peas commanded a price twice that of dry
grains on a per seed basis. Marketing of fresh southern peas brings
in much-needed cash during the hungry period and is done mainly
by women. Estimates in the early 2000s indicated that about 30%
of cowpea grains were consumed as fresh southern peas in Sene-
gal. Substantial quantities of cowpeas were also being consumed as
either fresh southern peas or immature pods in Niger. Consump-
tion of cowpeas as fresh southern peas is probably increasing in
the Sahelian zone as extra-early cowpea cultivars are being made
available to farmers.

Immature pods of cowpea cultivars are consumed fresh in
Kenya (African green beans), Trinidad (bodie beans), and South-
east Asia (yard-long beans). Bush-type cultivars with succulent
pods bred for this particular use are available. The fresh leaves of
cowpeas are consumed in sauces, especially in East Africa.

A major use of cowpeas in the Sahelian zone of Africa is as hay,
after the pods have been harvested. Hay is particularly important
in Niger where it had a cash value to farmers of about half of that
of the grain in the 1990s. Hay is used to maintain draft animals
during the long dry season in the Sahel and to fatten rams and
goats in preparation for various festivals.

Cowpeas are particularly important as a rotation crop with
cereals. They can enhance the fertility of the soil with respect
to nitrogen and phosphate, thereby benefiting subsequent cereal
crops. Certain cowpea lines can cause suicidal germination of
the seeds of Striga hermonthica, which parasitizes pearl millet,
sorghum, and maize. Certain lines can also suppress the popula-
tions of the nematode Scutellonema cavenessi, which is a major pest
of pearl millet, sorghum, and peanut in the Sahel. Two successive
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crops of pearl millet (Sauna III cultivar) can suppress the organism
responsible for the ashy stem blight disease (Macrophomina phase-
olina) that can attack cowpea seedlings growing in hot dry soils.
These potential benefits of rotational systems involving sole crops
of cowpeas, sole crops of cereal, and sole crops of other species,
such as peanuts, have not been adequately quantified. In Africa,
cowpeas are still often grown as an intercrop with cereals, although
they are mainly grown as a sole crop in Senegal.

The guidelines for breeding cowpeas for adaptation to drought
provided below are based on the assumption that, in the future,
most cowpeas in the world will be grown as a sole crop in rota-
tion with sole crops of cereals and some other species. The traits
described that confer adaptation to drought in cowpeas as a sole
crop, also are effective when cowpeas are grown as a component
of a species intercrop.

CULTIVATED AREA AND YIELD PERFORMANCE UNDER OPTIMAL
CONDITIONS
The cultivated area of cowpeas world-wide was estimated as being
14 million ha in 2000 (Singh et al., 2002) with the most production
being in Africa in the Sudanian Savanna zone (especially in north-
ern Nigeria) and the Sahelian zone (especially in southern Niger,
central Mali, the Sudan, and Senegal). In addition, there was sig-
nificant production in northeastern Brazil, eastern and southern
Africa, and Southeast Asia. Most of the areas where cowpeas are
grown are semi-arid, and often experience droughts ranging from
being severe in the Sahelian zone to being moderate in the Sudan-
ian Savanna zone, northeastern Brazil and East Africa during the
long rainy season.

Average grain yields in 1999–2000 (in kg ha−1) were 417 in
Nigeria, 171 in Niger, 324 in Brazil, 220 in Mali, and 362 in Sene-
gal. There is considerable opportunity to increase these yields.
For example, under optimal conditions, cowpeas have produced
3,000 kg ha−1 in Senegal. Yield under optimal conditions can be
estimated effectively for different cultivars and parts of the world
by using a model. Grain yield of cowpeas in optimal conditions
(Y) has been modeled by Hall (1999) using the following equation:

Y =
i=0∑

i=n

PPFDi · GCi · Qi · PGi

where PPFD is the flux density of photosynthetically active pho-
tons per day, GC is the ratio of plant cover to ground area on that
day, Q is the efficiency for the conversion of intercepted photons to
plant dry biomass, and PG is the ratio for the partitioning of plant
biomass to grain. This equation applies over the period of days (n)
when carbohydrate is being partitioned to grain. The number of
days from the beginning of flowering to the time when 95% of the
pods are mature provides an estimate of the value of n.

Examples of the use of this model are provided below based on
measurements made in California and Senegal (Hall, 1999). The
length of the reproductive period for cultivars growing in Califor-
nia was 50 days for the first flush of flowering and pod production.
Due to long 15-h days and sunny conditions, PPFD can be as much
as 50 mol photon m−2 (a conversion factor of 2 μmol photon J−1

can be used if the only data available are for daily solar irradiance).

Under optimal conditions, GC should be close to 1.0. In Califor-
nia Q values for cowpeas of 450 mg dry matter mol photon−1 have
been obtained. Under optimal conditions values for partitioning
would be slightly less than the optimal apparent harvest index
(HI; the ratio of grain yield to total shoot biomass at harvest), say,
about 0.444. Putting these values into the model predicts that, with
long sunny days, cowpeas can accumulate about 1,000 kg ha−1 of
grain in 10 days. This would predict that during a 50-day period of
grain filling under these optimal conditions, cowpeas could pro-
duce 5,000 kg ha−1. Yields of this magnitude have been observed
in large plot and large field conditions in California for crops
that began flowering in 50 days and reached maturity in 100 days
from sowing, although yields of 4,000 kg ha−1 are more common
(Ehlers et al., 2000).

In Senegal, under tropical conditions with higher temperatures,
these Californian cultivars develop faster and have a reproductive
duration for the first flush of pods of only 25 days, the PPFD is less
than 50 mol photon m−2 due to shorter days and cloudiness, and
their grain yields were only 2,400 kg ha−1 (Hall and Patel, 1985).
A cultivar that is well adapted to Senegal, “Mouride,” has pro-
duced grain yields as high as 3,000 kg ha−1 and has a reproductive
duration of about 35 days. These performances are approximately
consistent with the model. The take-home message is that the yield
potential of cowpeas is determined by the length of the reproduc-
tive period, which depends on the cultivar and temperature, the
amount of sunlight during this period, which depends upon on
the length of the day, the degree of cloudiness and the position of
the sun in the sky, and the extent of production and partitioning
of carbohydrate to grain.

GENETIC AND GENOMIC RESOURCES
In the early 2000s, the major cowpea germplasm collections were
maintained by the International Institute of Tropical Agriculture
(IITA; with 14,000 accessions), the United States Department of
Agriculture (USDA; with 8,000 accessions), and the University
of California, Riverside (UC-Riverside; with 5,000 accessions).
The Istituto di Genetica Vegetale in Bari, Italy, held a collection
of Mediterranean and African landraces (about 600 accessions).
Several national programs in Africa (including Botswana, Burk-
ina Faso, Ghana, Kenya, Nigeria, and Senegal), and the national
programs in Brazil and India had substantial cowpea germplasm
collections. In addition, IITA and the Botanical Research Institute
in Pretoria, South Africa stored seeds of some wild relatives of
cowpeas.

Ouédraogo et al. (2002) have developed a genetic linkage
map for cowpeas that provides a basis for initiating marker-
assisted selection (MAS). Further discussion of cowpea genetic
and genomic resources can be found in Timko et al. (2007).

RESEARCH RELEVANT TO BREEDING COWPEAS FOR DRY,
HOT ENVIRONMENTS
RESISTANCE TO VEGETATIVE-STAGE DROUGHT
Cowpeas were shown to have substantial resistance to vegetative-
stage drought in California (Turk et al., 1980). In one treatment,
seeds were sown into a dry soil profile with just enough water to
permit germination and emergence. Plants survived for 43 days
under very hot dry summer conditions with no rain but were
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badly stunted. Most other crop plants would have been killed
with this treatment. The stunted plants were irrigated on the 44th
day and recovered rapidly, producing very high grain yields of
4,000 kg ha−1 by 107 days after sowing. A control treatment that
had received optimal irrigations every week produced a similar
grain yield during the same period. Subsequently, cowpeas have
been observed to survive vegetative-stage droughts in the Sahelian
zone that killed pearl millet and peanut plants growing in the same
field (Hall, unpublished observations).

Survival of vegetative-stage droughts by cowpeas was associated
with the maintenance of higher leaf water status than pearl mil-
let (Petrie and Hall, 1992a,b,c). Cowpeas are fairly unique among
crop plants in exhibiting very small changes in leaf water poten-
tial when subjected to drought and very little osmotic adjustment
(Shackel and Hall, 1983). Cowpeas also have stomata that are very
sensitive to soil drying, partially closing before any changes in leaf
water potential were detected (Bates and Hall, 1981). When cow-
pea plants are subjected to drought in field conditions, their leaves
do not usually wilt but tend to orient more vertically, tracking the
sun in a manner that minimizes the interception of solar radia-
tion (Shackel and Hall, 1979). These mechanisms contribute to
the unique ability of cowpeas to survive extreme vegetative-stage
droughts that kill most other crop plants.

A screening technique for survival of drought at the seedling-
stage has been developed that uses a shallow soil layer in boxes
(Singh and Matsui, 2002). When 190 diverse cowpea breeding
lines from IITA were screened with this technique, only 22% were
found to be susceptible to drought. This suggests that most current
cowpea cultivars may have resistance to vegetative-stage drought.
Inheritance studies indicated that the susceptibility was due to
a single recessive gene. In another screening test it was shown
that resistant cowpeas survived seedling-stage drought longer
than all other species tested: lablab beans, bambara groundnuts,
peanuts, pearl millet, sorghum, greengram, blackgram, maize, and
soybeans.

There are two conditions where the resistance of cowpeas to
vegetative-stage drought is not effective. First, when the organism
causing the ashy stem blight disease (M. phaseolina) is present in
the soil, resistance of cowpeas to vegetative-stage drought breaks
down and the plants die. This disease organism is widespread and
causes severe damage to cowpea seedlings growing in the hot,
dry soil conditions that often occur in the Sahelian zone and in
Botswana. Strong resistance to this disease was recently detected
in cowpea germplasm (Ehlers, unpublished observations). Second,
the lesser corn stalk borer (Elasmopalpus lignosellus) has attacked
and killed young cowpea plants that were subjected to drought
while plants in well-watered treatments were not killed. Varietal
resistance to this pest is not yet available.

ESCAPING TERMINAL DROUGHT BY USING EXTRA-EARLY ERECT
COWPEAS
Since1968, many years of droughts have occurred in the Sahe-
lian zone, resulting in very short growing seasons. In response
to this problem UC-Riverside and the Institut Sénégalais de
Recherches Agricoles (ISRA) bred extra-early cowpea cultivars that
had very short growth cycles. The ideotype involved combining
vegetative-stage drought resistance with erect plant habit and early

synchronous flowering beginning on low nodes on the main stem.
These cultivars do not cover much ground during the vegetative-
stage, and should be planted at close spacing (50 cm between
rows and 25 cm between seeds). Close spacing also enhances the
synchrony of pod production and earliness of harvest.

UC-Riverside bred the cultivar “Ein El Gazal” by crossing an
erect early California cultivar that had resistance to vegetative-
stage drought and an erect early line from Senegal bred by Djibril
Sène. Lines were selected in California that had even earlier flower-
ing than the parents. These lines were tested in the Sahelian zone
at Louga, Senegal, in 1982. Line “UCR 1- 12-3” (subsequently
called “Ein El Gazal”) began flowering in 35 days and produced
1,091 kg ha−1 of dry grain by 55 days from sowing with a useful
rainfall of only 181 mm and very hot conditions throughout the
short season (Hall and Patel, 1985). Other crops grown in the
Louga area in 1982, pearl millet, peanuts, and traditional cowpeas
which had 90-day cycles, produced virtually no grain. In the same
year at a wetter location (Bambey, Senegal, with 452 mm rain),
“Ein El Gazal” produced 2,406 kg ha−1 of dry grain by 60 days
from sowing (Hall and Patel, 1985) indicating it had high yield
potential. It also performed well in the Sahelian zone of the Sudan
(Hall and Patel, 1985) where it was released as a cultivar (Elawad
and Hall, 2002). An extra-early erect cultivar bred in Senegal by
ISRA, “Melakh,” has resistance to two seed-borne diseases and
cowpea aphid, and partial resistance to flower thrip. “Melakh” was
released in Senegal in 1996 (Cisse et al., 1997). An early erect cul-
tivar that matures in 60–65 days, “Vuli-1,” was bred for cultivation
during the short rains in Tanzania (Mligo and Singh, 2007).

“Ein El Gazal” and “Melakh” have three advantages: (i) they can
survive vegetative-stage droughts; (ii) they can produce significant
grain in locations and years when the rainy season is very short
and all other crops produce little grain; and (iii) they produce fresh
southern peas beginning about 45 days from sowing, which is dur-
ing the hungry period in the Sahel. However, these extra-early erect
cowpea cultivars have three disadvantages: (i) they must be sown
at close spacing, which is not a major problem in Senegal where
horse-drawn seeders are used; (ii) they produce very little hay; and
(iii) they can be devastated by a mid-season drought (Thiaw et al.,
1993) and some biotic stresses.

RESISTANCE TO MID-SEASON DROUGHT
Several approaches have been taken in breeding cowpea cultivars
with greater resistance to mid-season drought than the extra-early
erect cultivars. Line “58–57” was selected from a landrace growing
around the Senegal River by Sène (1966). Among landraces it has a
relatively short cycle, beginning flowering 41 days after sowing and
reaching maturity in 75 days. It has a spreading habit and expe-
riences sequential flowering, which may partially account for its
resistance to mid-season drought. “58–57” is dual-purpose in that
it can produce significant hay as well as grain. It should be sown
at moderate spacing, such as with 50 cm between rows and 50 cm
between seeds in the row.

“Mouride” was bred by ISRA by crossing “58–57” with an erect
breeding line and was released in Senegal in 1992 (Cisse et al.,
1995). It is semi-erect, and under well-watered conditions reaches
maturity 65 days after sowing. It has substantial yield poten-
tial, having produced 3,000 kg ha−1 at Bambey, Senegal, and has
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considerable ability to resist mid-season drought. The basis for
this resistance is not known. “Mouride” also has resistance to two
seed-borne diseases, the plant parasitic weed Striga gesnerioides
and cowpea weevil. It should be sown at close spacing, such as
with 50 cm between rows and 25 cm between seeds in the row.

Reproductive activity in cowpeas can involve two separate
flushes of flowering with a period of about 1 week in between
when no flowers are produced. Grain yield from the second flush
strongly depends on the extent of plant death due to soil pathogens
after the first flush of flowering and pod production is completed.
A delayed-leaf-senescence (DLS) trait has been discovered that
enables cowpeas to maintain a green canopy after the first flush of
pods is mature and more consistently produce a second flush of
flowers and pods (Gwathmey et al., 1992a). When genotypes with
this trait were subjected to a mid-season drought during the first
flowering period, they had the ability to survive and then produce
a substantial second flush of pods and grain (Gwathmey and Hall,
1992). Early erect lines with the DLS trait were bred, selected and
tested in Senegal. Under well-watered conditions they produced a
first flush of 2,000 kg ha−1 of grain in about 65 days from sowing
and then a second flush producing an additional 1,000 kg ha−1 of
grain by 95 days from sowing (Hall et al., 1997). Cultivars with
both earliness and the DLS trait may be most useful in the Sudan-
ian Savanna, which usually has a longer rainy season than the
Sahelian zone but occasional mid-season droughts.

The mechanism of the DLS trait is complex. It results in the
accumulation of greater reserves of carbohydrates in the base of
the stem (Gwathmey et al., 1992b) and probably also in the roots.
The trait is most strongly expressed when an organism that causes
the senescence of cowpeas during pod maturation is present in
the soil. This organism is probably Fusarium solani f. sp. phase-
oli. Presumably, roots with greater carbohydrate reserves are more
resistant to this root rotting organism. Irrespective of the com-
plexity of the trait, it has been consistently expressed by plants
in soils where cowpeas have been grown in rotations for several
years in many locations in California and also at Bambey in Sene-
gal. The DLS trait can be selected effectively with advanced lines in
appropriate field nurseries, and appears to have simple inheritance
(Ismail et al., 2000).

Dual-purpose cowpea cultivars have been bred by B. B. Singh
of IITA for use in the Sudanian Savanna zone (Dingkhun et al.,
2006). These cultivars are semi-erect, and reach maturity in 85–
95 days. They can produce 1,500–2,500 kg ha−1 grain and 3,000–
5,000 kg ha−1 of hay when sown at moderately close spacing. The
high hay production was associated with the ability to continue
producing leaves after the grain had matured. Presumably these
cultivars have the DLS trait.

VALUE OF VARIETAL INTERCROPS
Rainfall in the Sahelian zone has been so variable and droughts
have been so extreme that a single type of cowpea cultivar may
not adequately meet all of the needs of farmers. Consequently,
it has been recommended that at least two types of cultivar be
bred, and that farmers grow at least two types every year to
enhance the chances that significant grain and hay production will
be achieved every year (Hall, 2004a). The extra-early erect culti-
vars that have synchronous flowering and mature within 60 days

from sowing, such as “Ein El Gazal,” escape late-season drought
and also have resistance to vegetative-stage drought. They pro-
vide useful food during the hungry period but are devastated by
mid-season drought and also produce little hay. Spreading culti-
vars with sequential flowering and a medium-cycle maturing in
75 days, such as “58–57,” have substantial resistance to mid-season
drought and vegetative-stage drought. They produce useful quan-
tities of both grain and hay, unless the growing season is very
short, in which case they produce little grain. Also, they produce
little grain during the hungry period. The most effective way for
farmers to grow both types of cultivar may be in alternating rows
as a varietal intercrop.

A comparison was made of varietal intercrops consisting of
alternating rows of extra-early erect cultivars and medium-cycle
spreading cultivars with sole crops of the same cultivars in the
Sahelian zone of Senegal (Thiaw et al., 1993). The varietal inter-
crops produced more grain and hay under dry conditions with
infertile soil, and were more stable than any of the sole crops of
cowpeas that were tested. Some mechanisms for the beneficial
effects of these varietal intercrops are as follows. In years when a
mid-season drought occurs, the extra-early erect cultivar becomes
stunted and the medium-cycle spreading cultivar compensates
by growing into the space that is made available and produces
much of the grain and hay yields of the intercrop. In years with
a distinct, short rainy season, the extra-early erect cultivar pro-
duces abundant grain, while the medium-cycle spreading cultivar
produces abundant hay for the intercrop but little grain. Farm-
ers in the Sahel typically grow several cowpea cultivars but the
author is not aware of any that have adopted the varietal intercrop
system.

Cowpeas grown in a varietal intercrop would be rotated with
sole crops of pearl millet and peanuts. For example, a 4-year rota-
tion may be effective in parts of the Sahel in which cowpeas are
followed by pearl millet, then peanuts, and then pearl millet. Thus,
four equal-sized fields with staggered rotations would devote 50%
of the land to producing pearl millet, the staple food crop, 25% to
cowpeas, and 25% to peanuts.

