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Preface to the Series

Genome sequencing has emerged as the leading discipline in the plant sci-
ences coinciding with the start of the new century. For much of the twentieth
century, plant geneticists were only successful in delineating putative chro-
mosomal location, function, and changes in genes indirectly through the use
of a number of ‘markers’ physically linked to them. These included visible or
morphological, cytological, protein, and molecular or DNA markers. Among
them, the first DNA marker, the RFLPs, introduced a revolutionary change in
plant genetics and breeding in the mid-1980s, mainly because of their infinite
number and thus potential to cover maximum chromosomal regions, phe-
notypic neutrality, absence of epistasis, and codominant nature. An array of
other hybridization-based markers PCR-based markers, and markers based
on both facilitated construction of genetic linkage maps, mapping of genes
controlling simply inherited traits and even gene clusters (QTLs) controlling
polygenic traits in a large number of model and crop plants. During this
period a number of new mapping populations beyond F2 were utilized and a
number of computer programs were developed for map construction, map-
ping of genes, and for mapping of polygenic clusters or QTLs. Molecular
markers were also used in studies of evolution and phylogenetic relationship,
genetic diversity, DNA-fingerprinting and map-based cloning. Markers
tightly linked to the genes were used in crop improvement employing the
so-called marker-assisted selection. These strategies of molecular genetic
mapping and molecular breeding made a spectacular impact during the last
one and a half decades of the twentieth century. But still they remained
‘indirect’ approaches for elucidation and utilization of plant genomes since
much of the chromosomes remained unknown and the complete chemical
depiction of them was yet to be unraveled.

Physical mapping of genomes was the obvious consequence that facili-
tated development of the ‘genomic resources’ including BAC and YAC
libraries to develop physical maps in some plant genomes. Subsequently,
integrated genetic-physical maps were also developed in many plants. This
led to the concept of structural genomics. Later on, emphasis was laid on
EST and transcriptome analysis to decipher the function of the active gene
sequences leading to another concept defined as functional genomics. The
advent of techniques of bacteriophage gene and DNA sequencing in the
1970s was extended to facilitate sequencing of these genomic resources in
the last decade of the twentieth century.
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As expected, sequencing of chromosomal regions would have led to too
much data to store, characterize, and utilize with the-then available computer
software could handle. But development of information technology made the
life of biologists easier by leading to a swift and sweet marriage of biology
and informatics and a new subject was born—bioinformatics.

Thus, evolution of the concepts, strategies and tools of sequencing and
bioinformatics reinforced the subject of genomics—structural and functional.
Today, genome sequencing has traveled much beyond biology and involves
biophysics, biochemistry and bioinformatics!

Thanks to the efforts of both public and private agencies, genome
sequencing strategies are evolving very fast, leading to cheaper, quicker and
automated techniques right from clone-by-clone and whole-genome shotgun
approaches to a succession of second generation sequencing methods.
Development of software of different generations facilitated this genome
sequencing. At the same time, newer concepts and strategies were emerging
to handle sequencing of the complex genomes, particularly the polyploids.

It became a reality to chemically—and so directly—define plant genomes,
popularly called whole-genome sequencing or simply genome sequencing.

The history of plant genome sequencing will always cite the sequencing
of the genome of the model plant Arabidopsis thaliana in 2000 that was
followed by sequencing the genome of the crop and model plant rice in 2002.
Since then, the number of sequenced genomes of higher plants has been
increasing exponentially, mainly due to the development of cheaper and
quicker genomic techniques and, most importantly, development of collab-
orative platforms such as national and international consortia involving
partners from public and/or private agencies.

As I write this preface for the first volume of the new series “Compendium
of Plant Genomes”, a net search tells me that complete or nearly-complete
whole-genome sequencing of 45 crop plants, eight crop and model plants,
eight model plants, 15 crop progenitors and relatives, and three basal plants
are accomplished, the majority of which are in the public domain. This means
that we nowadays know many of our model and crop plants chemically, i.e.,
directly, and we may depict them and utilize them precisely better than ever.
Genome sequencing has covered all groups of crop plants. Hence, infor-
mation on the precise depiction of plant genomes and the scope of their
utilization is growing rapidly every day. However, the information is scat-
tered in research articles and review papers in journals and dedicated web
pages of the consortia and databases. There is no compilation of plant gen-
omes and the opportunity of using the information in sequence-assisted
breeding or further genomic studies. This is the underlying rationale for
starting this book series, with each volume dedicated to a particular plant.

Plant genome science has emerged as an important subject in academia,
and the present compendium of plant genomes will be highly useful both to
students and teaching faculties. Most importantly, research scientists
involved in genomics research will have access to systematic deliberations on
the plant genomes of their interest. Elucidation of plant genomes is not
onlyof interest for the geneticists and breeders, but also for practitioners of an
array of plant science disciplines, such as taxonomy, evolution, cytology,
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physiology, pathology, entomology, nematology, crop production,
bio-chemistry, and obviously bioinformatics. It must be mentioned that
information regarding each plant genome is ever-growing. The contents
of the volumes of this compendium are therefore focusing on the basic
aspects of the genomes and their utility. They include information on the
academic and/ or economic importance of the plants, description of their
genomes from a molecular genetic and cytogenetic point of view, and the
genomic resources developed. Detailed deliberations focus on the back-
ground history of the national and international genome initiatives, public
and private partners involved, strategies and genomic resources and tools
utilized, enumeration on the sequences and their assembly, repetitive
sequences, gene annotation, and genome duplication. In addition, synteny
with other sequences, comparison of gene families, and, most importantly,
potential of the genome sequence information for gene pool characterization
through genotyping by sequencing (GBS) and genetic improvement of crop
plants have been described. As expected, there is a lot of variation of these
topics in the volumes based on the information available on the crop, model,
or reference plants.

I must confess that as the series editor it has been a daunting task for me to
work on such a huge and broad knowledge base that spans so many diverse
plant species. However, pioneering scientists with life-time experience and
expertise on the particular crops did excellent jobs editing the respective
volumes. I myself have been a small science worker on plant genomes since
the mid-1980s and that provided me the opportunity to personally know
several stalwarts of plant genomics from all over the globe. Most, if not all,
of the volume editors are my longtime friends and colleagues. It has been
highly comfortable and enriching for me to work with them on this book
series. To be honest, while working on this series I have been and will remain
a student first, a science worker second, and a series editor last. And I must
express my gratitude to the volume editors and the chapter authors for pro-
viding me the opportunity to work with them on this compendium.

I also wish to mention here my thanks and gratitude to the Springer staff,
Dr. Christina Eckey and Dr. Jutta Lindenborn in particular, for all their
constant and cordial support right from the inception of the idea.

I always had to set aside additional hours to edit books besides my pro-
fessional and personal commitments—hours I could and should have given
to my wife, Phullara, and our kids, Sourav, and Devleena. I must mention
that they not only allowed me the freedom to take away those hours from
them but also offered their support in the editing job itself. I am really not
sure whether my dedication of this compendium to them will suffice to do
justice to their sacrifices for the interest of science and the science
community.

Kalyani, India Chittaranjan Kole
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Preface

The relevance of common bean (Phaseolus vulgaris L.) is determined by the
fact that it is the most important grain legume for food consumption
worldwide and has a role in sustainable agriculture owing to its ability to fix
atmospheric nitrogen. It is a staple crop with a major societal importance as
main source of proteins and nutrients in developing regions such as Africa
and Latin America. Due to its domestication, it can be grown in a wide range
of environments, from near sea level up to 3000 m above sea level, in arid,
semiarid and tropical environments, and under high or moderate tempera-
tures. Its main consumption is for its edible dry seed (dry beans) or unripe
fruit (green beans). This double use determines that modern cultivars have
been bred for different fruit characteristics such as those that influence the
seed (shape, color, cooking ability, etc.) and the pod (length, tenderness,
stringless, etc.) apart from common features as disease resistance, yield,
precocity and plant architecture.

Common bean was domesticated in two geographically isolated and
differentiated areas, according to multiple lines of evidence, generating two
distinguishable gene pools, Mesoamerican and Andean, within a single
species. The domestication of two independent lineages implicated a parallel
evolution and introgression events with important implications for modern
common bean crop improvement. In fact, common bean was likely domes-
ticated concurrently with maize as part of the 'milpa' cropping system (fea-
turing common bean along with maize and squash), which was adopted
throughout the Americas. Common bean was introduced in Europe soon in
the XVI century through Spanish and Portuguese trade routes, and
independently introduced into Africa. Large variation of common bean
evolved in Europe as a result of adaptation to new ecological and manmade
conditions. In consequence, common bean has four well-identified centers of
diversification, two in America, where it was domesticated, one in Europe,
and one in Africa, where it was introduced after the discovery of America.

Common bean is also an important species from the scientific point of
view. It has been widely used in research and breeding. Both Darwin and
Mendel used this species in their research, and it was widely used as material
for genetic experimentation and breeding during the early years of the
development of genetics, at the beginning of the twentieth century. For
example, the demonstration by Johansen that the phenotype is the result
of the interaction between the genotype and the environment; or the direct
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relationship between a quantitative and a qualitative character, seed size and
seed coloration of the common bean seed, by Sax. A large corpus of genetic
data on common bean has been generated throughout the twentieth century,
now widely complemented and surpassed by the genomic information.

The recent release of the Andean and Mesoamerican common bean
genomes is enabling a new wave of cutting-edge research, including epige-
nomics and translatome analyses, in a crop that has fed billions of people for
more than 5000 years. Moreover, the comparison of the Andean and the
recently released Mesoamerican genome has initially revealed interesting
differences. For example, the size and the number of genes in the
Mesoamerican genome is smaller than the Andean genome. The availability
of the genome sequence has completely changed the paradigm of the species’
genetics and genomics.

Genomic information on the other domesticated or wild Phaseolus species
range from scarce to null. However, the already sequenced genomes of
common bean will help in sequencing and assembling the genomes of other
species of the genus. In fact, common bean is one of the five domesticated
species of the genus Phaseolus, a genus formed by a relatively large number
of species with broader or narrower geographical distribution and some
of them adapted to particular environments. The other four domesticated
species are tepary bean (P. acutifolius A. Gray), runner bean (P. coccineus
L.), lima bean (P. lunatus L.) and year-long bean (P. dumosus Macfad.), all
four originated and domesticated in America. The genomic information from
the other Phaseolus species will give more complete information on the
evolutionary processes associated to domestication and on the adaptive
processes to particular environments with special relevance for breeding
strategies.

Genomic resources include not only data from the nuclear genome but
also from organelle genomes. In particular, mitochondrial and chloroplast
genomes gives complementary information on the evolutionary processes
within common bean and between species within the genus Phaseolus.
Genomics data allow knowing the whole set of genes implicated in a
metabolic route, including the genes coding for the transcription factors
implicated in their expression control, helping in the transcriptomic analyses
of their expression under different environments or in different tissues.
Likewise, they allow the analysis of the relationships between different
metabolic routes and biological processes. A particular set of genes of
interest in a crop mainly exploited by its seeds is the set of seed storage
proteins, which determine a great part of the nutritive value of the main crop
product. New tools will be likely developed from these data such as complete
set of molecular markers, microarrays, etc., which will speed and facilitate
assisted selection processes.

The present book summarizes data on the economic and scientific rele-
vance of common bean, its relation with other species of the genus Phase-
olus, and insists on the importance of the domestication events, parallel
evolutionary history and further expansion of the cultivated forms. It also
describes the numerous genetic and genomic resources available, the iden-
tified genes and quantitative trait loci (QTL) identified, as well examples
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of the study of functionally related genes and future prospects. This book
shows that these are exciting times for common bean research in a field with
the potential to reduce the threat of food insecurity by releasing crops tolerant
to biotic and abiotic stresses, increasing yields and enhancing the nutritional
quality of beans.

León, Spain Marcelino Pérez de la Vega
Pontevedra, Spain Marta Santalla
London, Canada Frédéric Marsolais
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1Common Bean: Economic
Importance and Relevance
to Biological Science Research

James R. Myers and Ken Kmiecik

Abstract
Common bean (Phaseolus vulgaris L.) is broadly adapted to environments
with moderate growing temperatures, about 400 mm of precipitation and a
growing season of 60–120 days. The popularity of the crop originates
from the fact that it is relatively easy to produce, it is flavorful and
versatile, and it is a good source of nutrition. The two major types of
common bean are dry edible beans and snap or garden beans. Precise
economic valuation of the common bean crop is difficult to obtain on a
global scale because other species are often included in the statistical data
collected in different countries, but with production of 18.9 million T for
all types, it is the most widely produced grain legume and ranked third
after soybean and groundnut for oilseed and grain legumes combined.
Common bean is produced in both developed and developing countries
and is an important source of protein, carbohydrates, some vitamins, and
micronutrients. Common bean first became known to the scientific world
with the Columbian exchange beginning in 1493, but little is known about
the genetic diversity of the early introductions to Europe. Systematic
breeding of common bean began in the nineteenth century in Europe and
the USA. Common bean was the subject of Mendel’s genetics research,
was used by Johannsen to investigate quantitative inheritance, and has the
distinction of being the first plant species where a quantitative trait locus
was identified. Contemporary research on common bean in the recent past
has been conducted in about 21 academic disciplines with plant
physiology, medicine, microbiology, and food science, resulting in the
most publications. Plant breeding, genetics, plant pathology, and
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genomics and bioinformatics are generally less well represented, but this
may change as more genomics studies are conducted. The special traits of
common bean that have driven most research are the seed storage proteins,
the symbiotic relationship with rhizobium species, the history of plant
domestication, and the architecture of genetic diversity within the species.

Keywords
Grain legume � Dry bean � Snap bean � Production
Consumption � Genetics � Citation analysis

1.1 Introduction

Originating in the New World and widely dis-
persed because of its broad adaptation, the
common bean (P. vulgaris L.) has become an
important grain and vegetable legume on a global
scale. It performs best in moderate growing
temperatures (>10 °C and <30 °C) with about
400 mm of precipitation during the growing
season. Common bean is found throughout
temperate growing regions where the season
permits 60–120 days of frost-free growth as well
as in the tropical highlands with growing tem-
peratures <30 °C. The popularity of the crop
originates from the fact that it is relatively easy to
produce, it is flavorful and versatile in its
preparation, and it is a good source of nutrition.
Uncooked dry bean contains approximately 22%
protein, several micronutrients (Ca, Fe, Mg, P,
and K), complex carbohydrates (62%), soluble
fiber (15%) and is a significant source of folate
(USDA 2015). As a vegetable, the immature
pods have high moisture content, with raw pods
containing about 1.9% protein and 7% carbohy-
drate, and significant quantities of vitamin C,
carotenoids, and vitamin K, which dry beans
lack. Common bean is particularly important to
the developing world in providing a source of
protein, calories, and trace nutrients to individu-
als who cannot afford more expensive sources of
nutrition.

1.1.1 Kinds and Uses of Common
Bean

The term bean is widely applied to many differ-
ent species of large seeded legumes (and some
non-legumes), but those English terms that apply
specifically to common bean include dry, kidney,
French, navy, pinto, garden, snap, green, wax,
and string. These names often refer to specific
types or uses of common bean (Table 1.1 and
Fig. 1.1). The two major types of contemporary
agriculture are dry edible beans where the mature
seed is harvested and prepared in main dishes
and garden beans—the vegetable form where
immature pods are cooked and eaten (Table 1.2).

Considerable evidence from several disci-
plines points toward the independent domesti-
cation of common bean occurring in at least two
regions (Gepts et al. 1986; Koenig and Gepts
1989; Gepts and Debouck 1991), which are
generally termed the Mesoamerican and Andean
centers of domestication. Within each of these
centers, distinctive races and market classes are
found (Table 1.3). The races of common bean
(Singh et al. 1991) are generally defined by
certain morphological and biochemical charac-
teristics as well as by traditional regions of use.
Beans of the Mesoamerican center are classified
into three races, and those of the Andean center
of domestication are also subdivided into three
races (Table 1.3). Within races, dry beans are

2 J. R. Myers and K. Kmiecik



further separated into market classes, which are
generally defined by seed characteristics, but
have superimposed upon them their genetic
heritage and its influence in adaptation and var-
ious developmental characteristics. A classifica-
tion of dry beans for North America is shown in
Table 1.3. It should be noted that the relation-
ships among center of domestication, race, and
market class are based on traditional information,
but contemporary plant breeding has blurred the
boundaries among groups, and what have once
been considered good indicators of centers of
domestication (e.g., phaseolin seed storage pro-
tein) may no longer show absolute associations.

Dry beans (Fig. 1.1a and b) are usually pre-
pared by soaking in water to imbibe the seed
followed by cooking in a water-based broth
either boiling or using a pressure cooker to
shorten preparation time. They may be eaten
directly in this fashion, but are more often
cooked or combined with other more savory
ingredients. They may be reprocessed (such as
with refried beans) into new forms. Plant type for
dry edible beans ranges from determinate bush to
indeterminate upright types and to indeterminate
vining non-climbers to indeterminate climbers.

Another type of dry bean is nuña or popping
bean (Fig. 1.1e). The popping trait is limited to a

Table 1.1 Some of the terms used for different types of Phaseolus vulgaris in the scientific literature and statistical
databases

Name Usage/definition FAO classification

Dry grain

Common Term refers generally to all forms of Phaseolus
vulgaris and is a direct derivative of the Latin
name

None

Dry Mature grain where the seed is boiled to prepare
for consumption

Dry bean; in some countries, FAO data may
refer to other species as dry bean (including
other Phaseolus beans such as P. coccineus,
P. lunatus and P. acutifolius as well as Vigna
angularis, V. aureus, V. calcaratus, V. mungo,
V. radiata, and V. aconitifolia, but excluding
cowpea or V. unguiculata)

Kidney Name appears in the scientific literature as a
general reference to common bean, but
specifically refers to a market class of dry bean,
usually large seeded, reniform in shape, and red
or white in color

None

French A term commonly applied to P. vulgaris beans in
Europe and in the scientific literature. The term is
used for both dry and snap beans

None

Navy Market class of dry bean, small seeded and white
in color

None

Popping or
Nuña

Dry bean that is cooked using dry heat and where
the cotyledons expand and soften

None

Vegetable

Shell or
Fresh

Seeds are consumed when mature but still high
moisture

Green bean and may include Vigna species in
some countries

Snap
(green,
wax) or
garden

Green pods at various stages of maturity are
cooked and consumed. Snap beans lack pod wall
fiber and suture fiber or strings

String bean and may include Vigna species in
some countries

String bean Similar to snap beans but pod suture string is
present and must be removed by hand

No distinction is made between types with or
without pod suture fiber

1 Common Bean: Economic Importance and Relevance … 3



Fig. 1.1 Examples of various forms of common bean used for food around the world. a Kablanketi type of dry bean
used in eastern and southern Africa; b large red bean typical of that consumed worldwide; c fresh snap bean pods
consumed as a vegetable; d snap bean seeds showing distinctive cylindrical shape; e Nuña beans after being popped for
consumption; f dry bean leaves picked for use as a vegetable in southern Tanzania
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narrow group of dry edible beans originating in
the Andean areas of South America. At high
altitudes, cooking dry beans by boiling becomes
problematic because of the lowered boiling point
of water and the extra time required to cook the
food. Popping beans are heated directly and
require less time to expand or puff into a soft
edible state, thereby requiring less cooking fuel.

Vegetable use of common beans includes
immature pods (Fig. 1.1c), high moisture seed,
and leaves (Fig. 1.1f) as greens. Use of immature
pods is common in North America, Europe,
Middle East, Africa, and throughout Asia
including India, Indonesia, Thailand, Philippines,
China, and Japan. Preparation includes boiling,
steaming, and frying. Immature pods may have
suture strings or be stringless; some wall fiber or
none is present depending on use such as

processing, market garden, or home garden. The
plant type encompassed in garden beans includes
indeterminate climbing (pole) types or half run-
ner prostrate types, and fully determinate (bush)
plant habits.

The snap bean (Fig. 1.1c and d) is mainly
consumed in developed countries. Snap beans
have been selected for reduced fiber in the green
pod. In its more ancestral form (typified by
Romano beans), fiber is reduced in the pod walls
only; pod walls are thin, and suture strings are
present (Table 1.2). String beans in addition to
having low pod fiber have a second trait for
fleshy pod walls that give the pod an oval to
round cross-sectional shape. However, suture
strings may still be present. In the modern forms
of snap beans, the pod suture string is also
lacking (Tables 1.1 and 1.2).

Table 1.2 Pod and seed characteristics that influence preparation and consumption of the major common bean types

Type Pod wall fiber Pod wall thickness Pod suture fiber (strings) Method of cooking Seed shape

Dry Present Thin Present Moist heat Variable

Popping Present Thin Present Dry heat Round

Shell Present Thin Present Moist heat Variable

Romano Absent Thin Generally absent Moist heat Variable

String Absent Thick Present Moist heat Variable

Snap Absent Thick Absent Moist heat Cylindrical

Types are described in Table 1.1

Table 1.3 Races and selected market classes of common bean [Modified from (Singh et al. 1991)]

Race Seed size Phaseolin Market classes

Mesoamerican domestication center

Mesoamerica Small S Navy, Black, Small Red

Durango Medium S Pinto, Bayo, Red Mexican, Great Northern, Pink,
Blue Lake type snap beans

Jalisco Medium S Flor de Mayo, Apetito, Flor de Junio

Andean domestication center

Nueva Granada Medium–large T Light Red Kidney, Dark Red Kidney, White Kidney,
Yellow-eye, Peruano, Tendergreen type snap beans

Chile Medium–large C, H Cranberry, Romano type snap beans

Peru Medium–large T, C, H Nuña, Poroto

Examples of representative market classes of North America, including Mexico
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Use of high moisture seed shelled in the green
stage is less common. It includes the French
Flageolet types, large Horticultural or Cranberry
types in the USA, and similar types in Italy such
as Borlotto. Frequently, large seeded types are
also shelled when used in high altitudes in the
Andes, rather than used dry. Many large seeded
dry edible types grown in parts of Asia and
Africa may be used as immature pods or shelled,
in addition to dry seed.

The development of beans as vegetable is
unclear, but it is evident that Andean and
Mesoamerican germplasm introduced into Eur-
ope is part of the basis of modern garden bean
cultivars. The presence of S, T, and C phaseolin
types (Gepts and Bliss 1986; Angioi et al. 2010)
in pre-1950s’ snap bean lines suggests a complex
history.

1.2 Value, Production,
and Consumption

Exact valuation of the common bean crop is
difficult to obtain on a global level. This is
because the main source of worldwide agricul-
tural statistics (FAOSTAT 2015) does not dis-
tinguish among species of grain legumes when
collecting statistical information and more than
one species of bean may be aggregated
(Table 1.1). This is especially true of India and
China where Vigna spp. may account for 93 and
56%, respectively, of dry bean use in these
regions (Akibode and Maredia 2011). Estimates
for the amount of dry beans as classified by FAO
that are actually P. vulgaris for Asia range from
17% for 1998 data (Singh 1999) to 9% for 2006–
2008 data (Akibode and Maredia 2011).
According to FAO, the estimates exclude cowpea
(Table 1.1). Similarly, green or shell bean and
string or snap bean categories in FAOSTAT may
include various Vigna species (Table 1.1). For
the latter categories, even less is known about the
percentages that are actually common bean.
Here, we report figures adjusted using the more
recent 9% estimate of Akibode and Maredia
(2011). We applied this adjustment to both dry
and shell beans, but not snap beans. Our rationale

was that many of the same species are used as
dual purpose dry and as shell-outs and that pro-
portional usage should be similar. With snap
beans, the other main edible pod bean besides
common bean is yard-long bean or asparagus
bean (Vigna unguiculata), which is the vegetable
form of cowpea and generally of minor impor-
tance in the countries included in this analysis.
Additional caveats to the data are that these
numbers do not account for non-commercial
production in small holder enterprises and that in
many parts of the tropics, common bean is
intercropped, which may lead to an overestima-
tion of area and an underestimation of yield
(Akibode and Maredia 2011).

Worldwide, approximately 18.9 million T (all
types combined) are produced (Table 1.4 and
Fig. 1.2). At 13.9 million T, dry bean production
is considerably greater than shell (3.5 million T)
and snap (1.6 million T) production. Hectares for
dry beans show an upward trend over time, while
that for shell and snap remain essentially
unchanged (Table 1.4 and Fig. 1.3). Yields for
dry and snap bean have remained essentially
unchanged from 1992 to 2012, but those for shell
beans have increased sharply. The increase in
area for dry beans and the increase in yield for
shell beans have increased production in these
types over the past two decades, whereas snap
bean production has remained essentially
unchanged. On a megaregional basis, Africa and
the Americas are the largest producers of dry
beans, accounting for 66% of production
(Fig. 1.2).

1.3 Importance of Common Bean
in Science

1.3.1 Common Bean Becomes Known
to Science

Common bean became known to science fol-
lowing the Columbian exchange. What was most
likely common bean (and not a related species)
was described from the first Columbian expedi-
tion (Markham 2010) and were introduced into
Europe soon thereafter. What we know of the

6 J. R. Myers and K. Kmiecik



early history of beans comes from paintings and
illustrations in buildings, prayer books, and her-
bals. The oldest image of what is thought to be a
bean plant is found in Livre d’Heures d’Anne de
Bretagne which was illustrated between 1505

and 1508. Camus (1894) cataloged the plants in
the prayer book and concluded that one repre-
sented P. vulgaris, but more recent examination
of the image in question raises doubt as the
image is not morphologically accurate

Table 1.4 World area
(Ha), yield (T ha−1), and
production (T) of dry, shell,
and snap beans from 1992
to 2012

Bean type Year

1992 1997 2002 2007 2012

Area harvested (1000 ha)

Dry bean (adjusted) 13,510 13,888 15,360 15,156 16,230

Shell (adjusted) 350 384 395 394 377

Snap 217 217 223 239 182

Yield (T ha−1)

Dry bean 0.65 0.64 0.72 0.73 0.82

Shell 6.51 6.92 8.08 12.34 13.51

Snap 6.82 7.82 8.56 8.59 8.47

Production (1000 T)

Dry bean (adjusted) 9413 10,070 12,342 12,135 13,904

Shell (adjusted) 2269 2546 2850 3472 3484

Snap 1478 1695 1914 2052 1575

Data source FAOSTAT (2015) with dry and shell bean area and production adjusted to
remove non-common bean data from the figures

Africa (dry)
26.7%

Americas (dry)
38.8%

Asia (dry adj.)
5.3%

Europe (dry)
2.6%

Africa (shell)
3.4%

Americas (shell)
1.6%

Asia (shell adj.)
9.1%

Europe (shell)
4.2%

Africa (snap)
0.7%

Americas (snap)
5.9%

Asia (snap)
0.2% Europe (snap)

1.5%

2012 (PRODUCTION)Fig. 1.2 Production of dry,
shell, and snap beans in 2012
(FAOSTAT 2015)
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(unpublished observations). In a loggia of the
Villa Farnesina in Rome, festoons containing
botanically accurate images of over 160 plant
species were painted between 1515 and 1518
(Janick and Caneva 2005). These festoons have
some of the earliest known images of New World
crops including maize (Janick and Caneva 2005)
and squash (Janick and Paris 2005). Bean pods
are also illustrated and have been reported to be
those of P. vulgaris (Caneva 1992). It is not until
Fuchs’ (1542) Di Historias Stirpium that we have
unequivocal images of common bean. Fuchs
herbal was followed by others (reviewed in
Hedrick 1919) with similar images of Welsh
(foreign) bean. These images provide a glimpse

into what was being grown in Europe, but they
do not show the diversity of germplasm present
or any changes that may have been happening.
The early science concerning common bean was
focused on plant taxonomy, and little is known
about the diversification of the crop in Europe
during that time period. Various forms of evi-
dence point toward the derivation of snap beans
during the sixteenth–eighteenth centuries. Con-
temporary Native American varieties show little
evidence that they were selected for snap bean
traits, and the bulk of the evidence suggests that
they were derived in Europe, before being dis-
seminated back to the USA and elsewhere in the
world (Myers and Baggett 1999).

