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Abstract.

Climate change and global population increase are two converging forces that will jointly challenge researchers

to design programs that ensure crop production systems meet the world’s food demand. Climate change will potentially
reduce productivity while a global population increase will require more food. If productivity is not improved for future
climatic conditions, food insecurity may foster major economic and political uncertainty. Given the importance of grain
legumes in general — common bean (Phaseolus vulgaris L.) in particular — a workshop entitled ‘Improving Tolerance of
Common Bean to Abiotic Stresses’ was held with the goal of developing an interdisciplinary research agenda designed to
take advantage of modern genotyping and breeding approaches that are coupled with large scale phenotyping efforts to
improve common bean. Features of the program included a multinational phenotyping effort to evaluate the major common
bean core germplasm collections and appropriate genetic populations. The phenotyping effort will emphasise the response of
root and shoot traits to individual and combined stress conditions. These populations would also be genotyped using newly
emerging high density single nucleotide polymorphism (SNP) marker arrays or next generation sequencing technology.
Association analysis of the core collections aims to identify key loci associated with the response to the stress conditions.
Companion bi-parental quantitative trait loci (QTL) experiments will act as confirmation experiments for the association
analysis. The upcoming release of the genome sequence of common bean will be leveraged by utilising population genomic
approaches to discover genomic regions that differentiate stress-responsive and non-responsive genotypes. The genome
sequence will also enable global gene expression studies that will highlight specific molecular-based stress responses. This
collective knowledge will inform the selection of parental lines to improve the efficiency of common bean improvement
programs.
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Introduction

By all credible estimates, climate change over the next few
decades will be dramatic. Chief among these changes will be
decreases in water availability and increases in ambient air
temperatures in major agricultural production areas (Battisti
and Naylor 2009; Lobell et al. 2011). From a crop
improvement perspective, the physiological responses that
allow plants to be most productive in these new environments
must be better defined and the genetic factors that control these
responses must be discovered and introgressed into modern
varieties (Yadav et al. 2011). There is an urgent need for
coordinated efforts to confront climate change through genetic
improvement begin immediately because it is likely to take
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10 years to introduce these genetic factors into a broad array
of new plant varieties once they are discovered.

The International Center for Tropical Agriculture (CIAT,;
Cali, Colombia) convened a workshop entitled ‘Improving
Tolerance of Common Bean to Abiotic Stresses’ from 24
November 2010. A multidisciplinary group of international
plant researchers met to share perspectives and develop a
research plan that addresses the need for developing abiotic
stress tolerance in common bean (Phaseolus vulgaris L.).
Common bean is a major crop worldwide and a significant
protein source in countries in Central and South America,
SubSaharan Africa and parts of Asia. Importantly, many areas
inthese regions are predicted to be negatively impacted by climate
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change (Lobell ef al. 2008). This scenario is especially true for
drought. Whereas more developed countries may have the capital
to invest in the agricultural infrastructure necessary to mitigate
certain stressors, such as drought, through the development of
extensive irrigation systems, other countries do not have that
opportunity. The lack of appropriate infrastructure and other
solutions to mitigate climate change may result in a serious
food security risk and its associated social and political
consequences.

During the workshop, the current status of research on abiotic
stress in common bean was presented. Elcio P. Guimaraes (CIAT)
described CIAT’s emphasis on developing eco-efficient
agriculture systems that increases productivity and reduces
poverty while maintaining food security and preserving natural
resources (CIAT 2009). Central to this focus is an effort to
develop breeding strategies for improving tolerance to abiotic
stresses. On a global scale, Andrew Merchant (University of
Sydney, Australia) provided a description of the World
Universities Network Plant System Research Network, which
is assisting the common bean community to use collaborative
approaches to combat climate change through the international
research community. The network provides an organisational
framework to address climate change through the development
of approaches at the plant functional level. A critical principle
of the network is the development of basic and applied tools and
assessment methods to measure plant responses to various
stresses.