WATER-USE EFFICIENCY
Increasing water-use efficiency (WUE), i.e., biomass produc-
tion/crop water-use, has been proposed as a mechanism to
enhance the adaptation of crops to drought. By measuring the
stable carbon isotope composition of cowpea tissues, genotypic
differences in transpiration efficiency (TE), i.e., photosynthetic
rate/transpiration rate that were associated with genotypic differ-
ences in WUE have been detected (Ismail and Hall, 1992; Hall et al.,
1994a). However, genetic selection experiments showed negative
genetic correlations between grain yield and TE (and therefore
WUE) for cowpeas growing under either well-watered or water-
limited stored soil moisture conditions (Condon and Hall, 1997;
Hall et al., 1997). These results may, in part, be explained by: (i) the
negative genetic correlations that were observed between HI and
TE; and (ii) the possibility that more open stomata are responsible
for the decreases in TE and are resulting in enhanced photosyn-
thesis and biomass production. In the water-limited environment,
the lines with decreased TE but greater grain yields may also have
had deeper rooting and greater soil water extraction.
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Using selection for stable carbon isotope composition of plant
tissues to decrease TE in cowpeas may provide a means to enhance
grain yield under irrigated conditions in California. But there is no
clear evidence that this approach would enhance drought adapta-
tion in the Sahelian zone. TE was negatively correlated with grain
yield for cowpeas grown on stored soil moisture in a subtropical
zone in California. However, when a common set of cowpea geno-
types was grown in California and in the tropical Sahelian zone of
Senegal, there was no consistency in genotypic ranking for stable
carbon isotope composition across these zones (Hall et al., 1994b).
In Senegal there was a tendency for well adapted local cultivars to
have carbon isotope compositions indicative of low TE.

DEEPER ROOTING
Adaptation to drought may be enhanced by breeding cowpeas with
deeper rooting for a target production zone (TPZ) where the crop
is grown under limited rainfall with substantial water available
deep in the soil. A method has been developed for selecting sta-
ble lines of cowpeas for differences in rate of rooting (Robertson
et al., 1985). The method consists of injecting a band of herbicide
deep in the soil, sowing cowpea lines in row sections above the
herbicide band, and scoring plants daily for the first sign of leaf
herbicide symptoms as an indication that the roots had reached
the herbicide band. In a separate experiment, genotypes that had
showed herbicide symptoms earlier extracted more soil moisture
deep in the profile. This method for detecting genotypic differ-
ences in rooting also has been shown to be effective in peanuts
in Senegal (Khalfaoui and Havard, 1993). It is only effective with
stable lines because the herbicide kills the plants.

The relatively small area of cowpeas grown in the Sahel during
the dry season on deep alluvial soil next to rivers (the “décrue”
system) might benefit from deeper rooting. The only water avail-
able to these plants is present in the soil at sowing. A breeding
program for this environment might use the herbicide system to
indirectly select for deeper rooting. Alternatively, a simpler indi-
rect system could be used in which plants are sown at wide spacing
(100 cm × 100 cm) in the fully moistened deep alluvial soil during
the dry season, and then selected based upon the extent of total
shoot biomass production. Presumably, genotypes that developed
deeper, more effective root systems would also produce more shoot
biomass.

Deeper roots may not be advantageous for the major area of
cowpea production during the rainy season on the widespread
sandy soils in the Sahel. Soil water depletion data have indicated
that current cultivars can develop root systems as deep as 200 cm
under these conditions. Cultivars that developed even deeper roots
would not gain much additional water from these sandy soils
where the field capacity is only about 8%, and only a few per-
centage points of soil water are available. Larger root systems have
an additional cost to the plant, in terms of the carbohydrate and
energy required for their construction and maintenance, a cost
that must be more than repaid if the additional roots are to be of
benefit to plant adaptation.

HEAT TOLERANCE
The semi-arid zones where a large area of cowpeas is grown also
are hot. In subtropical areas with long days, it has been shown

that high temperatures late at night disturb flower production and
pollination, causing reductions in pod production (Hall, 2004b).
Methods for breeding heat-tolerant cowpeas have been devel-
oped (Hall, 1992), involving selection for flower production and
high pod set under hot night temperatures and long-day field or
glasshouse conditions. These methods were used to breed a heat-
tolerant cowpea cultivar for use in California (Ehlers et al., 2000).
In addition, crosses were made between heat-tolerant lines devel-
oped in California and cultivars used in Ghana by K. O. Marfo.
Lines were selected for heat tolerance in California and for other
traits in Ghana. Two of the lines were released as cultivars in Ghana
from this program (Padi et al., 2004a,b).

However, the value of the heat tolerance genes in tropical zones
of Africa has not been established. Studies with pairs of lines with
and without the heat tolerance genes showed the genes to be effec-
tive in California (Ismail and Hall, 1998) but of no benefit in Ghana
and Senegal (Hall et al., 2002). The main reason for the latter result
may be that the heat tolerance genes are much more effective under
the long-day conditions that occur during the growing season in
California, than under the shorter days that occur during the grow-
ing season in Ghana and Senegal (Ehlers and Hall, 1998). Another
possible reason is that to be effective in tropical zones of Africa,
the heat tolerance genes must be combined with other compat-
ible genes. For example, some of the heat-tolerant lines bred in
California produced many pods in Senegal but the pods did not
develop due to biotic stresses.

A method has been developed that may be useful for select-
ing for heat tolerance under either short- or long-day conditions
(Thiaw and Hall, 2004). Lines selected for low leaf electrolyte leak-
age under heat stress also had reproductive-stage heat tolerance.
In addition, lines selected for reproductive-stage heat tolerance
in long-day field conditions also had low leaf electrolyte leakage
under heat stress. The leaf electrolyte leakage test can be conducted
in a laboratory, with relatively simple equipment, using leaves from
plants growing in field nurseries. However, it has not yet been
determined whether this method can be used to select under short-
day tropical conditions for plants that also exhibit heat tolerance
during reproductive development under hot short-day tropical
conditions.

In addition, incorporating heat tolerance during reproductive
development was shown to result in a semi-dwarf habit (Ismail
and Hall, 1998). While a semi-dwarf habit may be useful under
intensive irrigated production in subtropical areas such as Califor-
nia (Ismail and Hall, 2000), it is not suitable for use under harsh
rainfed conditions in semi-arid tropical environments where the
expression of dwarfing is more extreme due to the more rapid
plant development that occurs at higher temperatures. It has not
been determined whether the association between the heat tol-
erance effects and dwarfing can be separated, or whether it is a
pleiotropic effect of the same set of genes. Consequently, while
the value of breeding for reproductive-stage heat tolerance has
been established for cowpeas in subtropical long-day conditions,
its value for tropical short-day environments is not clear.

BIOLOGICAL NITROGEN FIXATION
Usually, cowpeas are nodulated effectively when growing in field
conditions. The author is not aware of a well-documented case
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where cowpeas have responded to seed inoculation with Rhizobia
spp. under field conditions in California (Hall and Frate, 1996)
or elsewhere. State-wide average yields of cowpeas in California
are high (they were 2,900 kg ha−1 in 1995), yet virtually no yield
responses to nitrogen fertilization have been reported (Hall and
Frate, 1996).

The negligible or small responses of cowpeas to soil fertilization
with nitrogen may be due to its substantial biological nitrogen fix-
ation, as has been observed in California (Elowad and Hall, 1987;
Elowad et al., 1987) and Senegal (Mamadou Ndiaye, unpublished
work of ISRA in the 1980s). Drought can substantially reduce
biological fixation of cowpeas and cause plants to rely more on
assimilated inorganic nitrogen (Elowad and Hall, 1987). This indi-
cates that, for cowpeas, biological nitrogen fixation may be more
sensitive to drought than is photosynthesis. However, this con-
straint does not appear to be large enough in cowpeas to justify
the massive upstream plant breeding program that would likely
be needed to enhance cowpea contributions to biological nitrogen
fixation under drought.

METHODS FOR BREEDING COWPEAS FOR ADAPTATION TO
DROUGHT
BREEDING STRATEGIES
A key first step is to determine the earliness of flowering, cycle
length, and type of plant habit that are required in the TPZ for
which the breeding program is responsible.

Optimal cycle lengths can be determined for cowpeas growing
under rainfed conditions in semi-arid zones by using a hydrologic
budget analysis. An effective way to do this has been described by
Dancette and Hall (1979). With this method, a substantial set of
rainfall data is needed for the TPZ covering at least 50 years. Also,
estimates are needed of cowpea crop water-use coefficients, such as
the values in Hall and Dancette (1978), and rooting depths, poten-
tial evapotranspiration, and the field capacity and lower limit of
water availability in the soil. Hydrologic budgets are then deter-
mined for each of the 50-years of rainfall data to determine the
maximum cowpea cycle length that would have been supported
by providing the crop with at least 75% of its water requirement
in that year. The 50 cycle lengths obtained for the 50-years of data
are then examined, and the maximum cycle length that was pre-
dicted to be achieved in 40 out of the 50-years is chosen – this
is the optimal cycle length for the TPZ. Cultivars with this cycle
length are predicted to receive at least 75% of their maximal water
requirements in 40 out of 50 years but suffer terminal drought of
varying intensities in 10 of the years.

If the optimal cycle length is less than 75 days, then it will
probably be necessary to develop a cultivar with synchronous flow-
ering, which means it must be erect and sown at close spacing,
and be early flowering to provide a reproductive period of ade-
quate length. This type of cultivar would also be developed if the
objective is to provide food during the hungry period, even in
locations where rainfall supports a longer optimal cycle length. If
the optimal cycle length is greater than 75 days, then more choices
are possible, including the use of photoperiod-sensitive types for
cases where the optimal cycle is longer than about 90 days. For
grain production, erect types should be considered. For dual-
purpose grain/hay types, either spreading types or semi-erect types

with delayed-leaf-senescence (DLS) could be sought. For hay pro-
duction, spreading types would be most consistent with the crop
management methods currently being used in the Sahelian zone,
such as in Niger.

Hydrologic budget analyses could also be used to determine
the probability of mid-season droughts. Where such droughts
occur frequently, consideration might be given to the use of either
spreading types, semi-erect types such as “Mouride” or, if the opti-
mal cycle length is long enough, early erect types with DLS. In
many semi-arid environments varietal intercrops with contrasting
types of cultivars may be useful.

TRIAL PLANNING
A key step in developing cultivars with enhanced adaptation to
drought is to select for high average, stable yields in the TPZ. Ini-
tial field trials should be conducted with sole crop cowpeas grown
on experiment stations throughout the TPZ. Separate trials should
be conducted with sets of lines that have different cycle lengths and
morphology. For example, one series of trials might be conducted
with extremely extra-early (60-day cycle) erect lines, and another
series with spreading 75-day cycle lines. Grain and hay yield should
be determined for all entries, which will also provide the oppor-
tunity to calculate the apparent HI, a trait that may be useful in
selection. A subset of the most effective lines would be chosen
based on their performance in the experiment station trials. This
small subset of lines would then be evaluated in farmer-managed,
on-farm trials in the TPZ that include evaluations of grain quality
by local people. Those lines that meet the needs of farmers and con-
sumers, and that have high average, stable yields of grain, southern
peas, and hay (depending on farmer and consumer needs and the
type of cultivar being tested) would be candidates for release as
cultivars.

WATER STRESS MANAGEMENT AND CHARACTERIZATION
Rainfall and potential evapotranspiration data, and in some cases
pre-season and post-season soil moisture data should be taken at
all trial sites so that hydrologic budget analyses can be performed
to help in interpreting the data on plant performance. Ideally these
analyses would be conducted for both the experiment station and
on-farm trials.

PHENOTYPING TRAITS
With respect to drought adaptation, in addition to careful con-
sideration of optimal phenology and morphology, it should be
ensured that the available vegetative-stage drought resistance is
present. The seedling screen involving a shallow soil layer in a box
(Singh and Matsui, 2002) can be used to screen parents and, if
necessary, segregating generations. Singh and Matsui (2002) and
Muchero et al. (2008) have described some variation in this trait
but it is not known whether it is worth pursuing, since some cow-
pea cultivars already have very strong resistance to vegetative-stage
drought.

The robustness of cowpeas under hot dry soil conditions during
the seedling and vegetative-stages could be enhanced considerably
by incorporating the resistance to ashy stem blight (M. phase-
olina) that recently has been discovered (Ehlers, unpublished
observations).
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The DLS trait may be useful, in some environments for enhanc-
ing resistance to mid-season droughts and/or enhancing hay qual-
ity. DLS can be incorporated using field nurseries that are naturally
infested with F. solani f. sp. phaseoli. This organism may already
be present in fields where cowpeas have been grown for several
years, even where rotations have been practiced. Selection for DLS
has been effective with lines in advanced generations (Ismail et al.,
2000) but may not be effective with single plants. When selecting
plants with DLS, only those with high pod set should be chosen
because plants with little or no pod set, such as the occasional
sterile plant, exhibit a false form of DLS that has no agronomic
value.

In addition, high priority in the breeding program must
be given to incorporating resistances to seed-borne diseases
since these diseases are usually major problems confronting
cowpea production. Genetic resistances are available in most
cases but have not yet been incorporated into some current
cultivars.

To reduce the need for applying pesticides, effort should be
devoted to incorporating resistances to important insect pests,
such as flower thrip, hairy caterpillar, pod borer, and various pod
bugs that occur in the Sahelian and Sudanian Savanna zones. For
some of these insects, strong sources of genetic resistance are not
yet available.

Consideration should also be given to traits that bene-
fit subsequent cereal crops grown in rotation, providing that
these traits are relatively easy to incorporate. For example,
in the Sahelian zone effort should be devoted to enhancing
the resistance of cowpea cultivars to the nematode S. cave-
nessi both to improve cowpea performance in dry, infertile
soils and to make it a more effective rotation crop with pearl
millet, sorghum, and peanut which are susceptible to this
nematode.

CONCLUSION
Due to the small number of active cowpea breeding programs
in the world in relation to the large numbers of farmers grow-
ing this crop, the major effort in cowpea breeding must be on
downstream programs that are devoted to cultivar development.
These programs must focus on high priority constraints that can
be solved at this time, such as by incorporating the resistances that
are available to some of the major pests and diseases occurring in
the TPZs.

With respect to drought adaptation, key factors involve achiev-
ing optimal time of flowering and cycle length, and appropriate
morphology as they relate to the hydrologic budgets of TPZs and
the different types of cultivars needed in relation to their uti-
lization for dry grain, hay, and fresh pea production. The strong
resistance to vegetative-stage drought that is available should be
incorporated. The extreme ability of extra-early erect cowpea cul-
tivars to escape terminal drought should be exploited in zones
with very short rainfall seasons. In zones with the possibility of
limited rainfall in the middle of the growing season, resistance
to mid-season drought and the delayed-leaf-senescence trait can
be valuable. Effective performance testing through field trials on
experiment stations and by farmers is essential in breeding to
enhance adaptation to drought and to encourage adoption of
cultivars by farmers.

With respect to upstream research, emphasis should be given
to developing MAS schemes for resistances to major pests and dis-
eases. Cowpea breeders typically have to incorporate several resis-
tances; methods that make possible the pyramiding of resistance
genes would enhance the efficiency of their programs. A genetic
linkage map that provides a basis for beginning this work has been
developed (Ouédraogo et al., 2002). The strong vegetative-stage
drought resistance of cowpeas might be studied with the objective
of transferring it to other crop species using transgenic methods.
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Cassava is an important crop in Africa, Asia, Latin America, and the Caribbean. Cassava
can be produced adequately in drought conditions making it the ideal food security
crop in marginal environments. Although cassava can tolerate drought stress, it can be
genetically improved to enhance productivity in such environments. Drought adaptation
studies in over three decades in cassava have identified relevant mechanisms which
have been explored in conventional breeding. Drought is a quantitative trait and its
multigenic nature makes it very challenging to effectively manipulate and combine genes
in breeding for rapid genetic gain and selection process. Cassava has a long growth cycle
of 12–18 months which invariably contributes to a long breeding scheme for the crop.
Modern breeding using advances in genomics and improved genotyping, is facilitating the
dissection and genetic analysis of complex traits including drought tolerance, thus helping
to better elucidate and understand the genetic basis of such traits. A beneficial goal of
new innovative breeding strategies is to shorten the breeding cycle using minimized,
efficient or fast phenotyping protocols. While high throughput genotyping have been
achieved, this is rarely the case for phenotyping for drought adaptation. Some of the
storage root phenotyping in cassava are often done very late in the evaluation cycle
making selection process very slow. This paper highlights some modified traits suitable
for early-growth phase phenotyping that may be used to reduce drought phenotyping
cycle in cassava. Such modified traits can significantly complement the high throughput
genotyping procedures to fast track breeding of improved drought tolerant varieties. The
need for metabolite profiling, improved phenomics to take advantage of next generation
sequencing technologies and high throughput phenotyping are basic steps for future
direction to improve genetic gain and maximize speed for drought tolerance breeding.

Keywords: adaptation, drought tolerance, modern breeding, phenotyping, storage roots

INTRODUCTION
IMPORTANCE OF CASSAVA
Cassava (manioc, yuca, or mandioca; Manihot esculenta Crantz,
Euphorbiaceae) is an important cash crop and food crop of
resource-limited farmers in Africa, Asia, and Latin America and
the Caribbean. The storage roots are utilized either fresh, as in
the case of sweet cultivars low in cyanogenic glycosides, or after
processing into dry products such as flour, starch, and animal
feed in the case of bitter cultivars high in cyanogenic glyco-
sides (Dufour, 1988; Essers, 1995; Balagopalan, 2002; Westby,
2002). Because of its relative high productivity under conditions
of erratic rainfall and low-fertility soils, 250 million Africans
depend on cassava as food, with more than 90% of the 117 mil-
lion tons produced in sub-Saharan Africa (SSA) in 2007 being
used for fresh consumption and processed food (Philips et al.,
2006). A study by the International Food Policy Research Institute
(IFPRI) predicts an overall 2.44% annual growth in the use of
cassava as food in SSA, closely mirroring population growth, and

a growth of 1.53% per annum in cassava for feed (Scott et al.,
2000).

Cassava’s ability to produce in marginal environments makes
it the ideal food security crop in sub-Saharan Africa where it is
a staple. It can be grown with minimal inputs, but gives consid-
erably higher yields with fertilizers and good management. The
crop is flexible as to the time of harvest and can be stored natu-
rally for long periods by keeping the plants in the field with the
roots in the soil. It has a remarkable ability to tolerate and recover
from biotic and abiotic stresses. Cassava offers many different
alternative uses as processed food, animal feed, starch, alcohol
biofuel for vehicles etc. As countries develop, their demand for
all these products increases dramatically. Although pruning the
aerial parts of the plant 3 weeks before harvest can reduce dete-
rioration of the roots (van Oirschot et al., 2000), their generally
short shelf-life means that they have to be used immediately or
processed into dry products. Therefore, cassava processing needs
to be sited near to production fields, making it an ideal vehicle for
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rural development through creating employment opportunities
in the areas of cassava cultivation.

CULTIVATED AREA AND YIELD PERFORMANCE UNDER OPTIMAL
CONDITIONS
Cassava is widely grown in tropical and sub-tropical Africa, Asia,
and Latin America, between latitudes 30◦N and 30◦S, from sea
level to above 2000 masl on marginal and highly-eroded low-
fertility acidic soils, virtually without the application of agro-
chemicals (El-Sharkawy, 1993, 2004; Ruppenthal et al., 1997).
Africa is the largest producer of cassava with Asia as the second
largest and then followed by the Americas (FAO, 2010).

Because of its metabolic efficiency under marginal condi-
tions, cassava produces more energy per unit area than other
crops under conditions of water stress and in poor soils
(El-Sharkawy, 1993). By not having specific water-stress sensi-
tive growth stages beyond storage root initiation, cassava can
survive and be productive under conditions where other staple
food crops, such as grain cereals and legumes, would rarely pro-
duce. Presumably, cassava originated in hot humid climates in
the Amazonian lax forests (Allem, 2002). Yet it shows a high
degree of tolerance to prolonged drought in areas with low
and erratic precipitation of less than 600 mm annually, cou-
pled with dry air and high temperatures (hence, high potential
evapotranspiration), low fertility soils and high pest and disease
pressure such as in Northeastern Brazil, the northern coast of
Colombia, the coast of Peru, the Sahelian areas of West Africa,
and drought-prone areas of East and Southern Africa, and parts
of Thailand (El-Sharkawy, 1993). Particularly notable is cassava’s
recent expansion into the Sahelian parts of West Africa where
its tolerance to various edaphoclimatic stresses gives an advan-
tage over other staples (Romanoff and Lynam, 1992; El-Sharkawy,
2004).