Fig. 1.3 Area (Ha), yield (Kg ha−1 or T ha−1), and
production (T) of common bean in four megaregions from
1992 to 2012. Data for Asia adjusted to remove
non-common bean data from these figures. Data from

FAOSTAT (Jan, 2015). a Dry bean area; b shell bean
area; c snap bean area; d dry bean yield; e shell bean
yield; f snap bean yield; g dry bean production; h shell
bean production; and i snap bean production

8 J. R. Myers and K. Kmiecik



1.3.2 Early Plant Breeding
and Classical Genetics
in Europe/USA

Efforts to systematically breed common bean are
documented beginning in the nineteenth century
in Europe and the Americas (Wade 1937), but
scientific research did not begin in earnest until
the beginning of the twentieth century. Phaseo-
lus beans were the basis for several important
studies of classical genetics. Mendel observed
partial confirmation of his results in pea for three
traits in intraspecific P. vulgaris crosses, but
found complexities in the inheritance of flower
color from an interspecific cross to Phaseolus
coccineus (Olby 1985). Following the rediscov-
ery of Mendel’s work, researchers applied qual-
itative genetic analysis to the study of various
traits in common bean. One of the earliest works
was by Emerson (Emerson 1904) where he
examined inheritance of traits ranging from plant
habit to flower and seed color to pod character-
istics. A good review of the bean genetics liter-
ature from the early twenteith century can be
found in Kooiman (1931). A plant geneticist who
contributed immensely to the qualitative genetics
of common bean on many different traits was
Herbert Lamprecht. Much of what we know
about the genetics of seed coat colors comes
from his work (Lamprecht 1932a, b, 1933,
1934a, b, 1935, 1936, 1939, 1940a, b, c, 1951,
1952, 1955, 1960, 1961, 1964) along with those
of Dr. Prakken (1934, 1940, 1972a, b, 1974) and
more recently by Bassett (2007). A list of genes
is maintained by the Bean Improvement Coop-
erative Genetics Committee (BIC 2015) and
includes a comprehensive set of references to
qualitatively inherited genes.

Common bean has the distinction of being one
of the species by which the principles of quanti-
tative genetics were first elucidated. Johannsen
(1903) investigated inheritance of several quanti-
tative traits, including seed weight. He found that
progeny of lines maintained by self-pollination
over several generations tended to more closely
resemble ancestral types of that lineage and were
distinctly different from one another. He also
argued that differences within a pure line were the

result of environmental variation and not due to
genetic causes (Carlson 2004). Based on these
results, Johannsen formulated the concept of
genotype versus phenotype.

The first report of linkage between qualitative
and quantitative traits was that of Sax (1923)
where he established the methodology for con-
temporary approaches to mapping quantitative
trait loci (QTL). At the time of its discovery, it
was regarded as a mysterious phenomenon
whereby seed size (a quantitative trait) was found
to be associated with seed color (a qualitative
trait). Researchers were aware of the concept of
linkage among qualitatively inherited genes and
were constructing some of the first linkage maps,
but until Fisher’s landmark paper (Fisher 1918),
the genetic control of quantitative traits was
thought to be fundamentally different from
qualitative traits. Modern genetic approaches
have further elucidated the QTL that Sax dis-
covered. The seed color gene in question is
P (Emerson 1909), which controls expression of
flavonoids in the seed testa and other plant parts.
A gene underlying the QTL for seed size may be
the phaseolin (Phs) seed storage protein (Johnson
et al. 1996) where seeds with S phaseolin tend to
be smaller than those with T or C phaseolin
(Johnson et al. 1996). It is not known whether
Phs is directly responsible for seed size differ-
ences, or whether other tightly linked loci might
be involved. While Phs has been sequenced, the
definitive experiment to re-engineer and trans-
form back into the species is difficult to perform
in common bean. P has been mapped to about
10 cM from Phs (Johnson et al. 1996). In pre-
liminary work, a candidate gene for P has been
identified (Mafi-Moghaddam et al. 2014).

1.3.3 Contemporary Research
with Common Bean

To better understand where common bean has
featured most prominently in contemporary
research, a citation analysis was conducted in
Google Scholar (GS) and Web of Science
(WoS) databases using the search terms com-
mon, kidney, dry, French, green, and snap with
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bean and separately P. vulgaris where these
words were found in the title or abstract of the
paper. The two databases provide different
aspects of the data. While WoS focuses on a set
of accredited, refereed journals, GS counts cita-
tions from journals not accredited by WoS,
non-refereed journals, and other gray literature.
As a result, GS’s citation counts are almost
always higher than WoS, and GS can find
important and highly cited works that were not
published in refereed journals. Citations were
reviewed and were classified by academic disci-
pline and research topic. In addition to citation
counts, we also calculated average citations per
year as means of identifying those areas where
current research is quite active, but may not yet
have high total numbers of citations (particularly
true for the field of genomics). WoS will also
identify highly cited papers, and these were
obtained for the search terms common bean and
P. vulgaris. One caveat about using citation
databases is as follows: citation counts are con-
stantly increasing, and as such, the numbers
reported in this chapter represent a snapshot in
time as of March 2015.

Papers obtained from Google Scholar sear-
ches were ranked by number of citations per
paper, and we chose an arbitrary cutoff of 50
citations or more in Google Scholar which
resulted in 397 papers being retained. These were
placed into 21 academic disciplines, some with
many papers and others with only one or two
(Table 1.5). Plant physiology was the largest
category followed by plant genetics and plant
pathology. Papers involving medicine (neurol-
ogy, immunology, hematology, clinical nutrition,
gastroenterology, and oncology), microbiology,
and food science fell into the middle range,
whereas plant breeding, molecular biology, and
biotechnology comprised the low end. Consid-
erable variation for most highly cited papers by
academic discipline was observed, with over a
thousand citations for a paper in neurology
(Table 1.5). Other fields with relatively high
citation rates included plant genetics, plant
physiology, immunology, plant pathology,
microbiology, and plant breeding.

The 397 papers were further reduced to a set
of 46 (Table 1.6) by choosing the top three by
citation count within an academic discipline and
research area. From these data, it is apparent that
seed storage proteins of common bean have
played a significant role in research in several
unrelated disciplines. These include the biotech-
nology (bruchid resistance), the medical sciences
(neurology, oncology, immunology, and clinical
nutrition), entomology (bruchid resistance), plant
genetics (especially plant domestication and
genetic diversity), and plant physiology. The
most highly cited paper from the Annual Report
of the Bean Improvement Cooperative (52 cita-
tions) concerns standardization of linkage groups
and chromosomes for common bean (Table 1.7).
The papers identified in WoS as those repre-
senting areas of increased activity are a diverse
set, ranging from studies on isotopic diversity in
Mexico, to genetic diversity studies, to analysis
of bean growth exposed to radiation (Table 1.7).
Interestingly, while genomics and bioinformatics
of common bean is an extremely active area of
research, WoS has not yet identified this as an
active area of inquiry.

1.3.4 Important Programs
and Centers Supporting
Common Bean Research
and Genetics Predating
the Genomics Era

Several programs which have had a profound
impact on common bean genetics and breeding
are summarized below.

The International Center for Tropical Agri-
culture (CIAT) based in Cali, Colombia, has
been a catalyst for both basic and applied
research on common bean. The center has the
most extensive germplasm collection of Phase-
olus species, and researchers at the institution
have helped establish much of what we know of
species relationships within the genus, as well as
providing the foundation for understanding the
domestication and dissemination of common
bean. Researchers at CIAT helped establish some
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of the first molecular genetics efforts in bean and
developed an extensive library of simple
sequence repeat (SSR) markers that provided the
backbone for efforts to understand genetic
diversity, create linkage maps, and map QTL.
CIAT researchers have examined host–pathogen
relationships for several diseases of common
bean that are especially problematic in the trop-
ics. A program to develop germplasm with
enhanced micronutrient content had led to a
better understanding of genetic control. CIAT
researchers have developed and released germ-
plasm and cultivars that are used globally,
especially in the tropics either directly by farmers
or by national and regional breeding programs.

United Stated Agency for International
Development (USAID) has funded common
bean research for three decades, originally
through the Bean/Cowpea Collaborative

Research Support Program (Bean/Cowpea
CRSP) and subsequently via Feed the Future
Legume Innovation Lab (FtF LIL). The basic
model has been pairing of US universities and
research institutions with national programs and
universities in developing countries in South and
Central America, Caribbean, and sub-Saharan
Africa to provide a multidisciplinary approach to
increasing bean productivity in the developing
world. Funds have not only supported training,
infrastructure development, and crop improve-
ment activities in developing countries but have
had a profound impact on breeding and genetics
programs in the USA. Many researchers from
developing countries have acquired graduate
degrees from US universities while working in
bean breeding programs in the USA. This has
facilitated research on a number of problems of
significance to bean production in developing

Table 1.5 Disciplines
with papers focusing on
common bean research,
total number of papers by
discipline with more than
50 citations per paper, and
number of citations for the
most highly cited paper, by
discipline

Research area No. papers No. citations for most highly cited paper

Biotechnology 9 318

Clinical nutrition 3 121

Crop ecology 1 290

Entomology 5 181

Food science 20 293

Gastroenterology 3 91

Genomics 4 147

Geography 1 227

Hematology 1 111

Immunology 4 502

Microbiology 25 488

Molecular biology 10 179

Neurology 38 1093

Oncology 2 185

Plant anatomy 5 174

Plant breeding 11 445

Plant genetics 61 688

Plant pathology 57 489

Plant physiology 134 575

Soil science 2 108

Weed science 1 103

Total no. papers 397 –

Mean no. citations – 324
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Table 1.6 Most frequently cited papers on common bean listed by research area and ranked by Google Scholar

Article title No. of
citationsa

Research topicb Reference

GSc WoS

Biotechnology

Transgenic pea seeds expressing the a-amylase
inhibitor of the common bean are resistant to bruchid
beetles

318 215 Transformation
(bruchids)

(Shade et al. 1994)

Regeneration in Phaseolus vulgaris L.:
High-frequency induction of direct shoot formation in
intact seedlings by N6-benzylaminopurine and
thidiazuron

216 152 Tissue culture
(regeneration)

(Malik and Saxena
1992)

Inheritance of foreign genes in transgenic bean
(Phaseolus vulgaris L.) co-transformed via particle
bombardment

177 97 Transformation
(virus)

(Aragão et al. 1996)

Clinical nutrition

A dietary supplement containing standardized
Phaseolus vulgaris extract influences body
composition of overweight men and women

121 – Phytohemagglutinin
(obesity)

(Celleno et al. 2007)

Crop ecology

Studies on mixtures of maize and beans (Phaseolus
vulgaris) with particular reference to plant population

290 98 Intercropping (Willey and Osiru
1972)

Entomology

Fumigant toxic activity and reproductive inhibition
induced by monoterpenes on Acanthoscelides obtectus
(Say) (Coleoptera), a bruchid of kidney bean
(Phaseolus vulgaris L.)

181 125 Bruchid resistance
(monoterpenes)

(Regnault-et al.
1995)

Growth Inhibitory effects of an a-amylase inhibitor
from the kidney bean, Phaseolus vulgaris (L.), on
three species of bruchids (Coleoptera: Bruchidae)

142 108 Bruchid resistance
(Seed storage
protein)

(Ishimoto and
Kitamura 1989)

Resistance to the bean weevil and the Mexican bean
weevil (Coleoptera: Bruchidae) in non-cultivated
common bean accessions

124 58 Bruchid resistance
(Seed storage
protein)

(Schoonhoven et al.
1983)

Food science

Functional properties of the great northern bean
(Phaseolus vulgaris L.) proteins: emulsion, foaming,
viscosity, and gelation properties

293 205 Functional
properties (starch)

(Sathe and Salunkhe
1981)

Chemical composition, dietary fiber and resistant
starch contents of raw and cooked pea, common bean,
chickpea, and lentil legumes

200 94 Functional
properties (starch)

(de Almeida Costa
et al. 2006)

Hard-to-cook phenomenon in common beans—a
review

184 120 Functional
properties
(hard-to-cook)

(Reyes-Moreno and
Paredes-López
1993)

Genomics

Sequencing and analysis of common bean ESTs.
Building a foundation for functional genomics

132 98 Biochemical
markers

(Ramírez et al.
2005)

Legumes as a model plant family. Genomics for food
and feed report of the cross-legume advances through
genomics conference

147 90 Review (Gepts et al. 2005)

(continued)

12 J. R. Myers and K. Kmiecik



Table 1.6 (continued)

Article title No. of
citationsa

Research topicb Reference

GSc WoS

Geography

Atlas of common bean (Phaseolus vulgaris L.)
production in Africa

227 – Production
(statistics)

(Kirkby et al. 1998)

Hematology

A method for the rapid separation of leukocytes and
nucleated erythrocytes from blood or marrow with a
phytohemagglutinin from red beans (Phaseolus
vulgaris)

111 144 Phytohemagglutinin (Li and Osgood
1949)

Immunology

Characterization of the structural determinants
required for the high-affinity interaction of
asparagine-linked oligosaccharides with immobilized
Phaseolus vulgaris leukoagglutinating and
erythroagglutinating lectins

502 467 Phytohemagglutinin (Cummings and
Kornfeld 1982)

A mouse lymphoma cell line resistant to the
leukoagglutinating lectin from Phaseolus vulgaris is
deficient in UDP-GlcNAc: alpha-D-mannoside beta 1,
6 N-acetylglucosaminyltransferase

166 167 Phytohemagglutinin (Cummings et al.
1982)

Mitogenic leukoagglutinin from Phaseolus vulgaris
binds to a pentasaccharide unit in
N-acetyllactosamine-type glycoprotein glycans

122 146 Phytohemagglutinin (Hammarström
et al. 1982)

Microbiology

Rhizobium tropici, a novel species, nodulating
Phaseolus vulgaris L. beans and Leucaena sp. trees

488 400 Host-microbe
interactions (BNF)

(Martínez-Romero
et al. 1991)

Biological nitrogen fixation by common beans
(Phaseolus vulgaris L.) increases with bio-char
additions

367 202 Host-microbe
interactions (BNF)

(Rondon et al.
2007)

Classification of rhizobia based on nodC and nifH
gene analysis reveals a close phylogenetic relationship
among Phaseolus vulgaris symbionts

323 263 Host-microbe
interactions (BNF)

(Laguerre et al.
2001)

Molecular biology

Regulation of beta-glucuronidase expression in
transgenic tobacco plants by an A/T-rich, cis-acting
sequence found upstream of a French bean
beta-phaseolin gene

259 179 Seed storage protein
(phaseolin)

(Bustos et al. 1989)

The glycosylated seed storage proteins of Glycine max
and Phaseolus vulgaris. Structural homologies of
genes and proteins

224 160 Seed storage protein
(phaseolin)

(Doyle et al. 1986)

Complete nucleotide sequence of a French bean
storage protein gene: Phaseolin

210 170 Seed storage protein
(phaseolin)

(Slightom et al.
1983)

Neurology

Topographical organization of the efferent projections
of the medial prefrontal cortex in the rat: an
anterograde tract-tracing study with Phaseolus
vulgaris leucoagglutinin

1093 990 Anterograde tracing (Sesack et al. 1989)

(continued)
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Table 1.6 (continued)

Article title No. of
citationsa

Research topicb Reference

GSc WoS

An anterograde neuroanatomical tracing method that
shows the detailed morphology of neurons, their
axons, and terminals—immunohistochemical
localization of an axonally transported plant lectin,
Phaseolus vulgaris leukoagglutinin (pha-l)

939 1015 Anterograde tracing (Gerfen and
Sawchenko 1984)

Organization of the projections from the subiculum to
the ventral striatum in the rat. A study using
anterograde transport of Phaseolus vulgaris
leucoagglutinin

630 587 Anterograde tracing (Groenewegen et al.
1987)

Oncology

The binding of kidney bean phytohemagglutinin by
Ehrlich ascites carcinoma

185 228 Phytohemagglutinin (Steck and Wallach
1965)

Consumption of black beans and navy beans
(Phaseolus vulgaris) reduced azoxymethane-induced
colon cancer in rats

148 64 Diet (cancer) (Bennink 2002)

Plant anatomy

Chromium VI induced structural and ultrastructural
changes in bush bean plants (Phaseolus vulgaris L.)

174 99 Abiotic stress (Cr) (Vazquez,
Poschenrieder, and
Barcelo 1987)

Structural and ultrastructural disorders in
cadmium-treated bush bean plants (Phaseolus
vulgaris L.)

169 118 Abiotic stress (Cd) (Barcelo et al. 1988)

Leaf surface and histological perturbations of leaves of
Phaseolus vulgaris and Helianthus annuus after
exposure to simulated acid rain

122 106 Abiotic stress (pH) (Evans et al. 1977)

Plant breeding

Basis of yield component compensation in crop plants
with special reference to the field bean, Phaseolus
vulgaris

445 324 Yield (yield
components)

(Adams 1967)

Broadening the genetic base of common bean cultivars 266 143 Genetic diversity (Singh 2001)

Common bean breeding for resistance against biotic
and abiotic stresses: from classical to MAS breeding

257 149 Abiotic/biotic stress
(biochemical
markers)

(Miklas et al. 2006)

Plant genetics

The association of size differences with seed coat
pattern and pigmentation in Phaseolus vulgaris

688 – Quantitative genetics
(QTL)

(Sax 1923)

Races of common bean (Phaseolus vulgaris,
Fabaceae)

574 375 Domestication
(genetic diversity)

(Singh et al. 1991)

Phaseolin-protein variability in wild forms and
landraces of the common bean (Phaseolus vulgaris):
evidence for multiple centers of domestication

410 303 Domestication (seed
storage protein)

(Gepts et al. 1986)

Plant pathology

Volatile products of the lipoxygenase pathway
evolved from Phaseolus vulgaris (L.) leaves
inoculated with Pseudomonas syringae pv
phaseolicola

489 376 Plant defense
(Pseudomonas)

(Croft et al. 1993)

(continued)
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countries. Another profound impact of the B/C
CRSP and FtF LIL programs has been to facili-
tate multidisciplinary approaches to problems
that take into account social and gender issues.

The Bean Improvement Cooperative
(BIC) was founded in the USA in 1957 by
William Tex Frazier from Oregon State Univer-
sity and William Zaumeyer from USDA. The
organization initially had 60 members but cur-
rently stands at about 300 with representation
from about 40 countries. The group holds bien-
nial meetings and publishes the Annual Report of
the Bean Improvement Cooperative. The
non-peer refereed journal limits articles to two

pages and serves as a forum for preliminary
reports on research to facilitate rapid exchange of
ideas in the bean community. The BIC also
serves as a forum and means of coordinating
bean genetics and pathology information.
The BIC genetics committee curates a list of gene
symbols and coordinates rules of nomenclature
(BIC 2015). The plant genetics committee also
facilitates efforts to establish and coordinate race
structure for pathogens such as anthracnose and
rust. The Web site posts standardized protocols
for evaluating diseases of bean and publishes
letters on the GMO and gluten-free status of
common bean.

Table 1.6 (continued)

Article title No. of
citationsa

Research topicb Reference

GSc WoS

Gene cluster of Pseudomonas syringae pv.
phaseolicola controls pathogenicity of bean plants and
hypersensitivity of non-host plants

462 326 Pathogenicity
(Pseudomonas)

(Lindgren et al.
1986)

Ethylene-regulated gene expression: molecular
cloning of the genes encoding an endochitinase from
Phaseolus vulgaris

325 274 Plant defense
(Ethylene pathway)

(Broglie et al.1986)

Plant physiology

Cadmium and zinc induction of lipid peroxidation and
effects on antioxidant enzyme activities in bean
(Phaseolus vulgaris L.)

575 442 Oxidative stress (Cd,
Zn)

(Chaoui et al. 1997)

Phytotoxicity of cadmium ions on germinating
seedlings of mung bean (Phaseolus vulgaris):
involvement of lipid peroxides in chlorophyll
degradation

483 352 Oxidative stress (Cd) (Somashekaraiah
et al. 1992)

Effects of salt stress on the growth, ion content,
stomatal behavior, and photosynthetic capacity of a
salt-sensitive species, Phaseolus vulgaris L.

444 338 Abiotic stress
(salinity)

(Seemann and
Critchley 1985)

Soil science

Effects of supplied nitrogen form on growth and water
uptake of French bean (Phaseolus vulgaris L.) plants

108 85 Plant nutrition (Guo et al. 2002)

Weed science

Influence of common ragweed (Ambrosia
artemisiifolia) time of emergence and density on white
bean (Phaseolus vulgaris)

103 76 Crop ecology (Chikoye et al.
1995)

A minimum requirement to be included in this list was a citation count of 100 or more in Google Scholar. For research
areas with many papers that meet this criterion (see Table 1.7), a maximum of three papers are shown
aGS: Google Scholar search engine; WoS: Web of Science database. bAbbreviations—BNF: biological nitrogen
fixation; Cd: cadmium; Cr: chromium; QTL: quantitative trait locus; Zn: zinc

1 Common Bean: Economic Importance and Relevance … 15



1.4 Conclusions

Common bean will likely remain one of the most
important grain legume and vegetable crops in
the twenty-first century. Its broad adaptation,
ease of production, and consumer preference will
likely allow it to keep an edge over other grain
legumes. Bean consumption is likely to remain
steady in the near term, but may rise in the long
term as plant-based sources of protein provide
alternatives to animal-based protein.

In terms of research focus, common bean is
unusual in being the subject in several unrelated
disciplines. The common theme in all cases
involves the unique set of seed storage proteins
that bean possess. These are involved in fields as
disparate as medicine, entomology, and plant
domestication. While research has historically
been focused on plant genetics, physiology, and
pathology, there are relatively few works on
genomics. As such, we are just entering an era
where genomics and bioinformatics studies of
common bean will begin to proliferate.
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2Domestication and Crop History

Valerio Di Vittori, Elisa Bellucci, Elena Bitocchi,
Domenico Rau, Monica Rodriguez,
Maria Leonarda Murgia, Laura Nanni, Giovanna Attene
and Roberto Papa

Abstract
A new era has begun for Phaseolus vulgaris, and other Phaseolus spp., with
the release of the reference genomes of both the Mesoamerican and Andean
genotypes. Exploiting the new genome sequences information and the
derived tools, important insight in the common bean genomics can be
achieved. A major breakthrough in common bean will be the identification
of the molecular basis of the domestication syndrome, representing a main
step towards our understanding of the evolutionary processes and a
fundamental support for researchers and breeders involved in crop
improvement. P. vulgaris, along with the other Phaseolus species, represents
a unique model to study evolution, domestication and environmental
adaptation, focusing on the major phenotypic changes occurring during its
evolutionary histories and trajectories and unveiling the molecular mecha-
nisms and genetic basis responsible for the observed changes.This chapter
offers an overview of the current knowledge of the evolutionary history of
common bean, and of the outcomes relating to the genetic bases of important
domestication and adaptation traits. We provide an analysis of the process of
domestication, with the focus on convergent phenotypic evolution, and a
survey of the studies on common bean that have been specifically carried out
on genes related to the domestication syndrome; with particular focus on
studies that have compared wild and domesticated forms, highlighting
findings on the genetic control of the domestication syndrome and on the
genetic architecture of environmental and agronomic important traits.
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2.1 Introduction

The common bean, Phaseolus vulgaris L.
(2n = 2x = 22), is a crop species that in addition
to the importance of its societal, nutritional and
environmental sustainability has a very interest-
ing and distinctive evolutionary history. Indeed,
it appears to represent a unique model for
domestication and evolutionary studies. This also
arises through the domestication of five Phaseo-
lus species and the occurrence of multiple inde-
pendent domestications in Mesoamerica and the
Andes for both P. vulgaris and Phaseolus luna-
tus (for review, see Bitocchi et al. 2017).

The common bean wild forms originated in
Mesoamerica about 165,000 years ago and
spread southwards towards the Andes (Bitocchi
et al. 2012; Schmutz et al. 2014). At least two of
its independent domestication events determined
the formation of two distinct domesticated gene
pools that evolved under isolation, one in
Mesoamerica and one in the Andes. These gene
pools underwent parallel evolution that was
associated with partial reproductive incompati-
bility (i.e. low hybrid fertility due to gene con-
ditioning hybrid weakness and breakdown
(Johnson and Gepts 1988; Koinange and Gepts
1992; Singh and Molina 1996)), and they spread
further through the development of landraces
with distinct characteristics and specific adapta-
tions. Such distinct and replicated domestication
events that occurred for the same species (or the
same genus) that led to morphological and
functional changes represent an almost unique
experimental feature for evolutionary studies.
This is different from other examples of multiple
domestications events (Meyer et al. 2012) that
were not independent due to the lack of repro-
ductive isolation (Bitocchi et al. 2017). However,
some similarities can be seen in rice with the

indica and japonica subspecies (Vitte et al. 2004;
Londo et al. 2006; but see also Molina et al.
2011; Choi et al. 2017).

For these reasons, the common bean is an
ideal model to study domestication and evolu-
tion, and the present review aims to cover the
current knowledge of its evolutionary history.
This provides an analysis of the process of
domestication, with the focus on convergent
phenotypic evolution. It also highlights current
knowledge of the genetic control of the domes-
tication syndrome from the perspective of the
new era that is associated with the release of both
the Mesoamerican (Vlasova et al. 2016) and
Andean (Schmutz et al. 2014) reference genome
sequences.