Given the importance of plant breeding to improve stress
tolerance, several presentations discussed current crop
improvement principles and practices. Steve Beebe (CIAT)
hypothesised that current cultivars inherited from their wild
progenitors a response to mid-season intermittent drought that
suppresses reproduction and shuttles carbon resources to the root
(Beebe et al. 2008). The result is that the full yield potential of
the crop is disrupted under intermittent drought. The analysis of
pod harvest index under irrigated and rain fed conditions and
the selection of lines that translocate carbon more effectively to
the developing seed under tropical intermittent rain conditions
has led to improved yield and seed quality under drought. A
cooperative shuttle breeding program, similar to the one applied
during the early days of the Green Revolution by Norman
Borlaug, is being coordinated by Tim Porch (USDA, Puerto
Rico, USA) and Carlos Urrea (University of Nebraska, USA).
That program is capturing drought tolerance alleles that confer
broad adaptation and drought tolerance in multiple stress
locations by selecting lines in early generations derived from
crosses between elite drought tolerant germplasm of tropical
origin with modern cultivars and breeding lines of temperate
origin. The program focuses on stress occurring during
reproductive development, which can cause excessive abortion
of buds, flowers and pods, resulting in dramatic yield reduction
because the physiological effects of abiotic stress tend to be
more pronounced during reproductive versus vegetative
development. Breeding lines are selected in both locations in
early generations and the selected lines are then advanced and
tested in yield trials through sequential testing in both locations.
The goal of identifying lines with adaptation to multiple drought
environments across climatic zones is beginning to be realised.
The genetics and breeding for heat tolerance have been pursued
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through screening under high temperature field conditions in
Puerto Rico and Africa and under controlled high temperature
greenhouse conditions in New York (Cornell University), leading
to the improvement of dry and snap beans for heat tolerance
through selection for yield components under high temperature
stress during reproductive development (Porch et al. 2010;
Wasonga et al. 2010).

From a physiological perspective, Elizabeth Van
Volkenburgh (University of Washington, USA) described the
role of cell expansion and photomorphogenesis as important
contributors to higher yield. It was proposed that specific
photoreceptors and red and blue light provide stimuli for H"
efflux across the plasma membrane which in turn affects cell
expansion via cell wall acidification, loosening and turgor
regulation. The important role of roots in combating the
effects of stress was a major focus of physiologists
participating in the workshop. Early investigations at CIAT
have shown that root architecture (deeper roots) is an inherited
response that differs among common bean genotypes exposed
to drought stress under different soil conditions (Sponchiado
et al. 1989). Genotypic differences in root traits under multiple
stress conditions were further emphasised by Jimmy Burridge
(Pennsylvania State University, USA). Phosphorus (P) efficient
genotypes of common bean develop more adventitious roots,
shallower basal roots and longer, denser root hairs. Root hair
length, adventitious rooting and basal root growth angle under
P stress were shown to be under the control of multiple
quantitative trait loci (QTL) (Miguel 2004; Yan 2004; Ochoa
et al. 2006). Furthermore, deeper basal roots were also shown to
be an advantage under water stress conditions although at the
cost of reduced P acquisition (Ho et al. 2005). Those root
architecture traits that increase biomass production under
drought and low P conditions have been identified and simple
screening protocols for these traits have been established (for
examples, see www.psu.edu, accessed 15 February 2011).
Research continues to focus on identifying other traits
involved in combined drought and low P stress.

Idupulapati Rao (CIAT) described recent research at CIAT
on water stress. Confronted with a mandate to provide adapted
genotypes to many areas of the world, of which 60% is affected
by drought, CIAT has incorporated abiotic stress tolerance as a
breeding objective. Supporting this objective is a research
program that aims to (1) understand those physiological
mechanisms of stress tolerance and (2) develop markers
associated with the stress response. These tools will assist the
selection of genetic materials that exhibit both yield improvement
and stability. Although deep rooting offers access to more
moisture, as evidenced by higher values of stomatal
conductance and canopy temperature depression, it does not
result in greater yield for many genotypes. However,
photosynthate partitioning to grain does play a major role in
drought tolerance (Beebe er al. 2009). Partitioning has been
quantified as pod partitioning index (pod biomass at harvest
as a percent of total biomass at mid-pod fill) and pod harvest
index (grain weight as percent of total pod biomass) (Beebe et al.
2010). Both parameters showed significant correlations with
yield under stress. Pod harvest index measured under drought
stress also correlated with yield in an acid, aluminum toxic
soil, suggesting that this is an effective variable for measuring



Common bean improvement under climate change conditions

tolerance to different abiotic stresses. Since the movement of
photosynthate during stress is necessary to support yield, it
follows that pod harvest index is correlated with yield under
different stress factors. Other traits of importance were maturity
and root vigour and depth. Matthew Blair (CIAT) described
blocks of yield QTL under drought that are located on
chromosomes Pv8 and Pv10 that were discovered in a
Mesoamerican X Mesoamerican cross (Blair ef al. 2011).