Cassava has a high yield potential; when compared to maize,
sorghum and rice in environments with no production con-
straints, it can match or exceed these crops in energy pro-
duction per hectare (De Vries et al., 1967). Average annual
cassava yields worldwide are 10 t ha−1 (fresh root; about 65%
moisture content), ranging from 6 t ha−1 in Mozambique to
26 t ha−1in India. Yields as high as 90 t ha−1 have been obtained
in experimental trials of some improved cassava cultivars under
near-optimum climatic conditions in Colombia (El-Sharkawy,
2005).

The gap between the potential yield and actual yields in farm-
ers’ fields is around 8-fold, suggesting that the highest potential of
cassava production is far from being reached with traditional vari-
eties, usually cultivated on marginal soils without inputs. Thus, a
small increase in cassava yield in these marginal regions resulting
from the use of improved drought-tolerant varieties would easily
lead to an increase in global production. Many cassava genotypes
have been identified that are very well adapted to drought and
have been released in specific regions. However, it is necessary to
understand the genetic and physiological traits that lie behind the
mechanisms that make cassava a renowned drought-tolerant crop
with the capacity for further progress, and for the application of
these principles in breeding programmes for cassava and other
crops.

GENETIC AND GENOMIC RESOURCES
There are several germplasm collections with hundreds to thou-
sands of cassava accessions in the national programmes of
Brazil, Mozambique, Nigeria, Tanzania, and Thailand. In addi-
tion, two International Agricultural Research Centers, Centro
Internacional de Agricultura Tropical; International Center for
Tropical Agriculture (CIAT) in Colombia and International
Institute of Tropical Agriculture (IITA) with its headquarters in
Nigeria, hold large collections. The collection at CIAT comprises
more than 6000 accessions, and has been evaluated for pest and
disease resistance and for novel starch quality traits (Bonierbale
et al., 1995; Bellotti, 2002; CIAT, 2002). IITA’s collection con-
sists of nearly 2000 genotypes largely of West African origin. This
germplasm has been systematically characterized and evaluated
for disease response. Understanding the distribution of genetic
diversity within and among individuals, populations, species, and
genepools is crucial for the efficient management of germplasm
collections.

Molecular markers are playing an increasing role in germ-
plasm characterization. Beginning in the early 1990s, molecular
and genomics tools were developed to elucidate the genetics of
traits of economic value in cassava. Genetic markers developed
for cassava include more than 3000 restriction fragment length
polymorphism (RFLP), 800 simple sequence repeat (SSR), 120
random amplified polymorphic DNA (RAPD), and nine isoen-
zyme markers (Fregene et al., 1997; Mba et al., 2001; Okogbenin
et al., 2006; Raji et al., 2009).

A total of a non-redundant set of 2146 SSRs comprised
of 1675 curated from the genome and 471 curated from
ESTs are now available (Ferguson et al., 2012b). The curated,
paired SSR sets and associated information can be found at
http://bioinformatics.iita.org/cassava_SSRs. SSR markers have
also been employed to study the genetic diversity and structure in
a large collection of local varieties from Africa and Latin America,
the results of which have been deposited on the website of the
Generation Challenge Programme (GCP) of the Consultative
Group on International Agricultural Research (CGIAR) 1. Data
from a molecular diversity assessment of over 1000 varieties from
seven countries in Southern, East and Central Africa are also
available at the same site.

Many molecular genetic linkage maps have also been con-
structed for cassava. The first was constructed using an intraspe-
cific F1 cross and 612 RFLP, RAPD, SSR and isoenzyme markers
(Fregene et al., 1997). The second map was constructed using 100
SSR markers and an S1 family (Okogbenin et al., 2006). Recently
new maps have been published (Chen et al., 2010; Kunkeaw
et al., 2010, 2011; Sraphet et al., 2011; Whankaew et al., 2011).
Molecular markers linked to resistance to cassava mosaic disease
(CMD), cassava green mite (CGM), and cassava bacterial blight
(CBB), β-carotene content, and early root yield have also been
identified (Akano et al., 2002; Okogbenin and Fregene, 2002).

Diversity Array Technology (DArT) can be used to character-
ize several hundreds to thousands of polymorphisms in a timely,

1http://gcpcr.grinfo.net/index.php?offset=0&app=datasets&inc=search_
simple&gcpcr_search_string=Cassava&orderby=&orderdesc=false&limit=10
#search_results
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cost-effective manner (Ferguson et al., 2012b). The first devel-
oped cassava DArT array had nearly 1000 polymorphic clones
with a 99.8% reproducibility (Xia et al., 2005), offering a high-
throughput marker screening system at a low cost.

Recently, the Generation Challenge Program (GCP) con-
verted 1740 SNPs in cassava for use on the KASPar platform
(LGC). Through the GCP IBM marker services (http://marlow.

iplantcollaborative.org/marker-service). To date, 80,631 cassava
ESTs have been deposited in GenBank (Lopez et al., 2004; Lokko
et al., 2007; Sakurai et al., 2007; Ferguson et al., 2012a,b).

Four bacterial artificial chromosome (BAC) libraries have been
generated in cassava for positional cloning and genome sequenc-
ing. The first library is from the CMD-resistant genotype TMS
3001 and it has a 5X genome coverage. The second library is from
the whitefly-resistant genotype MECU72 with a 10X genome
coverage, while the third was constructed from TME3, a CMD-
resistant genotype, with an 11X genome coverage. The fourth
library was constructed from AM560-2, a partially inbred geno-
type for physical mapping and sequencing of the cassava genome.
These BAC resources are available from the Clemson University
Genomics Institute (CUGI 2). More than 2000 BAC ends have
been sequenced in cassava and another 5000 are currently being
sequenced.

A 22X genome sequence of cassava was recently completed via
shotgun and a 454 Genome Sequencer FLX platform with long-
read GS FLX Titanium chemistry. More than 61 million sequenc-
ing reads were generated and assembled into a draft genome that
contains an estimated 95% of cassava genes. It is one of the first
large genome projects to primarily use the 454 Life Sciences3 long-
read sequencing platform, which enabled both improved quality
of the draft and its rapid generation. The annotated draft genome
sequence is available at the United States Department of Energy
Joint Genome Institute (DOE–JGI) Phytozome website4.

IMPROVING CASSAVA ADAPTATION TO DROUGHT
Cassava’s huge potential to produce well in marginal environ-
ment has made it a desirable and strategic crop for increasing
food productivity by exploring the vast arable lands in the semi-
arid and arid ecologies in the tropics. The wealth of genetic
resources and the genetic diversity it offers has been deployed in
the genetic improvement of cassava for drought tolerance. This
has resulted in the identification of useful mechanisms associated
with cassava’s adaptation to drought. The mechanisms essentially
combine dehydration avoidance, dehydration tolerance and those
linked to optimum growth and metabolism. Several traits have
been identified associated to these mechanism. Genetic improve-
ment for drought adaptation in cassava is being enhanced by the
increasing volume of genomic resources that are now available to
breeding programmes. The ability to take maximum advantage
of these genomic resources in modern breeding platforms essen-
tially depends on improving capacity for drought phenotyping.
Among the attributes for desirable drought phenotying traits in

2At Clemson University, Clemson, South Carolina, USA; http://www.
genome.clemson.edu/
3http://www.454.com/
4www.phytozome.net/cassava

modern breeding are that it must be genetically associated with
yield under stress, highly heritable, genetically variable, cheap,
and fast to measure, stable within measurement period, and must
not be associated with yield penalty under unstressed condi-
tions. Modern breeding essentially entails combining genetic and
genomic resources with good phenotyping protocols to efficiently
breed for drought adapted varieties with speed and genetic again.
This paper reviews drought adaptation studies in cassava, the crit-
ical phenotyping needs for modern breeding of drought tolerance
and the future direction in terms of simple but advanced phe-
notyping methodologies that can further elucidate and enhance
a better understanding of the mechanisms underlying drought
adaptation in cassava.

PHENOTYPING FOR DROUGHT TOLERANCE IN CASSAVA
FIELD EXPERIMENTATION REQUIREMENTS
The key requirement for field trials to measure drought tolerance
is to have appropriate water stress conditions. Achieving proper
control over the field stress environment in order to assure the rel-
evant drought test profile can be problematic. The common test
criterion is yield when yield under stress is the target of the breed-
ing programme. Yield under stress may be affected by the genetic
makeup of yield potential and by specific genes affecting drought
resistance. Estimating drought resistance in terms of the yield dif-
ference between potential and stressed growing conditions can
isolate the two effects.

Well-designed and planned field experiments to determine
relevant physiological traits are the most cost-effective way of
evaluating drought tolerance in cassava. Ideal sites are semi-
arid regions with more than 600 mm of rainfall distributed over
3 months of the year. Cassava requires 3 months of rainfall or
irrigation for establishment of the crop, after which, tolerance to
drought can be measured effectively. Sites in Colombia used by
CIAT for the evaluation of drought tolerance include:

• Rio Hacha, Guajira Department: latitude: 11◦32′40′′N; longi-
tude: 72◦54′26′′W.

• La Tatacoa desert (Villavieja), Huila Department: latitude:
3◦13′22′′N; longitude 75◦13′21′′W.

In Africa, IITA and national programmes use sites at:

• Hombolo, Tanzania.
• Kiboko and Kibwezi in Kenya.
• Minjibir (Kano State) in Nigeria.

The selected field should be flat, of well-drained and more or less
homogenous soil. A simple randomized complete block design
(RCBD) of 20 plant plots (4 × 5) and six replications can be used
when planting material is abundant and not a limiting factor.
Otherwise, single-row plots of six to eight plants can be used. It
is preferable to have a higher number of replications and smaller
plot sizes to reduce environmental effects. Where more than 200
genotypes are to be evaluated, it is preferable to divide the exper-
iment into two or more individual experiments to limit the size
of the field, and thereby limit environmental variation. Two treat-
ments should be imposed: well-watered and water-stressed. The
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response to water stress of a genotype can then largely be assessed
through differences in yield under the two treatments. In cer-
tain environments, a genotype with average yield potential, but
little yield penalty under drought stress may be preferable to
a genotype with high yield potential but a large yield penalty
under drought stress. When response to late stage, long duration
drought is being assessed, irrigation should be applied to both
treatments for the first 3 months to get even plant establishment.
Irrigation can then be withheld on one treatment 3 months after
planting. If early drought is to be assessed irrigation should be
withheld 2–3 weeks after planting.

Measurement of physiological traits normally begins at
3 months, at the onset of water stress and continue every month
until harvest. Harvest related traits, for example harvest index
(HI) and fresh root and foliage weight, are typically measured
at 12 months after planting. Stomatal conductance and photo-
synthesis should be measured using field-portable gas exchange
equipment, and the leaf canopy measured with a leaf canopy
meter. Soil measurement is also very important to monitor stress
levels. Soil cores are taken periodically at 0.3 m intervals within
eight profiles from stressed and unstressed plots. The soil sam-
ples are immediately weighed and then oven dried at 70◦C to
a constant weight. Volumetric soil water content is often deter-
mined taking into consideration the soil bulk density at each layer.
Simple equipment like the soil tensiometer or more sophisticated
equipment such as the neutron probe can also be used to measure
soil moisture content.

CONVENTIONAL TRAITS MEASURED IN DROUGHT ADAPTATION
STUDIES OF CASSAVA
Pre-harvest traits are normally measured on a monthly basis
beginning at three MAP and they include:

1. Number of primary stems.
2. Number of branching levels.
3. Length of primary and secondary stems.
4. Leaf retention using two methods: (1) percentage method

(visual score), and (2) leaf scar method, a more quantitative
measure of leaf retention.

5. Height of leafless stem.
6. Length and width of fully expanded leaf lobe.
7. Carbohydrate content of leaves, stems, and petiole.
8. Stomatal conductance and ABA content of leaves and stems.
9. Pest and disease incidence.

The traits measures at harvest at 12 MAP are:

1. Above-ground biomass.
2. Storage root fresh weight.
3. Number of storage roots.
4. Stem diameter.
5. Storage root dry matter (percentage).
6. Storage root starch content (percentage).

DROUGHT TOLERANCE RESPONSE IN CASSAVA
The physiological responses of cassava to water stress and possible
mechanisms underlying the crop’s tolerance to drought have been

the subject of several studies (Connor and Cock, 1981; Connor
and Palta, 1981; Cock, 1985; El-Sharkawy and Cock, 1987;
Alves and Setter, 2000, 2004a; Ekanayake and Ginthinguri, 2000;
Okogbenin et al., 2003; El-Sharkawy, 2004; Lenis et al., 2006).
Various methodologies and mechanism have been reported for
drought stress tolerance studies in cassava.

Stomatal conductance
Measurement of the stomatal control of water loss can be valu-
able in identifying desirable genotypes. In studies conducted on
10 cassava clones evaluated for drought tolerance at the IITA
Minjibir station, the stomatal conductance of the lower leaf sur-
face was measured using a porometer (Mk3, Delta-T Devices,
Cambridge, England) and CO2 fixation was measured with a
leaf disc electrode (LD2, Hansatech, Norfolk, England). These
studies showed that, while most clones increased stomatal con-
ductance throughout the day, at 4 months after the last rains,
clones TMS91934 and TMS84751 diminished their stomatal con-
ductance after 14:00 h and 12:00 h, respectively (CIAT report,
1994). Apparently, these clones gave a better yield because they
depleted the soil water more slowly. In such cases, optimizing crop
water-use efficiency (WUE) is of greater importance than max-
imizing short-term growth—until the soil water is depleted, at
which point growth is halted (El-Sharkawy, 1993).

Leaf formation and other growth parameters
The growth of cassava has been evaluated to assess the effect of
drought stress on the crop’s physiology with particular empha-
sis on leaf formation and other parameters such as plant height
and number of active apices. In earlier work at IITA, Kano
(Okogbenin et al., 1998), the proximity of an artificial lake to
experimental station was used to set up different stress sites
reflecting different water table depths. Five experimental sites
representing water table depths over two seasons were used in
drought tolerance studies at IITA’s research station at Minjibir
in Kano state in the Sudan savannah ecology. Experimental sites
within 100 m of the lake were arbitrarily assigned to the high
water table (HWT) section, while sites between 100 and 200 m
from the lake were assigned to the intermediate water table
(IWT) section. Field sites further than 200 m from the lake were
assigned to the low water table (LWT) section. Nine varieties
were evaluated in the first season, while eight clones were eval-
uated in the second season. The locations chosen for this study
were sufficiently diverse to produce observable differential vari-
etal responses to seasonal and site-specific moisture gradients at
Minjibir. Data on different water table depths at various loca-
tions at Minjibir were available from previous studies (Ekanayake
et al., 1996; Okogbenin et al., 1998, 1999) using the same sites.
The varietal response differed with water table section, indicat-
ing differential adaptation responses to drought stress among
varieties.

In the drought-stress study conducted at Minjibir, Nigeria
(Okogbenin et al., 1998), differences in soil water content were
established by planting two identical trials at different distances
from an artificial lake, assuming that there were differences in the
water table at the two sites. Soil water measurements taken using
a neutron probe in 60 access tubes installed in all experimental
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plots showing significant difference in relative water contents dur-
ing the dry season as a result of the differences in water table
caused by the proximity of the lake. This was especially so in the
deeper layers of the soil profile until 22 weeks after the last rains.
This illustrates an approach that could be used in the absence of
irrigation facilities.

In this drought study at IITA, the number of newly formed
leaves on an apex, the number of nodes, the number of active
apices and the number of fallen leaves on one apex were measured
at regular intervals, depending on the particular experiment. The
number of fallen leaves was obtained by counting the number of
bare nodes on one apex. Plant height was measured from the soil
surface to the general height of the canopy.

Results suggest a strong influence of the water table on growth
(as reflected in height and leaf formation) and leaf shedding of the
10 clones under examination. Plant growth represented by plant
height measured at 3-week intervals starting ca 20 weeks after
the rains was higher at the IWT sites when compared with data
obtained from plants growing away from the lake (LWT sites);
the differences increased with time after the rains. A similar effect
of the depth of the water table was observed in the cumulative
number of leaves formed per plant. Using the initial number of
leaves per plant at the beginning of the dry season as a covariate, it
was possible to detect statistically significant differences after 6–9
weeks. Plants growing closer to the lake were able to form more
leaves than those at LWT sites.

The leaf area index (LAI) refers to the leaf area per unit area
of ground. The maximum LAI in cassava ranges from 4 to 8,
depending on the cultivar and the atmospheric and edaphic
conditions prevailing during crop growth (Cock, 1985). At the
onset of the dry period, the cassava crop reduces its leaf area
by producing fewer and smaller leaves, and by shedding older
leaves. The reduced leaf area in dry weather could be considered
a means by which cassava reduces water loss by transpiration.
However, reduction in leaf area during long periods of water
stress also reduces the crop growth rate. The reduction is more
pronounced in the shoots than in the roots, particularly in vari-
eties with vigorous vegetative growth. Upon recovery from water
stress, cassava rapidly regenerates new leaves and the LAI of previ-
ously stressed cassava plants becomes higher than in non-stressed
plants (El-Sharkawy and Cock, 1987).

Dry periods also cause a decline in LAI. After a decline dur-
ing the dry season, and followed by a second rainy season, leaf
area may increase a second time, but may not be as high as
in the first season (Osiru et al., 1995). Selection for higher top
weight and hence higher LAI should favor high root yield, since
there is an optimum relationship between root yield and LAI.
Drought resistance determines the base yield under stress, while
recovery prescribes the upper potential after stress. Rapid pro-
duction of new leaves in the recovery phase with the commence-
ment of rainfall toward the end of the growth cycle (Ekanayake,
1993) could stimulate greater accumulation of assimilates in the
roots of highly vigorous varieties such as TMS90257, TMS91934,
TMS50207, and TMS30572 after the dry season and just before
harvest.

Leaf area density (LAD) is the integral of LAI over time. LAD
is calculated by multiplying LAI with the time (in days or weeks)

during which the leaf area is photosynthetically functional. Good
examples of long-LAD varieties developed at IITA are TMS91934
and TMS4(2)1425 (Osiru et al., 1995).

Water-use efficiency
WUE has been used to evaluate drought tolerance in cassava.
Regarding the water extraction capacity of the different clones in
situations of water availability in the IITA study described above,
those with higher yields in the LWT site showed a tendency to
extract less water from the deeper layers of the soil (120–180 cm)
during the first 24 weeks of measurements. TMS90853 extracted
64%, 51%, and 49% of the available moisture at 10, 150, and
180 cm, respectively in the soil profile. TMS50207 extracted 60%,
57%, and 35% at the same respective depths. However, under
water stress, TMS90853 had higher top growth than TMS50207,
which explains the high amount of water extracted at deeper levels
by TMS90853. The clones that extracted higher percentages of the
water from deeper soil layers (TMS4(2)1425 and TMS84751) had
the lowest root yield, showing poor WUE. However, TMS91934
and TMS84751 formed too many leaves in at the LWT site and
also shed a high number of leaves at the same location, suggest-
ing inefficient utilization of the little water available in the soil
profile. Under stress, TMS30572 showed a reduced yield of 39%
and 44% of shoot and root weight, respectively (Okogbenin et al.,
2003).