2.2 Origins of Phaseolus vulgaris

P. vulgaris originated in America, and specifi-
cally in Mesoamerica, in the state of what is now
Mexico (Bitocchi et al. 2012). The wild form
remains widely distributed from northern Mexico
to north-western Argentina (Toro et al. 1990),
and it is characterised by three eco-geographical
gene pools. The Mesoamerican and Andean gene
pools are the main ones, and they show parallel
wild and domesticated geographical distribu-
tions, as has been reported in several studies
based on different datasets, which included plant
morphology, seed proteins, allozymes, many
different molecular markers and sequence data
(Gepts et al. 1986; Gepts and Bliss 1985; Koenig
and Gepts 1989; Singh et al. 1991;
Becerra-Velásquez and Gepts 1994; Freyre et al.
1996; Papa and Gepts 2003; Rossi et al. 2009;
Kwak and Gepts 2009; Bitocchi et al. 2012,
2013, 2016; Bellucci et al. 2014b; Rodriguez
et al. 2016). The third gene pool was discovered
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in the 1980s and described in 1993 (Debouck
et al. 1993). This gene pool comprised wild
populations from northern Peru and Ecuador,
which was suggested to be the region of origin of
the wild form of the common bean (Kami et al.
1995). However, further data (Bitocchi et al.
2012) indicated that the common bean originated
in Mesoamerica and that the other two wild gene
pools originated from two independent migration
events. The Mesoamerican origin was also sup-
ported by whole-genome sequencing analysis
(Schmutz et al. 2014) that also estimated the
divergence between the Mesoamerican and
Andean gene pools at some 165,000 years ago.

Bitocchi et al. (2012) clearly defined the
Mesoamerican wild population structure.
Although previous studies had highlighted the
presence of population structure in the
Mesoamerican gene pool (e.g. Papa and Gepts
2003), they had not demonstrated any clear
subdivisions into different sub-populations. On
the other hand, by using sequence data, Bitocchi
and collaborators (2012) demonstrated the pres-
ence of four distinct genetic groups, two of which
were more related to the Andean (i.e.
Mesoamerican B3) and the northern Peru and
Ecuador (i.e. Mesoamerican B4) populations.
From the Mesoamerican centre of origin, differ-
ent groups migrated from central Mexico to
South America, which led to the formation of the
two South American gene pools, as Andean and
from northern Peru and Ecuador.

In a recent paper, Rendón-Anaya et al. (2017)
confirmed that the populations occurring in
North Peru and Ecuador represent a distinct
population that migrate in South America much
earlier than the Andean gene pool. Moreover,
these authors, analysing 29 accessions from 12
Phaseolus species, based on nuclear and
chloroplast genome sequences and on metabo-
lomics data, suggested that this third gene pool
should be considered a sister species of P. vul-
garis (Phaseolus pseudovulgaris, Rendón-Anaya
et al. 2017). However, a larger sample of
Mesoamerican accessions and further analysis,
including hybridisation experiments, are needed
to confirm the hypothesis of a new true species.

2.3 Domestication

Domestication is a complex process that starts
from a wild plant population or several popula-
tions, and through adaptation and the shaping of
the natural environment leads to a crop plant that
is modelled on human needs and agricultural
practices. The domestication process involves
several morphological and physiological changes
that result in genetic, structural and functional
modifications that are shared among most crop
species (i.e. domestication syndrome). These
processes make the developing crop genetically
different from its wild relatives and confer better
adaptation to different agro-ecosystems (Gepts
and Papa 2002; Bellucci et al. 2014b).

In the Phaseolus species, the main differences
between the wild and domesticated forms are
related to gigantism (e.g. small vs large seeds and
pods), growth habit (e.g. more compact in the
domesticated form, occurrence of bush structures
and no climbing types), seed dormancy (i.e.
present vs absent), photoperiod sensitivity (i.e.
short-day vs complete or partial insensitivity),
shape and colour of the plant and its harvested
parts (e.g. seeds and pods) and the dissemination
mechanisms (e.g. high shattering vs low shatter-
ing or non-shattering pods).

For the Phaseolus genus, domestication
occurred as at least seven independent events
(five species, and P. vulgaris and P. lunatus with
two gene pools), with the convergent phenotypic
evolution of very similar set of traits. The
Phaseolus species have different breeding sys-
tems (i.e. autogamous, allogamous) and life his-
tory traits (i.e. annual, perennial), thus making
Phaseolus an extremely interesting and unique
model to study domestication dynamics and
evolution under domestication (Bitocchi et al.
2017).

At the genome level, the main consequence of
domestication, which is common to most crop
species, is a reduction in their genetic diversity
when compared to their wild ancestors. At the
origins of agriculture, farmers selected a reduced
number of individuals, and consequently they
collected only a small portion of the diversity of
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the entire wild gene pool and populations, which
is known as the ‘founder effect’ (Glémin and
Battaillon 2009).

For the common bean, the process of
domestication has been rather widely studied,
and in particular detail. Major domestication
traits have been mapped (Koinange et al. 1996),
and some genes associated with domestication
have been characterised (Kwak et al. 2008;
Repinski et al. 2012). Compared to the wild gene
pool, it is well known that strong reductions in
the genetic diversity in the Mesoamerican and
Andean domesticated populations of the com-
mon bean have occurred (Papa et al. 2005, 2007;
Kwak and Gepts 2009; Rossi et al. 2009; Nanni
et al. 2011; Bitocchi et al. 2012, 2016; Desiderio
et al. 2013; Schmutz et al. 2014; Bellucci et al.
2014a; Rodriguez et al. 2016). Two independent
domestication events have been reported in sev-
eral studies, one in Mesoamerica and one in the
Andes, where the two major domesticated gene
pools originated (see Bellucci et al. 2014b), plus
single domestication events that occurred within
each gene pool (Nanni et al. 2011; Bitocchi et al.
2013). The two domesticated gene pools were
differentiated according to their
morpho-agronomic traits and biochemical pat-
terns, and at the molecular level (Gepts et al.
1986; Koenig et al. 1990; Singh et al. 1991; Papa
et al. 2006; Acosta-Gallegos et al. 2007; Bitocchi
et al. 2013; Schmutz et al. 2014). When the
domesticated forms are compared to the wild
forms, the bottleneck due to domestication was
three-fold greater in the Mesoamerican than in
the Andean. Indeed, the Andean populations
underwent a bottleneck before domestication that
initially impoverished the genetic diversity of the
Andean wild germplasm, which resulted in minor
effects of the subsequent domestication bottle-
neck (i.e. sequential bottleneck; Bitocchi et al.
2013).

Together with the sequencing of the first ref-
erence genome of the common bean, Schmutz
et al. (2014) reported the analysis of 60 wild
genotypes and 100 landraces from Mesoamerica
and the Andes, which confirmed the occurrence
of two independent domestications from wild
gene pools that had diverged before humans

arrived in America. They also found diversity
reduction in the Mesoamerican landraces, while
for their Andean samples they proposed the
occurrence of admixture events with
Mesoamerican accessions and the emergence of
new mutations because the landraces were more
diverse than the wild populations (Schmutz et al.
2014).

The severe reduction in genetic diversity for
the Mesoamerican accessions was also observed
at the nucleotide level (Bellucci et al. 2014a)
when the transcriptomes of wild and domesti-
cated common bean accessions were analysed.
By exploiting the RNA-seq technique and de
novo assembly, Bellucci et al. (2014a) showed a
reduction at the phenotypic level (i.e. gene
expression) in the domesticated form when
compared to the wild form. For the first time in a
crop species, they showed that the reductions
highlighted at the transcriptomic level decreased
the phenotypic diversity at the gene expression
level by about 18%. Moreover, they reported
that, in comparisons between wild and domesti-
cated forms, the majority (74%) of the contigs
identified as differentially expressed were
down-regulated in the domesticated forms. This
suggested that the occurrence of loss-of-function
mutations (which are relatively frequent com-
pared to gain-of-function changes) was a com-
mon source of variation. This also supports
selection during rapid environmental changes
(Olson 1999), as they occur for the adaptation to
an agro-ecosystem from the wild environment.
These results also support the observation that
most of the traits of the domestication syndrome
are recessive.

At the genome-wide level, lower gene
expression was found for the domesticated
compared to the wild transcripts, as if there had
been an accumulation of deleterious mutations
due to hitchhiking, as mostly loss-of-function, or
with reduced expression (Bellucci et al. 2014a);
they referred to this as the ‘cost of domestica-
tion’. As suggested for rice (Lu et al. 2006), the
accumulation of loss-of-function mutations, or
reduced expression mutations, might also have
been due to reduced effective recombination,
which would result in increases in the frequency
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of deleterious mutations in the domesticated pool
and would negatively influence the fitness.

In Mesoamerica and the Andes, the wild and
domesticated forms grow under different levels
of sympatry, and the effects on the population
structure and gene flow were analysed by Papa
and Gepts (2003) using Mexican populations.
They demonstrated that the wild and domesticated
common bean were not genetically isolated, with
moderate gene flow detected, which was
three-fold higher from domesticated to wild, than
in the opposite way. In the presence of such levels
of asymmetric gene flow, the high phenotypic
differences between the two forms were main-
tained due to selection against domesticated alle-
les in the wild environment and against wild
alleles in the cultivated agro-ecosystems (Papa
and Gepts 2003). The presence of asymmetric
introgression was also recently reported by
Rendón-Anaya et al. (2017), who also confirmed,
in agreement with Papa et al. (2005), that the level
of introgression is higher in the genome area not
involved in the genetic control of the domestica-
tion syndrome. One of the most important factors
causing such asymmetry is the recessive nature of
domestication traits that make the F1 hybrids,
from the crosses between domesticated and wild
individuals, more similar to the wild forms,
favouring the conscious and unconscious selection
against wild alleles in the domesticated environ-
ment compared to the selection against domesti-
cated alleles in the wild environment.

The work of Bellucci et al. (2014a) also
allowed the analysis of the selection signature
due to domestication and the size of the genome
affected. Indeed, the knowledge of the genes and
the genome regions involved in the process of
domestication is crucial for any successful
breeding and to unravel the genetic diversity
carried by the wild forms (Tanskley and
McCouch 1997; McCouch 2004). Papa et al.
(2005) highlighted the presence of domestication
genes in genome regions of high divergence
between the wild and domesticated forms, and
the highest diversity of the wild common bean
was observed in genome regions linked to the
domestication loci, which was probably the least
exploited by farmers and breeders. In another

study, Papa et al. (2007) used amplified fragment
length polymorphism (AFLP) markers to reveal
that about 16% of the genome of the common
bean was under the effects of selection due to
domestication. Bellucci et al. (2014a) using
simulated demographic dynamics during
domestication and RNA-seq data found that
about 10% of the contigs analysed were affected
by selection during domestication or were
physically linked to selected genes. In most
cases, results showed a reduced diversity in the
domesticated forms compared to the wild, as
expected following positive selection due to
domestication. Transcripts analysed by RNA-seq
showed further reduction in the diversity of gene
expression (by 26%) and a five-fold enrichment
of the differentially expressed genes. Likewise,
Bellucci et al. (2014a) conducted a detailed sur-
vey of the functions of the contigs that showed
effects of selection due to domestication, and this
will be discussed later below.

A very interesting example of diversifying
selection that acts on the domesticated forms,
whereby domestication increases the level of
functional diversity, was observed for 2.8% of
the transcripts that showed effects of selection
due to domestication (Bellucci et al. 2014a).
Here, no diversity was observed in the wild
forms, while diversity was detected in the
domesticated. Among these transcripts, the
analysis of the gene functions highlighted the
example of the drought-related and
growth-related KUP6 (K+ uptake transporter-6)
gene (Osakabe et al. 2013). KUP6 was signifi-
cantly overexpressed in the domesticated form
compared to the wild, as if domestication had
also increased the functional diversity of the
selected gene in addition to the increased
nucleotide diversity. Bellucci et al. (2014a) sug-
gested that for further crop improvements, a key
aspect was not only depletion of the wild germ-
plasm diversity, but also the diversity contained
in the domesticated pool (e.g. in the traditional
landraces). This was originated by the fixing of
useful mutations after domestication, and it needs
further consideration.

Schmutz et al. (2014) identified candidate
genes that were associated with domestication by
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a comparison of wild and landrace populations
across 10-kb/2-kb sliding windows, where they
examined the empirical distribution of the
diversity ratios and population differentiation
statistics. They found 1835 Mesoamerican and
Andean candidates with negative Tajima’s D
values, which indicated positive selection. They
then investigated the functions of the genes
identified and applied a genome-wide association
study (GWAS) approach and defined a set of
genes that are linked with flowering time, leaf
and seed size and seed weight (see details
below).

Another important aspect related to domesti-
cation of the common bean was the identification
of the geographical centres where the process
took place. Kwak and Gepts (2009) proposed the
Lerma–Santiago basin as the domestication site
for the Mesoamerican gene pool, while Chacón
et al. (2007) proposed southern Peru as the
Andean domestication site. More recently,
Bitocchi et al. (2013) suggested Oaxaca Valley in
Mesoamerica and southern Bolivia and northern
Argentina in South America as the areas of
P. vulgaris domestications.

To unravel the respective roles of the
Mesoamerican and Andean areas in common
bean domestication, Rodriguez et al. (2016)
integrated the spatial, phenotypic and molecular
data with those from different disciplines,
including archaeological and
glotto-chronological data. For Mesoamerica, the
data of Rodriguez et al. (2016) confirmed Oaxaca
Valley as the putative region where domestica-
tion of the common bean took place. The genetic
diversity data were supported by previous studies
that detected archaeological sites in this area with
common bean macroremains that were dated
from 2300 to 2100 years BP (Kaplan and Lynch
1999). This area also included the homeland sites
of the Zapotecan, Mixtec-Cuicatec and Popolo-
can protolanguages, for which ancient bean
words can be reconstructed from 3149 to
3036 years BP (Brown et al. 2014).

In the Andes, Rodriguez et al. (2016) pro-
posed the region of northern Argentina and
southern Bolivia as the putative Andean domes-
tication area, as the wild accessions from

Argentina–Bolivia that were analysed were
genetically more similar to the Andean domes-
ticated forms, and showed lower 100-seed weight
when compared with other Andean accessions.
Their data were consistent with those from pre-
vious genetic (Beebe et al. 2001; Bitocchi et al.
2013), archaeological (Tarrago 1980) and
glotto-chronological (Brown et al. 2014) studies.

The common bean is the most cultivated crop
worldwide among the Phaseolus species, as after
its domestication it underwent dissemination and
evolution out of these American centres of origin
and domestication. The pathways of distribution
of P. vulgaris were complex and involved sev-
eral introductions from the New World, com-
bined with exchanges between continents, and
among different countries within continents.

In the Old World of Europe, both of the
common bean domesticated pools were intro-
duced after the travels of Columbus and were
then rapidly disseminated to many different
European areas that were characterised by varied
environmental conditions and agronomic prac-
tices. The levels of diversity for the domesticated
common bean in Europe as determined using
molecular markers are comparable to that
observed in the Americas, without any detectable
genetic bottleneck effects (Angioi et al. 2010;
Gioia et al. 2013a). Moreover, due to the
breakdown of the spatial isolation between the
two gene pools in Europe, hybridisation and
introgression occurred between the Andean and
Mesoamerican gene pools, which led to the
hybrid development of 40% of the European
landraces (Angioi et al. 2010; Gioia et al. 2013a).
Many studies have indicated that Europe was the
secondary centre of diversity for the common
bean (Santalla et al. 2002; Angioi et al. 2010,
2011; Gioia et al. 2013a). The high level of
hybridisation that would not be expected for an
autogamous species was most likely the result of
selection for adaptation to these new environ-
mental conditions. This will have exploited
hybridisation and recombination between the two
different gene pools to create novel genotypic
combinations when compared to those of their
centres of origin. Other continents and countries
have also been proposed as secondary centres of
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diversification for the common bean, including
Brazil (Burle et al. 2010), central, eastern and
southern Africa (Martin and Adams 1987a,
1987b; Asfaw et al. 2009; Blair et al. 2010), and
China (Zhang et al. 2008).

Recent reviews (Bellucci et al. 2014b; Bitoc-
chi et al. 2017) afford a detailed analysis of the
dissemination and evolution of the common bean
and the other Phaseolus crop species outside
their centres of origin.

2.4 Convergent Evolution

As mentioned above, domestication offers
numerous examples of convergent phenotypic
evolution that were associated with adaptation to
human needs and novel agro-ecosystems. For
instance, favourite plants showed adaptive fea-
tures related to different climatic and environ-
mental conditions, such as cold or drought
tolerance. Most domesticated animals were
selected to maximise the yield of useful products
(i.e. meat, milk, wool) and for their docile
behaviours, while crops were selected for the size
of the plant organ used by humans (i.e. seeds,
fruit) and for reduced, or lack of, seed dispersal.
Indeed, during domestication, similar sets of
phenotypic characteristics were selected (i.e.
traits of the domestication syndrome), which has
provided the opportunity to study convergent
phenotypic evolution for many responses to
selection pressures.

An interesting question thus arises in terms of
whether convergent responses due to selection
pressures under domestication are limited to the
observed effects, or whether they are also related
to the molecular mechanisms that control the
phenotypic traits, thus acting on the same geno-
mic regions or set of genes responsible for the
same trait. Schmutz et al. (2014) were the first to
investigate the convergent evolution between the
two main gene pools of the common bean. By
comparing wild and landrace populations across
10-kb/2-kb sliding windows and analysing the
empirical distribution of the diversity statistics
ratios and population differentiation statistics,

they were able to compare the effects of selection
that occurred within gene pools. These were
subjected to independent domestications events,
and therefore Schmutz et al. (2014) tried to
determine whether in order to obtain the same
convergent phenotypes, selection had acted on
the same genomic regions, or on a completely
different set of genes that coded for the same
phenotype. They showed that <10% of the
74 Mb of genome sequences that were putatively
involved in selection during domestication was
shared between the Mesoamerican and Andean
gene pools, thus suggesting different genetic
routes to domestication. However, Schmutz et al.
(2014) did not use explicit demographic mod-
elling to generate an expectation of the number
of potential false-positive regions. Thus, an
alternative explanation of their data is that there
were high levels of false positives (i.e. regions of
the genome with reduced diversity due to
stochastic effects of domestication bottlenecks),
which would lead to a lack of shared genome
regions and genes that would be predicted to be
involved in domestication between the two gene
pools.

To better understand this interesting phe-
nomenon, Bitocchi et al. (2016) further investi-
gated common bean domestication in the
Mesoamerican gene pool by sequencing 49 gene
fragments from a sample of 45 wild and
domesticated accessions and compared the can-
didate genes they identified for selection during
domestication with those from other studies
(Bellucci et al. 2014a; Schmutz et al. 2014;
Rodriguez et al. 2016). In doing this, they tried to
understand whether the sexually compatible
Mesoamerican and Andean lineages with similar
morphologies and life cycles underwent inde-
pendent selection based upon distinct sets of
genes or not. They found that two genes out of
the four strong Mesoamerican candidate genes
identified were also detected as outliers by Sch-
mutz et al. (2014) only during Andean domesti-
cation. This suggested that more studies and
evidence are needed to understand the conver-
gent responses due to selection pressures under
domestication.
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2.5 Domestication Traits

The domestication process induced several
changes in the common bean plants for major
traits associated with adaptation and cultivation
and to address human needs. At present, the
domesticated species can be clearly distinguished
from their wild progenitors by a set of traits,
which is known as the ‘domestication syn-
drome’. These changes in the domesticated
individuals have guaranteed higher productivity
in cultivated environments, although at the same
time they have reduced the adaptation to erratic
environment variations, where wild traits show
much greater fitness over domesticated traits.

In recent years, many studies have been con-
ducted in common bean through different
approaches in the search of an understanding of
the genetic control of these traits, among which
the molecular linkage mapping approach has been
widely adopted. Recently, GWAS analysis has
provided a powerful tool to search quantitative
trait loci (QTLs) through the use of markers such
as single-nucleotide polymorphisms (SNPs),
which show wide distribution across the genome.
The common bean genome sequence (Schmutz
et al. 2014) has also allowed establishing a link
between genetic and physical maps, which thus
facilitates the identification of candidate genes for
domestication traits in genomic regions where
significant QTLs are found. Furthermore, the
availability of the entire reference genome can
facilitate the identification of regions where the
effects of selection are more evident, and differ-
entiation between wild and domesticated popula-
tions is greater; these regions might contain genes
that were involved in the domestication process.

There are several traits that have been linked
to domestication in the common bean, which are
related to vegetative growth, phenological fea-
tures, size, colour and shape of the harvested
parts. In particular, these include two main target
traits that were selected for during the domesti-
cation process: the seed dispersal mechanism and
the seed dormancy. Here, we provide a survey of
the studies on common bean that have been
specifically carried out on genes related to the
domestication syndrome (Table 2.1), with

particular focus on studies that have compared
wild and domesticated forms. Studies where no
direct comparisons have been made for the target
traits between wild and domesticated forms were
not covered in the present survey.

2.5.1 Seed Dispersal Mechanism

Many wild plants are characterised by seed
shattering, which represents a strategy that
ensures seed dispersal at maturity. Indeed, this
trait is fundamental for propagation of progeny in
wild individuals. Seed dispersal occurs through
various mechanisms in species that have different
kind of fruit.

Wild common bean is characterised by a dry
strongly dehiscent legume fruit (Gepts and
Debouck 1991) that opens at maturity along the
ventral suture to ensure seed release. This trait
has been a target of selection, and now many
domesticated varieties have totally or partially
lost the ability to disperse their seeds after
ripening. Indeed, while dry beans have dehiscent
pods, snap beans are completely indehiscent (i.e.
stringless varieties; Gepts and Debouck 1991), as
they no longer have the fibres in the pod sutures
(i.e. string) and walls (Prakken 1934; Koinange
et al. 1996) (Fig. 2.1). In the common bean, the
seed dispersal mechanism is associated with the
content and location of the fibres in the pods
(Prakken 1934; Murgia et al. 2017), with strict
positive correlation between shattering ability
and increased carbon and lignin content, as was
recently highlighted (Murgia et al. 2017). A QTL
analysis carried out by Koinange et al. (1996) on
a recombinant inbred line (RIL) population
derived from a cross between Midas (an Andean
domesticated accession) and G12873 (a wild
Mesoamerican genotype) mapped the locus St to
chromosome Pv02. This locus controls the
presence or absence of pod suture fibres and
co-segregates with the trait of lack of pod wall
fibres (Koinange et al. 1996; Freyre et al. 1998).

Identification of the genetic controls of seed
shattering in common bean has also been carried
out using candidate gene approaches that focus-
sed on the homologues to the A. thaliana

28 V. Di Vittori et al.



Ta
b
le

2.
1

G
en
es

an
d
Q
T
L
s
id
en
tifi

ed
as

re
la
te
d
to

th
e
do

m
es
tic
at
io
n
sy
nd

ro
m
e
in

th
e
co
m
m
on

be
an

C
hr
om

os
om

e
D
om

es
tic
at
io
n
tr
ai
t

ca
te
go

ry
L
oc
us
/Q
T
L
/g
en
e
na
m
e

T
ra
it/
fu
nc
tio

n
A
pp

ro
ac
h
an
d
po

pu
la
tio

n
L
ite
ra
tu
re

Pv
02

Se
ed

di
sp
er
sa
l

St
Se
ed

di
sp
er
sa
l:
po

d
su
tu
re

fi
br
es

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

K
oi
na
ng

e
et

al
.

(1
99

6)

Pv
02

Se
ed

di
sp
er
sa
l

St
Se
ed

di
sp
er
sa
l:
po

d
w
al
l

fi
br
es

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

K
oi
na
ng

e
et

al
.

(1
99

6)

Pv
06

Se
ed

di
sp
er
sa
l

P
vS
H
P
1

Se
ed

di
sp
er
sa
ld

C
an
di
da
te

ge
ne

ap
pr
oa
ch

a /
lin

ka
ge

m
ap
pi
ng

—
R
IL
s

N
an
ni

et
al
.
(2
01

1)

Pv
02

Se
ed

di
sp
er
sa
l

P
vI
N
D

Se
ed

di
sp
er
sa
le

C
an
di
da
te

ge
ne

ap
pr
oa
ch

a /
lin

ka
ge

m
ap
pi
ng

—
R
IL
s

G
io
ia
et
al
.(
20

13
b)

Pv
02

Se
ed

do
rm

an
cy

D
O

G
er
m
in
at
io
n

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

K
oi
na
ng

e
et

al
.

(1
99

6)

Pv
03

Se
ed

do
rm

an
cy

D
O

G
er
m
in
at
io
n

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

K
oi
na
ng

e
et

al
.

(1
99

6)

Pv
04

Se
ed

do
rm

an
cy

D
O

G
er
m
in
at
io
n

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

K
oi
na
ng

e
et

al
.

(1
99

6)

Pv
03

Se
ed

do
rm

an
cy

D
O

G
er
m
in
at
io
n

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

K
oi
na
ng

e
et

al
.

(1
99

6)

Pv
01

G
ro
w
th

ha
bi
t

fi
n

D
et
er
m
in
ac
y

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

K
oi
na
ng

e
et

al
.

(1
99

6)

Pv
09

G
ro
w
th

ha
bi
t

G
H

D
et
er
m
in
ac
y

L
in
ka
ge

m
ap
pi
ng

—
F 2

:4
po

p
T
ar
’a
n
et
al
.(
20

02
)

Pv
01

G
ro
w
th

ha
bi
t

P
vT
F
L1

y
D
et
er
m
in
ac
yf

C
an
di
da
te

ge
ne

ap
pr
oa
ch

a /
lin

ka
ge

m
ap
pi
ng

—
R
IL
s

K
w
ak

et
al
.
(2
00

8)

Pv
01

G
ro
w
th

ha
bi
t

P
vT
F
L1

y
D
et
er
m
in
ac
yf

C
an
di
da
te

ge
ne

ap
pr
oa
ch

a /
lin

ka
ge

m
ap
pi
ng

—
R
IL
s

R
ep
in
sk
y
et

al
.

(2
01

2)

Pv
01

G
ro
w
th

ha
bi
t

N
A

D
et
er
m
in
ac
y

G
W
A
S—

do
m
es
tic
at
ed

M
og

ha
dd

am
et

al
.

(2
01

6)

Pv
04

G
ro
w
th

ha
bi
t

N
A

D
et
er
m
in
ac
y

G
W
A
S—

do
m
es
tic
at
ed

M
og

ha
dd

am
et

al
.

(2
01

6)

Pv
06

G
ro
w
th

ha
bi
t

N
A

D
et
er
m
in
ac
y

G
W
A
S—

do
m
es
tic
at
ed

M
og

ha
dd

am
et

al
.