Modern, industrial-level screening techniques are now
available. These high-throughput methods are useful for rapid
field and greenhouse screening, once a phenotype has been
determined to be correlated with a trait. Arnd Kuhn (Jiilich
Research Center, DEU) described approaches that are now
available. Root traits are now becoming a major focus for
stress tolerance in this research effort. Nuclear magnetic
resonance can effectively determine root structure of plants
grown in the soil and root function can be assessed using
positron emission tomography. Rhizotrons are now available
that can describe root growth patterns under various
conditions. A major challenge is making these approaches cost
effective for programs with limited resources.

Research plan

Water and heat stresses are major limitations to crop productivity.
Given the short time frame available to alter the baseline genetic
makeup of germplasm for crop improvement under the present
climate change predictions, concerted efforts must begin to
further understand the physiological mechanisms of tolerance
to these two important stress conditions, identify genetic factors
that control the physiological responses, pyramid those factors
into new germplasm and select those combinations that lead to
the maximisation of yield under individual and combined
drought and heat stress. To truly address international food
security needs, the effort must be global because a single
genotype will not be adapted to all current common bean
production systems. The benefit of a coordinated global effort
is that the genetic factors can be tested in a multitude of drought
and heat stress environments allowing geneticists and breeders
to discover the best combination of factors that provide local or
regional adaptation to the stress.

The measurement of above ground biomass, such as yield
and yield components, is important for determining genotypic
response to heat and drought stress and will be a key breeding
objective. Common beans are particularly sensitive to high
night-time temperatures during reproductive development,
thus, higher minimum temperatures due to global warming are
of special concern. Carefully selected screening locations
will provide relatively consistent drought and heat stress
during reproductive development from year to year. Excessive
drought stress in dry climates can be controlled through drip,
furrow or overhead irrigation, although year-to-year variation in
ambient temperature is expected. Owing to location and year
variability, phenotypic plasticity and genotype X environment
interactions in the abiotic stress response (Ramirez-Vallejo and
Kelly 1998), replicated and multi-location trials, possible
through such an international effort, will allow for better
estimation of the genetic and physiological components
involved in the complex abiotic stress response.
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Although roots are an essential component to combating
stress, they have received little attention in bean breeding
efforts. Roots are the chemical, physical and anatomical
interface between many of the essential components necessary
for the plant to succeed in stress environments by acquiring the
essential minerals required for physiological processes and, most
importantly, tapping the water resources necessary for plant
survival. From that perspective, a central research question
that should inform stress research is: what functions that define
root plasticity, architecture and resource use efficiency alleviate
stress while providing yield stability in multiple agro-
ecosystems? The recent research by Beebe er al. (2008)
identified genotypes of common bean that outperformed
commercial checks under terminal drought conditions while
maintaining strong yield competitiveness in favourable
environments. Additionally, on soils deficient in P, these lines
yielded as well as genotypes selected specifically for tolerance to
low P conditions. These lines clearly demonstrate phenotypic
plasticity. It is important to understand what physiological and
anatomical functions underlie this plasticity. From a genetic
perspective, defining the genomic regions that are critical for
these two successful stress responses would facilitate the
incorporation of these genes into other genetic backgrounds.
Greatest success will be realised by a cooperative research
effort that builds on past knowledge and expertise. Therefore,
it is necessary to define the components of a coordinated bean
improvement program targeting those particular conditions that
will become larger constraints to the crop as the global climate
changes.

Legumes utilise their symbiotic relationship with Rhizobia to
fix nitrogen. This is an important contribution to soil fertility and
is likely to increase as the price of nitrogen fertilisers continues
to rise steadily. Therefore, understanding the effect of climate
change on N fixation should be an important consideration of an
effective research plan. Water stress reduces N fixation in
common bean. For example, Ramos et al. (1999) observed a
50% reduction in nodule weight and number when a water-stress
tolerant bean cultivar was grown in soil at 30% of soil field
capacity of water. Additionally, nitrogenase activity was
drastically reduced under these conditions. Importantly,
genetic variation exists for nodule number and for the ability
to fix nitrogen for bean plants grown under water stress-induced
conditions (Aydi et al. 2008).