Leaf scars and leaf life
Cassava adapts to water shortage by reducing its leaf canopy
(Connor et al., 1981; El-Sharkawy and Cock, 1987) to reduce
water use. Hence, leaf shedding is an effective adaptation mecha-
nism as a response to moisture stress. In the drought experiment
at IITA, one of the youngest leaves (not unfolded length approx-
imately 1 cm) per plant of all sample plants was regularly (gener-
ally once a month) tagged with a label on which the clone, plant
number, date of labeling, and replication number were coded. The
tagged leaves that had fallen were collected every week, enabling
the life of individual leaves formed at different plant ages to be
calculated.

Leaves dropped as a percentage of leaves formed increased
from HWT to LWT sites. Thus, it may be desirable to breed and
select for better leaf retention when developing varieties adapted
to dry areas. The reduction in leaf canopy could not be attributed
solely to observed leaf fall since, at the IWT (moderately stressed)
site, more leaves were shed than at the LWT site. Plants at sites
supporting vigorous growth were more likely to develop a very
dense leaf canopy. Mutual shading of leaves limits leaf life and
accelerates leaf senescence in such plants (Rosas et al., 1976).
This may be responsible in part for the high rate of leaf shed at
IWT compared with LWT sites. However, genetic variation for
leaf scars was minimal amongst varieties. Because vigorous clones
were more likely to shed more leaves and vice versa, the number
of leaf scars was, as expected, strongly associated with the number
of leaves formed.

Leaf photosynthesis
The use of leaf photosynthesis as a selection criterion in cas-
sava improvement programmes might be difficult to handle when
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evaluating large breeding populations. Despite this, canopy-scale
photosynthesis, which can be evaluated by measuring crop
biomass growth rate, should be included at least in the evaluation
and selection of parental materials. Its use should be combined
with other important yield-related traits, particularly a relatively
high (>0.5) harvest index (HI; Kawano, 1990, 2003, a large root
sink using root number per plant as an indicator (Cock et al.,
1979), and longer leaf life, i.e., greater leaf retention and dura-
tion over the growth cycle (El-Sharkawy, 2004; Lenis et al., 2006).
Recent advances in molecular biology and the development of
more precise techniques and equipment will further enhance and
accelerate the elucidation of the fundamental mechanisms under-
lying photosynthetic potential and associated beneficial traits and
their controlling genes.

Breeding at CIAT, while diversifying the genetic base, has
incorporated many such accessions for their useful plant traits.
Outstanding among the accessions used is the clone MBRA12.
This exhibits high leaf photosynthesis when grown outdoors in
pots or in the field in a mid-altitude warm climate and high yield
coupled with resistance to mites (Byrne et al., 1982). Other acces-
sions of Brazilian origin, MBRA383 and MBRA191 that ranked
highly in this group of clones, were also reported to be among
the highest ranked clones (fourth and fifth, respectively, among
33 evaluated) (El-Sharkawy, 2004).

Storage root and shoot harvest
In the IITA experiments described earlier, the internal samples
were collected at harvest. The plants were separated into leaves,
stems, original stem cuttings and storage roots, and bulked per
plot. The root fresh weight was measured and the HI was cal-
culated by expressing the root yield as a fraction of the total
biomass.

At harvest (12 MAP), the root yield of certain varieties at
the severely stressed site (LWT) approached that of the less
stressed sites (IWT and HWT). El-Sharkawy (1993) reported that
leaves of plants growing in highly stressed environment tend to
have higher stomatal conductance than leaves of similar ages in
unstressed plants. Varieties TMS63397, TMS50395, TMS84751,
and TMS4(2)1425 did not show much differences in final root
yield among the different water table sections (Okogbenin et al.,
2003).

Varieties with a good top weight tended to produce a good top
yield. Previously work (Connor et al., 1981) suggests that vig-
orous genotypes produce better under stress than less vigorous
types. Therefore, a variety with optimal leafiness under good con-
ditions is required for the attainment of a high yield in both high-
and low-stress conditions, (Ekanayake and Ginthinguri, 2000).
The relative reduction in yield caused by water stress was used
to assess the relationship between drought resistance and yield
performance.

Average fresh shoot yield was higher at the IWT site than at
the LWT site (Figure 1; Okogbenin et al., 2003). The reduction
in crop growth was more pronounced in the shoots than in the
roots, particularly in varieties with vigorous vegetative growth.
Results revealed a 37% reduction in fresh root yield, compared
with a 22% reduction in fresh root yield from the IWT site to the
most severely stressed LWT site. A highly significant non-linear

FIGURE 1 | The relationship between fresh shoot yield and water table

depth as a function of field location (distance from lake) at IITA’s

research station at Minjibir, Kano, Nigeria. Source: redrawn from
Okogbenin et al. (2003).

relationship was observed between fresh shoot yield and water
table depth (Figure 2). Fresh shoot yield is a parameter of eco-
nomic importance in dry ecological zones where animal feed
supply is critical during the dry season. Therefore, varieties that
produce abundant foliage are desirable as a source of feed.

In summary, conditions at the IWT site were more conducive
to cassava growth than those at the HWT or LWT sites. Total plant
biomass was higher at the IWT site (41 t ha−1) than at the LWT
(29 t ha−1) and HWT (24 t ha−1) sites (Okogbenin et al., 2003).
The seemingly poor growth observed at HWT may have been
caused by waterlogged conditions (due to inadequate drainage)
that persisted in the first 3 months of rainfall, thus interfer-
ing with initial plant growth and development at this location.
Compared with results at the IWT site, decreases at the LWT site
were 23% for leaves formed, 19% for leaf scars, 22% for root yield
and 37% for shoot yield. Again, compared with the IWT site,
decreases at the HWT site were 25% for leaves formed, 27% for
leaf scars, 50% for root yield and 32% for shoot yield. The greater
reductions at the HWT site are in agreement with earlier findings
that cassava tolerates stress from drought better than from water-
logging (Lahai et al., 1999). Severe drought stress at the LWT site
caused a reduction in growth in this section of the field.

Fibrous root measurements
Evaluation for deep fibrous root system for drought measurement
is relatively difficult in cassava. Cassava roots could be as long as
2 m in the ground and could help cassava to have access to deep
water layers and may be deployed by the crop as escape mecha-
nism from to evade water stress. Studies were conducted at Ibadan
with the objective of identifying differences in the fibrous root sys-
tem of 10 IITA genotypes, using early root growth as a selection
criterion for adaptation to drought. This revealed large genotypic
differences in fibrous root weight and root length as measured
2–5 weeks after planting (WAP) (CIAT report, 1994).
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FIGURE 2 | MARS scheme (adapted from Integrated Breeding

Platform—Generation Challenge Programme) (Ferguson et al., 2012b).

Water stress responses
Several reviews of cassava’s tolerance to water stress have been
produced (El-Sharkawy, 2004; Setter and Fregene, 2007). These
reviews reveal that the principal mechanisms that may con-
trol tolerance to drought in cassava include its sensitivity and
response to changes in atmospheric humidity and soil water sta-
tus El-Sharkawy and Cock, 1984. Thus, once exposed to dry
air and/or dry soils, cassava leaves partially close their stomata
thereby restricting water loss. They are also capable of partially
retaining their photosynthetic capacity under prolonged water
shortage. Considerable variation has been observed in leaf con-
ductance and this parameter seems to be useful to preselect
sources of germplasm conferring adaptation to prolonged dry
periods [Empresa Brasileira de Pesquisa Agropecuária, Brazilian
Agricultural Research Corporation (Embrapa, 1992; Iglesias et al.,
1995)].

Cassava is capable of forming deep rooting systems (below 2 m
soil depth) that allow the crop to extract storage water when avail-
able (El-Sharkawy, 2004). Although cassava has sparse fine root
systems compared with other crops such as cereals and tropical
grasses, it is capable of penetrating into deeper soil layers.

Cassava conserves water under extended stress by reducing
light interception, achieved through a reduced leaf canopy via
restricted formation of new leaves, production of leaves of a
smaller size, drooping of the leaves (“heliotropic response”), and
leaf fall (Porto, 1983; El-Sharkawy and Cock, 1987; Calatayud

et al., 2000; Alves and Setter, 2004b). Although a reduction in
leaf area conserves water, it would also lead to a reduction in
total biomass and yield (Connor and Cock, 1981; El-Sharkawy
and Cock, 1987; Connor et al., 1981; Porto, 1983; El-Sharkawy
et al., 1992; El-Sharkawy and Cadavid, 2002). However, upon
rewatering, cassava can recover rapidly by forming new leaves.
This increases light interception and canopy photosynthesis, thus
compensating for previous losses in biomass, particularly root
yield.

Osmoregulation under extended water stress
One means of increasing drought tolerance is by accumulation of
osmotically active solutes, so that turgor and turgor-dependent
processes may be maintained during episodes of dry down. In
some plant species, osmotic adjustment (OA) allows cell enlarge-
ment and plant growth under high water stress, and allows stom-
ata to remain partially open and CO2 assimilation to continue at
low water potentials that would otherwise be inhibitory (Pugnaire
et al., 1994). However, the extent of OA has been found to be quite
limited in cassava’s tolerance to drought. In studies with potted
greenhouse-grown cassava, Alves (1998) found that the largest
increases in solutes after a few days of water deficit occurred in
the youngest and folded (i.e., expanding) leaves, with only about
0.14 MPa OA increase in mature leaves, pointing to a limited
effect of OA in the latter leaves (Alves and Setter, 2004a). Such
studies need to be carried out on field-grown plants subjected to
gradual, prolonged water stress to ensure that they extrapolate to
field conditions.

Abscisic acid accumulation
Under drought, changes in the biosynthesis, content and distri-
bution of plant growth regulators such as abscisic acid (ABA)
within plant organs and tissues—particularly in roots, leaves, and
buds—may play an important role in sensing changes in both
soil water and atmospheric humidity, and in controlling stom-
atal movements, leaf formation and extension, root growth and
bud dormancy. They may also be involved in other biological
functions such as the expression of dehydrin and other proteins
that are thought to stabilize macromolecular structure (Alves and
Setter, 2000, 2004a).

Studies by Alves and Setter (2000) showed that five cassava
varieties rapidly accumulated large amounts of ABA coinci-
dent with the cessation of leaf expansion growth and transpi-
ration. The high ABA readings were almost completely reversed
to control levels after 1 day of rewatering. This rapid return
to control levels corresponded with a rapid recovery of leaf
area growth rates. A substantial proportion of the variation in
ABA concentration in cassava correlated with genotype, sug-
gesting that genetic variation for the trait might be found
in cassava.

Critical period for drought tolerance
In general, for cassava grown in a range of environmental con-
ditions, there is a positive correlation between the total biomass
and storage root biomass. However, during growth, there are dis-
tinct developmental phases. During the first 3 months, cassava
accumulates dry matter more in the leaves than the stems and
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tuberous roots. After the third month, more is accumulated in
the roots than the rest of the plant (Ghosh et al., 1988).

Connor et al. (1981) reported that, when rainfall was withheld
from cassava for 10 weeks commencing 12 weeks after planting,
tuber yield was reduced by 32% compared to the control. Oliveira
et al. (1982) imposed a water deficit for 2 months during succes-
sive 2-month periods from the first up to the 11th month after
planting (MAP) and they found that a critical period for cas-
sava root yield extended from the first to the fifth MAP. This
period corresponds to the stages of root initiation and bulking.
Water stress in this period reduced storage root yield by 60%. A
similar conclusion was reached by Porto et al. (1989), who eval-
uated cassava grown in a lysimeter with water-stress conditions
imposed over a 100-day period with no water, starting at three
and six MAP. They reported that the accumulation of total dry
matter as well as root dry weight was reduced more by water stress
beginning at three than at six MAP. Thus, the more severe effect
corresponded to stress during the period of rapid leaf growth and
bulking rather than the later period of bulking.

MODERN BREEDING STRATEGIES FOR DROUGHT
TOLERANCE
Current objectives for breeding for drought tolerance in sev-
eral cassava breeding programmes include: (1) characterization
of germplasm for tolerance to extended water shortages, either
natural or imposed, and to low-fertility soils; (2) characteriza-
tion of germplasm for vigor under early drought (within the first
3 months); (3) study of leaf photosynthetic potential in relation
to productivity under various edaphoclimatic conditions; and (4)
identification of other plant traits that might be of use in cas-
sava improvement. Breeding substantially until recently has been
based on classical approach.

Selection of parental materials for tolerance to water stress
and infertile soils has resulted in breeding improved germplasm
adapted to both stress environments. The International Fund
for Agricultural Development (IFAD) has supported a long-
term project for selection in different semi-arid environments
in Northeastern Brazil—where the greatest genetic diversity of
cassava germplasm for adaptation to drought is found—and dis-
tribution of the elite germplasm throughout Africa. Prior to
screening for drought tolerance, it is important to incorporate
CMD resistance for Africa as a whole, as well as cassava brown
streak disease (CBSD) field resistance for Eastern and Southern
Africa. Otherwise, the effects of these diseases can mask the plant’s
response to drought.

The immense diversity of environmental components in major
drought-prone areas of the world poses difficulties in planning
specific crosses and in selecting breeding materials that will suit
the specific ecological conditions peculiar to a site. A systematic
and uniform characterization of the pertinent environment fac-
tors for important drought-affected areas would guide researchers
in formulating breeding objectives and procedures, and greatly
accelerate the impact of breeding programmes. CIAT and other
breeding programmes in Latin America and the Caribbean have
used this systematic approach. Adopting appropriate selection
criteria is very important. They should include rapid, inexpensive
and simple methodologies, and should be based on physiological

interaction of drought with crop growth and yield. Any crite-
ria based on a variety’s ability to maintain a high water status
and efficient water use would clearly relate to productivity. By
diagnosing environmental factors prevailing in different drought-
prone areas, the breeder is in a better position to incorporate
specific drought-resistance mechanisms and recovery capabilities
into breeding populations.

In Nigeria which is the world largest producer of cassava,
its national research center for cassava, the National Root
Crops Research Institute (NRCRI) is massively screening elite
germplasm to identify genotypic responses to drought that can
selectively be hybridized and recombined to develop an array of
genotypes adapted to the various needs of drought-prone areas.
The selection of progenies at drought-prone sites is critical for the
identification of genotypes that perform well under water stress.

In previous breeding activities at IITA, three factors were
considered in relation to drought tolerance: (1) the timing and
length of water stress; (2) yield under different water regimes,
or at different sites; and (3) drought reactions scored for vege-
tative growth during the dry season. This form of multicriterion
comparison has provided more meaningful interpretations of
varietal differences in agronomic performance related to drought
than comparison of absolute yields. Varieties with both drought
resistance and good recovery ability are key requirements for sta-
ble performance in areas with a longer rainy season or those
with a bimodal rainfall pattern that are also prone to occasional
prolonged drought periods.

Given the vast array of opportunities of molecular resources
being generated and available to cassava, molecular breeding is
now rapidly evolving for the crop. From the initial molecu-
lar breeding initiatives supported by the GCP since 2003, many
breeding programmes have developed capacity to deploy molec-
ular tools. The BMGF in 2012 is supporting a Cornell University
led consortium to use of genomic selection in Africa to fast-
track cassava breeding and is in the process generating and using
huge assembly of sequence data (http://www.nextgencassava.
org/). These developments are rapidly changing the landscape of
breeding in Africa and globally. These rapid changes generally
require faster phenotyping protocols and efficient genomic selec-
tion tools to increase genetic gain and expedite product delivery of
drought tolerance products. Some of the modern breeding strate-
gies require minimal phenotyping or early and fast phenotyping
protocols.

Breeding for complex traits is expensive due to the need for
highly replicated phenotyping trials over several environments.
This justifies the quest for a MAB approach that increases preci-
sion of selection and reduces the requirement for phenotyping.
MARS is a MAB strategy for forward breeding of genes and QTLs
for relatively complex traits (Ribaut and Betran, 1999; Ragot et al.,
2000; Eathington, 2005; Crosbie et al., 2006) such a drought tol-
erance. It is a genotype construction process that increases the
frequency of beneficial alleles and aids the development of geno-
types with the best haplotype combination at selected loci in
the genome. A typical MARS scheme is illustrated in Figure 2.
Under the GCP—Cassava Challenge Initiative, African breeding
programs have initiated MARS for drought tolerance breeding in
cassava. SSR and SNP markers are used to identify QTLs and then
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to identify important allele combinations through three cycles
of selection, which is only then which is only then followed by
phenotyping.

Genomic Selection is an alternative approach well suited to
complex traits (Meuwissen et al., 2001). This approach depends
on high-throughput genotyping and novel statistical methods. GS
uses all marker data as predictors of performance, thus enabling
the selection for multiple loci of small genetic effect (Jannink
et al., 2010). Essentially, breeding populations are extensively
genotyped (using next generation sequencing technologies) to
give full genome coverage and phenotyped to create models that
calculate genomic estimates of breeding values (GEBVs) which
are used to select candidate parents. These values can then be used
for selection within a breeding population, without the need for
phenotypic evaluation. This new breeding approach have strong
significant benefits in breeding for drought tolerance and quan-
titative traits in highly heterozygous species as cassava (Heffner
et al., 2009; Jannink et al., 2010).

Genome wide selection (GWS) is a strategy found suitable
for complex traits controlled by many QTLs and with a low h2.
GWS can be implemented in the same way as MARS except that
all individuals are genotyped with a large number of markers
(Ferguson et al., 2012b). Genome wide selection (Meuwissen
et al., 2001) determines prediction of performance based on as
many loci as possible (unlimited number) without QTL mapping.
In GWS, trait values are predicted from a weighted index cal-
culated for each marker. Simulation studies have indicated that
across different numbers of QTL (20, 40, and 100) and levels of
h2, responses to genome wide selection were 18–43% larger than
the corresponding responses to MARS (Bernardo and Yu, 2007).

KEY EARLY-GROWTH PHASE PHENOTYPING
METHODOLOGY FOR MOLECULAR BREEDING
A key focus for modern breeding is the need to rapidly make
genetic advances and reduce the breeding scheme by efficiently
stack traits using both molecular tools and efficient phenotyping
strategies. This is more challenging for complex traits and espe-
cially for those that are often evaluated very late in the growth
cycle. While a good number of traits often evaluated at har-
vest periods are strong drought tolerance determinants, their
late measurements make them undesirable to meet the objec-
tives of modern breeding that seeks a fast screening procedure
and quick systematic elimination to reduce population sizes that
are measured late in breeding scheme. Modified traits that have
key predictive power to estimate yield and adaptation potential
in drought prone environments and which can easily be assessed
early in the growth cycle are target traits of interests for modern
breeding. Recently three modified traits have proved very useful
based on their recent application in drought phenotyping within
a 7–8 month evaluation cycle in contrast to a 12–18 month cycle
that typically applies under drought stress ecologies.

BULKING AT 7 MAP
Bulking in cassava refers to the swelling or thickening of the stor-
age roots as they are filled with excess assimilates after the plant
might have satisfied the needs for vegetative growth. Early bulking
has been used as concept to described early maturing cassava or

early-ready cassava varieties that are harvestable at 7–8 months.
The food security role of cassava in averting famine has necessi-
tated the need for early-ready varieties in contrast to late yielding
varieties. However, early bulking has been a trait mainly evalu-
ated mainly in humid agro-ecologies where conditions are rather
optimal for growth.

In the dry ecology, drought imposes slow crop development
that makes harvest of cassava to extend beyond 12 months and
sometimes between 15 and 18 MAP. Early bulking is therefore
seldom considered as a measurable trait in marginal environ-
ment. The need to use as an early screening procedure has
rapidly become important given the need to accelerate pheno-
typing for assessing productivity in drought prone environments.
Early bulking in dry ecologies is rather implied to identify good
bulkers under stress rather than identifying early maturing vari-
eties. Thus evaluating early bulking for drought tolerance is used
to select good varieties potential good yield at 12 MAP. So it is
a fast screening method to select for yield under drought toler-
ance per se. This have been applied in recent studies for drought
adaptation.