(2
01

6)

(c
on

tin
ue
d)

2 Domestication and Crop History 29



Ta
b
le

2.
1

(c
on

tin
ue
d)

C
hr
om

os
om

e
D
om

es
tic
at
io
n
tr
ai
t

ca
te
go

ry
L
oc
us
/Q
T
L
/g
en
e
na
m
e

T
ra
it/
fu
nc
tio

n
A
pp

ro
ac
h
an
d
po

pu
la
tio

n
L
ite
ra
tu
re

Pv
07

G
ro
w
th

ha
bi
t

N
A

D
et
er
m
in
ac
y

G
W
A
S—

do
m
es
tic
at
ed

M
og

ha
dd

am
et

al
.

(2
01

6)

Pv
11

G
ro
w
th

ha
bi
t

N
A

D
et
er
m
in
ac
y

G
W
A
S—

do
m
es
tic
at
ed

M
og

ha
dd

am
et

al
.

(2
01

6)

Pv
11

G
ro
w
th

ha
bi
t

N
A

D
et
er
m
in
ac
y

G
W
A
S—

do
m
es
tic
at
ed

M
og

ha
dd

am
et

al
.

(2
01

6)

Pv
01

G
ro
w
th

ha
bi
t

fi
n

T
w
in
in
g

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

K
oi
na
ng

e
et

al
.

(1
99

6)

Pv
04

G
ro
w
th

ha
bi
t

C
ab

1-
1

C
lim

bi
ng

ab
ili
ty

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

C
he
ca

an
d
B
la
ir

(2
00

8)

Pv
04

G
ro
w
th

ha
bi
t

C
ab

1-
2

C
lim

bi
ng

ab
ili
ty

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

C
he
ca

an
d
B
la
ir

(2
00

8)

Pv
04

G
ro
w
th

ha
bi
t

C
ab

2-
1

C
lim

bi
ng

ab
ili
ty

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

C
he
ca

an
d
B
la
ir

(2
00

8)

Pv
05

G
ro
w
th

ha
bi
t

C
ab

1-
3

C
lim

bi
ng

ab
ili
ty

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

C
he
ca

an
d
B
la
ir

(2
00

8)

Pv
07

G
ro
w
th

ha
bi
t

C
ab

1-
4

C
lim

bi
ng

ab
ili
ty

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

C
he
ca

an
d
B
la
ir

(2
00

8)

Pv
10

G
ro
w
th

ha
bi
t

C
ab

1-
5

C
lim

bi
ng

ab
ili
ty

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

C
he
ca

an
d
B
la
ir

(2
00

8)

Pv
11

G
ro
w
th

ha
bi
t

C
ab

1-
6

C
lim

bi
ng

ab
ili
ty

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

C
he
ca

an
d
B
la
ir

(2
00

8 )

Pv
01

G
ro
w
th

ha
bi
t

N
M

(fi
n)

N
um

be
r
of

no
de
s
on

th
e

m
ai
n
st
em

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

K
oi
na
ng

e
et

al
.

(1
99

6)

Pv
01

G
ro
w
th

ha
bi
t

N
M

N
um

be
r
of

no
de
s
on

th
e

m
ai
n
st
em

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

K
oi
na
ng

e
et

al
.

(1
99

6)

Pv
08

G
ro
w
th

ha
bi
t

N
M

N
um

be
r
of

no
de
s
on

th
e

m
ai
n
st
em

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

K
oi
na
ng

e
et

al
.

(1
99

6)

Pv
10

G
ro
w
th

ha
bi
t

TN
N
um

be
r
of

no
de
s
on

th
e

m
ai
n
st
em

L
in
ka
ge

m
ap
pi
ng

—
F 2

:4
po

p
T
ar
’a
n
et
al
.(
20

02
)

(c
on

tin
ue
d)

30 V. Di Vittori et al.



Ta
b
le

2.
1

(c
on

tin
ue
d)

C
hr
om

os
om

e
D
om

es
tic
at
io
n
tr
ai
t

ca
te
go

ry
L
oc
us
/Q
T
L
/g
en
e
na
m
e

T
ra
it/
fu
nc
tio

n
A
pp

ro
ac
h
an
d
po

pu
la
tio

n
L
ite
ra
tu
re

Pv
04

G
ro
w
th

ha
bi
t

TB
N
um

be
r
of

br
an
ch

on
th
e

m
ai
n
st
em

L
in
ka
ge

m
ap
pi
ng

—
F 2

:4
po

p
T
ar
’a
n
et
al
.(
20

02
)

Pv
04

G
ro
w
th

ha
bi
t

B
rn
1

N
um

be
r
of

br
an
ch

on
th
e

m
ai
n
st
em

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

C
he
ca

an
d
B
la
ir

(2
00

8)

Pv
01

G
ro
w
th

ha
bi
t

N
P
(fi
n)

N
um

be
r
of

po
ds

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

K
oi
na
ng

e
et

al
.

(1
99

6)

Pv
08

G
ro
w
th

ha
bi
t

N
P

N
um

be
r
of

po
ds

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

K
oi
na
ng

e
et

al
.

(1
99

6)

Pv
04

G
ro
w
th

ha
bi
t

N
P

N
um

be
r
of

po
ds

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

K
oi
na
ng

e
et

al
.

(1
99

6)

Pv
04

G
ro
w
th

ha
bi
t

P
P
P

N
um

be
r
of

po
ds

L
in
ka
ge

m
ap
pi
ng

—
F 2

:4
po

p
T
ar
’a
n
et
al
.(
20

02
)

Pv
07

G
ro
w
th

ha
bi
t

P
p7

.2
N
um

be
r
of

po
ds

L
in
ka
ge

m
ap
pi
ng

—
B
C

po
p

B
la
ir
et

al
.
(2
00

6)

Pv
09

G
ro
w
th

ha
bi
t

P
p9

.2
N
um

be
r
of

po
ds

L
in
ka
ge

m
ap
pi
ng

—
B
C

po
p

B
la
ir
et

al
.
(2
00

6)

Pv
11

G
ro
w
th

ha
bi
t

P
p1

1.
3

N
um

be
r
of

po
ds

L
in
ka
ge

m
ap
pi
ng

—
B
C

po
p

B
la
ir
et

al
.
(2
00

6)

Pv
05

G
ro
w
th

ha
bi
t

ss
71

56
49

61
5

N
um

be
r
of

po
ds

G
W
A
S—

do
m
es
tic
at
ed

K
am

fw
a
et

al
.

(2
01

5)

Pv
07

G
ro
w
th

ha
bi
t

ss
71

56
47

64
9

N
um

be
r
of

po
ds

G
W
A
S—

do
m
es
tic
at
ed

K
am

fw
a
et

al
.

(2
01

5)

Pv
01

G
ro
w
th

ha
bi
t

L5
In
te
rn
od

e
le
ng

th
L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

K
oi
na
ng

e
et

al
.

(1
99

6)

Pv
04

G
ro
w
th

ha
bi
t

In
t2

In
te
rn
od

e
le
ng

th
L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

C
he
ca

an
d
B
la
ir

(2
00

8)

Pv
04

G
ro
w
th

ha
bi
t

In
t3

In
te
rn
od

e
le
ng

th
L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

C
he
ca

an
d
B
la
ir

(2
00

8)

Pv
04

G
ro
w
th

ha
bi
t

In
t4

In
te
rn
od

e
le
ng

th
L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

C
he
ca

an
d
B
la
ir

(2
00

8)

Pv
03

G
ro
w
th

ha
bi
t

In
t1

In
te
rn
od

e
le
ng

th
L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

C
he
ca

an
d
B
la
ir

(2
00

8)

(c
on

tin
ue
d)

2 Domestication and Crop History 31



Ta
b
le

2.
1

(c
on

tin
ue
d)

C
hr
om

os
om

e
D
om

es
tic
at
io
n
tr
ai
t

ca
te
go

ry
L
oc
us
/Q
T
L
/g
en
e
na
m
e

T
ra
it/
fu
nc
tio

n
A
pp

ro
ac
h
an
d
po

pu
la
tio

n
L
ite
ra
tu
re

Pv
03

G
ro
w
th

ha
bi
t

P
H

Pl
an
t
he
ig
ht

L
in
ka
ge

m
ap
pi
ng

—
F 2

:4
po

p
T
ar
’a
n
et
al
.(
20

02
)

Pv
07

G
ro
w
th

ha
bi
t

P
H

Pl
an
t
he
ig
ht

L
in
ka
ge

m
ap
pi
ng

—
F 2

:4
po

p
T
ar
’a
n
et
al
.(
20

02
)

Pv
01

G
ro
w
th

ha
bi
t

P
h1

.1
Pl
an
t
he
ig
ht

L
in
ka
ge

m
ap
pi
ng

—
B
C

po
p

B
la
ir
et

al
.
(2
00

6)

Pv
06

G
ro
w
th

ha
bi
t

P
h6

.1
Pl
an
t
he
ig
ht

L
in
ka
ge

m
ap
pi
ng

—
B
C

po
p

B
la
ir
et

al
.
(2
00

6)

Pv
06

G
ro
w
th

ha
bi
t

P
h6

.2
Pl
an
t
he
ig
ht

L
in
ka
ge

m
ap
pi
ng

—
B
C

po
p

B
la
ir
et

al
.
(2
00

6)

Pv
07

G
ro
w
th

ha
bi
t

P
h7

.1
Pl
an
t
he
ig
ht

L
in
ka
ge

m
ap
pi
ng

—
B
C

po
p

B
la
ir
et

al
.
(2
00

6)

Pv
04

G
ro
w
th

ha
bi
t

P
lh
1-
2

Pl
an
t
he
ig
ht

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

C
he
ca

an
d
B
la
ir

(2
00

8)

Pv
03

G
ro
w
th

ha
bi
t

P
lh
1-
1

Pl
an
t
he
ig
ht

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

C
he
ca

an
d
B
la
ir

(2
00

8)

Pv
04

G
ro
w
th

ha
bi
t

P
lh
1-
3

Pl
an
t
he
ig
ht

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

C
he
ca

an
d
B
la
ir

(2
00

8)

Pv
08

G
ro
w
th

ha
bi
t

P
lh
1-
4

Pl
an
t
he
ig
ht

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

C
he
ca

an
d
B
la
ir

(2
00

8)

Pv
04

G
ro
w
th

ha
bi
t

P
lh
2-
1

Pl
an
t
he
ig
ht

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

C
he
ca

an
d
B
la
ir

(2
00

8)

Pv
11

G
ro
w
th

ha
bi
t

P
lh
2-
3

Pl
an
t
he
ig
ht

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

C
he
ca

an
d
B
la
ir

(2
00

8)

Pv
04

G
ro
w
th

ha
bi
t

P
lh
2-
2

Pl
an
t
he
ig
ht

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

C
he
ca

an
d
B
la
ir

( 2
00

8)

Pv
06

G
ro
w
th

ha
bi
t

P
w
6.
1

Pl
an
t
w
id
th

L
in
ka
ge

m
ap
pi
ng

—
B
C

po
p

B
la
ir
et

al
.
(2
00

6)

Pv
06

G
ro
w
th

ha
bi
t

P
w
6.
2

Pl
an
t
w
id
th

L
in
ka
ge

m
ap
pi
ng

—
B
C

po
p

B
la
ir
et

al
.
(2
00

6)

Pv
07

G
ro
w
th

ha
bi
t

P
w
7.
1

Pl
an
t
w
id
th

L
in
ka
ge

m
ap
pi
ng

—
B
C

po
p

B
la
ir
et

al
.
(2
00

6)

Pv
01

G
ig
an
tis
m

P
L

Po
d
le
ng

th
L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

K
oi
na
ng

e
et

al
.

(1
99

6)

Pv
02

G
ig
an
tis
m

P
L

Po
d
le
ng

th
L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

K
oi
na
ng

e
et

al
.

(1
99

6)

(c
on

tin
ue
d)

32 V. Di Vittori et al.



Ta
b
le

2.
1

(c
on

tin
ue
d)

C
hr
om

os
om

e
D
om

es
tic
at
io
n
tr
ai
t

ca
te
go

ry
L
oc
us
/Q
T
L
/g
en
e
na
m
e

T
ra
it/
fu
nc
tio

n
A
pp

ro
ac
h
an
d
po

pu
la
tio

n
L
ite
ra
tu
re

Pv
07

G
ig
an
tis
m

P
L

Po
d
le
ng

th
L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

K
oi
na
ng

e
et

al
.

(1
99

6)

Pv
08

G
ig
an
tis
m

ss
71

56
39

40
8

Po
d
w
ei
gh

t
G
W
A
S—

do
m
es
tic
at
ed

K
am

fw
a
et

al
.

(2
01

5)

Pv
08

G
ig
an
tis
m

ss
71

56
49

35
9

Po
d
w
ei
gh

t
G
W
A
S—

do
m
es
tic
at
ed

K
am

fw
a
et

al
.

(2
01

5)

Pv
08

G
ig
an
tis
m

ss
71

56
47

39
2

Po
d
w
ei
gh

t
G
W
A
S—

do
m
es
tic
at
ed

K
am

fw
a
et

al
.

(2
01

5)

Pv
01

G
ig
an
tis
m

SW
10

0-
se
ed

w
ei
gh

t
L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

K
oi
na
ng

e
et

al
.

(1
99

6)

Pv
07

G
ig
an
tis
m

SW
10

0-
se
ed

w
ei
gh

t
L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

K
oi
na
ng

e
et

al
.

(1
99

6)

Pv
07

G
ig
an
tis
m

SW
10

0-
se
ed

w
ei
gh

t
L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

K
oi
na
ng

e
et

al
.

(1
99

6)

Pv
11

G
ig
an
tis
m

SW
10

0-
se
ed

w
ei
gh

t
L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

K
oi
na
ng

e
et

al
.

(1
99

6)

Pv
04

G
ig
an
tis
m

SW
10

0-
se
ed

w
ei
gh

t
L
in
ka
ge

m
ap
pi
ng

—
F 2

:4
po

p
T
ar
’a
n
et
al
.(
20

02
)

Pv
11

G
ig
an
tis
m

SW
10

0-
se
ed

w
ei
gh

t
L
in
ka
ge

m
ap
pi
ng

—
F 2

:4
po

p
T
ar
’a
n
et
al
.(
20

02
)

Pv
02

G
ig
an
tis
m

Sw
2.
1

10
0-
se
ed

w
ei
gh

t
L
in
ka
ge

m
ap
pi
ng

—
B
C

po
p

B
la
ir
et

al
.
(2
00

6)

Pv
02

G
ig
an
tis
m

Sw
2.
2

10
0-
se
ed

w
ei
gh

t
L
in
ka
ge

m
ap
pi
ng

—
B
C

po
p

B
la
ir
et

al
.
(2
00

6)

Pv
03

G
ig
an
tis
m

Sw
3.
1

10
0-
se
ed

w
ei
gh

t
L
in
ka
ge

m
ap
pi
ng

—
B
C

po
p

B
la
ir
et

al
.
(2
00

6)

Pv
06

G
ig
an
tis
m

Sw
6.
1

10
0-
se
ed

w
ei
gh

t
L
in
ka
ge

m
ap
pi
ng

—
B
C

po
p

B
la
ir
et

al
.
(2
00

6)

Pv
07

G
ig
an
tis
m

Sw
7.
1

10
0-
se
ed

w
ei
gh

t
L
in
ka
ge

m
ap
pi
ng

—
B
C

po
p

B
la
ir
et

al
.
(2
00

6)

Pv
08

G
ig
an
tis
m

Sw
8.
1

10
0-
se
ed

w
ei
gh

t
L
in
ka
ge

m
ap
pi
ng

—
B
C

po
p

B
la
ir
et

al
.
(2
00

6)

Pv
08

G
ig
an
tis
m

Sw
8.
2

10
0-
se
ed

w
ei
gh

t
L
in
ka
ge

m
ap
pi
ng

—
B
C

po
p

B
la
ir
et

al
.
(2
00

6)

Pv
09

G
ig
an
tis
m

Sw
9.
1

10
0-
se
ed

w
ei
gh

t
L
in
ka
ge

m
ap
pi
ng

—
B
C

po
p

B
la
ir
et

al
.
(2
00

6)

Pv
10

G
ig
an
tis
m

Sw
10

.1
10

0-
se
ed

w
ei
gh

t
L
in
ka
ge

m
ap
pi
ng

—
B
C

po
p

B
la
ir
et

al
.
(2
00

6)

(c
on

tin
ue
d)

2 Domestication and Crop History 33



Ta
b
le

2.
1

(c
on

tin
ue
d)

C
hr
om

os
om

e
D
om

es
tic
at
io
n
tr
ai
t

ca
te
go

ry
L
oc
us
/Q
T
L
/g
en
e
na
m
e

T
ra
it/
fu
nc
tio

n
A
pp

ro
ac
h
an
d
po

pu
la
tio

n
L
ite
ra
tu
re

Pv
11

G
ig
an
tis
m

Sw
11

.1
10

0-
se
ed

w
ei
gh

t
L
in
ka
ge

m
ap
pi
ng

—
B
C

po
p

B
la
ir
et

al
.
(2
00

6)

Pv
06

G
ig
an
tis
m

SW
6

10
0-
se
ed

w
ei
gh

t
L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

Pe
ré
z-
V
eg
a
et

al
.

(2
01

0)

Pv
08

G
ig
an
tis
m

SW
8.
1

10
0-
se
ed

w
ei
gh

t
L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

Pe
ré
z-
V
eg
a
et

al
.

(2
01

0)

Pv
08

G
ig
an
tis
m

SW
8.
2

10
0-
se
ed

w
ei
gh

t
L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

Pe
ré
z-
V
eg
a
et

al
.

(2
01

0)

Pv
03

G
ig
an
tis
m

R
ef
_2

59
_c
om

p6
49

3g
Fr
ui
t
si
ze

C
an
di
da
te

ge
ne

ap
pr
oa
ch

c
B
el
lu
cc
i
et

al
.

(2
01

4a
,
b)

Pv
03

G
ig
an
tis
m

R
ef
_2

20
_c
om

p2
07

0g
Fr
ui
t
si
ze

C
an
di
da
te

ge
ne

ap
pr
oa
ch

c
B
el
lu
cc
i
et

al
.

(2
01

4a
,
b)

Pv
03

G
ig
an
tis
m

R
ef
_2

5_
co
m
p3

52
7g

Fr
ui
t
si
ze

C
an
di
da
te

ge
ne

ap
pr
oa
ch

c
B
el
lu
cc
i
et

al
.

(2
01

4a
,
b)

Pv
03

G
ig
an
tis
m

R
ef
_2

59
_c
om

p4
51

5g
Fr
ui
t
si
ze

C
an
di
da
te

ge
ne

ap
pr
oa
ch

c
B
el
lu
cc
i
et

al
.

(2
01

4a
,
b)

Pv
08

G
ig
an
tis
m

P
hv
ul
.0
08

G
16

80
00

(n
itr
at
e

re
du

ct
as
e)

10
0-
se
ed

w
ei
gh

t/p
la
nt

gr
ow

th
C
an
di
da
te

ge
ne

ap
pr
oa
ch

b
Sc
hm

ut
z
et

al
.

(2
01

4)

Pv
08

G
ig
an
tis
m

P
hv
ul
.0
08

G
16

80
00

(n
itr
at
e

re
du

ct
as
e)

10
0-
se
ed

w
ei
gh

t/p
la
nt

gr
ow

th
G
W
A
S—

do
m
es
tic
at
ed

Sc
hm

ut
z
et

al
.

(2
01

4)

Pv
02

G
ig
an
tis
m

SL
2

Se
ed

le
ng

th
L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

Pe
ré
z-
V
eg
a
et

al
.

(2
01

0)

Pv
03

G
ig
an
tis
m

SL
3

Se
ed

le
ng

th
L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

Pe
ré
z-
V
eg
a
et

al
.

(2
01

0)

Pv
06

G
ig
an
tis
m

SL
6

Se
ed

le
ng

th
L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

Pe
ré
z-
V
eg
a
et

al
.

(2
01

0)

Pv
08

G
ig
an
tis
m

SL
8

Se
ed

le
ng

th
L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

Pe
ré
z-
V
eg
a
et

al
.

(2
01

0)

Pv
10

G
ig
an
tis
m

SL
10

Se
ed

le
ng

th
L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

Pe
ré
z-
V
eg
a
et

al
.

(2
01

0)

(c
on

tin
ue
d)

34 V. Di Vittori et al.



Ta
b
le

2.
1

(c
on

tin
ue
d)

C
hr
om

os
om

e
D
om

es
tic
at
io
n
tr
ai
t

ca
te
go

ry
L
oc
us
/Q
T
L
/g
en
e
na
m
e

T
ra
it/
fu
nc
tio

n
A
pp

ro
ac
h
an
d
po

pu
la
tio

n
L
ite
ra
tu
re

Pv
06

G
ig
an
tis
m

SH
6

Se
ed

he
ig
ht

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

Pe
ré
z-
V
eg
a
et

al
.

(2
01

0)

Pv
08

G
ig
an
tis
m

SH
8

Se
ed

he
ig
ht

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

Pe
ré
z-
V
eg
a
et

al
.

(2
01

0)

Pv
03

G
ig
an
tis
m

W
I3

Se
ed

w
id
th

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

Pe
ré
z-
V
eg
a
et

al
.

(2
01

0)

Pv
06

G
ig
an
tis
m

W
I6

Se
ed

w
id
th

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

Pe
ré
z-
V
eg
a
et

al
.

(2
01

0)

Pv
07

G
ig
an
tis
m

W
I7

Se
ed

w
id
th

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

Pe
ré
z-
V
eg
a
et

al
.

(2
01

0)

Pv
01

E
ar
lin

es
s

D
F
(fi
n)

N
um

be
r
of

da
ys

to
fl
ow

er
in
g

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

K
oi
na
ng

e
et

al
.

(1
99

6)

Pv
01

E
ar
lin

es
s

D
F

N
um

be
r
of

da
ys

to
fl
ow

er
in
g

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

K
oi
na
ng

e
et

al
.

(1
99

6)

Pv
08

E
ar
lin

es
s

D
F

N
um

be
r
of

da
ys

to
fl
ow

er
in
g

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

K
oi
na
ng

e
et

al
.

(1
99

6)

Pv
09

E
ar
lin

es
s

D
F

N
um

be
r
of

da
ys

to
fl
ow

er
in
g

L
in
ka
ge

m
ap
pi
ng

—
F 2

:4
po

p
T
ar
’a
n
et
al
.(
20

02
)

Pv
01

E
ar
lin

es
s

df
1.
1

N
um

be
r
of

da
ys

to
fl
ow

er
in
g

L
in
ka
ge

m
ap
pi
ng

—
B
C

po
p

B
la
ir
et

al
.
(2
00

6)

Pv
02

E
ar
lin

es
s

df
2.
1

N
um

be
r
of

da
ys

to
fl
ow

er
in
g

L
in
ka
ge

m
ap
pi
ng

—
B
C

po
p

B
la
ir
et

al
.
(2
00

6)

Pv
06

E
ar
lin

es
s

df
6.
1

N
um

be
r
of

da
ys

to
fl
ow

er
in
g

L
in
ka
ge

m
ap
pi
ng

—
B
C

po
p

B
la
ir
et

al
.
(2
00

6)

Pv
06

E
ar
lin

es
s

df
6.
2

N
um

be
r
of

da
ys

to
fl
ow

er
in
g

L
in
ka
ge

m
ap
pi
ng

—
B
C

po
p

B
la
ir
et

al
.
(2
00

6)

Pv
09

E
ar
lin

es
s

df
9.
1

N
um

be
r
of

da
ys

to
fl
ow

er
in
g

L
in
ka
ge

m
ap
pi
ng

—
B
C

po
p

B
la
ir
et

al
.
(2
00

6)

Pv
09

E
ar
lin

es
s

df
9.
2

N
um

be
r
of

da
ys

to
fl
ow

er
in
g

L
in
ka
ge

m
ap
pi
ng

—
B
C

po
p

B
la
ir
et

al
.
(2
00

6)

(c
on

tin
ue
d)

2 Domestication and Crop History 35



Ta
b
le

2.
1

(c
on

tin
ue
d)

C
hr
om

os
om

e
D
om

es
tic
at
io
n
tr
ai
t

ca
te
go

ry
L
oc
us
/Q
T
L
/g
en
e
na
m
e

T
ra
it/
fu
nc
tio

n
A
pp

ro
ac
h
an
d
po

pu
la
tio

n
L
ite
ra
tu
re

Pv
11

E
ar
lin

es
s

df
11

.1
N
um

be
r
of

da
ys

to
fl
ow

er
in
g

L
in
ka
ge

m
ap
pi
ng

—
B
C

po
p

B
la
ir
et

al
.
(2
00

6)

Pv
01

E
ar
lin

es
s

D
F
1

N
um

be
r
of

da
ys

to
fl
ow

er
in
g

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

Pe
ré
z-
V
eg
a
et

al
.

(2
01

0)

Pv
02

E
ar
lin

es
s

D
F
2

N
um

be
r
of

da
ys

to
fl
ow

er
in
g

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

Pe
ré
z-
V
eg
a
et

al
.

(2
01

0)

Pv
08

E
ar
lin

es
s

D
F
8

N
um

be
r
of

da
ys

to
fl
ow

er
in
g

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

Pe
ré
z-
V
eg
a
et

al
.

(2
01

0)

Pv
01

E
ar
lin

es
s

ss
71

56
46

57
8

N
um

be
r
of

da
ys

to
fl
ow

er
in
g

G
W
A
S—

do
m
es
tic
at
ed

K
am

fw
a
et

al
.

(2
01

5)

Pv
08

E
ar
lin

es
s

ss
71

56
46

08
8

N
um

be
r
of

da
ys

to
fl
ow

er
in
g

G
W
A
S–

do
m
es
tic
at
ed

K
am

fw
a
et

al
.

(2
01

5)

Pv
01

E
ar
lin

es
s

N
A

N
um

be
r
of

da
ys

to
fl
ow

er
in
g

G
W
A
S—

do
m
es
tic
at
ed

M
og

ha
dd

am
et

al
.

(2
01

6)

Pv
01

E
ar
lin

es
s

D
M

N
um

be
r
of

da
ys

to
m
at
ur
ity

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

K
oi
na
ng

e
et

al
.

(1
99

6)

Pv
01

E
ar
lin

es
s

D
M

(fi
n)

N
um

be
r
of

da
ys

to
m
at
ur
ity

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

K
oi
na
ng

e
et

al
.

(1
99

6)

Pv
08

E
ar
lin

es
s

D
M

N
um

be
r
of

da
ys

to
m
at
ur
ity

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

K
oi
na
ng

e
et

al
.