Phenotyping

Without accurate and reproducible phenotyping of plants under
multiple stress conditions, it is impossible to make significant
advances in crop improvement. Although the greenhouse has
some benefits for selection of breeding lines for abiotic stress
tolerance (convenient location, relatively well controlled
growing conditions), the most rapid improvement will be
achieved by screening and selecting breeding materials in
the target environments in which they will be produced. These
environments should be selected to represent the meteorological
and geographic range in which a particular stress or a combination
of stresses, occur under common bean production conditions.
As an example, terminal and intermittent drought stress can occur
in both arid and subhumid environments since rainfall during
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different seasons of the year can vary dramatically in tropical
and subtropical environments. Once appropriate environments
are identified, it will become necessary to carefully catalogue
the different conditions under which a stress is expressed and
select screening locations that best represent these conditions.
Since the goal of the program should be to improve yield in as
many production regions as possible, the testing sites should
represent key international production regions.

Crop improvement depends on the mobilisation of new allele
combinations into an improved genotype. The first step is to
assess the available genotypic variation for a particular trait.
Currently, the two largest collections of common bean are
managed by CIAT (~36 000 accessions) and the United States
Department of Agriculture National Plant Germplasm System
(USDA NPGS; ~17 000 accessions). Both of these organisations
maintain core collections that were established to represent the
variation within the cultivated form of the species. Although
these collections have been successfully mined for genes for
disease resistance, large scale screening for traits that are
inherently quantitative in nature have been performed only to
a limited extent (e.g. Urrea and Porch 2010). As a first step to
assess variation, seed stocks of these collections should be
increased to sufficient numbers for screening in replicated
trials at multiple locations. In addition, new cultivars are
consistently being released from modern breeding programs
that aim to support production in a specific location and often
these are not broadly tested. To better understand the phenotypic
variation in these materials and their potential for broad usage, a
population of modern cultivars from throughout the world should
also be established and evaluated in the same environments.

The breadth of these trials should be considered as of utmost
importance. It is envisioned that the entire domesticated core
collections from CIAT (~1400) and the USDA NPGS (~425)
should be evaluated. Related species that possess specific traits of
interest would also be included in select trials. As a companion
trial, ~500 modern cultivars/advanced lines would also be
considered. Because of the extensive populations structure
within common bean (Kwak and Gepts 2009; McClean et al.
2011), careful stratification will be necessary. First, there is a
range of photoperiod responses (White and Laing 1989).
Therefore, trials consisting of subsets of these entire
collections should be grown only in environments where they
can produce seed and show a typical yield response. The broad
testing envisioned here will require an initial screening of the
material for photoperiod response in a selected subset of
environments that cover day length (latitude) and temperature
(altitude) variation.

What specific traits should be measured? The obvious first
choice is yield. Yet, phenotypic data should be collected using
appropriate experimental designs in which carefully selected
checks provide reliable estimates of performance of the lines
under consideration. For indirect selection purposes, establishing
correlations of certain traits with yield is also necessary.
Traditional agronomic traits such as phenology, shoot
biomass, days to flowering, days to maturity and yield
components are relatively easy to assess and have in the past
been associated with tolerance to drought and heat. Abiotic stress
indices, such as the geometric mean and percent yield reduction,
will also be important in assessing genotypic response to stress
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versus non-stress conditions (Ramirez-Vallejo and Kelly 1998;
Porch et al. 2009) in order to ensure broad adaptation and yield
stability. Incorporating measurements of canopy temperature
depression and stomatal traits such as the number, size and
conductance of stomata (Hetherington and Woodward 2003;
Beebe et al. 2010), along with general phenology, would be
useful to link the underlying physiological responses to abiotic
stress and to the plasticity necessary for adaptation to a changing
environment (Nicotra et al. 2010).