A study of early bulking was conducted in the guinea savannah
(Olasanmi, 2010). Dry season could vary from 4 to 6 months in
the savanna zone requiring cassava varieties to have good adapta-
tion for drought tolerance to enhance good productivity in these
ecologies as well. Some pre-selected cassava genotypes with good
bulking (Figure 3) were evaluated by NRCRI in 2010 and 2011 at
Otobi (derived savanna) (Table 1). They were evaluated for early
bulking in terms of root yield and other related parameters at
7 months after planting. The objective was to test the hypothe-
sis that early bulkers could be used as a identify potentially good
productive genotypes at 12 months in regions were drought stress
could be a severe limitation to productivity.

In the study a set of 33 early bulking cassava genotypes and
two check varieties (TMS 30572 and TMS 98/0505) were evalu-
ated for yield at 7 and 12 MAP. A new parameter which was used
to assess tolerance is the relative increase in yield from 7 MAP to
12 MAP. Fresh root yield and other yield related attributes of the
early bulking cassava genotypes evaluated at Otobi are shown in
Table 1. The average yield at 7 MAP was 10 t ha−1 at Otobi in
the derived savanna while it 21.2 t ha−1 at Otobi. Results indi-
cate that genotypes that were good bulking at 7 MAP relatively
maintained good yields at 12 MAP. At Otobi, about 81% of the

FIGURE 3 | Good bulking genotypes (at 7 months after planting)

developed in the Cassava breeding programme at National Root Crops

Research Institute, Umudike, Nigeria. (A) Early bulking genotype with big
sized commercial roots at 7 MAP. (B) Early bulking genotype with moderate
sized commercial roots at 7 MAP.
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Table 1 | Fresh root yield and other yield related attributes of early

bulking cassava genotypes at two harvest dates at Otobi, Nigeria

(source Olasanmi, 2010).

Genotype 7 MAP 12 MAP Yield

increase

% Yield

increase
FRY

(t/ha)

PI FRY

(t/ha)

HI

COB-4-52 2.33 0.16 10.51 0.41 8.18 350.6

COB-6-31 5.67 0.19 20.61 0.39 14.94 263.7

COB-5-86 9.96 0.32 35.86 0.40 25.90 260.2

COB-4-79 4.78 0.29 15.56 0.40 10.78 225.6

COB-1-139 9.31 0.34 30.11 0.45 20.81 223.6

COB-5-17 9.47 0.24 29.67 0.32 20.20 213.4

COB-7-180 7.59 0.19 22.41 0.30 14.82 195.3

COB-5-28 6.68 0.32 19.52 0.38 12.85 192.4

COB-5-44 9.78 0.22 28.33 0.24 18.56 189.8

COB-5-4 10.65 0.38 29.20 0.47 18.56 174.3

COB-4-100 10.56 0.29 27.66 0.37 17.11 162.0

COB-6-41 7.61 0.20 19.00 0.23 11.39 149.6

COB-7-197 13.93 0.30 33.85 0.36 19.92 143.0

COB-7-25 20.00 0.33 47.29 0.46 27.29 136.4

COB-5-53 6.35 0.37 14.31 0.45 7.96 125.5

COB-1-103 9.86 0.32 21.88 0.43 12.02 121.9

COB-4-75 13.68 0.36 26.81 0.44 13.13 96.0

COB-5-24 7.11 0.31 13.79 0.33 6.68 94.0

COB-4-77 11.13 0.33 21.59 0.43 10.46 93.9

COB-5-104 6.39 0.24 12.25 0.33 5.86 91.6

COB-4-74 8.79 0.28 16.78 0.42 7.99 91.0

COB-6-19 9.78 0.25 17.83 0.46 8.05 82.3

COB-5-12 10.65 0.29 18.87 0.34 8.22 77.2

COB-1-163 14.00 0.28 24.69 0.34 10.69 76.3

COB-5-57 11.25 0.25 19.77 0.28 8.52 75.8

COB-4-27 10.11 0.34 17.39 0.38 7.29 72.1

TMS 98/0505 11.24 0.21 18.51 0.27 7.26 64.6

COB-5-48 7.64 0.24 11.67 0.27 4.03 52.8

COB-5-11 11.46 0.28 17.46 0.36 6.00 52.4

COB-6-4 12.54 0.24 18.95 0.28 6.42 51.2

COB-5-61 12.07 0.32 16.20 0.33 4.13 34.3

TMS 30572 14.71 0.27 18.90 0.31 4.19 28.4

COB-5-36 9.25 0.24 11.45 0.22 2.20 23.8

COB-6-1 14.56 0.33 12.50 0.30 −2.06 −14.1

MAP, months after planting; FRY, fresh root yield; HI, harvest index; PI, partioning

index.

genotypes having about 20 t ha−1 or more at 12 MAP had 9–10 t
ha−1 at 7 MAP. The results therefore shows that early bulking
could be used as a useful parameter to screen for productivity at
12 MAP. Such genotypes are likely to maximize available moisture
for bulking to improve yields. These materials are being planned
for further test in semi-arid zones (Sudan and Sahel savannas).
Yield differences between 7 MAP and 12 MAP tend to indicate
that 18 (54.5%) of the genotypes based on the results were very
good bulking materials with less than 55% root yield increase at
12 MAP over root yield at 7 MAP. Genotypes with good bulk-
ing at 7 MAP and without highly extended yield increase are
considered more drought tolerant. The results obtained showed

that 7-month bulking assessment in ecologies with high drought
stress could be used as a good trait to rapidly screen for drought
tolerance under modern breeding. Efforts to screen for bulking at
5 MAP for productivity potential at 12 MAP are underway.

PARTITIONING INDEX
Harvest index (HI) is the ratio of economic yield to that of
biomass yield of a crop and is typically measured at 12 MAP.
Molecular breeding essentially requires rapid screening method-
ology that necessitates quick prediction for good partioning to
estimate yield potential. HI at 12 MAP is rather late in the growth
cycle and makes it not readily ideal for early screening of breed-
ing populations for drought adaptation in the cassava breeding
scheme.

The ability to estimate quick partitioning of assimates at the
early growth phase is therefore considered more desirable. Recent
initiatives to assess partioning index at the early stages have been
explored to improve rapid screening for good yield. Duque (2012)
examined 45 diverse cassava genotypes representing a range of
reported drought tolerances from among collections at CIAT
and Embrapa. The studies were done on potted plants so that
water supply in well-watered and water-stressed treatments could
be controlled. Partioning index which is the ratio of the stor-
age root weight as a fraction of the total plant biomass at 4–5
months was correlated with harvest index at 12 MAP. The cor-
relation between storage root mass and the partitioning ratio of
storage root biomass:total plant biomass was found high, espe-
cially underwater stress (Duque, 2012). The study showed that
the best genotypes maintain a robust developmental programme
that sustains storage root growth in the face of water stress,
whereas poorer genotypes allow storage root growth to suffer at
the expense of other growing plant organs. In terms of pheno-
typing strategies, the study suggests that evaluation of biomass
partitioning ratio at an early stage of storage root development
could be a useful indicator of a genotype’s tendency to favor
storage root growth when resources are limited by water stress.

Findings in a study reported by Olasanmi (2010) has also
shown good correlation between partioning index at (7 MAP)
and harvest index (12 MAP) for drought tolerant genotypes and
might be useful as a critical screening method for preliminary
selection for drought adaptation evaluation. Results obtained
in the study (at Umudike—humid ecology; and Otobi—Guinea
savanna) indicated that genotypes that had a PI of 0.3 tended to
produce better and maintained good HI at 12 MAP. In the study,
the difference between PI and HI among three classes of cassava
(early bulkers, medium bulker and late bulkers) at two harvesting
age (7 and 12 months after planting) were significant. The dif-
ference was widest for the late bulkers than the other two classes
(Table 2). Medium cassava bulkers are those that are intermedi-
ate between the early and late types. Due to late bulking, the PI
does not necessarily correlate with HI at 12 MAP for this group.
PI therefore tend to predict stronger for early bulking genotypes
as shown by the results (Olasanmi, 2010), The implication for late
bulkers in dry ecologies is that due to drought effect, it may likely
attain maturity very late often well beyond 12 MAP for good and
reasonable yield to be attained. The use of PI could rapidly allow
breeders to cut down on the population and thus accelerate rapid
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Table 2 | Average harvest index (HI) among different bulking rate groups of cassava at two locations in Nigeria.

Location Late bulkers Medium bulkers Early bulkers

7 MAP 12 MAP 7 MAP 12 MAP 7 MAP 12 MAP

Umudike 0.32 0.59 0.42 0.59 0.45 0.57

Otobi 0.28 0.38 0.28 0.35 0.29 0.29

Difference between PI and HI between the two harvesting age

Late bulkers Medium bulkers Early bulkers

Umudike 0.27 0.17 0.12

Otobi 0.10 0.07 0.00

selection thus reducing the breeding scheme through shortened
phenotyping regimes.

STEM STARCH CONTENT
Cassava is vegetatively propagated. The size and quality of stem
are of fundamental importance for high yields (Eke-Okoro et al.,
2001). Differences in weight of stem cuttings result in differ-
ences in food reserve (Okeke, 1998), and it is on this that the
initial growth of the plant depends implying basically that stem
weight or starch are associated to the establishment phase of cas-
sava in the field. This has recently been explored for drought
tolerance phenotyping. The establishment phase of cassava is crit-
ical to rapid adaptation of cassava and has been hypothesized
as more critical under water stress either at the initiation of the
growth phase or during prolonged stress when food reserves are
mobilized to sustain metabolic activities.

Given that water stress diminishes photosynthetic carbon fix-
ation, and yet cassava can retain the ability to resume growth
after long drought periods, it has been hypothesized that car-
bohydrate storage reserves in cassava’s thick robust stems might
provide a supply of carbohydrate to sustain meristems and other
respiring organs during prolonged stress. (Duque, 2012) studied
found that reserves in leaf blades were limited and these reserves
were depleted rapidly during stress (Figure 4). In contrast, stems
and storage roots maintained a relatively high starch content per
organ from treatment initiation to the final harvest. Total non-
structural carbohydrate (TNC) content per plant was maintained
in storage roots through the entirety of the experiment, while the
stem became a source of slowly remobilized starch during stress.
The amount of starch stored in stems was considerable, represent-
ing about 35% of the TNC in the plant at stress initiation (T0),
and 6% of total plant dry mass. These data suggest that this pool
of TNC reserves is important in sustaining meristems and other
respiring organs during prolonged stress. Duque (2012) showed
that cassava stems accumulate starch (Figure 5) gradually over a
45-day period of growth after seedling establishment, in advance
of storage root bulking (Table 3). In studies with 15 diverse geno-
types, fresh root biomass production under stress correlated with
the extent to which a genotype accumulated starch in its stems.
Collectively, these studies suggest that the extent to which stems
accumulate starch in advance of water stress could be a valuable
trait for drought tolerance.

FIGURE 4 | Accumulation of total non-structural carbohydrates in

cassava plant parts during initial growth and during a 40 subsequent

period of water-stressed or well-watered conditions. Source: (Duque,
2012).

FUTURE DIRECTION: PHENOMICS AND HIGH THROUGHPUT
PHENOTYING
Phenomics is the systematic study of phenotypes on a genome-
wide scale and defines phenotypic features across multiple levels
of expression. It involves a large-scale phenotypic data collection
and analysis, and thus enables the characterization of pheno-
types in a rigorous and efficient way, to link traits with the
associated genes. Phenomics is normally conducted by run-
ning multiple phenotypic assays on a large set of genotypes.
Phenotypic parameters cover morphological measures (plant
height), dynamic measures (metabolism) and molecular mea-
sures (transcript profiles). Developing strong capacity for cassava
phenomics is essential to high throughput phenotyping to close
the gap between plant physiology and genetics (Furbank, 2009).
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FIGURE 5 | Starch in cassava stems—remobilized during stress

(staining with iodine). Source: Duque, 2012.

Table 3 | Carbohydrate accumulation in the initial growth period after

seedling establishment of cassava in the Corpoica (Corporación

Colombiana de Investigación Agropecuaria; Colombian Corporation

for Agricultural Research) field sites at Turipana and El Guamo in

Colombia. An average of 15 genotypes is shown (source: Duque,

2012).

Carbohydrate (µmol g−1 dry weight)

Leaf blade Stems

Days from plant

establishment

Total sugars Starch Total sugars Starch

0 75 15 121 293

15 78 14 178 332

30 79 19 192 659

45 101 5 239 1016

High-throughput phenotyping technologies will be particularly
important for studies of drought tolerance.

High throughput phenotyping for target and correlated traits
is increasingly becoming important in crops. However, there
are still many important traits that are difficult to evaluate.
Phenomics technologies could bring new approaches to address
these challenges to efficiently identify superior genotypes and
train prediction models. Improved methods are required needed
for high-throughput collection of diverse phenotypic measures,
in the field and controlled environments. Some of the high
throughput technologies used in drought studies in several
crops include imaging systems, remote sensing, canopy spectral
reflectance (for water use efficiency), etc. Cassava can immensely
benefit from the use of such technologies.

Information about the physiological changes in response to
drought over time is vital to identification and characterization
of the different drought-tolerance mechanisms. This has been

demonstrated in many crops based on high throughput tech-
nologies. For example, Image-based phenotyping offers a way to
capture and extract morphological and developmental pheno-
type data, through non-destructive close-range or remote-sensing
technologies. Remote sensing, an increasingly powerful tool has
long been used in an attempt to measure the water status of
individual plants or canopies (Blum et al., 1982). The most fre-
quently used technique is thermal infrared imaging, or infrared
thermography (IRT), to measure the leaf or canopy tempera-
ture which is drought parameter related to the extent of stomatal
opening and evaporative cooling often measured (Balota et al.,
2008). The use of thermal cameras for canopy temperature mea-
surement offer a key benefit compared with temperature sensors
(thermometers) as a facility for spatial resolution. It thus allows
more precise measurements in a fraction of the time needed
to perform several replicate readings per plot than an infrared
thermometer, which is prone to error due to changing environ-
mental conditions between measurements. In addition, a large
number of plots in a field trial can be imaged at the same
time, ideally allowing a comparison of differences in canopy
temperature among genotypes without the need for normaliza-
tion to determine the absolute leaf temperature (Jones et al.,
2009).

Non-destructive imaging techniques allow a temporal res-
olution and monitoring of the same plants throughout the
experiment. The development of good image systems that avoid
destructive sampling will be very critical for root and tuber
crops like cassava when storage root development is critical for
assessment of drought on growth and development in the crop’s
growth cycle. The Combination of high throughput technologies
have the huge potential to increase the power of data analy-
sis. For example the combination of color and thermal imaging,
has been indicated to increase the information and precision of
leaf temperature measurements compared with thermal imag-
ing alone (Berger et al., 2010). Although cassava have yet to
significantly deploy high throughput technologies in drought
studies, it is expected that this will change as cassava phenomics
improve.

Despite the array of data characterizing water deficit responses
that may relate to dehydration tolerance, there is still little under-
standing as to which responses, whether at the gene or cellular
level, are actually adaptive in nature and truly critical for or cen-
tral to tolerance (Bray, 2002). Metabolite profiling offers strong
opportunities to remedy these gaps. Some of the most important
responses of a plant against drought stress are associated with
the accumulation of minerals (Samarah et al., 2004) and the
enhanced synthesis of osmoprotectants, osmolytes, anti oxidants,
or compatible solutes, which are part of normal metabolism. The
accumulation of these compounds helps the stressed cells in water
retention (Hare et al., 1998; Setter, 2012) and in the maintenance
of the structural integrity of the cell membranes (Conroy et al.,
1988). Metabolic profiles have the potential to uncover a cascade of
biochemical regulation strategies that may be explored to enhance
drought tolerance in crops (Setter, 2012). Mass spectrometry (MS)
and Nuclear magnetic resonance (NMR) spectroscopy are used to
identify and to quantify metabolites. Nuclear magnetic resonance
(NMR) spectroscopy can be used to monitor and quantify
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the degree of metabolic impact induced by drought or other
environmental disturbances (Bligny and Douce, 2001; Charlton
et al., 2008), since NMR can bring “high-throughput” spectro-
scopic/structural information on a wide range of metabolites
simultaneously with high analytical precision.

Phenomic datasets can be large and complex and appropriate
management systems are required to enhance analysis. The power
of phenomics is largely expected to be enhanced when datasets
are combined and correlated across different studies. Considering
the complexity of both drought and plant responses to drought,
trait dissection effected by high-throughput phenotyping pro-
vides strong process to understand plant responses to drought,
and its genetic basis for effective application to improve crop per-
formance and yield under a variety of drought conditions in crops
(Berger et al., 2010).

In cassava, drought phenotyping has with morpho-
physiological and agronomic traits that does not integratively
provide sufficient understanding to drought tolerance in this
crop. The increasing genomic resources arising from the use
of next generation sequencing technologies and GBS in cas-
sava implies that the quantum of genotypic data or information
being generated can only be meaningfully analyzed and applied
by improving capacity in phenomics. High throughput pheno-
typing will be required to complement molecular tools for rapid
genetic gain for drought tolerance in a fast track breeding scheme.

CONCLUSIONS
A review of the literature on drought tolerance in cassava reveals
the physiological basis of drought tolerance in cassava and its
integration with agronomic traits. Some traits are not easily phe-
notyped. For example, a deeper root system provides access to
more soil water for the crop during drought. Basically, breeding
and selection based on root system evaluation have not been well
explored, and simple methods to evaluate root systems have yet
to be developed in cassava.

A good number of the conventional traits typically used
to assess drought adaptation, though relevant have limitations
especially for those that are measured late in the growth cycle
which makes current efforts to reduce the breeding cycle a chal-
lenge. The use of molecular tools in breeding is designed to
efficiently select for genes for rapid genetic advances in the breed-
ing (especially for complex traits). The strength and beneficial
aspect of molecular tools lies in fast tracking the development
of varieties that maximize gene combinations for complex traits.
Molecular breeding thus require strategies that not only sup-
port fast rapid phenotyping protocols but minimal phenotyp-
ing. In such scenario, many of the current traits are not well
suited to the modern breeding paradigms. Therefore the need
to identify more efficient and rapid and or simple phenotyp-
ing protocols are expected to increase. Drought adaptation traits
that may easily be used to assess productivity at early growth
phase may be a quick strategy to accelerate drought tolerance
selection in modern breeding for cassava. Physiological traits
such as stomatal conductance and leaf photosynthesis that are
easily measured will continue to be favored traits in modern
breeding.

Complementary phenotyping strategies such as metabolite
profiling used in combination with conventional cassava drought
phenotyping traits will further enhance our understanding of
drought tolerance in cassava. While rapid advances in high
throughput genotyping has been achieved, much have yet to
be done for phenotyping for cassava. The power to detect use-
ful genes and understand the metabolic pathways of drought
tolerance can only be efficiently dissected by complementing it
with high through phenotyping that enhances quality of phe-
notypic data both in precision and accuracy. Developing strong
phenomic capacity for drought tolerance in cassava is therefore
crucial to the process. Significant progress in drought tolerance
breeding will largely depend on how quickly this capacity is
developed.
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Drought has emerged as one of the major constraints in banana production. Its effects
are pronounced substantially in the tropics and sub-tropics of the world due to climate
change. Bananas are quite sensitive to drought; however, genotypes with “B” genome
are more tolerant to abiotic stresses than those solely based on “A” genome. In particular,
bananas with “ABB” genomes are more tolerant to drought and other abiotic stresses
than other genotypes. A good phenotyping plan is a prerequisite for any improvement
program for targeted traits. In the present article, known drought tolerant traits of other
crop plants are validated in bananas with different genomic backgrounds and presented.
Since, banana is recalcitrant to breeding, strategies for making hybrids between different
genomic backgrounds are also discussed. Stomatal conductance, cell membrane stability
(CMS), leaf emergence rate, rate of leaf senescence, RWC, and bunch yield under soil
moisture deficit stress are some of the traits associated with drought tolerance. Among
these stress bunch yield under drought should be given top priority for phenotyping. In
the light of recently released Musa genome draft sequence, the molecular breeders may
have interest in developing molecular markers for drought resistance.