(1
99

6)

Pv
09

E
ar
lin

es
s

D
M

N
um

be
r
of

da
ys

to
m
at
ur
ity

L
in
ka
ge

m
ap
pi
ng

—
F 2

:4
po

p
T
ar
’a
n
et
al
.(
20

02
)

Pv
10

E
ar
lin

es
s

D
M

N
um

be
r
of

da
ys

to
m
at
ur
ity

L
in
ka
ge

m
ap
pi
ng

—
F 2

:4
po

p
T
ar
’a
n
et
al
.(
20

02
)

Pv
05

E
ar
lin

es
s

D
m
5.
1

N
um

be
r
of

da
ys

to
m
at
ur
ity

L
in
ka
ge

m
ap
pi
ng

—
B
C

po
p

B
la
ir
et

al
.
(2
00

6)

Pv
07

E
ar
lin

es
s

D
m
7.
1

N
um

be
r
of

da
ys

to
m
at
ur
ity

L
in
ka
ge

m
ap
pi
ng

—
B
C

po
p

B
la
ir
et

al
.
(2
00

6)

Pv
01

E
ar
lin

es
s

D
M
1

N
um

be
r
of

da
ys

to
m
at
ur
ity

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

Pe
ré
z-
V
eg
a
et

al
.

(2
01

0)

Pv
02

E
ar
lin

es
s

D
M
2.
1

N
um

be
r
of

da
ys

to
m
at
ur
ity

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

Pe
ré
z-
V
eg
a
et

al
.

(2
01

0)

(c
on

tin
ue
d)

36 V. Di Vittori et al.



Ta
b
le

2.
1

(c
on

tin
ue
d)

C
hr
om

os
om

e
D
om

es
tic
at
io
n
tr
ai
t

ca
te
go

ry
L
oc
us
/Q
T
L
/g
en
e
na
m
e

T
ra
it/
fu
nc
tio

n
A
pp

ro
ac
h
an
d
po

pu
la
tio

n
L
ite
ra
tu
re

Pv
02

E
ar
lin

es
s

D
M
2.
2

N
um

be
r
of

da
ys

to
m
at
ur
ity

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

Pe
ré
z-
V
eg
a
et

al
.

(2
01

0)

Pv
06

E
ar
lin

es
s

D
M
6.
1

N
um

be
r
of

da
ys

to
m
at
ur
ity

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

Pe
ré
z-
V
eg
a
et

al
.

(2
01

0)

Pv
06

E
ar
lin

es
s

D
M
6.
2

N
um

be
r
of

da
ys

to
m
at
ur
ity

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

Pe
ré
z-
V
eg
a
et

al
.

(2
01

0)

Pv
01

E
ar
lin

es
s

ss
71

56
46

57
8

N
um

be
r
of

da
ys

to
m
at
ur
ity

G
W
A
S—

do
m
es
tic
at
ed

K
am

fw
a
et

al
.

(2
01

5)

Pv
05

E
ar
lin

es
s

R
ef
_2

59
_c
om

p1
91

02
_c
0

V
er
na
lis
at
io
n
an
d
flo

w
er
in
g

tim
eh

C
an
di
da
te

ge
ne

ap
pr
oa
ch

c
B
el
lu
cc
i
et

al
.

(2
01

4a
,
b)

Pv
03

E
ar
lin

es
s

P
hv
ul
.0
03

G
03

34
00

V
er
na
lis
at
io
n
an
d
flo

w
er
in
g

tim
eh

C
an
di
da
te

ge
ne

ap
pr
oa
ch

b
Sc
hm

ut
z
et

al
.

(2
01

4

Pv
02

E
ar
lin

es
s

P
hv
ul
.0
02

G
00

05
00

V
er
na
lis
at
io
n
an
d
flo

w
er
in
g

tim
ei

C
an
di
da
te

ge
ne

ap
pr
oa
ch

b
Sc
hm

ut
z
et

al
.

20
14

)

Pv
01

Ph
ot
op

er
io
d

se
ns
iti
vi
ty

P
pd

D
el
ay

in
fl
ow

er
in
g
un

de
r

16
h
da
ys

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

K
oi
na
ng

e
et

al
.

(1
99

6)

Pv
11

Ph
ot
op

er
io
d

se
ns
iti
vi
ty

P
D

D
el
ay

in
fl
ow

er
in
g
un

de
r

16
h
da
ys

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

K
oi
na
ng

e
et

al
.

(1
99

6)

Pv
04

Ph
ot
op

er
io
d

se
ns
iti
vi
ty

R
ef
_2

5_
co
m
p1

19
90

_c
0j

Ph
ot
op

er
io
d
re
sp
on

se
C
an
di
da
te

ge
ne

ap
pr
oa
ch

c
B
el
lu
cc
i
et

al
.

(2
01

4a
,
b)

Pv
05

Pr
od

uc
tiv

ity
Y

Se
ed

yi
el
d
(g
/m

)
L
in
ka
ge

m
ap
pi
ng

—
F 2

:4
po

p
T
ar
’a
n
et
al
.(
20

02
)

Pv
09

Pr
od

uc
tiv

ity
Y

Se
ed

yi
el
d
(g
/m

)
L
in
ka
ge

m
ap
pi
ng

—
F 2

:4
po

p
T
ar
’a
n
et
al
.(
20

02
)

Pv
10

Pr
od

uc
tiv

ity
Y

Se
ed

yi
el
d
(g
/m

)
L
in
ka
ge

m
ap
pi
ng

—
F 2

:4
po

p
T
ar
’a
n
et
al
.(
20

02
)

Pv
02

Pr
od

uc
tiv

ity
yl
d2

.1
Se
ed

yi
el
d
(k
g/
ha
)

L
in
ka
ge

m
ap
pi
ng

—
B
C

po
p

B
la
ir
et

al
.
(2
00

6)

Pv
03

Pr
od

uc
tiv

ity
yl
d3

.1
Se
ed

yi
el
d
(k
g/
ha
)

L
in
ka
ge

m
ap
pi
ng

—
B
C

po
p

B
la
ir
et

al
.
(2
00

6)

Pv
03

Pr
od

uc
tiv

ity
yl
d3

.2
Se
ed

yi
el
d
(k
g/
ha
)

L
in
ka
ge

m
ap
pi
ng

—
B
C

po
p

B
la
ir
et

al
.
(2
00

6)

(c
on

tin
ue
d)

2 Domestication and Crop History 37



Ta
b
le

2.
1

(c
on

tin
ue
d)

C
hr
om

os
om

e
D
om

es
tic
at
io
n
tr
ai
t

ca
te
go

ry
L
oc
us
/Q
T
L
/g
en
e
na
m
e

T
ra
it/
fu
nc
tio

n
A
pp

ro
ac
h
an
d
po

pu
la
tio

n
L
ite
ra
tu
re

Pv
04

Pr
od

uc
tiv

ity
yl
d4

.1
Se
ed

yi
el
d
(k
g/
ha
)

L
in
ka
ge

m
ap
pi
ng

—
B
C

po
p

B
la
ir
et

al
.
(2
00

6)

Pv
04

Pr
od

uc
tiv

ity
yl
d4

.2
Se
ed

yi
el
d
(k
g/
ha
)

L
in
ka
ge

m
ap
pi
ng

—
B
C

po
p

B
la
ir
et

al
.
(2
00

6)

Pv
04

Pr
od

uc
tiv

ity
yl
d4

.3
Se
ed

yi
el
d
(k
g/
ha
)

L
in
ka
ge

m
ap
pi
ng

—
B
C

po
p

B
la
ir
et

al
.
(2
00

6)

Pv
04

Pr
od

uc
tiv

ity
yl
d4

.4
Se
ed

yi
el
d
(k
g/
ha
)

L
in
ka
ge

m
ap
pi
ng

—
B
C

po
p

B
la
ir
et

al
.
(2
00

6)

Pv
09

Pr
od

uc
tiv

ity
yl
d9

.1
Se
ed

yi
el
d
(k
g/
ha
)

L
in
ka
ge

m
ap
pi
ng

—
B
C

po
p

B
la
ir
et

al
.
(2
00

6)

Pv
09

Pr
od

uc
tiv

ity
yl
d9

.2
Se
ed

yi
el
d
(k
g/
ha
)

L
in
ka
ge

m
ap
pi
ng

—
B
C

po
p

B
la
ir
et

al
.
(2
00

6)

Pv
03

Pr
od

uc
tiv

ity
ss
71

56
48

53
8

Se
ed

yi
el
d
(k
g/
ha
)

G
W
A
S—

do
m
es
tic
at
ed

K
am

fw
a
et

al
.

(2
01

5)

Pv
09

Pr
od

uc
tiv

ity
ss
71

56
46

17
8

Se
ed

yi
el
d
(k
g/
ha
)

G
W
A
S—

do
m
es
tic
at
ed

K
am

fw
a
et

al
.

(2
01

5)

Pv
06

Pr
od

uc
tiv

ity
sp
6.
1

Se
ed
s
pe
r
pl
an
t

L
in
ka
ge

m
ap
pi
ng

—
B
C

po
p

B
la
ir
et

al
.
(2
00

6)

Pv
07

Pr
od

uc
tiv

ity
sp
7.
1

Se
ed
s
pe
r
pl
an
t

L
in
ka
ge

m
ap
pi
ng

—
B
C

po
p

B
la
ir
et

al
.
(2
00

6)

Pv
07

Pr
od

uc
tiv

ity
sp
7.
2

Se
ed
s
pe
r
pl
an
t

L
in
ka
ge

m
ap
pi
ng

—
B
C

po
p

B
la
ir
et

al
.
(2
00

6)

Pv
03

Pr
od

uc
tiv

ity
ss
71

56
39

90
1

Se
ed
s
pe
r
pl
an
t

G
W
A
S—

do
m
es
tic
at
ed

K
am

fw
a
et

al
.

(2
01

5)

Pv
05

Pr
od

uc
tiv

ity
ss
71

56
50

23
5

Se
ed
s
pe
r
pl
an
t

G
W
A
S—

do
m
es
tic
at
ed

K
am

fw
a
et

al
.

(2
01

5)

Pv
08

Pr
od

uc
tiv

ity
ss
71

56
39

40
8

Y
ie
ld

pe
r
pl
an
t

G
W
A
S—

do
m
es
tic
at
ed

K
am

fw
a
et

al
.

(2
01

5)

Pv
08

Pr
od

uc
tiv

ity
ss
71

56
49

35
9

Y
ie
ld

pe
r
pl
an
t

G
W
A
S—

do
m
es
tic
at
ed

K
am

fw
a
et

al
.

(2
01

5)

Pv
09

Pr
od

uc
tiv

ity
ss
71

56
47

00
2

Y
ie
ld

pe
r
pl
an
t

G
W
A
S—

do
m
es
tic
at
ed

K
am

fw
a
et

al
.

(2
01

5)

Pv
02

Pr
od

uc
tiv

ity
ss
71

56
47

43
3

B
io
m
as
s

G
W
A
S—

do
m
es
tic
at
ed

K
am

fw
a
et

al
.

(2
01

5)

(c
on

tin
ue
d)

38 V. Di Vittori et al.



Ta
b
le

2.
1

(c
on

tin
ue
d)

C
hr
om

os
om

e
D
om

es
tic
at
io
n
tr
ai
t

ca
te
go

ry
L
oc
us
/Q
T
L
/g
en
e
na
m
e

T
ra
it/
fu
nc
tio

n
A
pp

ro
ac
h
an
d
po

pu
la
tio

n
L
ite
ra
tu
re

Pv
08

Pr
od

uc
tiv

ity
ss
71

56
39

40
8

B
io
m
as
s

G
W
A
S—

do
m
es
tic
at
ed

K
am

fw
a
et

al
.

(2
01

5)

Pv
01

Pr
od

uc
tiv

ity
H
I

H
ar
ve
st
in
de
x

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

K
oi
na
ng

e
et

al
.

(1
99

6)

Pv
08

Pr
od

uc
tiv

ity
H
I

H
ar
ve
st
in
de
x

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

K
oi
na
ng

e
et

al
.

(1
99

6)

Pv
06

Pr
od

uc
tiv

ity
H

H
ar
ve
st
in
de
x

L
in
ka
ge

m
ap
pi
ng

—
F 2

:4
po

p
T
ar
’a
n
et
al
.(
20

02
)

Pv
03

Pr
od

uc
tiv

ity
ss
71

56
39

24
3

H
ar
ve
st
in
de
x

G
W
A
S—

do
m
es
tic
at
ed

K
am

fw
a
et

al
.

(2
01

5)

Pv
03

Pr
od

uc
tiv

ity
ss
71

56
41

14
1

H
ar
ve
st
in
de
x

G
W
A
S—

do
m
es
tic
at
ed

K
am

fw
a
et

al
.

(2
01

5)

Pv
04

Pr
od

uc
tiv

ity
ss
71

56
48

67
7

Po
d
ha
rv
es
t
in
de
x

G
W
A
S—

do
m
es
tic
at
ed

K
am

fw
a
et

al
.

(2
01

5)

Pv
07

Se
ed

an
d
po

d
pi
gm

en
ta
tio

n
P

C
ol
ou

r
of

se
ed

co
at

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

K
oi
na
ng

e
et

al
.

(1
99

6)

Pv
04

Se
ed

an
d
po

d
pi
gm

en
ta
tio

n
G

C
ol
ou

r
of

se
ed

co
at

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

M
cC

le
an

et
al
.

(2
00

2)

Pv
06

Se
ed

an
d
po

d
pi
gm

en
ta
tio

n
V

C
ol
ou

r
of

se
ed

co
at

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

M
cC

le
an

et
al
.

(2
00

2)

Pv
08

Se
ed

an
d
po

d
pi
gm

en
ta
tio

n
C

C
ol
ou

r
of

se
ed

co
at

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

M
cC

le
an

et
al
.

(2
00

2)

Pv
08

Se
ed

an
d
po

d
pi
gm

en
ta
tio

n
G
y

C
ol
ou

r
of

se
ed

co
at

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

M
cC

le
an

et
al
.

(2
00

2)

Pv
09

Se
ed

an
d
po

d
pi
gm

en
ta
tio

n
T

Pa
tte
rn

of
se
ed

co
at

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

M
cC

le
an

et
al
.

(2
00

2)

Pv
10

Se
ed

an
d
po

d
pi
gm

en
ta
tio

n
B
ip

Pa
tte
rn

of
se
ed

co
at

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

M
cC

le
an

et
al
.

(2
00

2)

Pv
10

Se
ed

an
d
po

d
pi
gm

en
ta
tio

n
A
na

Pa
tte
rn

of
se
ed

co
at

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

M
cC

le
an

et
al
.

(2
00

2)

(c
on

tin
ue
d)

2 Domestication and Crop History 39



Ta
b
le

2.
1

(c
on

tin
ue
d)

C
hr
om

os
om

e
D
om

es
tic
at
io
n
tr
ai
t

ca
te
go

ry
L
oc
us
/Q
T
L
/g
en
e
na
m
e

T
ra
it/
fu
nc
tio

n
A
pp

ro
ac
h
an
d
po

pu
la
tio

n
L
ite
ra
tu
re

Pv
10

Se
ed

an
d
po

d
pi
gm

en
ta
tio

n
J

Pa
tte
rn

of
se
ed

co
at

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

M
cC

le
an

et
al
.

(2
00

2)

Pv
03

Se
ed

an
d
po

d
pi
gm

en
ta
tio

n
Z

Pa
tte
rn

of
se
ed

co
at

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

M
cC

le
an

et
al
.

(2
00

2)

Pv
02

Se
ed

an
d
po

d
pi
gm

en
ta
tio

n
y

Po
d
co
lo
ur

L
in
ka
ge

m
ap
pi
ng

—
R
IL
s

K
oi
na
ng

e
et

al
.

(1
99

6)
a C
an
di
da
te

ge
ne

ap
pr
oa
ch

se
ar
ch
in
g
fo
r
ho

m
ol
og

ue
s
ge
ne

w
ith

a
kn

ow
n
fu
nc
tio

n
in

A
.
th
al
ia
na

b C
an
di
da
te

ge
ne

ap
pr
oa
ch

se
ar
ch
in
g
fo
r
ge
no

m
ic

re
gi
on

un
de
r
se
le
ct
io
n
be
tw
ee
n
w
ild

an
d
do

m
es
tic
at
ed

co
m
m
on

be
an

ac
ce
ss
io
ns

c C
an
di
da
te

ge
ne

ap
pr
oa
ch

se
ar
ch
in
g
ho

m
ol
og

ue
s
ge
ne
s
fo
r
tr
an
sc
ri
pt
s
(R
N
A
-s
eq

an
al
ys
is
)
th
at
w
er
e
un

de
r
se
le
ct
io
n
be
tw
ee
n
w
ild

an
d
do

m
es
tic
at
ed

M
es
oa
m
er
ic
an

ac
ce
ss
io
ns

d H
om

ol
og

ue
s
to

A
tS
H
P
(S
H
A
TT

E
R
P
R
O
O
F
),
a
ge
ne

in
vo

lv
ed

in
th
e
se
ed

di
sp
er
sa
l
in

A
.
th
al
ia
na

e H
om

ol
og

ue
s
to

A
tI
N
D

(I
N
D
E
H
IS
C
E
N
T)
,
a
ge
ne

in
vo

lv
ed

in
th
e
se
ed

di
sp
er
sa
l
in

A
.
th
al
ia
na

f H
om

ol
og

ue
s
to

TF
L1

(T
E
R
M
IN
A
L
F
LO

W
E
R
1)

th
at

co
nt
ro
ls
de
te
rm

in
ac
y
in

A
.
th
al
ia
na

g H
om

ol
og

ue
s
to

a
Y
A
B
B
Y
-l
ik
e
tr
an
sc
ri
pt
io
n
fa
ct
or

(F
A
SC

IA
TE

D
)
th
at

co
nt
ro
ls
nu

m
be
r
of

lo
cu
le
s
an
d
fr
ui
t
si
ze

in
to
m
at
o

h H
om

ol
og

ue
s
to

V
R
N
1
(V
E
R
N
A
LI
SA

TI
O
N

1)
,
a
ge
ne

in
vo

lv
ed

in
th
e
ve
rn
al
is
at
io
n
pa
th
w
ay

an
d
fl
ow

er
in
g
tim

e
i H
om

ol
og

ue
s
to

V
R
N
2
(V
E
R
N
A
LI
SA

TI
O
N

2)
,
a
ge
ne

in
vo

lv
ed

in
th
e
ve
rn
al
is
at
io
n
pa
th
w
ay

an
d
fl
ow

er
in
g
tim

e
j H
om

ol
og

ue
s
to

G
I
(G

IG
A
N
TE

A
),
in
vo

lv
ed

in
th
e
ph

ot
op

er
io
d
re
sp
on

se
an
d
flo

w
er
in
g
tim

e

40 V. Di Vittori et al.



SHATTERPROOF-1 (SHP1; Nanni et al. 2011)
and INDEHISCENT (IND; Gioia et al. 2013b)
genes. These represent two genes that are directly
involved in seed shattering and the primary fac-
tors that are required for silique shattering in this
species (Liljegren et al. 2000, 2004). Nanni et al.
(2011) identified, characterised and mapped a
sequence (PvSHP1) in the common bean using
the RIL mapping populations BAT93 � Jalo
EEP558 (Freyre et al. 1998) and Midas �
G12873 (MG RIL population; Koinange et al.
1996). They mapped PvSHP1 to chromosome
Pv06, in proximity to the V gene that controls
flower colour in the common bean (Nodari et al.
1993; McClean et al. 2002), although on a dif-
ferent chromosome from that of the St locus.
Similarly, Gioia et al. (2013b) identified and

mapped the PvIND (GenBank KC192374)
sequence using the same mapping populations as
Nanni et al. (2011). PvIND was located on
chromosome Pv02 near to the St locus, although
complete segregation between these two loci was
not observed. Moreover, when Gioia et al.
(2013b) examined the association between
polymorphisms in the PvIND sequence and the
dehiscent/indehiscent phenotype in 105 wild and
domesticated lines, they did not identify any
SNPs that were significantly associated with pod
shattering.

Studies have indicated that a convergent
phenotypic response to selection due to domes-
tication for a specific trait might not be produced
by the same molecular mechanism, also in rela-
ted species (Nanni et al. 2011; Doust et al. 2004).

Fig. 2.1 Seed dispersal mechanism of the common bean.
a From Prakken (1934): location and content of fibres,
parenchymatic and wood cells in the dorsal and ventral
sheets of the pod valves in stringy (dehiscent, bottom),
stringless (indehiscent, above) and intermediate varieties

(in the middle); b from Lamprecht (1932): schematisation
of the hypothesis of Lamprecht (1932) on the genetic
control of pod shattering in common bean; c domesticated
pods and seeds, on the left, and twisted pods and seeds
from a wild common bean, on the right
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2.5.2 Seed Dormancy

Seed dormancy is a plant strategy that allows the
delay of seed germination to avoid seedling
growth under unfavourable environmental condi-
tions. Loss of seed dormancy is considered as a
main trait in the domestication syndrome in
common bean and other crop species because this
is crucial for cultivation (Koinange et al. 1996).
The reduction of dormancy in domesticated beans
has ensured more rapid and simultaneous germi-
nation. Very few studies on the seed dormancy
trait have been carried out, and when Koinange
et al. (1996) investigated genetic control of the
domestication syndrome in the common bean,
they identified four unlinked QTLs on chromo-
somes Pv02, Pv03 and Pv04. These four QTLs
cumulatively explained 69% of the total pheno-
typic variation for the seed dormancy trait.

2.5.3 Growth Habit

The bush growth type is a common feature that
characterises the compact growth habit of the
domesticated common bean, which includes no
twining branches, few vegetative nodes and long
internodes. Among the traits that contribute to
this growth habit, the main descriptors of the
plant architecture include the climbing ability,
twining, number of nodes on the main stem,
number of branches on the main stem, number of
pods, internode length and plant height and
width. Several differences between wild and
domesticated common bean can be observed, and
there is also variability between the domesticated
genotypes. In addition, these traits have an
impact on the agriculture practices and on the
yield and they can also be correlated to each
other and subjected to the effects of the envi-
ronment. Indeed, the length of the main stem (i.e.
the plant height) is related to the numbers and
lengths of the internodes, while the internode
length (which also changes along the main stem)
depends mainly on the environmental effects and
the growth stage of the plant (Debouck et al.
1986).

The common bean plant can be either deter-
minate or indeterminate for its growth habit,
which is defined by the characteristics of the
terminal part of the stem and branches (Fernán-
dez et al. 1986). The common bean shows a wide
range of phenotypic variability for this
determinate/indeterminate trait that can be sum-
marised as five main types (Evans 1973; Singh
1982; Debouck et al. 1986; Fernández et al.
1986; Leakey 1988):

Type I: determinate bush growth habit that
shows reproductive terminal buds both on the
main stem and on the branches (Singh 1982).
After flowering, apical vegetative growth stops.

Type II: indeterminate bush growth habit with
a vegetative bud on the apical part of both the
main stem and the branches. After flowering,
new leaves and vegetative nodes are produced.

Type III: indeterminate climber growth habit
that is characterised by open branches and
semi-prostrate habit. In some cases, these have
moderate climbing ability.

Type IV: indeterminate climber growth habit
with very long branches that show strong
climbing and twining.

Type V: determinate climber growth habit that
shows climbing and twining.

Wild common bean is indeterminate, and
selection for the more compact growth habit (e.g.
the bush habit) was one of the aims of the
domestication process and breeding to promote
earlier flowering and maturation (e.g. determi-
nacy) in the crops compared to the wild ances-
tors. The inheritance of determinacy was
investigated using a linkage mapping approach
and segregation analysis in the RIL population of
Midas � G12873 (Koinange et al. 1996), and a
single locus (fin) that controlled determinacy was
identified on chromosome Pv01.

Using a candidate gene approach on two RIL
of the BAT93 � Jalo EEP 558 (Freyre et al.
1998) and Midas � G12873 (Koinange et al.
1996) mapping populations, Kwak et al. (2008)
mapped PvTLF1y to chromosome Pv01, which is
a sequence homologous to Terminal Flower 1
(TLF1) of A. thaliana (Shannon and
Meeks-Wagner 1991). This locus is responsible
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for the development of the terminal flower, and it
acts as a repressor of flowering, with a role in the
inflorescence meristem identity, and
co-segregates with the fin locus (i.e. determi-
nacy). Foucher et al. (2003) identified PsTFL1a,
a pea homologue of TFL1, as the gene control-
ling the determinacy phenotype in pea (Pisum
sativum L.). More recently, Repinsky et al.
(2012) confirmed the co-segregation of PvTLF1
and fin and validated the function of PvTFL1y,
whereby they confirmed it as the functional
homologue of TFL1. Indeed, Repinsky et al.
(2012) detected a 32–133-fold decrease in
expression between the indeterminate haplotype
BAT93 and the determinate haplotype CDRK,
and the reduction in the expression was 20–
91-fold for the determinate G00750 compared to
BAT93. This finding confirmed the function of
PvTFL1y as a flowering repressor, as it prevents
the transition of the vegetative apical bud into a
terminal flower. PvTFL1y sequences for some
important reference lines of the common bean
have been deposited with GenBank (Repinsky
et al. 2012).

Moghaddam et al. (2016) used GWAS anal-
ysis on a panel of 280 domesticated common
bean genotypes and confirmed the co-localisation
on chromosome Pv01 of PvTFL1y
(Phvul.001G189200) and the fin locus (determi-
nacy) (Koinange et al. 1996; Kwak et al. 2008;
Repinsky et al. 2012). When performing GWAS
analysis with the exclusion of the determinate
genotypes, they also detected significant associ-
ations with other QTLs on chromosomes Pv04,
Pv06, Pv07 and Pv11, which were not detected
using the entire collection.

Among the five growth habit classes, three
include common beans that can climb and also
have erect growth if supports are provided. In a
traditional intercropping system known as
‘milpa’, the common bean is also cultivated in
association with maize (Zea mays L.), which
provides the support, and also maybe including
squash (Cucurbita spp.). Moreover, climbing is
related to twining, another important feature that
characterises the main stem of the common bean.

For the climbing ability, using the RIL pop-
ulation G2333 � G19839, Checa and Blair

(2008) identified seven QTLs. G2333 is an
indeterminate climbing (Type IV) Mesoamerican
landrace, while G19839 is an indeterminate bush
(Type II) Andean landrace. Among these seven
QTLs, one was located on chromosome Pv04
(Cab 1-1) in two field trials at 45 days after
planting, in the same genomic region in which a
further QTL (Cab 2-1) was associated with the
climbing ability at two sowing locations and at
75 days after planting. The other five QTLs were
mapped by Checa and Blair (2008) to chromo-
somes Pv04 (Cab 1-2), in the same genomic
region where QTLs for plant height and intern-
ode length were also located, Pv05 (Cab 1-3),
Pv07 (Cab 1-4), near the Phs locus (i.e. the
phaseolin gene), Pv10 (Cab 1-5), and Pv11 (Cab
1-6).

In their investigations into the genetic control
of the twining predisposition using the Midas
(non-twining) � G12873 (twining) RIL popula-
tion, Koinange et al. (1996) mapped this trait
(Tor) in the same region as fin (i.e. chromosome
Pv01), the locus for determinacy. As a possible
explanation, they proposed that the fin locus
might have a pleiotropic effect on both determi-
nacy and twining, or that the genes responsible
for these two traits are strictly associated in the
MG RIL population.