Since remobilisation of photosynthate from shoot to
reproductive tissues appears to be a drought-tolerance response
(Beebe et al. 2009), pod and seed measurements should also
be included (Beebe et al. 2010). Root traits such as number of
basal and adventitious roots, depth, length and thickness of
basal roots and dispersion of lateral roots have been associated
with low P tolerance (St Clairand Lynch 2010). Since it was noted
that tolerance to drought and low soil P levels are associated
(Beebe et al. 2008), these would be logical traits to measure. The
‘shovelomics’ techniques, developed by the Lynch laboratory
(Pennsylvania State University, USA), will be adopted. This
technique enables the rapid assessment of 10 root crown
traits and would accelerate data collection and provides an
inexpensive tool that has broad application for many research
settings (Trachsel ef al. 2011). In addition to the crown
characteristics, cultivar and strain variation for nodulation and
N, fixation exists (Rosas ef al. 1998) and improved biological
nitrogen fixation (BNF) can be achieved through selection.
Nodulation will be evaluated during the ‘shovelomics’
assessment by observing quantity, size and colour of nodules.
Making multiple observations at once allows for efficient
selection of superior accessions.

To exploit the data more systematically, the research team will
standardise the manner in which each phenotypic trait is
measured. The systematisation of data collection will provide
continuity among the phenotypic data even as populations of
different genetic composition are evaluated at multiple
worldwide locations.

Marker-assisted selection in common bean

Common bean breeders are major adopters of molecular marker
technology. In the United States, >90% of new germplasm and
cultivars released in the past decade were developed with the aid
ofthe technology. The current marker suite used by breeders is the
outcome of concerted worldwide efforts to develop PCR-based
markers associated with important disease resistance loci. These
markers are publicly available markers and address diseases
important to bean production throughout the world. Recently
funded programs, such as the Common Bean Coordinated
Agricultural Project supported through the USDA, are posed
to significantly increase the number of molecular markers
available for the discovery of new marker-trait associations.
The project recently released the first of 1536 single nucleotide
polymorphism markers designed for the Illumina genotyping
platforms (Golden Gate and Infinium). The final goal of the
marker development portion of the project is to increase the
overall number of markers, identify a subset of market class
specific markers and to develop associated indel-based markers
designed for inexpensive gel-based assays.
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The availability of this large number of markers distributed
throughout the genome makes possible detailed association
analysis.  Association studies utilise the collective
recombination history of a defined genetic population to
discover new marker/trait associations. In practice, the
geneticist creates a population of many genotypes that is
subsequently grown in replicated field trials under conditions
that represent various stresses. The extensive field evaluation
trials consisting of many genotypes, as described above, is an
ideal dataset for these experiments. Each of the lines is also
genotyped with a collection of genome-wide markers. A SNP
platform is ideal for this step because of the ease of use this
high-throughput marker system. The phenotypic and genotypic
data is then analysed using techniques that control for population
structure and relatedness and for multiple marker testing
(Mamidi et al. 2011). The result of this analysis is the
discovery of markers associated with the particular trait of
interest.

From a genetic factor discovery perspective, careful
preplanning and shared phenotyping approaches will enable
the international research program to maximise the discovery
of important genetic factors associated with a stress using
association genetics approaches. For example, as long as the
phenotyping is consistent, results from multiple trials, even if
using a different marker set, can be combined to generate larger
and more robust datasets. In this regard, the development of
effective imputation techniques that enable researchers to
predict the marker genotype at each missing locus greatly
expands the sizes of populations that researchers can
effectively manage (Marchini and Howie 2010). This is a
significant development in that different populations and
markers can be used at different loci as long as the phenotype
is collected using the same protocol. For example, imputation
techniques are enabling human researchers to pool genotypic
data from multiple worldwide trials to discover loci associated
with multiple human diseases. Most recently, this approach was
used to discover new loci associated with Alzheimer’s disease
(Naj et al. 2011).

Association mapping (AM) experiments identify loci that are
associated with specific phenotypes. Two recent experiments in
barley (Cockram et al. 2010) and Arabidopsis (Atwell et al. 2010)
are worth noting. Each used a large population of genotypes to
evaluate many phenotypes, 32 with barley (Hordeum vulgare L.)
and 107 for Arabidopsis. Strong associations were detected using
statistical techniques that account for population structure and
relatedness. Importantly, many markers were discovered that
mapped within or near genes previously discovered to be
factors controlling a specific trait.