Keywords: bananas, breeding, bunch yield, drought stress, phenotype, RWC

INTRODUCTION
IMPORTANCE OF BANANAS
Bananas (refers to banana, plantain, and cooking bananas) are
one of the earliest crop plants to have been domesticated.
Originally, they were adapted from the humid tropics to broad
subtropical climatic conditions. Bananas are one of the most
important, but undervalued, food crops in the world. Bananas
provide a staple food for millions of people; particularly plan-
tains have remained a staple food of many ethnic groups in
Africa, an area where the green revolution has had little influence.
Bananas are considered an important food security crop, provid-
ing a cheap and easily produced source of energy. In addition,
they are rich in certain minerals and in vitamins A, C, and B6.
It has been estimated that the highest consumption rates are on
the island of New Guinea and in the Great Lakes region of East
Africa, where bananas form a large proportion of the diet and
consumption amounts to 200–250 kg person−1 year−1 whereas
in Europe and North America consumption is approximately
15–16 kg person−1 year−1 (INIBAP, 1992). Bananas are con-
sumed in various forms, and consumption methods have evolved
and been refined by humans over time. They are eaten raw,
cooked, baked, steamed, or fermented. In many places, the whole
plant is exploited with uses for the leaves, pseudostem, medic-
inally rich plant sap or fiber. Thus bananas and plantains are
grown for specific purposes apart from the edible fruit and have
become interwoven with the culture and livelihoods of human
society. Although today bananas and plantains are best known as a
food crop, almost every part of the plant can be used in one way or
another.

CULTIVATED AREA AND YIELD PERFORMANCE UNDER OPTIMAL
CONDITIONS
Basically, bananas have occupied the status of commercial crop.
Traditional banana growers, with the exception of a few large
companies, are responsible for most production world-wide.
Bananas and plantains (Musa spp.) are grown in more than a
hundred tropical and subtropical countries and provide staple
food for hundreds of millions of people. Bananas and plantains
are grown in about 130 countries around the world, exhibiting a
spectacular production of 122.85 million tons (FAOSTAT, 2012).
India alone produces 26.20 million tons on an area of 0.70 mil-
lion ha and contributes to 21.30 percent of global production
(2007–2008). India is the largest producer in the world, followed
by China, The Philippines, Brazil, and Ecuador. Around 87% of
all the bananas grown worldwide are produced by small-scale
farmers for home consumption or for sale in local and regional
markets, while the remaining 13%, mainly dessert bananas, are
traded internationally. Dessert bananas are also grown commer-
cially in the subtropics and in Mediterranean climates including
Israel and other East Asian countries, for internal consumption
or local export (FAOSTAT, 2008). More than two-thirds of the
bananas grown in the world for export are irrigated (Stover and
Simmonds, 1987).

DROUGHT RESISTANCE
Water limitation is a major problem for global agriculture, per-
manently affecting 28% of the world’s soils with almost half of
all soils intermittently limited because of shallowness, poor water
holding capacity, and other factors (Dudal, 1977). Drought in
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agriculture is “shortage of water in the root zone, resulting in
decreased crop yield” (Salekdeh et al., 2009). Drought tolerance
consists of drought avoidance and/or dehydration tolerance that
are ultimately measured by the reproductive success of the species
(Taylor et al., 2007). Drought avoidance strategies in plants
include deep rooting, conservative use of available water to ensure
grain filling is completed, and lifecycle modifications to match
rainfall. Dehydration tolerance involves the plants’ ability to par-
tially dehydrate but remain viable and grow again when rainfall
resumes.

The effect of drought on plants is complex and plants respond
with many protective adaptations. Drought causes the plant to
suffer from dehydration and overheating of its cells and tis-
sues. Hence, drought resistance of the plant includes the ability
to withstand dehydration and ability to withstand overheating
(heat-resistant). High heat-resistance is not always linked with
high drought-resistant and there is no universal mechanism of
adaptation of plants to drought. Drought-resistance is a property
which is formed and developed in the process of ontogenesis and
is based on the whole preceding phylogeny of the plant. Based on
the above observation, Henckel (1964) defined drought resistance
as follows. “Drought-resistant plants are those which in the pro-
cess of ontogenesis are able to adapt to the effect of drought and
which can normally grow, develop, and reproduce under drought
conditions because of a number of properties acquired in the
process of evolution under the influence of environment.”

Drought is one of the important abiotic constraints restrict-
ing banana cultivation and its further adoption into non-
conventional growing areas. Breeding for drought alone has not
been focussed among any of the global banana breeding programs
but it has been an essential trait considered along with other
important ones like Fusarium wilt (race 1, 2, and 4), Sigatoka leaf
spot (M. fijiensis, M. eumusae, and M. musicola), etc. Recent issues
of climate change have warranted the need for the development
of commercial banana varieties suited for less water environ-
ments. In this perspective the strengths and weaknesses in the
banana crop for breeding drought tolerant genotypes has been
discussed below with emphasis on genetic resources, drought tol-
erance, compatibility, outcome of breeding programs, etc. In this
article explanation is placed largely on the basis of experiments
performed in India.

BANANAS PLANT WATER RELATIONS
Bananas pose challenge to physiologists to measure indicators
of water deficits, due to the presence of large air pockets within
the leaves, and laticifers containing latex within the leaves, fruit,
and corm that hinder the use of standard methods of measur-
ing water relations (Turner and Thomas, 1998). Milburn et al.
(1990), Kallarackal et al. (1990), Turner and Thomas (1998), sub-
sequently demonstrated different methods to measure a series of
physiological indications in relation to drought tolerance, viz.,
of water potential, the volumetric (relative leaf water content),
or thermodynamic tissue water status (leaf water, osmotic, and
pressure potentials) of a laticiferous plant like the banana. The
method described by Milburn et al. (1990), which is based on
measurements of the refractive index of exuded latex, was pre-
ferred and its reliability subsequently confirmed by Thomas and

Turner (2001). The water potential of well-watered plants was
found to cycle diurnally within the remarkably narrow range of
0 to −0.35 MPa. In fact, the rate of extension of the youngest
leaf may be the most sensitive indicator of plant water status
(Kallarackal et al., 1990), providing it is not too hot (Thomas and
Turner, 1998). Under hot, arid conditions, leaf folding is not con-
sidered to be a reliable plant-based indicator of when to irrigate
(Thomas and Turner, 1998).

Banana production constraints are dominated largely by biotic
and abiotic stresses. However, while research on biotic stresses has
drawn sufficient attention worldwide, abiotic stresses have gone
unnoticed. Among the abiotic stresses, drought, salinity and heat
are the most important. Drought has rarely been addressed in
the past, but is gaining importance in the face of depleting nat-
ural resources. The results of successful cultivation, especially of
the water loving Cavendish clones, in drought prone areas with
protected irrigation have provided the required momentum to
perform research on drought in bananas. In subtropical and semi-
arid banana cultivation zones, where rainy days are limited and
there is an uneven distribution of rainfall, new crop management
practices in terms of varieties selected, soil improvement (in terms
of physical properties and nutrient enrichment), water manage-
ment, etc. are being adopted. Although a large amount of research
has been carried out on tropics including water management,
drip irrigation, and fertigation, work on evaluation of banana
and plantain varieties under conditions of water deficit is still
very limited, as is the availability of related information. Probable
reasons could be that most genebanks and breeding programs
actively involved in germplasm evaluation and development are
located in the humid tropics and ample rainfall. Moreover, cre-
ating large-scale drought conditions for a crop like bananas that
is large and of long duration (12–20 months), presents many
practical difficulties.

Screening germplasm for the drought has been initiated
in some breeding programs such as that of the International
Institute for Tropical Agriculture (IITA), Nigeria, NRCB, India
and the Centro de Investigación Científica del Yucatán (CICY),
Mexico. IITA has planted a large amount of germplasm in
semi-arid zones of Uganda. The material that is being screened
for drought tolerance includes landraces, East-African highland
bananas, plantains and their triploid and tetraploid hybrids1.
Similarly, NRCB is located in the dry tropics and is maintain-
ing and evaluating a total of 340 core accessions for response to
various biotic stresses, male, and female fertility, compatibility
with other groups and subgroups, and seed setting ability. NRCB
has screened 112 genotypes from a core collection of 340 acces-
sions in response to water deficit conditions. Systematic screening
of a wide range of germplasm for specific traits like leaf water
retention capacity (LWRC) has also been attempted (Ravi and
Uma, 2009). Observations on the response of various genotypes
to water deficit under field conditions and their amenability for
improvement through classical breeding are presented in Table 1.

Bananas, being a commercial crop in the tropical and subtropi-
cal region of the world, are prone to their growth and productivity

1http://www.iita.org/cms/details/banana_project_details.aspx?articleid=228
&zoneid=308
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Table 1 | General observations on germplasm performance under water deficit conditions and note on their breeding behavior (Anon, 1999,

2000, 2004, 2006, 2007; Uma and Sathiamoorthy, 2002; Uma et al., 2002).

Genomic

group

Subgroup or

status

Genotypes

(varieties/types)

Reaction to

water deficit

Breeding

behavior

General remarks

AA Wild M. acuminata ssp
Burmannica
M. acuminata ssp
burmannicoides
M. acuminata ssp
malaccensis
M. acuminata ssp zebrina

Highly
susceptible

Male and female
fertile

Widely used donors for biotic stress tolerance
genes

BB Wild Types Athiakol, Manohar,
Bacharia Malbhog

Susceptible Male and female
fertile

Not used in breeding program due to BSV being
integrated into the host genome

Types Attikol, Elavazhai Less tolerant Male and female
fertile

Not used in breeding program due to BSV being
integrated into the host genome

Types Bhimkol Moderately
tolerant

Male and female
fertile

Not used in breeding program due to BSV being
integrated into the host genome

M. balbisiana type Andaman Tolerant Male and female
fertile

Not used in breeding program due to BSV being
integrated into the host genome

AAA Unique Thellachakkarakeli Moderately
tolerant

Female fertile Elite cultivars due to quality fruits. Produces
average bunch even under water deficit
conditions

Cavendish Grand Naine, Robusta,
Dwarf Cavendish, Williams

Highly
susceptible

Female fertile Complete failure of crop

Red banana and Green red
banana

Susceptible Moderately
female fertile

Complete failure of crop

Ney Poovan Ney Poovan, Nattu Poovan,
Njali Poovan

Tolerant Reduced female
fertile

Produces bunch even under water deficit

AAB Mysore Mysore, Poovan, Champa Moderately
tolerant

Female fertile Produces bunch even under water deficit

Pome Prata Susceptible Female fertile Fruits fail to fill and central core becomes
conspicuous

Small fruited varieties such
as Pacha, Ladies Finger,
Mannan, Krishnavazhai,
Malai Kali

Susceptible Female fertile Fails to develop but under normal conditions sets
seeds unlike counterparts with bigger fruits

ABB Pisang Awak Karpuravalli, Ankur-II, Gauria,
Chinia, Bankela, Udhayam

Tolerant Female fertile Reduction in number of hands but retains finger
size; sets seeds even under water deficit

Monthan Kachkel, Yengu Bontha,
Bankeli, Pidi Monthan,
Lamby

Moderately
tolerant

Male fertile
Female sterile

Reduction in number of hands and size of the
fruit

Ash Monthan Tolerant Male fertile
Female sterile

Imposition of drought at flowering even with 3–4
green leaves produces normal bunch

ABB Bluggoe Birbutia, Bersain, Beula,
Kothia, Chakia, Gauria,
Nepali Kallu Monthan,
Sakkai

Moderately
tolerant

Male and female
fertile

Bunches develop even with water stress; a hardy
group of plants

ABB Unique Bangrier, Kanchikela Moderately
tolerant

Male and female
fertile

Yield stability over the years; less reduction in
yield; sets seeds even under water deficit, but
has poor germination
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being adversely affected by water stress. In traditional banana
growing areas, long-term drought is not common, even though it
is as potential an abiotic stress as short dry seasons. Inherent crop-
based problems like being a long duration crop (10–12 months)
make drought a potential threat in bananas. In addition, the high
leaf area index (LAI) and shallow root system makes the banana
plant extremely susceptible to water shortage (Robinson, 1996).
Consequently the plant requires supplementary irrigations dur-
ing dry periods to prevent reductions in yield and fruit quality.
Some of the work carried out with bananas has been reviewed
below, indirectly throwing some light on the crop’s reaction to
water deficit and field performance.

EVAPOTRANSPIRATION FROM BANANA PLANTATIONS
Precise information on the amount of irrigation to be applied is
usually lacking, although a few experiments have been reported
based on available water in the soil at field capacity. Depending on
the prevailing climatic conditions, estimates of the annual evap-
otranspiration of the banana plant range from 1200 to 2690 mm
(Robinson and Alberts, 1986). The water requirements of drip-
irrigated bananas grown under semiarid conditions on a Mollisol
or on an Ultisol with transient dry periods were determined.
Using Class A pan factors that ranged from 0.25 to 1.25, it was
found that all yield components for the plant crop and two ratoon
crops were significantly improved with an increase in water appli-
cation (Goenaga and Irizarry, 1998). Young et al. (1985) reported
similar results when banana plants were irrigated according to
pan factor treatments that ranged from 0.2 to 1.8. The water
requirement of bananas in the humid tropics has been reported
to be about 1–1.4 times the class A Pan evaporation (Stover and
Simmonds, 1987). In a large-scale plantation in Honduras, plants
were irrigated when the soil moisture tension (as recorded by ten-
siometers) exceeded −0.02 MPa at 15 cm and 30 cm (Stover and
Simmonds, 1987).

BANANA GENOTYPIC VARIATION FOR DROUGHT RESISTANCE
Banana plants are very sensitive to soil water deficit, as shown
in numerous field experiments (Robinson, 1996). Banana leaves
remain highly hydrated, even under drought (Shamueli, 1953;
Turner and Thomas, 1998) indicating that the closure of stomata
caused by soil water deficits is likely to be linked to a signal from
the roots rather than a water deficit in the leaves (Turner, 2003).
In a split root experiment, Thomas (1995) observed that drying
part of the root system had no effect on leaf water status but
did close the stomata. Severing the roots on the dry side caused
the stomata to reopen. These observations support the view
that the roots produce a signal that is transported to the leaves.
This mechanism conserves the plant’s water, but reduces carbon
assimilation and productivity. From this point of view, study of
root volume and structure may be less important. However, it
is well-established that drought tolerant plants possess deep root
systems. Root length density (Ld, measured in cm cm−3) and spe-
cific root length (Lw, measured in m g−1) are quantitative features
of the architecture of root systems. Ld quantifies the capacity of
the root system to explore the soil volume, and a high Ld means
that the roots absorb more of the nutrients in a volume of soil,
especially those nutrients that diffuse to the root surface. Banana

and plantain roots have a Ld of about 1 cm cm−3 (Irizarry et al.,
1981), which is similar to the root systems of trees. In contrast,
Turner (2005) reported that herbaceous species have a Ld in the
surface layers of the soil, of 4–50 cm cm−3. Therefore it is worth
studying Ld, an important trait linked to drought stress in the
banana root system, as described by Blomme et al. (2005).

In an experiment with cv. Williams has grown under sub-
tropical seasonal conditions, plants that were well-watered in
spring and autumn exhibited a high transpiration rate, especially
with a normal summer. Whereas in extreme conditions of win-
ter or a very hot summer, an internal stress developed within the
plant, which reduced the transpiration rate in both situations.
The evaporative demand exceeded the water absorption potential
as reflected in decreased transpiration and stomatal conductance
(Robinson and Bower, 1988).

However, there are not many reports on the impact of water
stress at different growth phases on yield and yield parameters.
In a field experiment conducted at the NRCB farm, water stress
was imposed on plants under drip irrigation by withholding
water for 1 month at flowering. This decreased the bunch weight
by 42.07, 25.0, and 18.83 percent in cvs Robusta, Karpuravalli,
and Rasthali, respectively. When water stress of 1 month’s dura-
tion was imposed 30 days after flowering, the bunch weight was
reduced by 18.83, 27.66, and 11.25 percent, and when imposed
60 days after flowering by 25.0, 16.84, and 16.47 percent, respec-
tively in the three cultivars. Among all the three cultivars tested,
Robusta was the most sensitive. The maximum reduction in fruit
length (11–14 percent) and circumference (5.75–16 percent) was
observed at harvest when water stress was imposed at flowering
(Anon, 2008).

Banana cv. Williams in which bunch emergence occurred
during a period of soil water stress (�s = −0.5 MPa) showed
maturity bronzing at harvest, had shorter fruits and reduced
green life (−29 percentage), and exhibited longer duration of
fruit filling (Daniells et al., 1987). It has also been observed in
bananas that growth and yields decreased drastically when the
intervals between watering increased and when the soil mois-
ture fell below 66 percent of the total available soil moisture
(Robinson and Bower, 1988). Because of the tissue morphology,
bananas require a certain amount of available soil moisture for
normal development and growth. This high water requirement
is the result of a large leaf area used for transpiration. It has
been shown that the transpiration of banana plants in full sun-
light is approximately 40–50 mg H2O dm−2 min−1 (Shamueli,
1953; Morello, 1954; Tai, 1977). According to previous calcula-
tions, the daily water uptake by cv. Dominico-Harton, a plantain
with a constant leaf area of 14 m2 was estimated to be 26L in
sunny weather, 17L in semi-cloudy weather, and 10L in cloudy
weather. In a commercial plantation with a density of 1500
plants per hectare and a LAI of 2.1, water requirements were
observed to be approximately 1170 m3, 765 m3, and 450 m3 in
sunny, semi-cloudy, and cloudy weather, respectively. However,
in practice, 150 mm of precipitation per month was reported to
be sufficient to cover the water requirements of cv. Dominico-
Harton (Belalcázar et al., 1990). In general, shortening of the
irrigation interval with the same amount of water through a
pulse system reduces the water tension in the upper soil layer,
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diminishes the soil temperature, encourages shallower rooting
and reduces leaching of nitrates (Lahav and Kalmar, 1981). This
practice is more important for the humid tropics and semi-arid
areas.

Bananas are no longer considered as a single crop commodity
owing to their vast diversity in terms of ploidy (2×, 3×, and 4×)
and genomic constitution (AA, AAA, BB, AB, AAB, ABB, ABBB,
etc.). Present day bananas have derived from two major ances-
tors M. acuminata contributing the A genome and M. balbisiana
contributing the B genome. In nature, M. acuminata and its sub-
species are considered as slender and delicate plants nurtured
under shade and conducive environmental conditions, while M.
balbisiana has diversified and being domesticated under harsh
weather conditions, and is often resistant to many abiotic stresses
including drought and extremes of temperature. On the other
hand, banana cultivars containing the B genome being more resis-
tant to abiotic stress than those solely based on the A genome. For
instance, in Egypt where banana genetic diversity is higher than
the rest of the region, the traditional AAB and ABB varieties cul-
tivated in rural areas proved to be more resistant or tolerant to
drought than the Cavendish ones (De Langhe, 2002). Another is
the “Sugar” ABB Pisang Awak variety grown in Oman where it is
shown to be well adapted to dryness at the Agriculture research
station of Salalah (De Langhe, 2002). There are very few ABB
dessert varieties showing good palatability and high productiv-
ity in the natural germplasm. Therefore, the triploid breeding
strategy offers good future prospects through the combination of
edible AB cultivars with wild balbisiana to create new productive
dessert ABB varieties, palatable and tolerant to drought and cold
temperatures.