Among the growth habit traits, the number of
nodes and the number of branches on the main
stem are considered to be reliable descriptors for
the common bean phenotypic architecture.
Domestication caused a reduction in the number
of nodes in the main stem, and for this trait, three
QTLs were defined by Koinange et al. (1996).
One of these, on chromosome Pv01, was linked
to the fin locus for determinacy in the same
genomic region where QTLs related to earliness
and number of pods were mapped. Similarly, for
the two other QTLs, which were mapped in the
same regions where QTLs for earliness traits,
yield components and plant architecture were
identified, one was located on chromosome
Pv01, tightly linked to the Ppd locus for the
photoperiod sensitivity, and the other on chro-
mosome Pv08.

Tar’an et al. (2002) studied 142 F2:4 individ-
uals derived from a cross between two inbred
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lines: OAC Seaforth (determinate bush; Type I)
and OAC 95-4 (indeterminate bush; Type II).
They mapped one QTL for the number of nodes
of the main stem on chromosome Pv10. They
also identified a QTL on chromosome Pv04, for
the number of branches on the main stem, as did
Checa and Blair (2008), who mapped a QTL for
the number of branches (Brn1) in the same
region. Moreover, Brn1 was located close to
other QTLs for plant architecture traits, such as
climbing ability, internode length and plant
height (Checa and Blair 2008).

For the common bean, the domesticated
growth habit is generally characterised by a
lower number of pods per plant, on the main
stem and branches. The parental lines of the
MG RIL population (Koinange et al. 1996) are
representative for this trait. Indeed, the domesti-
cated parent Midas produced a mean of 13.9
pods per plant, while the wild parent G12873
gave 43.2 pods per plant. Using the molecular
linkage mapping approach for the number of
pods, six QTLs were mapped in two different
RIL populations derived from a cross between
wild and domesticated parental lines (Koinange
et al. 1996; Blair et al. 2006, using a backcross
BC2F3:5 population derived from a cross between
ICA Cerinza, cultivated, Type I and G24404,
wild, Type IV). Two QTLs were mapped, on
chromosome Pv01 linked to the fin locus, and on
chromosome Pv08 in the same region where
QTLs for the number of nodes on the main stem
and the earliness traits were identified (Koinange
et al. 1996). The other four QTLs were mapped
on Pv04 (D14 on the Midas � G12873 linkage
map; Koinange et al. 1996) and on chromosomes
Pv07 (Pp7.2), Pv09 (Pp9.2) and Pv11 (Pp11.3)
(Blair et al. 2006). Using the same approach on
domesticated individuals, Tar’an et al. (2002)
identified a further QTL for the number of pods
(PPP) on chromosome Pv04, in a region where
QTLs for numbers of branches (Tar’an et al.
2002; Checa and Blair 2008), climbing ability,
plant height and internode length (Checa and
Blair 2008) have been identified. More recently,
Kamfwa et al. (2015) using a GWAS approach
with the Illumina BARCBean6K_3 BeadChip

genotyped 237 Andean domesticated individuals
(i.e. varieties, elite lines, landraces). They sear-
ched for genomic regions that were associated
with important agronomic traits that are also
related to the domestication process, and they
identified two significant QTLs for the number of
pods on chromosomes Pv05 and Pv07.

As indicated above, internode length is a
growth habit trait that can show high phenotypic
variability due to both the different growth stage
of the plant and environmental effects. In general,
domestication selected individuals with lower
numbers of vegetative nodes on the main stem,
although with longer internodes, which corre-
spond to the stem portion between neighbouring
nodes. Using the molecular linkage mapping
approach for the internode length, a QTL (L5) was
mapped to chromosome Pv01 by Koinange et al.
(1996), while Checa and Blair (2008) worked on
the G2333 � G19839 RIL population and map-
ped four QTLs, one on chromosome Pv03 (Int1)
and three on chromosome Pv04 (Int2, Int3, Int4).
Interestingly, most of the QTLs associated with
plant architecture were mapped to chromosome
Pv01 by Koinange et al. (1996), Checa and Blair
(2008), using domesticated individuals, observed
the co-localisation of QTLs for plant architecture
traits on chromosome Pv04. To dissect out the
plant architecture components, Blair et al. (2006)
searched for QTLs for plant height identifying
four QTLs, one on chromosome Pv01, two on
chromosome Pv06 and one on chromosome Pv07.
Working on a RIL population derived from a
cross between wild and domesticated lines, Blair
et al. (2006) also mapped three QTLs for plant
width to chromosomes Pv06 (two QTLs) and
Pv07. Interestingly, the QTL for plant height on
chromosome Pv07 (ph7.1) was close to the Ph
(phaseolin) locus, and it fell in the same region
where Checa and Blair (2008) mapped the QTL
Cab 1-4 for climbing ability. Using the same
approaches on domesticated materials, a QTL for
plant height was mapped to chromosome Pv07 by
Tar’an et al. (2002); this QTL mapped near to
PvTFL1z (Kwak et al. 2008), another homologue
of Terminal flower1 that controls the indetermi-
nate phenotype in A. thaliana.
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2.5.4 Gigantism

During the domestication process, humans
propagated the individuals that showed appre-
ciable features for consumption, and in general
the selection was related to all of the usable parts
of the plants, such as the edible parts, which can
differ on different species. In legumes such as the
common bean, artificial selection favoured large
pods and seeds. Indeed, one of the most obvious
differences between wild and domesticated beans
is the different of shapes, sizes and weights of the
fruits, which together constitute the trait known
as ‘gigantism’.

Pod length and pod weight are two traits that
are considerably important in terms of yield.
Three QTLs related to pod length were mapped
by Koinange et al. (1996) using linkage mapping
approaches, on chromosomes Pv02, Pv07 and
Pv11 (as D1b, in Freyre et al. 1998). The QTL on
chromosome Pv11 was the most significant, as
this explained 23% of the total phenotypic vari-
ance, while the three QTLs together explained
37% of the total phenotypic variance for pod
length.

More recently, three QTLs that mapped on
chromosome Pv08 were associated with pod
weight, using GWAS analysis on Andean
domesticated individuals (Kamfwa et al. 2015).
The SNP showing the highest association with
pod weight (i.e. ss715639408; P = 4.3 � 10−8;
position 5150618) was also associated with plant
biomass (as g/plant). Indeed, the trait of pod
weight contributes to the biomass, and the sig-
nificant genetic association between these two
traits might depend on the high phenotypic cor-
relation between them (r = 0.87; P = 0.001;
Kamfwa et al. 2015). Moreover, and of particular
interest, two significant SNPs on chromosome
Pv08 (ss715639408, ss715649359) were com-
mon to the traits of pod weight and yield/plant
(as g seed/plant). Thus, Kamfwa et al. (2015)
suggested that the same gene might have pleio-
tropic effects on these two traits, or that two
distinct genes that reside on the same linkage
disequilibrium (LD) block are associated with the
same SNP.

For seeds traits, 100-seed weight has the main
role for gigantism features, and together with
seed length, seed height and seed width, char-
acterises the domestication process in common
bean, mainly in terms of the changes in seed
shape and size. One-hundred seed weight is one
of the main traits that affect the yield, and there is
a wide variability for this trait among the
domesticated individuals. Many efforts have
been made to understand the genetic control of
this quantitative trait. Four significant QTLs were
mapped on chromosomes Pv01, Pv07 and Pv11
on the Midas � G12873 molecular linkage map
(Koinange et al. 1996). The QTLs with the
highest significant effects were those on chro-
mosomes Pv01 and Pv07 (P = 0.001), in prox-
imity to the Phs locus for the phaseolin gene,
explaining 18% and 27% of the total observed
phenotypic variance, respectively. Using similar
QTL mapping approaches, other studies identi-
fied several QTLs for 100-seed weight on many
of the common bean chromosomes (i.e. Pv02,
Pv03, Pv04, Pv06, Pv07, Pv08, Pv09, Pv10,
Pv11), both when wild and domesticated (Blair
et al. 2006) or only domesticated (Tar’an et al.
2002; Pérez-Vega et al. 2010) accessions were
compared. One of the QTLs on chromosome
Pv07 (sw7.1) was linked to the phaseolin locus
(Blair et al. 2006), in agreement to previous
observations (Koinange et al. 1996). A QTL
(SW6) identified on chromosome Pv06 (Pér-
ez-Vega et al. 2010) mapped near QTLs for seed
length (SL6) and seed height (SH6), in the same
location as QTL SW6.1 (Blair et al. 2006).
Moreover, Pérez-Vega et al. (2010) identified
additional QTLs for seed weight (SW8.1 and
SW8.2) on chromosome Pv08, where also QTL
for seed height (SH8) and seed length (SL8) were
detected. Cumulatively, these three QTLs for
seed weight explained 54% of the total pheno-
typic variance, with high correlation both
between 100-seed weight and seed length
(r = 0.83; P < 0.05), and between seed weight
and seed height (r = 0.74; P < 0.05). Further,
QTLs for seed size-related traits (i.e. length,
width) were also identified on chromosomes
Pv02, Pv03, Pv06, Pv07 and Pv10.
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More recently, Schmutz et al. (2014) per-
formed diversity and population differentiation
analyses on a set of wild and landrace individu-
als, and they identified different genomic regions
as putatively under selection (i.e. 1835
Mesoamerican, 748 Andean physically mapped
candidate genes for the domestication process).
Among these genes, they highlighted
Phvul.008G168000 (Mesoamerican candidate
gene) that encodes nitrate reductase, an enzyme
that has an important role in plant nitrogen
assimilation and seed growth. Interestingly, this
gene was physically mapped to chromosome
Pv08, near SW8.2, the QTL that was previously
associated with 100-seed weight (Pérez-Vega
et al. 2010).

To validate the Mesoamerican candidate genes
that were under selection and to discover the
genetic architecture of the seed weight trait, Sch-
mutz et al. (2014) further examined their candidate
genes for seed weight using a GWAS approach on
a set of 271 modern common bean varieties from
the Mesoamerican gene pool. Three genes were
confirmed by GWAS among the 15 candidate
genes previously shown putatively under selection
in relation to seed weight. The GWAS approach
also placed several domestication candidates rela-
ted to seed weight, which showed extensive link-
age disequilibrium, on one sweep window on
chromosome Pv07 (Schmutz et al. 2014).

These data show that searching for candidate
genes in genomic regions under selection can be
a reliable approach, and GWAS analysis repre-
sents a powerful tool for validation of candidate
genes, especially when the possibility to compare
genetic and physical maps can be exploited.

Bellucci et al. (2014a) used RNA-seq tech-
niques and identified 2364 transcripts (repre-
senting *9% of the total transcriptome) that
showed signatures of selection between wild and
domesticated Mesoamerican accessions. They
focussed on the transcripts with higher selection
index and analysed the functions of these genes
while searching for homologies with genes rela-
ted to the domestication process in different
species. An interesting example here was related
to fruit size (Bellucci et al. 2014a), a contig
homolog of YABBY5 (YAB5) that was puta-
tively under selection. YABBY5 is a transcrip-
tion factor implicated in the regulation of seed
shattering in cereal species, including sorghum
(Sorghum bicolor), rice and maize (Lin et al.
2012). A YAB-like transcription factor (FAS-
CIATED), which increases the number of
locules, was also associated with the control of
carpel number and fruit development in tomato
(Cong et al. 2008). Indeed, the process that leads
to larger fruit in the domesticated races consists
of two main aspects: increased cell division and a
greater number of organs in the fruit (Fig. 2.2).

S. pimpinellifolium

2 locules
3-4 locules fas

> 6  locules

S. lycopersicum

Fig. 2.2 FASCIATED (fas): an example of a domestica-
tion gene related to gigantism, a homologue of a contig
that is putatively under selection that was identified by
Bellucci et al. (2014a). Locule number evolution during

tomato domestication, from S. pimpinellifolium (two
locules), which is considered as the wild ancestor of
tomato, to the cultivated S. lycopersicum (as described in
Muños et al. 2011)
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2.5.5 Earliness

A common feature among crops is that they
flower and mature earlier than in the wild, which
represent a key factor in domestication, also
considering that simultaneous flowering can
guarantee simultaneous maturation and harvest-
ing. The number of days to flowering is a trait
that describes the number of days between
planting and flowering, while the days to matu-
rity corresponds to the days needed for the mat-
uration of the pods. Therefore, different studies
have been dedicated to these phenological traits.
Ten QTLs associated with days to flowering
were detected across chromosomes Pv01 (Koi-
nange et al. 1996; Blair et al. 2006), Pv02, Pv06,
Pv09, Pv11 (Blair et al. 2006) and Pv08 (Koi-
nange et al. 1996), using a molecular linkage
mapping approach with populations derived from
a cross between wild and domesticated geno-
types. Interestingly, one QTL on chromosome
Pv01 (Koinange et al. 1996) explained 38% of
the total phenotypic variance for flowering time.
At the same time, it was close to fin, a gene for
determinacy, and co-localised with QTLs for the
number of nodes on the main stem, the number
of pods and the days to maturity. Likewise, other
QTLs were detected on the same chromosomes
in populations derived from a cross between
domesticated individuals; Pérez-Vega et al.
(2010) mapped indeed three QTLs on chromo-
somes Pv01, Pv02 and Pv08. Interestingly, in
this population, the QTL on chromosome Pv01
was the closest to the fin locus, confirming the
observation of Koinange et al. (1996), both
regarding the QTL position and the
co-localisation of genes for determinacy and
phenology traits.

Further interesting examples of co-localisation
between genes for earliness and other domesti-
cation traits were reported by Koinange et al.
(1996), who mapped the number of days to
flowering and the sensitivity to photoperiod (Ppd
locus) in the same genomic region on chromo-
some Pv01. Moreover, Blair et al. (2006) map-
ped two QTLs for days to flowering to
chromosome Pv06, close to V, a flower colour
locus (Nodari et al. 1993; McClean et al. 2002),

and PvSHP1, a homologous gene to Shatter-
proof, which controls seed shattering in A.
thaliana (Nanni et al. 2011). However, the most
significant QTLs reported by Blair et al. (2006)
were those on chromosome Pv09 (df9.1, df9.2),
which suggested a parallelism with the observa-
tion of Tar’an et al. (2002). Indeed, using a
population that was derived from a cross between
two domesticated lines, Tar’an et al. (2002)
identified a significant QTL for days to flowering
on chromosome Pv09, close to the growth habit
locus (GH) that encodes for the
determinate/indeterminate phenotype in this
population. They thus provided evidence of the
co-localisation of genes for determinacy and
phenology traits, although on a different chro-
mosome to Koinange et al. (1996) and Pér-
ez-Vega et al. (2010) who co-mapped days to
flowering and determinacy on chromosome
Pv01. Through the GWAS approach and by
analysing domesticated genotypes, significant
QTLs for days to flowering were detected on
chromosome Pv01 by Kamfwa et al. (2015) and
Moghaddam et al. (2016), which confirmed the
observations of Koinange et al. (1996), Blair
et al. (2006) and Pérez-Vega et al. (2010). Other
QTLs have also been found on chromosome
Pv08 (Kamfwa et al. 2015), as previously
reported (Koinange et al. 1996; Pérez-Vega et al.
2010). Considering the days to maturity, two
QTLs were reported on chromosome Pv01
(Koinange et al. 1996), one on each of chromo-
somes Pv05 and Pv07 (Blair et al. 2006) and one
on chromosome Pv08 (Koinange et al. 1996).

The co-localisation observed between QTLs
for days to flowering and days to maturity on
chromosomes Pv01 and Pv08 by Koinange et al.
(1996) is of particular interest. One QTL on
chromosome Pv01 (Koinange et al. 1996) is
mapped close to the fin locus for determinacy,
and it explained 30% of the total phenotypic
variance. In contrast, Blair et al. (2006) did not
find QTLs on chromosome Pv01 and identified
QTLs for days to maturity on different chromo-
somes than those reported for days to flowering.

Considering studies conducted only on
domesticated genotypes, further QTLs were
found on chromosomes Pv01, Pv02 and Pv06
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(Pérez-Vega et al. 2010), and on chromosomes
Pv09 and Pv10 (Tar’an et al. 2002). Likewise, in
the study by Pérez-Vega et al. (2010), days to
flowering and days to maturity co-mapped on
chromosome Pv01, close to the fin locus, and on
chromosome Pv02. This was also observed by
Tar’an et al. (2002) on chromosome Pv09, which
suggested that neighbouring genes control these
two traits, or that pleiotropic effects might be
involved in the genetic control of days to flow-
ering and days to maturity.

Recent results provided by GWAS analysis
confirmed a significant QTL for days to maturity
on chromosome Pv01 (Kamfwa et al. 2015). In
this case, the significant SNP reported for days to
maturity (ss715646578; SNP position 48340819)
was also significant for days to flowering, which
confirmed that these two traits co-map in popu-
lations with different genetic backgrounds. In
addition to the genetic association between these
two traits, significant phenotypic correlation was
detected between days to flowering and days to
maturity in different populations (r = 0.64,
Tar’an et al. 2002; r = 0.67, Pérez-Vega et al.
2010; r = 0.70, Kamfwa et al. 2015). Bellucci
et al. (2014a) used RNA-seq on a set of wild and
domesticated accessions, and among the tran-
scripts that showed selection signatures, they
identified a homologue of the Vernalisation
genes of Arabidosis, which are involved in the
vernalisation pathway to promote flowering in A.
thaliana. These genes have a crucial function;
indeed, a long cold period can be needed to
promote flowering in many species, and some
plants bloom only after winter. The Arabidopsis
Vernalisation genes act by repression of FLC,
which is a floral repressor, and after a long period
of cold, FLC mRNA decreases due to the
increased expression of genes such as VRN1,
which thus indirectly controls the flowering time.
Moreover, Schmutz et al. (2014) reported several
genomic regions that were associated with the
domestication process, and among these, they
identified homologous genes for VRN1
(Phvul.003G033400) on chromosome Pv03, and
VRN2 (Phvul.002G000500) on chromosome
Pv02, as a Mesoamerican candidate gene.

Also, in this case, these studies on earliness
demonstrate that searching for genes associated
with domestication and looking for selection
signals across the genome between wild and
domesticated individuals appears to be a very
promising approach.

2.5.6 Photoperiod Sensitivity

The response to photoperiod is a trait that is
strictly dependent on the environment in which
the species originated, evolved and adapted, with
the regulation of flowering time with respect to
day length. Long-day plants bloom when the
length of the day tends to increase, with >12 h of
daylight, while short-day species flower when the
length of the day is <12 h. Based on this sensi-
tivity to the photoperiod, a species cannot be
cultivated at all latitudes, unless it is day-neutral or
indifferent to the photoperiod. While domesticated
individuals have become insensitive to the pho-
toperiod, individuals introduced into areas to
which they are not adapted bloom later or do not
bloom at all. In common bean, this trait was
measured as the delay in flowering under a day
length of 16 h, compared to 12 h. This descriptor
is appropriate to detect the delay in flowering in
wild individuals that flower only under short days,
compared to domesticated individuals in which no
delay in flowering has been highlighted under
long days, as observed by Koinange et al. (1996).
A molecular linkage mapping approach to the RIL
population of Midas � G12873 detected two
QTLs for photoperiod sensitivity, on chromo-
somes Pv01 and Pv11 (Koinange et al. 1996).
The QTL on chromosome Pv01 mapped to the
same region as number of nodes on the main stem,
100-seed weight, days to flowering and days to
maturity (Koinange et al. 1996). These corre-
sponded to the Ppd locus for photoperiod sensi-
tivity (Wallace et al. 1993) and were linked to the
fin locus for determinacy (Koinange et al. 1996),
and they explained 44% of the total phenotypic
variance. The QTL mapped to chromosome Pv11
was close to the marker D1479 and explained
17% of the total phenotypic variance.
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More recently, Bellucci et al. (2014a) used
RNA-seq technology for a genome-wide analysis
and reported several candidate genes related to
the photoperiod response. These genes appeared
to be related to domestication because they
specifically investigated the function of the genes
putatively under selection during domestication.
Among these, a homologous sequence to
GIGANTEA (GI) was found to be under selec-
tion. In A. thaliana, this gene has an important
role in flowering and in the regulation of other

genes, such as CONSTANS (CO) and FLOW-
ERING TIME (FT), to induce flowering under
long days. Interestingly, CO and FT (the target
genes of GI; Fig. 2.3) were reported as targets of
selection during domestication in rice and sun-
flower (Blackman et al. 2011; Takahashi and
Shimamoto 2011; Wu et al. 2013), and FT is the
target gene of the Floral repressor FLC, which
in turn is repressed by the Arabidopsis Vernali-
sation genes, which were also found as under
selection in Bellucci et al. (2014a).
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Fig. 2.3 GIGANTEA: an example of a domestication
gene related to photoperiod sensitivity, reported by
Bellucci et al. (2014a) as among the genes with high
selection coefficient. GIGANTEA (GI; red) acts upstream
of the CO (CONSTANS) and FT (FLOWERING LOCUS
T) genes, as its rice ortolog Hd1, in the flowering
pathway, to induce flowering in under long-day (Ara-
bidopsis) and short-day (Oryza sativa) conditions. In
addition, CO controls the responses of the downstream

genes, AP1 (APETALA 1) in Arabidopsis and Hd3a in rice
(an Arabidopsis FT homologue). Also, a homologue of
AP1, Vrn1 (red asterisk) was found among the genes
under selection in Bellucci et al. (2014a). The numbers
indicate homologous genes that have been reported as
targets of selection in other crop species: 1. rapeseed
BnFLC.A10; 2. wheat Vrn1; 3. wheat Vrn2; 4. lentil SN;
5. maize ZmCCT; 6. pea HR; 7. sunflower HaFT1
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2.5.7 Productivity

Artificial selection led towards a reduction in the
number of pods and seeds in common bean,
although without reducing yield, which increased
in the cultivated plants. Among the domestica-
tion syndrome traits, the harvest index is a widely
used descriptor to quantify plant productivity, as
the measure of the ratio between seed yield and
plant biomass. However, yield depends on sev-
eral factors, like the size and number of seeds per
plant, and it can be measured as yield/plant and
yield/surface area. Using the molecular linkage
mapping approach, two significant QTLs for
harvest index were found on chromosomes Pv01
and Pv08, in the same region where QTLs for
100-seed weight (Pv01) and number of pods
(Pv08) were detected (Koinange et al. 1996).
Working on domesticated individuals, Tar’an
et al. (2002) used a linkage mapping approach to
map one QTL on chromosome Pv06, in contrast
to Kamfwa et al. (2015), who identified two
significant SNPs on chromosome Pv03 using a
GWAS approach. The different genetic structures
of the populations used in these studies might
explain these divergent data, which confirms that
yield has wide variability between wild and
domesticated individuals and among domesti-
cated varieties.

When dissecting yield into its component
parts, other QTLs were detected in different
studies: three QTLs were found for seeds per
plant, one on chromosome Pv06 and two on
chromosome Pv07 (Blair et al. 2006), while
Kamfwa et al. (2015) used a GWAS approach to
identify two QTLs, on chromosomes Pv03 and
Pv05. For the trait of seed yield (kg/ha), nine
QTLs were detected, one on chromosome Pv02,
two on chromosome Pv03, four on chromosome
Pv04 and two on chromosome Pv09 (Blair et al.
2006). Similarly, Kamfwa et al. (2015) used a
GWAS approach to identify two QTLs for seed
yield, on chromosomes Pv03 and Pv09, and
Tar’an et al. (2002) mapped three QTLs for the
same trait, one of which was on chromosome
Pv09. Moreover, Kamfwa et al. (2015) detected a
significant SNP for the trait of yield per plant on
chromosome Pv09, and two QTLs on

chromosome Pv08, one of which (ss715639408;
position Ch8:5150618) was also significant for
pod weight and plant biomass. Using different
approaches and populations with different
genetic backgrounds, the major components of
yield have therefore been identified on chromo-
somes Pv01 (Koinange et al. 1996), Pv03 (Blair
et al. 2006; Kamfwa et al. 2015), Pv08 (Koi-
nange et al. 1996; Kamfwa et al. 2015) and Pv09
(Tar’an et al. 2002; Blair et al. 2006; Kamfwa
et al. 2015). The pod harvest index is a further
component of yield, which is measured as the
ratio between seed weight and weight of the
fertile pods. This was mapped by Kamfwa et al.
(2015) to chromosome Pv04 using a GWAS
approach on a set of domesticated accessions.

From these studies, it has emerged that the
increased productivity observed in the domesti-
cated individuals compared with their wild pro-
genitors is due to several traits. These traits might
in turn be under the control of multiple genes,
which suggest both a relationship between the
yield components and complex genetic control
for the harvest index.

2.5.8 Seed and Pod Pigmentation

Although the selection process is generally cor-
related with a reduction in genetic diversity at
target loci going from the wild to the domesti-
cated individuals, domestication has led to an
increase in the phenotypic variability for some
domestication-related traits (Bellucci et al.
2014a). In the case of the domestication of beans,
human selection has led to seeds and pods with a
wide range of colours and colour patterns. This
process has increased the diversification between
the wild and domesticated individuals, and it has
also contributed to the diversification and
increased variability within the domesticated
forms. As an example, in the commercial vari-
eties, the two domesticated lines from which
Pérez-Vega et al. (2010) developed their map-
ping population, Xana and Cornell 49242,
showed marked differences for seed traits. Xana
is described as a white and large-seeded line,
while Cornell 49242 has small and black seeds.
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Also Midas and G12873, the domesticated and
wild parental lines of the MG RIL population
used by Koinange et al. (1996), are very different
in terms of seed colours. Midas is a domesticated
snap bean that has white seeds, while G12873 is
a wild Mesoamerican accession that has pig-
mented seeds, with an agouti colour.

A locus for seed colour, P, was identified on
chromosome Pv07 in proximity to the Phs locus
(phaseolin) and in a region near to the QTL for
100-seed weight (Koinange et al. 1996). The
y locus for pod colour (i.e. green vs yellow) was
also mapped to chromosome Pv02. These traits
were treated as qualitative, with the hypothesis
that the seed and fruit colours are both controlled
by a single gene. Later, McClean et al. (2002)
also investigated the genetic basis of the colour
patterns for the seeds of the common bean, and
they phenotypically mapped several loci that had
been previously identified as associated with
seed colour. They also developed different
molecular markers (i.e. RAPD, STS) that were
associated with these genes and mapped them in
the core linkage map (Freyre et al. 1998). The
loci G, V, C and Gy for seed colour were located
to chromosomes Pv04, Pv06 and Pv08, while for
the seed coat pattern they mapped T, Bip, Ana,
J and Z to chromosomes Pv03, Pv09 and Pv10.
All of these genes interacted with each other for
the determination of the wide range of coloura-
tion and colour pattern of the seeds, while the
gene P controlled the absence or presence of the
pigmentation. In more detail, a dominant allele at
the P locus (PP, P-) determined the presence of
colour in the flowers and seeds (Emerson 1909),
while the recessive genotype, pp, results in white
flowers and seeds, as for the domesticated
accession ‘Midas’ in Koinange et al. (1996).