These genes were discovered previously using data from QTL
experiments based on bi-parental populations that capture only a
subset of the variation within a species. Therefore bi-parental
QTL experiments to confirm AM marker trait associations
should continue to be a priority. The large exhaustive
phenotyping results described above will inform the selection
of relevant parents for bi-parental population development.
Ideally, several populations will be produced. These new
populations can then be genotyped using the emerging high
density marker sets and QTL can be identified using an
approach such as composite interval mapping.
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Applications of the common bean genome sequence

to climate change research

In the near future, the common bean genome sequence will be
released. This sequencing project, funded by the USDA and the
US Department of Energy, will provide a major resource for
abiotic stress and other common bean genetic research areas. A
first application is to capture a transcriptome profile of gene
expression during stress and non-stress conditions using RNA-
seq technology. Here, RNA is collected from tissues that
experience some level of a stress, converted to a DNA
template and sequenced wusing modern high-throughput
sequencing techniques (Ozsolak and Milos 2011). The
sequence reads represent the genes expressed under the stress
(or the normal) condition and the number of reads for each gene
are proportional to the level of gene expression. The assembled
and annotated genome is critical because it serves as a reference
to determine which genes are affected by the stress. Severin et al.
(2010b) describe the development and application of RNA-seq
to the study of global gene expression in soybean. Similar patterns
of expression can be coupled with genetic experiments to
determine if any genes located at major QTL are cycling under
various stress conditions.

The availability of a whole-genome reference sequence can
also be used to discover regions of a genome associated with a
specific phenotype by using either genetic or natural populations.
As an example, near isogenic lines of soybean differing for a
protein QTL (Bolon et al. 2010) were screened with SNPs that
were discovered by comparing sequences from an RNA-seq
analysis. The polymorphisms were used along with the
reference genome sequence to define a QTL interval on
chromosome 20 (Severin et al. 2010a). This technique could
be applied for any stress once appropriate genetic stocks are
developed representing differing QTL genotypes associated with
a specific stress phenotype.

A novel population genomics approach was described by
Turner et al. (2010) to discover candidate genes associated
with adaptation to specific soil types. They created samples by
pooling DNA from Arabidopsis lyrata individuals collected
from geographically distinct sites containing granitic or
turpentine soils. DNA sequence data were collected from the
pooled samples using next generation sequencing techniques.
Polymorphic loci were discovered and population differentiation
statistics were used to identify genes that were highly fixed in
one population or the other. The candidate genes included metal
transporters and metal detoxification genes. A similar approach
could use pools of landrace DNA derived from individuals found
in well designed field trials to express contrasting phenotypes for
a trait(s) associated with a specific stress. This approach will
create a catalogue of genes that can be used as a query with the
data generated from the RNA-seq experiments to determine if
the gene expression pattern of any of the genes is cycling with
regards to changing environmental conditions.

The whole genome sequence will move common bean into the
era of genotyping-by-sequencing (GBS). This approach involves
a low-pass (1x) next generation resequencing of a select number
of genotypes within a population. For a bi-parental population,
this might be the entire collection of lines, or for the AM panell, it
could be just a subset. In these cases, tens of thousands of loci will
be genotyped, creating high density maps that will enable a more
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accurate mapping of causative loci. Recently, this approach has
been applied to maize (Zea mays L., Lai et al. 2010), rice (Oryza
sativa L., Huang et al. 2010) and soybean (Glycine max (L.)
Merr., Lam et al. 2010). A streamlined GBS approach was
recently described (Elshire et al. 2011).

Integrating phenotyping, genotyping and mapping
results into plant improvement programs

The ultimate goal is to improve the performance of varieties under
changing climate conditions. This project is staged for that
ultimate goal. The large scale screening program will initially
identify parents that can be used in breeding programs. Plant
breeders can begin to incorporate this variation immediately after
the screening is performed. A companion effort from this
introgression process will be the development of genetic
populations that can be used to uncover the genetic factors
associated with specific traits. Improved efficiency of line
selection can be achieved through the identification of loci that
are strongly associated with specific traits (high R”). These loci
will be confirmed using the bi-parental populations and once
they are confirmed they can be used for genome selection of the
appropriate advanced lines. The application of genomic selection
(Heffner et al. 2010) will ultimately be possible when the number
of markers applied to improvement efforts moves from the
hundreds to the thousands and ultimately, the whole genome
scale. Those discoveries will be of profound importance as new
crosses are made and new materials are generated in a maturing
research program.
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