Musa genotypes have exhibited differences in stomatal sensi-
tivity based on the age of the leaf, and modulated by environ-
mental factors such as irradiance, vapor pressure deficit (VPD),
and soil-plant-water relations. On the basis of leaf conductance
measurements, Ekanayake et al. (1994) identified tolerant ABB
cultivars (“Fougamou” and “Bluggoe”) and sensitive genotypes
(“Bobby Tannap” AAB and one of its hybrids TMP × 582–4) for
transient dry conditions. In a pot study Thomas et al. (1998) com-
pared the effects of environmental variables on leaf gas exchange
processes (including transpiration) of three cultivars differing in
their genomic constitution (“Williams” AAA; “Lady Finger” AAB;
“Bluggoe” ABB). They found that, as the saturation deficit of the
air was increased (from 1.5 to 5.7 kPa), both stomatal conduc-
tance and net photosynthesis declined linearly. Since increasing
proportions of the B genome reduced this sensitivity to the dry-
ness of the air and increased the instantaneous water use efficiency
of the leaf, Thomas et al. (1998) concluded that the B genome
contributes to drought tolerance in Musa spp.

Musa genotypes have different inbuilt mechanisms for resis-
tance to drought stress. Research has been carried out on the effect
of water deficit on commercial cultivars by a number of work-
ers (Cayón et al., 1998), diploid acuminata clones (Ismail et al.,
2000; Shamsuddin et al., 2000), and Cavendish clones (Eckstein
and Robinson, 1995; Ramcharan et al., 1995; Orjeda and Suarez
Sanchez, 1998; Thomas et al., 1998). However, there are very few
reports on reactions to drought across the genotypes and their
differential physiological, biochemical, and agronomic expression

(Garcia and Manzanilla, 1994; Bananuka et al., 1999; Wagner
et al., 2000; Abeywickrama and Weerasinghe, 2002; Ravi and
Uma, 2009). Cultivars that demonstrated small reductions in gas
exchange and leaf area and maintained the high water retention
capacity and assimilation rate showed more resistance to drought
stress (Bananuka et al., 1999).

Water stress induces oxidative damage and protective mech-
anisms differ among banana cultivars (Chai et al., 2005).
Correlations between stomatal conductance, transpiration, and
photosynthesis in water-stressed plants are well documented
(Kallarackal et al., 1990). Twenty-four diploids (AA) were pheno-
typed for drought tolerant traits. A wide variation in chlorophyll
content was found among the 24 diploid (AA) banana genotypes.
In this group, Anaikomban recorded the highest chlorophyll a,
chlorophyll b, and total chlorophyll content among all the geno-
types tested and Hatidat, Kanaibansi, Siguzani, and Namarai
recorded the lowest chlorophyll content (Anon, 2008).

METHODOLOGY
Existing banana improvement programs have used only a frac-
tion of the genetic diversity concealed in the wild and edible Musa
species (M. balbisiana and M nagensium) (Lusty, 2005). Studies
have been preliminary and neither exhaustive nor conclusive
in terms of methodology, parameters, and research conditions.
Much scope is left for future work to further refine the procedures
and methodologies to be followed in the field as well as under
controlled conditions.

BREEDING STRATEGY
Bananas require frequent irrigation to avoid significant crop
losses, especially during dry periods. Bananas, originally a trop-
ical fruit crop, have reached the sub-tropics and even semi-arid
regions owing to their adaptations and to growers’ perseverance
to manage the crop at the small expense of yield and quality.
Modified or improvized agricultural practices like drip or ferti-
gation over natural irrigation and flooding, and adaptation of
banana varieties with a capacity to tolerate water deficits to a
certain extent have allowed successful banana cultivation in non-
conventional zones. However, breeding bananas for drought tol-
erance is an important alternative strategy to combat production
constraints such as dwindling water resources.

Drought tolerance in bananas is the ability to survive under
water scarcity during various stages of crop growth, without sig-
nificant yield reductions. However, in nature, drought tolerance is
always at the cost of yield and quality. Water scarcity can be over-
come by cultural management or through genetic improvement.
The latter is a long-term solution that can reach the poor grower
and allow expansion of the crop to marginal lands. The technol-
ogy to be developed has to be a robust and reproducible, with easy
application in the field. The protocol for developing such tech-
nologies needs background information on various aspects of the
crop in question—bananas—and a standard procedure. Earlier
works on drought tolerance in bananas and drought as a trait
have, for various reasons, been the subject of little research.

Drought is a complex environmental factor that is varied over a
location and time frame. This makes it difficult for the researcher
to create a standard for drought when the crop is challenged
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under field conditions. These realtime unpredictable situations
are entirely different from screening for drought under controlled
conditions. Therefore, breeding for the targeted environment
with specific to the phenological stage will pave the success in
breeding.

Reports in many other crops have suggested that the response
to drought is a complex trait controlled by a number of genes.
Drought seldom occurs by itself. In natural situations, drought
is always coupled with high temperature stress and often with
soil salinity. Working on a single mechanism to tolerate drought
alone does not offer a solution; it needs to be researched with
a multiple trait perspective. It is more complex in a crop like
bananas because: (1) it is a long duration crop ranging from 12 to
18 months according to cultivar; and (2) it has three to four criti-
cal periods of crop growth spread over the 12–18 months, namely
the juvenile stage, flower bud differentiation, shooting, and finally
bunch maturity.

INHERENT PROBLEMS IN BANANA BREEDING
Most important of all, bananas have their own crop-based inher-
ent problems for breeding, being a sterile crop (male and/or
female), exhibiting polyploidy, and with most of the commercial
varieties being sterile triploids and vegetatively propagated.

Another factor from the breeder’s point of view is that bananas
are no longer considered as a single crop commodity, since they
have broad user applications. There are more than 30 varieties
under cultivation in various parts of the globe. Each variety has
its own breeding constraints. In the following section, breeding is
addressed by the group and subgroup of economic significance.
Present day commercial varieties of bananas and plantains are the
evolutionary derivatives of crosses within and between two ances-
tral diploid species, the M. acuminata (AA) and M. balbisiana
(BB) contributing A and B genomes, respectively (Simmonds,
1962). Although the involvement of other wild species such
as M. textilis and M. schizocarpa has been proven (Carreel,
1994), a major role has been played only by M. acuminata
and M. balbisiana. In conjunction with chromosome restitution,

crosses have led to the development of autoploids and homoge-
nomic hybrids, and alloploids and heterogenomic hybrids. Ploidy
and genomic configurations played a vital role, leading to the
development of the major groups being: diploids (AA, BB, and
AB); triploids (AAA, AAB, and ABB); and tetraploids (AAAA,
AAAB, AABB, and ABBB). Of these, commercial varieties fall
into the genomic categories AAA, AB, AAB, and ABB. However,
the cultivars grouped in the same genomic category could be
very diverse (Simmonds, 1962; Stover and Simmonds, 1987)
and hence, classified as subgroups. They consist of clones with
similar morphological traits, having arisen from a single core
clone through somatic mutations. Accordingly the classification
of bananas is depicted in Figure 1.

Bananas and plantains are peculiar crops owing to their mor-
phology. A sound breeding strategy needs background informa-
tion on various fundamental aspects. In bananas, differentiation
of the vegetative phase into the reproductive phase occurs with the
completion of the emergence of all leaves. The number of leaves
is a predetermined factor and ranges from 35 to 72, depending
on the variety. The number of days taken to complete leaf emer-
gence depends on the phyllochron values, which in turn depend
on the prevailing climatic conditions. The normal range is from
6 to 16 months in Eumusa and can be as long as 50 months in
some Ensete species at higher altitudes. Cessation of the vegeta-
tive phase is marked by the emergence of a flag leaf. On average,
triploid commercial varieties take 8–12 months to complete the
vegetative phase.

The flower axis start from the heart and pushes upward
through the pseudostem. Generally, female or pistillate flowers
are formed first on the flowering axis, followed by male or stami-
nate flowers. Occasionally, the formation of perfect flowers in
between the male and female phase is also noticed in some vari-
eties. Flowers are borne on a cushion-like structure, arranged
spirally and spatially along the axis. They are biseriate in nature
and subtended or covered by a bract. Two or three bracts lift at a
time and lifting starts from late evening to early morning. Female
flowers become receptive in the early morning before the sun gets

FIGURE 1 | Development of banana cultivars with the various major genomic groups.
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too hot. Anthesis have also started in the evening, and mature
viable pollen is ready and available in the morning for crossing.
In some genotypes, pollen germination was noticed before anther
dehiscence. In such cases the time of crossing need to be carefully
adjusted to achieve better results.

Pollen from the pollen parents is collected along with the
flower. The pollen is squeezed out of the pollen sac using the
thumbnail and is spread onto the receptive sticky stigma to effect
pollination. The bunch is then covered with a muslin bag to
prevent unwanted pollination. The ovary starts enlarging and
develops into a fruit. In general, bananas are parthenocarpic, and
fruits develop mainly from the ovary wall. This phenomenon does
not need the stimulus of pollination.

Fruits are carefully collected after full maturity and allowed to
ripen. Seeds are extracted either manually or mechanically. Seeds
are freed from the adhering pulp and soaked in fresh water for 4–5
days, changing the water daily. On the fifth or sixth day, seeds are
either sown in seed pans with sterile soil and coco pith mixture
for better water retention. Seed germination is a highly variable
factor depending on the variety and parental combination, but it
ranges from 2 to 10%. The germination time varies from seven
to 120 days. During this period, care should be taken to prevent
seeds being eaten by ants and squirrels, or rotting due to soil-
borne or water-borne fungi. When the seeds have germinated
and two to three leaves emerged, the seedlings are shifted from
pans to polybags with a red soil/sand/coco pith mixture. After
2 months, the plants become physiologically mature enough for
field planting. Labeling is important at every stage.

Embryo culture and embryo rescue
Germination and successful regeneration of seed progeny is as low
as <1 percent. Complementing seed germination with embryo
culture can enhance the regeneration rate by 30–50 percent (Rowe
and Rosales, 1996; Tenkouano, 2006). A protocol to improve
germination through embryo rescue has not yet been well doc-
umented. However, Ortiz et al. (1995) have successfully extracted
55–60 percent mature embryos (instead of fully mature embryos
at fruit maturity) and cultured them on half strength Murashige
and Skoog (MS) medium with modified hormonal concentra-
tions and under continuous light.

BREEDING SCHEMES
Diploid breeding
Diploid breeding is vital to banana improvement programs, offer-
ing various advantages including a vast genetic background, the
occurrence of high levels of male and female fertility, low levels
of heterozygosity (which reduce the time to develop homozy-
gous lines), easy genetic manipulation, and ease of study. Selected
diploids, especially those exhibiting drought tolerance, are inter-
crossed to develop superior diploids, followed by selection for
progenies exhibiting combined traits of drought tolerance and
agronomic superiority.

Triploid–diploid breeding
The success of the triploid by diploid crosses depends on:
(1) female fertility of the triploid; (2) the number of functional,
fertile female gametes; and (3) inclusion of the B genome in either

of the parents, and more specifically the triploid. The improved
diploids are used to develop 4× and 2× progenies from 3×
to 2× crosses. Alternatively 2× − 2× crosses may also result in
3× hybrids through unilateral sexual polyploidisation, where the
parents produce either 2n pollen or a 2n egg (Tenkouano, 2006).
Although some of the 4× progenies exhibit traits of interest, their
female fertile nature results in the presence of seeds in the pulp,
reducing consumer preference. This is overcome by crossing them
with improved drought resistant diploid parents to derive ster-
ile triploids (3×). Triploids are always superior to tetraploids in
terms of sterility, reduced crop duration, optimum tree geom-
etry, and better leaf retention. However, the choice of parents
should allow capitalization on heterosis and pyramiding of genes
of interest (Tenkouano, 2001). Although a number of breed-
ing schemes can theoretically be conceptualized and attempted,
the genomic and ploidy diversity in bananas makes the situa-
tion complex (Vuylsteke et al., 1997). The early success of the
above mentioned breeding schemes makes them more realistic
and practical, keeping in mind the complex nature of the drought
tolerance trait.

Ploidy and genome analysis of progenies
Wide arrays of genotypes are observed in segregating population
as a result of the variable ploidy and genomic status of the parents.
Early analysis of ploidy and the genome is necessary to evalu-
ate progenies for their basic purposes as dessert, cooking, or beer
bananas. This is facilitated by the use of precise, non-destructive,
faster and less labor-intensive flow-cytometry (Dolezel et al.,
1994). For genome analysis, A- and B-specific markers have been
developed and used (Pillay et al., 2000; Nwakanma et al., 2002).
It has advantages over Simmonds’ scoring system (Simmonds,
1966), by not relying only on morphotaxonomic traits and by
being applicable at any stage of plant growth (Tenkouano, 2001).
Genome-specific markers have been successfully employed in
several breeding programs.

TRIAL PLANNING
Pot studies
Irrespective of whether it is the parent genotype or the hybrid
progenies that are to be evaluated for drought, uniform plant-
ing material is a prerequisite. Being clonally propagated, in vitro
culture offers bananas the best way to have uniform plants in
sufficient numbers. Secondary hardened plants with 5–6 healthy
leaves and a minimum of 4–5 major roots are selected for planting
in 70–80 kg capacity concrete pots. The pots are filled with equal
amounts of soil, sand, and compost. Fertilizer, NPK (15:15:15) is
applied in doses of 20 g per plant before the induction of water
stress The plants are irrigated regularly (on alternate days or by
drip irrigation) until they are ready for imposition of the stress
treatment. They are grown in a glasshouse or the phytotron where
near-natural conditions are simulated. The stress period imposed
through withholding of irrigation must be a minimum of 3–4
weeks to allow expression of the potential to adapt to the drought
environment.

Field studies
For the field trial, uniform size suckers of recommended weight
(1.5–2.0 kg) should be planted or tissue culture plants with 4–6
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healthy leaves and 4–5 primary cord roots should be taken to
achieve uniformity in growth and development (Ravi and Uma,
2011). Care should be taken to undertake this field trial in soil
that is uniform in physical structure and fertility.

In the case of hybrid progenies, individual plantlets devel-
oped through embryo germination are planted in the field
after 3 months under various hardening treatments. This is a
pre-evaluation plot used for preliminary evaluations. Suckers
obtained are multiplied in vitro for the production of 20–25
plants. From 10 uniform plants selected for screening against
drought under controlled conditions. The actual number of
plants required depends on the trait that is going to be studied
and the methodology of the study. If the sampling technique is
destructive, then more plants have to be made available when
designing the experiment. During the crop growth period, side
suckers should not be allowed to develop. One follower sucker
should be allowed only after shooting. The plot should be weed
free, and mechanical intercultural operations should be kept at a
minimum to avoid root damage.

Water stress management and characterization
For evaluating any genotypes under field conditions, it is impor-
tant to maintain cultural practices that are recommended in
particular agro-climatic conditions as being most suitable for nor-
mal growth of the plant. The duration of stress is an important
factor. Since the crop growth period extends over more than a
year, the test accessions need to be protected from natural rainfall.
For this purpose, a rainout shelter must be erected in the field and
irrigated provided by a controlled irrigation system (drip/micro
irrigation in the root zone). The size of the rainout shelters has
to be determined according to the number of accessions and their
maximum height. Estimating drought resistance in terms of the
yield difference between potential (optimal) and stress conditions
can differentiate genotype performance (Blum, www.plantstress.
com).

As mentioned earlier, the stress intensity and phenological
stage have to be defined based on the target environment. Though
the bananas are sensitive to water stress, the most critical stage
is the floral primordial initiation stage (Robinson and Alberts,
1986) than vegetative and fruit development stage. Water status
measurements based on soil or root properties are more closely
associated with leaf gas exchange than conventional techniques
for measuring leaf water status (Turner and Thomas, 1998). The
use of plant morphological characteristics in assessing plant water
status, such as the rate of emergence of the youngest leaf also
should not be ignored (Turner and Thomas, 1998). Thus, during
the treatment period, soil matric potential monitored along while
measuring leaf gas exchange parameters. The banana plant devel-
ops severe water deficit symptoms, when soil moisture reaches at
ca. Fifty-five to sixty percentage of available soil moisture and then
stressed plants must be given normal irrigation until the end of
the harvest. To assess the effect of soil moisture deficit stress on
juvenile vegetative stage, floral primordial initiation (PI) stage,
flowering and bunch development on yield and yield parame-
ters, separate experiment is to be laid out for each phenological
stage. In banana cv. “Williams” early juvenile vegetative stage is
insensitive to drought and 4–5 months after planting (coincides

with PI stage) is sensitive to drought stress (Robinson and Alberts,
1986).

In places where a rainout shelter facility is not available, then
the experiment has to be conducted in an arid zone where irriga-
tion should be provided artificially. All the above parameters can
be measured in field-grown plants, where the main concern is the
overall effect of water stress on crop yield.

WATER AND PLANT WATER STRATEGY
In general, it is agreed that crop drought resistance is a major
factor in the stabilization of crop performance in drought-prone
environments. Drought resistance is now considered by breeders
and molecular biologists to be a valid breeding trait. However,
there is a serious lack of conceptualization, direction, and pro-
tocol for measuring drought resistance (Blum, www.plantstress.
com). Tests for drought resistance must be performed with whole
plants and/or plant communities (Blum, www.plantstress.com).
Three major characteristics that contribute to genetic variation
for drought resistance are: (1) maintenance of a high plant water
content and delayed symptoms of water deficit such as wilting;
(2) maintenance of plant function at a low water status; and (3)
recovery of hydration and function from a low plant water status.
The following methods accommodate the above points.

Phenotyping traits
Worldwide there is great interest in improving the drought toler-
ance of crop plants. Although it is known that drought adaptive
traits are complex and multigenic, understanding of their physi-
ological and genetic basis is incomplete, making specific genetic
targets rare. Genetic improvement of drought resistance in crop
plants require identification of relevant drought resistance mech-
anisms and the development of a suitable methodology for their
measurement in the screening of germplasm or breeding popula-
tion (Blum and Ebercon, 1981).

Plant growth. Plant growth is the real measurement because
the whole plant is involved in the comparison among treat-
ments. Besides plant height, pseudostem girth, phyllochron and
leaf emergence rate, the following growth parameters should be
measured.

Plant growth analyses are performed as follows. Five plants
are to be harvested at fortnightly/monthly and divided into their
respective parts and dried at 70◦C in hot air oven for 48 h, giving
dry weight (W). The area of each leaf was calculated from the
formula (Turner, 1972).

1. Leaf area (A) = 0.83 (l b) where l = length of lamina in
cms and b = breadth of lamina at its widest point (Figure 2)
(Summerville, 1944).

From these data four factors were calculated as follows:

2. Leaf Area Index (L): area of leaf (A) per unit area of land
(dimensionless).

3. Leaf Area Ratio (F): area of leaf (A) per unit of total plant dry
weight (m−2 g−1).

4. Relative Growth Rate (R): (lnW2 – lnW1)/(t2 – t1), where W,
and W, are plant dry weights at times t, and t, respectively.
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FIGURE 2 | Diagram representing the banana leaf for measuring

lamina length (l) and width (b).