2.6 Conclusions

With the release of the reference genomes of both
the Mesoamerican and Andean genotypes, a new
era of genetic and genomics studies has begun
for the common bean and the other Phaseolus
spp. More insight into the common bean geno-
mics can be achieved by exploiting the reference

genome sequences and the derived new tools to
focus on the major phenotypic changes that
occurred during domestication and the successive
episodes of improvement, including modern
plant breeding. Identification of the molecular
basis of the domestication syndrome would also
be a major step towards our understanding of the
evolutionary processes and provide a useful les-
son to improve the breeding of novel varieties.
Along with the other Phaseolus spp., the com-
mon bean remains an ideal model to study the
molecular implications of the convergent phe-
notypic evolution that occurred under domesti-
cation due to the multiple independent
domestication events between and within species
that occurred for Phaseolus spp. Similarly,
analysis of the evolution after domestication, in
terms of the introduction of the common bean
into Europe (BEAN_ADAPT project, www.
beanadapt.org), continues to offer novel oppor-
tunities to dissect out the genetic architecture of
environmental adaptation in crop species.
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3Cytogenetics and Comparative
Analysis of Phaseolus Species

Artur Fonsêca and Andrea Pedrosa-Harand

Abstract
The genus Phaseolus includes approximately 75 species, most of which
have 2n = 22 small meta- or submetacentric chromosomes. This consid-
erable karyotypic stability has been further reinforced by comparative
cytogenetic mapping of single-copy sequences using Bacterial Artificial
Chromosomes (BACs) and the Fluorescent in situ Hybridization (FISH)
technique. These physical maps have revealed complete macrosynteny
among the investigated species and only a few breaks in collinearity due to
chromosomal inversions, except for Phaseolus leptostachyus, with
2n = 20 and several rearrangements. The variation in the repetitive
fraction of the genome is much greater, however, as expected. Consid-
erable variation has been found in the number of 35S rDNA sites in the
representatives of the Vulgaris group, and repetitive pericentromeric and
subtelomeric sequences vary among Phaseolus species. This repetitive
genome fraction has also been investigated in Phaseolus vulgaris through
an epigenetic approach, revealing a higher degree of complexity in the
heterochromatin than previously thought. The available molecular tools
for the common bean have permitted a systematic analysis of the synteny,
not only between the common bean and other cultivated and wild species
of the genus, but also at the intergeneric level, contributing to a more
detailed understanding of the cytogenetics of the group.
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3.1 Introduction

The genus Phaseolus L. includes around 75
species distributed in the New World between
southwestern Canada and northern Argentina,
with a center of diversity in Mexico, where more
than 90% of the species are found
(Mercado-Ruaro et al. 2009). The most promi-
nent species of this genus are the economically
important Phaseolus vulgaris L. (common bean),
Phaseolus lunatus L. (lima bean or butter bean),
Phaseolus coccineus L. (runner bean, scarlet
runner bean or multiflora bean), Phaseolus acu-
tifolius A. Gray (tepary bean), and Phaseolus
polyanthus Grenm. (syn. Phaseolus dumosus
Macfad.) (Gepts 1996).

3.2 Phylogenetic Relationships
Among Phaseolus Species

The most recent phylogeny for Phaseolus, based
on nuclear (ITS/5.8S) and plastidial (trnK)
markers, was proposed by Delgado-Salinas et al.
(2006) and indicated that the genus is mono-
phyletic, with two principal clades (A and B).
The clade A is composed of the Pauciflorus,
Pedicellatus, and Tuerckheimii groups, as well as
four other species that did not have a
well-supported phylogenetic position (Phaseolus
glabellus Piper, Phaseolus macrolepis Piper,
Phaseolus microcarpus Mart, and Phaseolus
oaxacanus Rose). The clade B, by contrast,
encompasses all the cultivated species, including
the Filiformis, Vulgaris, Lunatus, Leptostachyus,
and Polystachios groups. While most of the
groups have their own unique morphological
characteristics, at least two—Pedicellatus and
Tuerckheimii—can only be distinguished
through molecular analyzes.

The phylogenetic relationships found within
the genus are largely supported by biogeographic
and morphological patterns (Delgado-Salinas
et al. 2006). The clade A species are distributed
primarily in Mexico and Panama between

altitudes of 545 and 690 m above sea level, and
do not occur on oceanic islands. These species
flower only during the rainy season (except for
P. microcarpus, which flowers in dry or humid
conditions), are sensitive to habitat disturbance,
and do not normally tolerate long periods of cold
weather. The species of the B clade are more
widely distributed, ranging between southwest-
ern Canada and South America, at altitudes of
between 654 and 737 m. These species may
flower in either the dry or rainy seasons, are
mostly not sensitive to environmental distur-
bances, and some are able to tolerate long periods
at low temperatures (Delgado-Salinas et al.
2006).

3.3 Classic Cytogenetics

The first chromosomal studies of Phaseolus
involved P. acutifolius A. Gray, P. coccineus L.,
P. lunatus L., and P. vulgaris L., all of which
have 2n = 22 (Karpetschenko 1925). Subsequent
studies confirmed that all the species of the genus
are diploid, with a basic chromosome number of
x = 11, and predominantly metacentric and sub-
metacentric chromosomes. One exception is the
three species of the Leptostachyus group, P. lep-
tostachyus Benth., P. micranthus Hook. & Arn.,
and P. macvaughii A. Delgado (Mercado-Ruaro
and Delgado-Salinas 1996, 1998), which present
2n = 20 (Table 3.1), forming a monophyletic
clade.

Measurements of the DNA content of
Phaseolus species have recorded relatively low
values, ranging from 0.45 to 0.95 pg/1C
(Table 3.1; Bennett and Leitch 2012). Consid-
ering the 30 species analyzed so far and that have
been included in the phylogeny of the genus
(Table 3.1), the DNA content found in different
Phaseolus genotypes did not vary systematically
in accordance with their phylogenetic relation-
ships, although some groups may have relatively
lower or higher mean DNA content, such as the
Leptostachyus and the Pauciflorus groups,
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Table 3.1 Chromosome
numbers and DNA C-value
of Phaseolus species
grouped according to the
main clades of the genus
phylogeny
(Delgado-Salinas et al.
2006)

Species na 1C (pg)b

Clade A

Pauciflorus group

P. nelsonii Maré., Masch. & Stain 11 –

P. parvulus Greene 11 –

P. pauciflorus Sessé & Moc. ex G. Don. 11 0.73

P. pluriflorus Maréchal, Mascherpa & Stainer 11 0.95

Pedicellatus group

P. esperanzae Seaton 11 0.60

P. grayanus Wooton & Standl. 11 0.95

P. neglectus Herm. 11 0.70

P. pedicellatus Benth. 11 0.58

Tuerkheimii group

P. chiapasanus Piper 11 –

P. hintonii A. Delgado 11 0.68

P. oligospermus Piper 11 0.53

P. xanthotrichus Piper 11 0.60

Unresolved clade A species

P. glabellus Piper 11 0.90

P. macrolepis Piper – 0.65

P. microcarpus Mart. 11 0.52

Clade B

Filiformis group

P. angustisssimus A. Gray 11 0.66

P. filiformis Benth. 11 0.58

Leptostachyus group

P. leptostachyus Benth. 10 0.53

P. macvaughii A. Delgado 10 0.45

P. micranthus Hook. & Arn. 10 0.60

Lunatus group

P. augusti Harms 11 0.58

P. lunatus L. 11 0.70

P. pachyrrhizoides Harms 11 0.63

Polystachios group

P. jaliscanus Piper 11 0.68

P. maculatus Scheele 11 0.65

P. marechalii A. Delgado 11 0.73

P. polystachios Britton, (L.) Sterns & Poggenb. 11 –

P. ritensis Jones 11 –

P. sonorensis Standl. 11 0.60

P. xolocotzii A. Delgado 11 0.68
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respectively. There has been no significant loss
or gain in DNA content following domestication.
Furthermore, Andean and Mesoamerican gen-
omes are markedly similar, and intraspecific
variation is minimal, except in the case of
Phaseolus xanthotrichus, in which variation was
reported to be 22% (Nagl and Treviranus 1995).

All Phaseolus species have small and mor-
phologically similar chromosomes, which for a
long time restricted cytogenetic analyzes to
chromosome counts (Mercado-Ruaro and
Delgado-Salinas 1996, 1998). In most cases, the
differential staining of euchromatin and hete-
rochromatin in small mitotic plant chromosomes
is insufficient to distinguish chromosome pairs
reliably (Ohmido et al. 2007). In P. vulgaris, for
example, which has a genome of approximately
600 Mpb or 0.6–0.66 pg/1C (Table 3.1, Aru-
muganathan and Earle 1991; Bennett and Leitch
2012) and chromosomes varying between 1.5
and 3.0 µm (Sarbhoy 1978), the constitutive
heterochromatin observed by C banding is inef-
fective for the differentiation of the chromo-
somes, given that blocks of similar intensity were
found in the proximal and the terminal regions of
most of the chromosomes (Mok and Mok 1976;
Zheng 1991; Moscone et al. 1999).

Interspecific karyotypic comparisons using
CMA (chromomycyn A3) and DAPI (4′-
6-diamidino-2-phenylindole) fluorochromes not
only confirmed the presence of pericentromeric
blocks of heterochromatin in most chromosomes,
but also characterized them as CMA+/DAPI−, or
rich in GC (guanine and cytosine). Up until the
present time, the available studies have focused

predominantly on the species of the clade B, i.e.,
P. vulgaris (Fonsêca et al. 2010), P. lunatus
(Bonifácio et al. 2012), P. leptostachyus (Fonsêca
et al. 2015), and P. macvaughii (Frerraz et al.
unpublished data), but included a single clade A
species, P. microcarpus (Fonsêca and Pedrosa-
Harand 2013). In addition to these pericen-
tromeric blocks, all Phaseolus species have at
least one pair of chromosomes with terminal
CMA+ bands, always colocalized to the 35S
ribosomal DNA (rDNA) sites. Despite the overall
homogeneity of the banding pattern observed in
the genus, the weak CMA+ pericentromeric
banding found in only six pairs of chromosomes
in P. microcarpus (clade A) supports the sepa-
ration of this species from those of the clade B, all
of which present intense pericentromeric banding
on most of their chromosomes (Fig. 3.1a).

3.4 Molecular Cytogenetics

When a given DNA sequence is labeled and used
as a probe, it will hybridize to the corresponding
sequence found on a chromosome and can be
detected by microscopy, indicating its location in
the karyotype. This technique, fluorescent in situ
hybridization (FISH), is one of the most impor-
tant diagnostic techniques in plant cytogenetics.
The fluorescent detection is widely used in
present-day cytogenetic studies due to its sensi-
tivity, and also permits the use of multiple probes
of different colors, without the need for
radioactive markers, as used in the early studies
(Guerra 2004).

Table 3.1 (continued) Species na 1C (pg)b

Vulgaris group

P. acutifolius A. Gray 11 0.75

P. coccineus L. 11 0.68

P. parviflorus G. Freytag 11 0.65

P. polyanthus Greenm. 11 0.73

P. vulgaris L. 11 0.60
aHaploid chromosome numbers from Mercado-Ruaro and Delgado-Salinas (1996, 1998)
bC-values from Bennett and Leitch (2012)
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The initial identification and characterization
of the karyotypes of four Phaseolus species,
including two P. vulgaris cultivars, were based
on banding techniques associated with FISH
(Moscone et al. 1999). The locations of the 5S
and 18S-5.8S-25S rRNA genes (35S rDNA)
differed among all samples, including the two

P. vulgaris cultivars analyzed (‘Wax’ and
‘Saxa’). While a certain degree of similarity was
found in their distribution, five 35S rDNA sites
were observed in ‘Saxa,’ and seven in ‘Wax.’ At
the interspecific level, by contrast, P. vulgaris
and P. coccineus were very similar in their
heterochromatic banding. In both species, there

Fig. 3.1 Heterochromatin characterization and distinct
in situ hybridization patterns in Phaseolus species.
a CMA/DAPI banding pattern of P. lunatus Vermelhinha
cultivar (GL0135) chromosomes. b In situ locatization of
35S rDNA (green), BACs 12M3 (blue, pericentromeric),
63H6 (red, subtelomeric), and 255F18 (yellow) on
P. vulgaris BAT93 cultivar, evidencing the major hete-
rochromatic regions of the species. NOR-bearing chro-
mosomes 6, 9, and 10 are indicated. The minor 35S rDNA

site on chromosome 6 is not seen in this image, but this
chromosome pair can be recognized by its small size and
acrocentric morphology. c Nazca satellite DNA sequence
predominant in centromeric regions of eight chromosome
pairs of P. vulgaris BAT93 cultivar. d In situ locatization
of the single-copy BAC 163I7 on chromosome pair 7 of
P. vulgaris BAT93 cultivar. Chromosomes are counter-
stained with DAPI and visualized in gray. Scale
bar = 5 µm
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were close similarities in the location of the
rDNA on two chromosomes pairs, indicating
homoeology between them. A probable homoe-
ology was also found in a pair of chromosomes
in P. lunatus and P. acutifolius (Moscone et al.
1999).

In addition to the ribosomal DNA, other
sequences found in the Phaseolus genome are
repeated hundreds or even thousands of times.
Repeat sequences evolve more rapidly in com-
parison with single-copy or low-copy coding
sequences, primarily because they are not subject
to strong selective pressures, and repeat sequence
number is the principal factor responsible for the
variation in the size of plant genomes (Schmidt
and Heslop-Harrison 1998; Meyers et al. 2001).
These sequences are typically found in two
types—in tandem repeat sequences, such as
microsatellites, minisatellites, and satellite DNA
(e.g., rDNA) or dispersed repetitive sequences,
usually transposable elements (Schweizer et al.
1990). Satellite DNA sequences are generally
associated with rDNA sites and the heterochro-
matic centromeric and subtelomeric regions,
while the dispersed repetitive sequences tend to
be found throughout the genome, or enriched in
specific chromosome regions, such as the peri-
centromeres (Jelinek and Schmid 1982; Guerra
2004).

In a study of 37 Andean and Mesoamerican
accessions of P. vulgaris, Pedrosa et al. (2006)
found that the number and positions of the 5S
rDNA sites were highly conserved among
accessions, whereas the 35S rDNA varied sig-
nificantly within the species. This variation was
not associated with domestication. While the
Andean accessions, wild or domesticated, pre-
sented six to nine sites, the Mesoamerican ones
had only three or four per haploid genome. This
variation is probably the result of ectopic
amplifications, deletions, and recombinations
that occurred independently over the course of
their evolutionary history. The variation found
within the same accession indicates that these
structural alterations continue occurring in the
species.

As in P. vulgaris, a pair of 35S rDNA was
observed on chromosome 6 of P. lunatus and

P. microcarpus (Almeida and Pedrosa-Harand
2010; Fonsêca and Pedrosa-Harand 2013). While
major sites were also found on chromosome 9
and 10 of the BAT93 cultivar (Fig. 3.1b), the
available data indicate that the 35S rDNA site on
chromosome 6 was probably retained from the
ancestral karyotype of the genus. The origin of
additional sites on other chromosomes appears to
have been the result of events restricted to a clade
of the Vulgaris group, which includes P. coc-
cineus that also has three 35S rDNA sites
(Moscone et al. 1999). By contrast, P. acuti-
folius, which is found in the other clade of this
group, presents only one site (Moscone et al.
1999), presumably the conserved one on chro-
mosome 6.

Repetitive pericentromeric sequences corre-
spond to approximately 34% of the P. vulgaris
genome and have been mapped, in different
amounts, on all the chromosome pairs of the
species (Fig. 3.1b; Fonsêca et al. 2010). Despite
the relatively conserved nature of these sequen-
ces in P. lunatus and P. microcarpus, as judged
by the cross-hybridization of the common bean
probes, some of the pericentromeric probes did
not reveal evidence of hybridization, indicating
that the composition of the repetitive elements
that make up the pericentromeres may vary
among species (Fonsêca and Pedrosa-Harand
2013). The composition of the centromeric
sequences of P. vulgaris has been investigated
and centromeres are known to be composed of
the CentPv1 (also known as Nazca) and CentPv2
satellite sequences, which have evolved inde-
pendently, and are located on two distinct sets of
chromosomes (Fig. 3.1c; Iwata et al. 2013).
Nevertheless, there are still no data on their
conservation in the different species or their
evolution within the genus.

The CC4 satellite DNA of P. vulgaris, which
is similar to the intergenic spacer sequence
(IGS-like) of the 35S rDNA, is the only peri-
centromeric sequence that has been studied in
detail in Phaseolus. Analyzes have revealed
reduced similarity between the CC4 and the IGS
sequences of P. vulgaris and P. coccineus and
indicated the presence of pericentromeric sites in
two to four pairs of chromosomes. It is
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interesting to note that these sequences hybri-
dized only with the IGS sequences of the 35S
rDNA in Phaseolus species that are not part of
the Vulgaris group, and even with species of
other genera. This has led to the conclusion that
the 35S rDNA diverged and became homoge-
nized by concerted evolution as a distinct CC4
sequence in the Vulgaris group, in which CC4
has become an independent satellite (Almeida
et al. 2012).

The occurrence of repetitive sequences in the
subtelomeric regions of almost all the P. vulgaris
chromosomes confirmed the presence of a sub-
terminal heterochromatin, which is nevertheless
not as abundant as the pericentromeric hete-
rochromatin (Pedrosa-Harand et al. 2009; Fon-
sêca et al. 2010). In addition to the 35S rDNA
sites, this pattern is related to the presence of a
satellite DNA sequence denominated khipu (with
a 528 bp repeat unit, Fig. 3.1b), which was
identified following the sequencing of the prin-
cipal cluster of disease resistance genes in the
species, located on the extremity of the short arm
of chromosome 4 (David et al. 2009). The plant
telomeric sequence (TTTAGGG) was found at
the extremity of all the chromosomes, and in
P. microcarpus, it was also observed in the
interstitial region, representing the first evidence
of a paracentric inversion of chromosome 3 in
this species (Fonsêca and Pedrosa-Harand 2013).

One other repetitive sequence, denominated
PvMeso, has been isolated and characterized in
Phaseolus, where it is restricted to the subter-
minal region of chromosome 7 in the
Mesoamerican accessions of P. vulgaris
(Fig. 3.1b). The data indicated that a repeat of
chromosome 11 was amplified in chromosome 7
after the isolation of the Andean and
Mesoamerican gene pools (Ribeiro et al. 2011).

3.5 Chromatin and Epigenetics

The cytogenetic studies of the genus Phaseolus
have shown a marked tendency for the distribu-
tion of the repetitive sequences in two distinct
locations, the pericentromeric and subtelomeric
regions. These regions are typically characterized

by constitutive heterochromatin, which is con-
densed over most of the cell cycle. The C-banding
is the main technique used in the identification of
that heterochromatin, based on differential stain-
ing of dark bands after fragmentation and removal
of chromosomal DNA. In P. vulgaris, the peri-
centromeric and subtelomeric regions are asso-
ciated with the post-FISH DAPI+ bands (Fonsêca
et al. 2010), which are equivalent to the C-bands,
and are intimately associated with an increased
degree of chromosome compaction in mitotic
prophase and meiotic pachytene chromosomes.
Chromosomal DNA is associated with histone
and non-histone proteins, in the highly organized
structure known as chromatin. The euchromatin
fraction is typically associated with uncondensed
regions of higher gene expression, with
single-copy or moderately repetitive sequences.
The heterochromatin, in turn, is associated with
the more condensed chromosomal regions, rich in
repetitive sequences, and detected as C-bands.
These different properties of the chromatin are
associated primarily with distinct levels of the
covalent modifications of the histones and
methylation of the DNA (Pfluger and Wagner
2007; Zemach and Grafi 2007).

The acetylation of histones affects the inter-
actions between the DNA and the rest of the
nucleosome components (Luger et al. 1997),
influencing transcription, the cell cycle, and other
functions (Spencer and Davie 1999). In contrast
with mammals, the acetylated isoforms of H3
and H4 do not always coincide in plants,
although these acetylated forms, such as the
acetylation of lysine 5 of the H4 (H4K5ac), are
rare in the heterochromatin (Fuchs and Schubert
2012). However, the mono-, di-, or trimethyla-
tion of lysines 9 and 27 in the H3 histones
(H3K9me1/2, H3K27me1/2/3) and of lysine 20
in the H4 histones (H4K20me1/2/3), as well as
the hypermethylation of the cytosines of the CG
and CHG DNA sites (5mC), have generally been
associated with the heterochromatin and gene
silencing (Sumner 2003; Dhar et al. 2009; Mar-
ques et al. 2011).

Few data are available on the modified his-
tones or methylated DNA of plants, and are rare
for the Fabaceae, although the pioneering study
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of Frediani et al. (1986) investigated the consti-
tution of the heterochromatin in P. coccineus,
combining data on the methylation of the DNA,
C-banding, and in situ hybridization. The results
indicated that there is no direct relationship
between the presence of constitutive hete-
rochromatin or repetitive sequences and the
methylation pattern of the DNA. In at least three
chromosomes, methylation did not occur in all
the regions of the heterochromatin. Some of the
unmethylated bands of heterochromatin are made
up of repetitive sequences, as observed in the
interstitial band of the long arm of chromosome 6
(Frediani et al. 1986). A similar situation has
been observed in the mitotic chromosomes of
Vicia faba, in which many of the regions of
methylated cytosine are not related to the hete-
rochromatin, in particular in the telomeric and
subtelomeric regions (Frediani et al. 1996). The
pattern of methylation also varied between
homologous chromosomes. In pairs 3, 4, and 6,
for example, bands present on one chromosome
were often absent from its homologue. This dif-
ferentiation may be related to either the accessi-
bility of the antibody or to differential gene
silencing (Frediani et al. 1996).

Fonsêca and Pedrosa-Harand (2014) recently
found that the condensation patterns of P. vulgaris
chromatin were related to repetitive sequences and
epigenetic modifications. The epigenetic markers
for the modification of the histones and the DNA
revealed that H3K4me3 and H4K5ac, in general,
were associated with the euchromatic regions,
while H3K27me1, H3K9me2, and 5mC were
associated with the heterochromatic regions.
However, the 35S rDNA sites, centromeric
regions, and most of the terminal blocks of hete-
rochromatin were hypomethylated, including the
block associated with a cluster of genes responsi-
ble for resistance to anthracnose. No association
was found between the regulation of the activity of
these clusters of resistance genes and the modifi-
cations of the chromatin within the chromosomes.
Overall, then, the different heterochromatic
domains varied in their epigenetic patterns,
emphasizing the complexity, and heterogeneity of
the heterochromatin in this species (Fonsêca and
Pedrosa-Harand 2014).

3.6 Integrated Genetic
and Cytogenetic Maps

The first cytogenetic map established for the
common bean used as FISH probes RFLP
markers, known as Bngs (Vallejos et al. 1992),
which were amplified by PCR using the cloning
vector primers. Markers located close to one
another in the genetic map were labeled together
and permitted the first identification of the 11
chromosome pairs of P. vulgaris, contributing to
the production of the first chromosome map of
the species (Pedrosa et al. 2003). However, as
each chromosome-specific probe was made up of
a set of unique sequences distributed in a given
chromosome segment, it was not possible to
compare physical or genetic distances along
multiple points on the chromosome.

Bacterial artificial chromosomes (BACs) are
widely used as chromosome-specific probes in
FISH studies. This is because, in comparison
with other specific probes (such as plasmid
inserts or PCR products), they are easily visual-
ized because of the strength of their signal. This
is due to their capacity to store inserts of hun-
dreds of kilobases. In addition to having low
levels of chimerism and high cloning efficiency,
they are relatively easy to isolate and manipulate
(Song et al. 2000). Furthermore, the use of BACs
for cytogenetic mapping permits the association
to contig physical maps and genomic data, as
well as comparative analyzes within and between
genera.

A number of BAC libraries have become
available for the common bean in recent years,
making it possible to build a more complete map,
using BAC clones selected with genetically
mapped markers as probes (Fig. 3.1d;
Pedrosa-Harand et al. 2009; Fonsêca et al. 2010).
Forty-three anchor points were established
between the genetic map and the cytogenetic
map, relating the genetic distances in cM (cen-
timorgans) to the physical distances in base pairs
(Pedrosa-Harand et al. 2009; Fonsêca et al.
2010). These analyzes revealed low levels of
recombination over large pericentromeric
regions, in which single-copy and repetitive
sequences were intermingled. In addition, all 11
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chromosome pairs of P. vulgaris BAT93 cultivar
could be identified using only four hybridized
BACs, three of which containing repetitive
sequences (Fonsêca et al. 2010).

3.7 Comparative Cytogenetics

Once the cytogenetic map for the common bean
was developed using BAC-FISH, these same
BACs could be used in other Phaseolus species
and closely related genera in order to infer the
chromosomal synteny and collinearity in species
for which no genomic data existed. The
cross-hybridization of single-copy BACs has
provided important evidence on events of chro-
mosome evolution occurring at different taxo-
nomic levels (Lysak et al. 2006; Szinay et al.
2012).

The BAC markers established for P. vulgaris
BAT93 cultivar were used as probes for com-
parative studies in P. lunatus (clade B) and
P. microcarpus (clade A), as well as G19833,
another accession of the common bean which
had its genome sequenced (Altrock et al. 2011;
Bonifácio et al. 2012; Fonsêca and Pedrosa-
Harand 2013). These studies found a complete
synteny among the three karyotypes, albeit with
a slight loss of colinearity. At least five chro-
mosomal inversions were identified among spe-
cies, on chromosomes 2, 3, 6, 9, and 10
(Bonifácio et al. 2012; Fonsêca and
Pedrosa-Harand 2013). It was possible to inter-
pret the types of inversion through a combination
of chromosome morphology and the location of
the chromosome-specific markers. While the
inversion of chromosome 6 was paracentric, in
all the other chromosomes (2, 3, 9, and 10) it was
pericentric (Fig. 3.2; Bonifácio et al. 2012;
Fonsêca and Pedrosa-Harand 2013).

In addition to these inversion events, changes
in the location of the rDNA sites and the distri-
bution of the pericentromeric and subtelomeric
sequences provided evidence for the principal
alterations that have occurred during the chro-
mosomal evolution of the genus. When consid-
ered in a phylogenetic context (Delgado-Salinas
et al. 2006), it is possible to recognize chromo-
somal alterations that are exclusive to certain
lineages (karyotypic autapomorphies), with a
majority of events being observed in the P. vul-
garis lineage (Fig. 3.2; Fonsêca and
Pedrosa-Harand 2013). Despite the predomi-
nance of chromosome inversions observed so far,
Fonsêca et al. (2015) have now identified a
nested chromosome fusion (NCF) in P. lep-
tostachyus, which is associated with a process of
descending dysploidy (decrease in haploid
chromosome number between related species) in
the Leptostachyus group, characterized by its
unique chromosome number 2n = 20. Further-
more, several translocations, so far not detected
in the genus, have also been identified in this
species.