5. Net Assimilation Rate (E): from (1/A). (DW/dt), where W is
the dry weight of the plant at time t and A is the leaf area
(g m−2day−1).

6. Specific leaf weight (SLW) is calculated as leaf area/leaf weight.
7. The leaf emergence rate (LER) is a useful index of the veg-

etative development rate of a banana plant and is closely
related to temperature. The leaves emerged during the exper-
imental period are noted in both control and treated plants.
The total number of fully opened leaves produced during
the experimental period should be calculated on a weekly
basis.

Allometric relationships developed for highland banana
(Nyombi et al., 2009) can be adopted in all other environments
by evaluating different phenological stages for use in growth
assessment, understanding banana crop physiology, and yield
prediction. An allometric relation is one whereby one measured
parameter is a good estimate of other unmeasured parameter
in the same organism. The authors derived the following equa-
tion to derive various growth parameters for highland bananas.
Total plant leaf area (TLA) was estimated as the product of the
measured middle leaf area (MLA) and the number of functional
leaves. MLA was estimated as MLA (m2) = −0.404 + 0.381
height (m) + 0.411 girth (m). The allometric relationship
between aboveground biomass (AGB in kg DM) and girth (cm)
during the vegetative phase followed a power function, AGB
= 0.0001 (girth) 2.35 (R2 = 0.99), but followed exponential func-
tions at flowering, AGB = 0.325 e0. 036 (girth) (R2 = 0.79) and at
harvest, AGB = 0.069 e0.068 (girth) (R2 = 0.96). Girth at flow-
ering was a good parameter for predicting yields with R2 = 0.7
(cv. Mbwazirume) and R2 = 0.57 (cv. Kisansa) obtained between
actual and predicted bunch weights. This article shows that the
allometric relationship can be derived for different banana culti-
vars in different agroclimatic zones for developing banana growth
models, which can help breeders and agronomists to further
exploit the crop’s potential.

Plant water status

Relative water content. The relative water content (RWC) is the
ratio of water present in the leaf disc at the time of sampling
to that present in the excised disc after it has been fully dehy-
drated. The result is expressed as a percentage. A concern about
this technique is the absorption of water into the intracellular
spaces in the floating discs (Milburn et al., 1990). The values of

RWC obtained in the study by Turner and Lahav (1983) revealed
absorption of water into the intracellular spaces not to be a dom-
inant factor. Therefore, this parameter needs to be considered to
assess drought resistance traits. The third youngest leaf is taken
for this measurement. Twenty leaf discs (12 mm dia) are extracted
with a cork borer, half of the number from each half of the mid-
dle place of the lamina and weighed immediately, taking care to
minimize water loss from the fresh sample. Discs float on deion-
ized water containing CaSO4 for 6 h at 25◦C, and then weighed to
determine the turgid weight. The leaf discs are placed between
two layers of tissue paper with a 500 g weight placed on it for
1 min before weighing (Weatherly, 1950; Barrs, 1968). The leaf
discs are then oven dried at 105◦C for 24 h. RWC is calculated as
follows:

RWC = 100
(
Df − Dd

)
/ (Dt − Dd)

where, Df , Dt , and Dd are the fresh, turgid, and dry weights,
respectively. The RWC data recorded in banana genotypes with
different genomic background is presented in Table 2. Where,
Drought stress was imposed at 6-months-old plants for 3 weeks
and the soil matric potential reached at −0.60 MPa at the end of
the stress period.

Leaf water retention capacity. Assessment of the rate of water loss
from excised leaves or plants has shown some promise for differ-
entiating drought resistance of wheat cultivars (Bayles et al., 1937;
Sandhu and Laude, 1958; Salim et al., 1969; Dedio, 1975; Clarke
and McCaig, 1982). A similar technique was applied by Bananuka
et al. (1999) to assess drought stress resistance in bananas. The
principle behind this technique is that drought stressed or hard-
ened plants retain more water than unstressed plants and, when
the stress is imposed across many different genotypes, the toler-
ant genotypes exhibit a greater capacity for water retention in the
leaf tissue. The difference in LWRC may be due to the tightness of
stomatal closure (Kirkham et al., 1980) or to other causes such as
cuticular resistance to water loss (Clarke and McCaig, 1982). The
third fully matured leaves from the top is sampled for measur-
ing LWRC. Leaves (or strip of leaves) are excised and put under
a polyethylene cover to avoid losing moisture and immediately
weighed to give the fresh weight. They are left in a chamber at a
temperature of 30–35◦C and a RH of 50–60 percent for 24 and
48 h and weighed again. The leaves are also weighed after oven
drying at 80◦C for 24 h. Then the leaf water is calculated for 24
and 48 h by subtracting the oven dried leaves and expressed in
terms of percentage of leaf water present at 24 and 48 h, as follows:

Leaf water retention capacity (%) = (
fresh weight−dry weight

)
/

fresh weight × 100

The LWRC, as a proxy for drought resistant or water-use effi-
ciency, should be treated very cautiously (Turner et al., 2007). For
large-scale field screening this method can be very well adopted
(Ravi and Uma, 2009) and must be validated for yield under irri-
gated and stress plots so that drought resistance/susceptibility can
be quantified.
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Table 2 | Relative water content (RWC) of drought stressed banana genotypes.

Genotypes with genome

background with ploidy level

0 DAT 7 DAT 14 DAT 21 DAT 28 DAT

T1 T2 T1 T2 T1 T2 T1 T2 T1 T2

Paghalapahad wild (BB) 93.2 90.8 94.4 79.3 81.0 67.3 76.3 69.3 78.7 71.7

Athiakol (BB) 74.3 68.2 86.5 80.4 78.9 70.7 85.2 63.8 87.6 66.2

Karpuravalli (ABB) 81.0 83.3 79.7 71.2 79.3 70.4 87.2 61.9 79.5 64.3

Peyan (ABB) 81.2 77.0 81.2 69.8 87.6 68.4 76.2 62.6 78.6 65.0

Kothia (ABB) 97.5 92.0 87.5 69.0 83.5 68.5 85.6 62.8 88.0 65.2

Vennutu Mannan (ABB) 82.8 81 82.7 70.23 85.0 78.2 90.9 83.6 93.2 86.0

Saba (ABB) 81.2 78.5 89.7 79.8 85.7 75.7 77.3 84.5 79.6 66.9

Monthan (ABB) 76.3 78.9 81.1 78.2 78.9 76.3 85.6 86.7 87.9 69.1

Nendran (AAB) 77.0 79.8 78.2 73.9 81.4 71.5 84.3 71.2 86.6 73.6

Poovan (AAB) 80.1 88.8 93.3 71 81.7 76.9 84.7 75.9 87.0 68.3

Chinali (AAB) 83.2 79.6 88.6 72.3 75.9 68.6 86.9 71.8 89.2 74.1

Rasthali (AAB) 86.5 80.8 81.7 72.6 79.8 60.8 86.9 68.2 89.2 70.6

Jwari Bale (AAA) 81.4 81.2 81.23 62.4 89.0 70.0 87.7 56.2 90.1 68.6

Ney Poovan (AB) 82.4 85.8 88.4 69.2 79.0 69.0 87.4 63.8 79.8 66.2

Robusta (AAA) 90.2 88.0 83.56 67.9 80.4 71.4 83.0 56.4 85.4 68.8

Red Banana (AAA) 87.7 78.8 81.32 76.1 76.9 77.9 88.7 52.6 91.1 65.0

Pisang Jari Buaya (AA) 60.6 53.5 85.14 70.1 83.4 64 85.6 50 87.9 62.4

Calcutta 4 (AA) 75.9 75.9 81.21 71.1 79.3 64.4 84.9 69.6 77.2 72

X 81.81 80.11 84.75 72.47 81.48 70.56 84.69 67.27 85.37 69.11

T NS * * * *

V * * * * *

T × V NS * * * *

CV% 10.68 10.6 13.31 9.64 10.72

Drought stress was imposed in 6-month-old plants.

Source: Ravi and Uma (2012).
*Significance at 5% level of CD. NS, Non significant; T, Treatment; V, Genotype; T1, control; T2, stress; DAT, Days after treatment.

The relative water content (RWC) of banana genotypes significantly varied between treatments after the second week of stress imposition (Table 2). After 14 DAT

the RWC in T2 maintained between 70.56 and 69.11. In irrigated control RWC maintained > 80.

Plant function

Leaf gas exchange. Leaf gas exchange or the rate of extrusion
of the leaf is a more sensitive method for determining the
response of banana plants to water deficit. A strong associ-
ation exists between soil water status and leaf gas exchange
(Turner and Thomas, 1998). This parameter can be measured
with the portable photosynthesis measuring system, e.g., an
infrared gas analyzer (IRGA). The third youngest leaf is used,
with a minimum of three measurements for each leaf. The mid-
dle or distal quarter of the third youngest leaf is used for the
measurement.

Quantification of photosynthetic pigments. Drought affects pho-
tosystem II more than photosystem I in the photosynthetic
mechanism. They become uncoupled, resulting in free, high-
energy electrons in the leaf. The uncoupled electron transport
leads to photooxidation of chlorophyll and loss of photosyn-
thetic capacity. The chlorophyll content is measured from the
third youngest leaf lamina, sampling from both sides of the mid-
dle portion of the leaf from three plants, using three replications

for each treatment. Banana leaf discs of 40–50 mg (3–4 leaf discs
with a diameter of 10 mm) in fresh weight can be extracted
in 10 mL of dimethyl sulphoxide (DMSO) in a glass test tube
covered with aluminium foil and kept in an oven at 65◦C for
4 h (Hiscox and Israelstam, 1979). Tubes are withdrawn and
the temperature brought down around 25◦C. Leaving the sam-
ple over night under dark in the room temperature (23–25◦C)
ensures complete extraction of pigments and in DMSO chloro-
phyll degradation is negligible. The optical density (OD) of the
extract is read on a spectrophotometer at 645 nm and 663 nm
and chlorophyll a (chl a) and chlorophyll b (chl b) concentrations
(in µg ml−1) are calculated using the formula given by Arnon
(1949):

Chl a = 12.7D 663 − 2.69 D645

Chl b = 22.9 D645 − 4.68 D663

Cell membrane stability. Tissue tolerance may be exhibited and
measured in any of the tissue’s physiological or metabolic
functions. It is a process specific since different physiological
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processes may show tolerance or susceptibility (Blum, 1979).
A valid and functional drought tolerance test should therefore
relate to integrated plant responses at low plant organization
level (i.e., tissue growth), or a single attribute related to the basic
facets of cellular or tissue responses to stress (Blum, 1981). A
critical role of cell membrane stability (CMS) under conditions
of moisture stress as a major component of drought tolerance
(Bewley, 1979). The rate of injury to cell membranes by drought
is estimated through measurement of electrolyte leakage from
the cells (electrical conductivity). For drought tolerance, the
method is based on dehydration of leaf discs in PEG solution
and subsequent measure of electrical conductivity of aqueous
medium.

Banana genotypes are to be grown free from diseases and
nutrient deficiencies. In two sets of plants per genotype, one set
of plants is subject to soil moisture deficit stress by withholding
irrigation and other will be irrigated. Twenty leaf discs (1.2 cm
diameter) are to be taken from 3 to 4 plants per replication from
third fully matured young leaf. The leaf discs are to be placed
in 100 cm3 flask and washed 2–3 times with deionized distilled
water. For desiccation treatment (T) leaf discs are to be sub-
merged/float in 30 cm3 of 30% of PEG 6000 solution for 24 h
at 10◦C and for control (C) incubate the leaf discs with deion-
ized distilled water. After incubation in PEG leaf discs are to be
quickly washed three times with deionized distilled water. Both
desiccated and control samples are to be immersed in 30 cm3

of deionized distilled water for 24 h at 10◦C. The flask contents
are then warmed to 25◦C, shaken and electrical conductivity is
measured using an Electrical Conductivity Meter. Following con-
ductivity measurement, the leaf tissues are to be autoclaved for
15 min and again electrical conductivity is measured at 25◦C.
Sufficient replications are to be maintained to satisfy the statistical
analysis.

CMS of leaf tissues is calculated as the percentage injury using
the following equation.

Percentage injury = 1 − [1 − (T1/T2) /1 − (C1/C2)] × 100,

where T and C refer to mean of treatment and controls, respec-
tively, and the subscripts 1 and 2 refer to initial and final
conductivities, respectively.

Yield and yield parameters. Any stress effect ultimately has to be
evaluated in terms of economic yield. Therefore, drought stress
imposed on the third and fifth month after planting and at flow-
ering for a period of 4 weeks has to be evaluated in terms of yield.
In the Table 3, bunch yield of different banana genotypes under
drought stress (imposed at 6-month-old plants for 3 weeks and
soil matric potential reached −0.6 MPa at the end of stress period)
is presented.

The bunch weight of different genotypes under irrigated and
stress environment analyses in SAS 9.2 Proc Glm model for Tukey
test (Table 3). Among the tested banana genotypes Saba (ABB),
Monthan (ABB), and Vennutu Mannan (ABB) recorded higher
bunch yield under soil moisture deficit stress. These genotypes
also recorded higher bunch yield under irrigated environment.
The interaction plot for yield (Figure 3) also revealed the same.

Yield components such as the number of hands, the
number of fingers, the rate of finger growth (in terms of
length and circumference) must be compared in stressed and

Table 3 | Effect of drought stress on banana bunch weight (V × T ).

Genotype treatment LS mean Group Bunch weight (Kg)

V7 T1 20.33 A
V5 T1 16.66 AB
V6 T1 15.19 ABC
V8 T1 14.16 BCD
V7 T2 13.87 BCDE
V2 T1 13.00 BCDEF
V8 T2 11.38 BCDEFG
V10 T1 11.00 BCDEFG
V1 T1 11.00 BCDEFG
V3 T1 10.67 CDEFG
V6 T2 10.58 CDEFG
V11 T1 9.67 CDEFGH
V12 T1 9.67 CDEFGH
V3 T2 9.33 CDEFGHI
V10 T2 9.27 DEFGHI
V9 T1 9.17 DEFGHI
V1 T2 9.00 BCDEFGHI
V15 T1 8.83 DEFGHI
V5 T2 8.67 DEFGHI
V14 T1 8.17 EFGHI
V11 T2 8.17 EFGHI
V16 T1 8.00 FGHI
V4 T1 7.83 FGHI
V9 T2 7.00 GHI
V17 T1 6.83 GHI
V2 T2 6.50 FGHI
V16 T2 6.33 GHI
V4 T2 6.33 GHI
V14 T2 6.17 GHI
V13 T1 6.00 GHI
V15 T2 6.00 GHI
V18 T1 5.90 GHI
V13 T2 4.50 HI
V18 T2 3.75 HI
V12 T2 3.50 I
V17 T2 3.50 HI

Paghalapahad wild (BB) V1
Athiakol (BB) V2
Karpuravalli (ABB) V3
Peyan (ABB) V4
Kothia (ABB) V5
Vennuttu mannan (ABB) V6
Saba (ABB) V7
Monthan (ABB) V8
Nendran (AAB) V9
Poovan (AAB) V10
Chinali (AAB) V11
Rasthali (AAB) V12
Jwari bale (AAA) V13
Ney Poovan (AB) V14
Robusta (AAA) V15
Red banana (AAA) V16
Pisang Jari buaya (AA) V17
Calcutta 4 (AA) V18

Source: Ravi and Uma (2012).
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FIGURE 3 | Interaction plot for yield (bunch weigh in kg; n = 3) under

different treatments (TRE ), i.e., irrigated (T1-blue solid line) and drought

stress (T2-red dotted line; soil moisture deficit stress imposed at six

month old plants for three weeks and soil matric potential reached

−0.6 MPa at the end of stress period) condition in different banana

genotypes (VAR); V1—Paghalapahad Wild (BB); V10—Poovan (AAB);

V11—Chinali (AAB); V12—Rasthali (AAB); V13—Jwari Bale (AAA);

V14—Ney Poovan (AB); V15—Robusta (AAA); V16—Red Banana (AAA);

V17—Pisang Jari Buaya (AA); V18—Calcutta 4 (AA); V2—Athikol (BB);

V3—Karpuravalli (ABB); V4—Peyan (ABB); V5—Kothia (ABB);

V6—Vennuttu Mannan (ABB); V7—Saba (ABB); V8—Monthan (ABB) and

V9—Nendran (AAB). Source: Ravi and Uma (2012).

unstressed plants. At harvest, the individual finger weight
difference can be calculated for the stressed and unstressed
plants as:

Geometric mean yield (GM) = (Ys× Yw) /2

where Ys = genotypic performance under stress and
Yw = genotypic performance under well-watered condition.

Drought susceptibility index. The drought susceptibility index
(DSI) is measured following Fischer and Maurer (1978):

S = [1 − (Ys /Yw)] /DII

where, DII = (1 − Xd/Xp), and Xd and Xp are the mean exper-
iment yield of all genotypes grown under drought stress and
well watered regimes, respectively. In addition to yield and yield
parameters, the traits measured in the preliminary evaluation also
have to be taken into consideration for correlating with economic
yield. For large numbers of genotypes (>25), the preliminary
screening has to be done in the greenhouse or under a protected
structure using plant growth analyses, plant-water relations, and
plant functions. Drought tolerant plants identified thus must then
be evaluated in the field. During field evaluation, stress can be
imposed at different phenological stages.

CONCLUSIONS
Water limitation is a universal problem for agriculture. Bananas
and plantains are a staple food for developing countries and
a high value crop in others. Increased production of bananas
and plantains with limited resources, especially water, is a
priority. This can be achieved through improved production
technologies and varietal improvement for water-limited envi-
ronments. Improvement of varieties through conventional and
novel approaches relies on identification of traits conferring
drought tolerance. Phenotyping bananas for drought resistance,
in germplasm available with the national agricultural research
systems across the world, is to be prioritized to identify useful
accessions for the banana improvement program. Many pub-
lished literatures support on soil water status is linked to leaf gas
exchange parameters and rate of emergence of the youngest leaf.
Measurement of the fraction of transpirable soil water (FTSW)
is laborious in banana but valuable information can be gener-
ated as this variable can be used in much the same way that
“leaf nitrogen (N) content” is used instead of “applied N fer-
tilizer” as the independent variable in studies on the impact
of N fertilizer on leaf photosynthetic rates (Peng et al., 1995).
In general, any variation in experimental conditions during the
imposition of water stress should be avoided. Care should be
taken to control all other factors except the stress to be imposed,
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which is slightly difficult to manipulate. Cultivation and manage-
ment are to be practiced as recommended for that test location.
The stress has to be imposed for 3–4 weeks. Local drought tol-
erant varieties (based on their field performance) should be
used as controls. The impact of the stress should be studied
upto the final harvest. Any plant measurements must be cor-
roborated with measurements of the soil moisture status. A
controlled environment such as a rainout shelter is a preferred
facility for conducting field level experiments in a long dura-
tion crop like bananas. It is an established fact that in bananas
root signals plays a very significant role in recognizing the soil
moisture deficit stress. The morphology, geometry, and quan-
titative nature of banana roots (root number, length, diame-
ter, root mass, and RLD) merit study in relation to drought
tolerance.

There is a great interest evinced among researchers in
improving the drought tolerance of crop plants across the world.
Presently, researchers are able to elucidate gene functions and
mechanisms to regulate major plant traits through genomics,
epigenomics, transcriptomics, proteomics, and metabolomics. To
reap the benefit of recent molecular tools, good phenotyping is
warranted. In the light of Musa genome sequence information
available to all the researchers from July 2012, a quantum jump
of molecular work toward the banana improvement program is
contemplated.
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