3.8 Conclusions and Final
Considerations

Advances in molecular cytogenetics, combined
with the available tools for the common bean,
have contributed to the status of Phaseolus as
one of the best-studied plant genera in cytoge-
netic terms. The sequencing of its genome
(Andean and Mesoamerican) will permit even
more detailed cytogenomic analyzes, based on
the identification of new sequences, mapped
chromosomally, and associated with modifica-
tions of the chromatin, which may contribute to a
better understanding of the functional features of
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the chromosomes. These cytogenetic analyzes
may easily be extended to species of lesser
commercial value, wild forms, and even related
genera (Vasconcelos et al. 2015). This will per-
mit a more systematic understanding of the
chromosomal evolution of the genus Phaseolus
and may eventually contribute to the more
effective exploitation of many species.
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4Genetic Mapping and QTL Analysis
in Common Bean

Ana M. González, Fernando J. Yuste-Lisbona,
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and Marta Santalla

Abstract
Common bean (Phaseolus vulgaris L.) is the most important legume for
direct human consumption and a well-studied crop species in terms of
genetics, genomics and breeding. Genome maps are important tools that
are an integral part of genetic resource conservation and breeding
programmes. Several maps have been developed or are being developed in
common bean. Different types of molecular markers such as RFLP, AFLP,
SSR, CAPS, RGA and EST have been developed and mapped onto the 11
common bean chromosomes. Markers have been used extensively for
identification and mapping of genes and QTL for many biologically and
agriculturally important traits, including disease resistance genes, pho-
toperiod sensitivity, growth habit, pod size, seed weight, pigmentation,
phenology and abiotic stress tolerance, and occasionally for germplasm
screening, fingerprinting and marker-assisted breeding. MAS has been
employed mainly for improving simply inherited traits and not much for
improving complex traits. The utility of MAS in common bean breeding
has been restricted largely due to inaccurate estimation of main QTL,
epistatic and QTL � environmental interaction effects. GWAS has also
proved to be a powerful tool for investigating complex traits and
developing new markers for breeding. The huge amount of sequence
information available for common bean via whole-genome sequencing
projects facilitates in the next years the development of a rapid and
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cost-effective generation of high-density functional maps, which could
also lead to the direct gene tagging for QTL mapping of important
agronomic traits, improving the efficiency of common bean breeding
programmes via MAS.

Keywords
Phaseolus vulgaris � Quantitative trait locus � Epistasis � Diseases
Abiotic stress � Agronomic traits � Genome-wide association

4.1 Introduction

Continuous progress made in the last two dec-
ades on phenotypic and DNA marker analyses
has provided a set of useful tools both for genetic
research and for plant breeding. They have also
led to the construction of genetic linkage maps
for most of the crop species, particularly for
legume species such as common bean (Phaseolus
vulgaris L.), where genes involved in valuable
traits have been located. Currently, selectable
DNA marker development entails the main goal
for most public research institutions and private
companies working on plant breeding. Map-
ping DNA markers does allow not only for an
efficient genotype selection but also for the
detection of quantitative trait loci (QTL) for
interesting traits. QTL analysis combines linkage
analysis and molecular and statistical genetics,
providing consistent information about the
chromosome regions contributing to the variance
and the inheritance pattern of such traits. This
basic genetic information can be used by plant
breeders to accelerate introgression of desirable
traits and to manage environmental interactions.

The genome sequence of the common bean
has already been published from the results of
two sequencing consortia, which have focused
their works on ‘G19833’ and ‘BAT93’ geno-
types representing the Andean (Schmutz et al.
2014) and Mesoamerican (Vlasova et al. 2016)
gene pools, respectively. In addition, a Canadian
consortium has also sequenced a third genotype
(‘OAC-Rex9’) and the genome information is

also available (http://www.beangenomics.ca/
research/projects/view/draft-genome-sequence-
for-common-bean-i-p-vulgaris-i/). Hopefully, the
integration of linkage maps, QTL and genomic
tools will be essential not only for the develop-
ment of more accurate tools useful for
genomics-assisted breeding, but also for the
map-based cloning approaches devoted to the
isolation of genes controlling important traits.

In this review, genetic mapping approaches
performed in common bean are summarized,
from the more classical ones to the more recent
maps based on molecular and genomic data.
Similarly, the more relevant contributions of
QTL analysis are also reviewed despite the ele-
vated number of quality reports recently pub-
lished on this topic. Particular attention has been
paid to epistatic and environmental interactions
as the single-locus QTL only reveal part of the
genetic determinants underlying phenotypic
variance. Finally, a section is devoted to mapping
results from genome-wide association study
(GWAS) as it provides an alternative to linkage
mapping for the dissection of complex traits.

4.2 The Beginnings of Genetic
Mapping in Common Bean

The first genetic analysis of common bean was
conducted by Gregor Mendel in the
mid-nineteenth century (Mendel 1866). It was
performed in a progeny from P. vulgaris and
Pseudomys nanus (= P. vulgaris, bush type) and
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was aimed to corroborate results on the inheri-
tance of growth habit, pod colour and shape that
Mendel had obtained in pea (Pisum sativum L.).
Later, Shaw and Norton (1918) used intraspecific
crosses and determined that pigmentation and
pigmentation patterns of the seed coat were
controlled by multiple independent factors. The
first report of a linkage in common bean was
performed by Tjebbes and Kooiman (1921), who
reported the so-called non-constant mottling,
which is due to the tight repulsion linkage
between the B gene (now C, a colour factor) and
the S gene (now M, a cis-acting factor of the
C locus). A few years later, Sax (1923) began to
identify the multiple components that determine
the inheritance of pattern and colour of the seed.
Indeed, metabolic control of seed colour in
common bean was one of the first QTL to be
identified. Differences for seed weight were
associated with one or both factors that determine
the pattern and colour of the seed. Later, an
association between seed weight and phaseolin
protein type was observed on the linkage group
(LG) 07 (Johnson et al. 1996). Vallejos and
Chase (1991) reported a linkage between iso-
zyme loci Adh-1 and Got2 and seed size; Weeden
and Liang (1985) also observed an association
between isozyme loci EST-2 and white flower.
The second half of the twentieth century pro-
vided much more evidence for genetic linkage
affecting a wide variety of traits. Among others,
the I allele, which confers resistance to all known
strains of the bean common mosaic virus
(BCMV) and four related potyviruses, was found
to be linked to seed coat (Temple and Morales
1986; Kyle and Dickson 1988) and
hilum-region-darkening allele B (Park and Tu
1986). A genetic linkage of coloured seed coat to
resistance to Pythium and/or Rhizoctonia root
rots was also reported (Dickson and Petzoldt
1986). Likewise, genetic linkage was described
between maturity and indeterminate growth habit
by Valladares-Sánchez et al. (1979), among
genes for rust resistance by Stavely (1984) and
between arcelin and lectin genes by Osborn et al.
(1986). Since then, tagging of many other traits
with molecular markers has been reported.

Lamprecht (1961) published the first genetic
linkage map for common bean, which consisted
mainly of morphological markers distributed
over eight LGs. This linkage map was rudimen-
tary, with many loci that could only be reliably
evaluated in a limited number of populations or
which were subject to epistasis. Lamprecht’s
map was extended with additional isozymes,
seed proteins and induced mutations (Bassett
1988; Gepts 1988; Koenig et al. 1990; Vallejos
and Chase 1991). These classical maps showed a
reduced genomic coverage and scarce usefulness
for marker-assisted selection (MAS), but they
provided a point of reference for subsequently
developed DNA-based linkage maps.

A problem encountered in establishing the
classical maps was the use of different gene
symbols for the same gene by different
researchers (Bassett 1991). A subcommittee of
the Phaseolus Genetics Committee addressed
this lack of coordination among geneticists and
formulated guidelines for gene designation and
nomenclature (Myers and Bassett 1993; Bassett
and Myers 1999). As a result, an updated list of
genes for P. vulgaris was published (Bassett
2004). Another problem was that many previ-
ously described mutants could not be tested due
to the lack of a seed source. To solve this
drawback, in 1987, the Phaseolus Genetics
Committee (Gepts 1988) advocated for a repos-
itory of genetic stocks that M Bassett established
and which is currently maintained by the
USDA-ARS National Plant Germplasm System
(NPGS, Pullman, WA, USA).

4.3 Development of DNA-Based
Linkage Maps in Common Bean

The progress of genetic linkage mapping in
common bean is closely related to the develop-
ment of different generations of molecular
markers. Random DNA markers such as
Restriction Fragments Length Polymorphism
(RFLP), Random Amplification Polymor-
phic DNA (RAPD), Amplified Fragments Length
Polymorphism (AFLP) or Simple Sequence

4 Genetic Mapping and QTL Analysis in Common Bean 71



Repeat (SSR) have been the basis for most of the
common bean genetic maps currently published.
However, the increasing availability of
high-throughput molecular marker technology
and the reduction of costs of marker development
and genotyping technologies have provided a
wealth of sequence information. Thus, the
incessant evolution in genomic research is driv-
ing a trend away from random DNA markers
towards those called functional markers; whereas
the former are derived at random from poly-
morphic sites in the genome, functional markers
are specifically developed from the transcribed
genomic regions (Andersen and Lubberstedt
2003). Thereby, throughout this section, com-
mon bean genetic maps are described as first- or
second-generation genetic maps according to the
type of molecular marker used for linkage map-
ping (i.e. random DNA or functional markers,
respectively).

4.3.1 First-Generation Genetic Maps

The first DNA-based genetic maps of common
bean were mainly based on RFLP markers
(Vallejos et al. 1992; Nodari et al. 1993a).
Divergent parents were chosen for both maps in
order to maximize polymorphism at the nucleo-
tide level, as well as the phenotypic variation.
The mapping population used by Vallejos et al.
(1992) consisted of a backcross progeny from the
‘XR-235-1-1’ (Mesoamerican) � ‘Calima’
(Andean) cross, whereas Nodari et al. (1993a)
used a F2 population derived from the ‘BAT 93’
(Mesoamerican) � ‘Jalo EEP558’ (Andean)
cross. The map developed by Vallejos et al.
(1992) included the pigmentation gene P, 224
RFLP, nine seed proteins and nine isozyme
markers, which were sorted into 11 LGs covering
960 cM of the bean genome. This map was later
expanded to 980 cM by adding seven additional
markers (Vallejos 1994). Subsequently, Vallejos
et al. (2001) increased the number of markers up
to 294; however, the map coverage was reduced
up to 900 cM as a bigger stringency was used for
placement of markers on the map. The map
developed by Nodari et al. (1993a) was

constructed using 108 RFLPs (from PstI and
EcoRI-BamHI genomic libraries), seven iso-
zymes, seven RAPDs and 18 marker loci corre-
sponding to known genes that were selected after
hybridization, as well as three phenotypic traits.
These markers were distributed into 15 LGs
spanning 827 cM of the genome. Gepts et al.
(1993) rapidly improved this map, which finally
included 204 markers grouped into 13 LGs
covering 1060 cM. The following genetic map
published was developed by Adam-Blondon
et al. (1994) from a BC1 population derived
from the ‘Ms8EO2’ � ‘Corel’ cross, which in
addition to 51 RFLPs included 100 RAPDs, two
sequence-characterized amplified regions
(SCARs) and four morphological markers, cov-
ering 567.5 cM of the common bean genome.
Furthermore, Adam-Blondon et al. (1994) carried
out the first effort to align LGs with the map
published by Vallejos et al. (1992), as 19 of the
51 RFLP markers were shared, which established
a preliminary correspondence between both
maps.

In successive years, the initial F2 ‘BAT
93’ � ‘Jalo EEP558’ mapping population was
advanced to a Recombinant Inbred Line
(RIL) one in order to perform the core linkage
map of common bean (Freyre et al. 1998; Hanai
et al. 2010); additionally, many RIL populations
were developed and used for genetic mapping
studies. Koinange et al. (1996) used a RIL pop-
ulation from the ‘Midas’ (Andean culti-
var) � ‘G12873’ (Mesoamerican wild bean)
cross to create a map composed of 77 RFLP and
5 isozyme markers in order to identify the major
alleles and QTL that differentiate the wild from
cultivated beans. Furthermore, RIL populations
from intra-gene pool crosses were also used for
linkage mapping. Jung et al. (1996) used a RIL
population obtained from the cross between two
Mesoamerican genotypes, ‘BAC 6’ � ‘HT
7719’, and mapped 75 RAPD markers dis-
tributed into 9 LGs covering 545 cM. Likewise,
a RIL population obtained between two Andean
genotypes, ‘PC-50’ � ‘XAN 159’, was used by
Jung et al. (1997) to map 168 RAPD markers
distributed into 10 LGs covering 426 cM, to
study the common bacterial blight disease
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resistance. Subsequently, more than twenty-five
RIL mapping populations have been developed
to map individual or multiple traits, most of them
created from inter-gene pool crosses, which
include divergent parents showing high genetic
polymorphism (Broughton et al. 2003; Kelly
et al. 2003). A complete description of the main
mapping populations used for linkage map con-
struction purpose is provided in Table 4.1.

Whereas RAPD and AFLP markers were used
for saturating previous RFLP maps and to create
new genetic maps from additional populations
(Miklas et al. 1996, 1998, 2000; Ariyarathne
et al. 1999; Tar’an et al. 2001, 2002; Vallejos
et al. 2001; Johnson and Gepts 2002), RFLP
markers were also useful to anchor different
genetic maps. The ‘BAT93’ � ‘Jalo EEP558’
RIL population as well as RFLP and RAPD
markers of three previous maps (Vallejos et al.
1992; Nodari et al. 1993a; Adam-Blondon et al.
1994; Vallejos 1994) were used to create the core
linkage map (Freyre et al. 1998). This map
comprised a total of 563 markers, including 120
RFLPs and 430 RAPDs, in addition to a few
isozyme and phenotypic marker loci, which were
grouped into 11 LGs spanning 1226 cM (Freyre
et al. 1998). Later, Vallejos et al. (2001) inte-
grated three linkage maps based on three RIL
mapping populations obtained from the
‘XR-235-1-1’ (Mesoamerican) � ‘Calima’
(Andean), ‘Jamapa’ (Mesoamerican) � ‘Calima’
(Andean) and ‘Eagle’ (Andean) � ‘Puebla 152’
(Mesoamerican) crosses that allowed for the
placement of 230 RFLPs and 464 RAPDs on the
map.

Nevertheless, as with other species, the
development of single-locus PCR-based markers
such as SSRs or SCARs brought about incom-
parable progress for common bean genetic
mapping research; these quickly replaced RFLPs
as the markers of choice for comparing and
integrating genetic maps. Among their advan-
tages, SSR markers are multiallelic, codominant,
highly polymorphic and have an abundant dis-
tribution in plant genomes (Kalia et al. 2011). Yu
et al. (2000) published the first successful
assignment of 15 SSRs to a framework map
based on RAPD and RFLP markers.

Subsequently, Blair et al. (2003) developed a
total of 150 SSRs: 81 were anonymous genomic
or non-coding SSRs and 69 were developed from
expressed sequence tag (EST) databases. In this
study, 100 SSRs were integrated in a base map
developed from the ‘DOR364’ (Mesoameri-
can) � ‘G19833’ (Andean) population in order
to anchor two existing linkage maps. The base
map comprised a total of 246 loci (78 SSR, 48
RFLP, 102 RAPD and 18 AFLP markers)
spanning 1720 cM, with an average distance
between SSR loci of 19.5 cM. Thereby, the
linkage map developed by Blair et al. (2003)
could be classified as the first second-generation
genetic map of common bean.

4.3.2 Second-Generation Genetic
Maps

In the past few years, common bean genome and
EST sequencing programmes have generated
large amounts of sequence data, which led to the
acceleration in the identification of functional
markers. Nowadays, approximately 168,500
common bean sequences have been deposited in
the GenBank nucleotide database (http://www.
ncbi.nlm.nih.gov/nuccore/; July 2016), and the
vast majority of them are EST sequences
(*129,000). These have resulted in new
research opportunities, such as data mining
approaches for searching repetitive motifs (e.g.
SSR), single nucleotide polymorphism
(SNP) and insertion/deletion (InDel).
A large-scale sequence analysis was carried out
by Ramírez et al. (2005), who examined over
21,000 EST sequences derived from different
cDNA libraries of the Mesoamerican (‘Negro
Jamapa’) and the Andean (‘G19833’) gene pools.
This analysis allowed for the identification of
529 SNPs in 214 kb of contigs, giving one SNP
every 387 bp. More recently, data mining
approaches have led to the detection of a huge
number of polymorphisms from both coding and
non-coding regions. Thus, for example, Zou et al.
(2014) used 36 common bean genotypes to
construct DNA libraries for next-generation
sequencing (NGS). By analysing 76 million
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Table 4.1 Main common bean populations used for common bean linkage mapping studies

Mapping
population

Gene
pool

Markers mapped Reference

XCa (68
BC1)

b
MAc 294 loci (224 RFLPs, 9 seed proteins, 9

isozymes, the gene P), 11 LGs, 960 cM
Vallejos et al. (1992, 2001), Vallejos
(1994),

MsCo (128
BC1)

MA 157 loci (51 RFLPs, 100 RAPDs, 2
SCARs, 4 morphological markers), 11
LGs, 567.5 cM

Adam-Blondon et al. (1994)

MiG12 (65
RIL)

AM 82 loci (77 RFLPs, 5 isozymes), 15 LGs,
1,111 cM

Koinange et al. (1996)

DX (79
RIL)

MA 155 loci (147 RAPDs, 2 SCARs, 1 ISSR,
and the R, V, Asp and two rust resistance
genes), 11 LGs, 930 cM

Miklas et al. (1996, 1998, 2000)

BH (128
RIL)

MM 75 RAPDs, 8 LGs, 545 cM Jung et al. (1996)

PXA (70
RIL)

AA 168 RAPDs, 10 LGs, 426 cM Jung et al. (1997), Park et al. (2001)

BA (78
RIL)

MM 174 loci (172 RAPDs, 2 SCARs), 11 LGs,
755 cM

Ariyarathne et al. (1999)

EP (75
RIL)

AM 361 RAPDs, 11 LGs, 825 cM Vallejos et al. (2001)

JaCa (76
RIL)

MA 243 loci (155 RAPDs, 88 RFLPs), 11
LGs, 950 cM

Vallejos et al. (2001)

S95 (142
RIL)

MA 115 loci (49 AFLPs, 43 RFLPs, 11 SSRs,
9 RAPDs, 1 SCAR, 2 morphological
markers), 12 LGs, 1,717 cM

Tar’an et al. (2001, 2002)

CDRKY
(150 RIL)

AM 192 AFLPs, 15 LGs, 862 cM Johnson and Gepts (2002)

WOSp
(110 F5)

AM 105 loci (99 RAPDs, 3 SSRs, 3 SCARs), 8
LGs, 641 cM

Beattie et al. (2003)

BG21 (94
RIL)

MM 115 loci (26 SSRs, 89 RAPDs), 8 LGs,
611.2 cM

Frei et al. (2005)

G23G19
(84 RIL)

MA 149 loci (79 SSRs, 57 RAPDs, 11 SCARs,
and 1 biochemical and 1 morphological
markers), 11 LGs, 1,175 cM.

Ochoa et al. (2006)

IG24 (157
BC2F3:5)

AM 84 loci (80 SSRs, 1 SCAR, 3
morphological markers), 11 LGs,
869,5 cM

Blair et al. (2006)

JulCa (103
F2)

MA 103 loci (21 RAPDs, 82 AFLPs), 12 LGs,
1,983.6 cM

Yaish et al. (2006)

G19AND
(75 RIL)

AA 167 loci (64 SSRs, 11 RAPDs, 91 AFLPs,
1 phenotypic trait), 11 LGs, 1,105 cM

Cichy et al. (2009a)

G14G48
(110 RIL)

MM 114 loci (68 SSRs, 46 RAPDs), 11 LGs,
915.4 cM

Blair et al. (2010)

DB (113
RIL)

MM 291 loci (22 AFLPs, 98 RAPDs, 153
SSRs, 18 ESTs), 11 LGs, 1,788 cM

Blair et al. (2012), Galeano et al. (2011,
2012)

XCo (104
RIL)

AM 349 loci (175 AFLPs, 115 SSRs, 30
SCARs, 12 RAPDs, 13 proteins, 4 genes),
11 LGs, 1,042 cM

Pérez-Vega et al. (2010), Casañas et al.
(2013), Trabanco et al. (2014)
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sequence reads generated by the Illumina’s
HiSeq 2000 Sequencing System, they identified
a total of 43,698 putative SNPs and 1267 puta-
tive InDels and located 24,907 SNPs and 692
InDels in 8835 and 637 genes, respectively.
Likewise, Müller et al. (2014) analysed the ends
of 52,270 Bacterial Artificial Chromosome
(BAC) libraries from the Mesoamerican breeding
line ‘BAT93’ and identified a total of 3789 SSR
loci with a distribution of one SSR per
8.36 kbp. Meanwhile, Wu et al. (2014), using a
RNA-seq approach for the discovery of
drought-responsive genes, identified a total of
10,482 SSR and 4099 SNP loci in transcripts of
the ‘Long 22-0579’ (Mesoamerican) and ‘Nai-
hua’ (Andean) common bean cultivars. However,
despite the gigantic number of SSR and SNP
polymorphisms identified to date, most of them
have remained untapped as a source of functional
markers and need future validation for practical
use in common bean breeding and research.

Common bean linkage maps have been pro-
gressively incorporating functional markers. For
instance, 108 markers based on genes known to be
involved in the nodulation process in model
legumes (Galeano et al. 2012) were evaluated by
Ramaekers et al. (2013) in the RIL population
generated from the cross between the Mesoameri-
can ‘G2333’ and the Andean ‘G19839’ genotypes.
This mapping population has been previously used
in several genetic studies (Ochoa et al. 2006; Checa
and Blair 2008; Caldas and Blair 2009); thus, the
existing genetic map was improved through the
mapping of 42 out of 108 nodulation gene-based
markers. The final linkage map consisted of a total
of 207 markers (57 RAPDs, 106 SSRs, 42 SNPs,
one SCAR and one isozyme) grouped into 11 LGs
with a total map length of 1601 cM. Using this
improved genetic map, Ramaekers et al. (2013)
performed QTL analysis for the symbiotic nitrogen
fixation capacity, and candidate genes were tenta-
tively identified among the nodulation markers.

Table 4.1 (continued)

Mapping
population

Gene
pool

Markers mapped Reference

IACAL
(380 RIL)

MA 292 SSRs, 11 LGs, 2,058 cM Campos et al. (2011), Oblessuc et al.
(2012, 2013, 2014)

P1037 (185
RIL)

AA 229 loci (86 AFLPs, 98 SSRs, 42 SNPs, 2
SCARs and P locus), 11 LGs, 858.4 cM

Yuste-Lisbona et al. (2012, 2014a, b),
González et al. (2015)

BJ (70 F2,
70 RIL)

MA 428 loci (300 gene-based, 103 core and 24
other markers), 11 LGs, 1,545.5 cM

Nodari et al. (1993a), Gepts et al. (1993),
Freyre et al. (1998), Gepts (1999), Yu et al.
(2000), Hougaard et al. (2008), Hanai et al.
(2010), McConnell et al. (2010)

DG (87
RIL)

MA 534 gene-based markers, 11 LGs,
2,400 cM.

Blair et al. (2003), Córdoba et al. (2010a,
b); Galeano et al. (2011, 2012)

StRe (267
F2, 85 RIL)

MA 7,276 SSRs and SNPs, 11 LGs Schmutz et al. (2014)

SEA5CAL
(125 RIL)

MA 2,122 SNPs, 11 LGs, 1,351 cM Mukeshimana et al. (2014)

aMapping population acronyms: BA = Belneb-RR-1 � A55; BH = BAC6 � HT7719; BJ = BAT93 � JaloEEP558;
BG21 = BAT881 � G21212; BA = Belneb-RR-1 � A55; CDRKY = CDRK � Yolano; DB = DOR364 � BAT477;
DG19 = DOR364 � G19833; DX = DOR364 � XAN176; EP = Eagle � Puebla152; G14G48 = G14519 � G4825;
G19AND = G19833 � AND696; G23G19 = G2333 � G19839; IACAL = IAC-UNA � CAL 143;
IG24 = ICACerinza � G24404; JaCa = Jamapa � Calima; JuCa = Jules � Canela; MiG12 = Midas � G12873;
MsCo = Ms8EO2 � Corel; P1037 = PMB0225 � PHA1037; PX = PC50 � XAN159; SEACAL = SEA5 � CAL96;
StRe = Stampede � Red Hawk; S95 = OACSeaforth � OAC95; Xco = Xana � Cornell49242;
XC = XR-235-1-1 � Calima; WOSp = WO3391 � OAC Speedvale
bRIL = Recombinant Inbred Line; BC1 = backcross first generation
cM = Mesoamerican; A = Andean
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Nowadays, theRIL populations derived from the
‘BAT93’ � ‘Jalo EEP558’ and ‘DOR364’ �
‘G19833’ inter-gene pool crosses are considered as
core mapping populations since both populations
have been widely used for genetic mapping studies
andQTL identification (Freyre et al. 1998;McClean
et al. 2002, 2010; Blair et al. 2003, 2009a; Liao et al.
2004; Beebe et al. 2006; Hougaard et al. 2008;
Caldas and Blair 2009; López-Marín et al. 2009;
Hanai et al. 2010; McConnell et al. 2010; Galeano
et al. 2011, 2012). Markers with putative gene
functions have alsobeen included in theextensionof
both core linkage maps. For the RIL population
‘BAT93’ � ‘Jalo EEP558’, EST libraries from
anthracnose-infected commonbean leaves (Melotto
et al. 2005) were screened for microsatellites by
Hanai et al. (2010), yielding a set of 140 EST-SSR
markers. In addition, Resistance Gene Analogs
(RGAs)-based markers were also developed. The
merging of the data of the 285 new loci (50
EST-SSR, 32 RGA and 203 AFLP markers) map-
ped by Hanai et al. (2010) with the data of 143
markers previously mapped by Freyre et al. (1998)
resulted in a map which comprised 413 loci. These
loci were placed across 11 LGs and spanned a
genetic distance of 1259 cM with an average dis-
tance between neighbouring loci of 3.0 cM. Like-
wise, the previous genetic map of the RIL
population ‘DOR364’� ‘G19833’was updated by
Galeano et al. (2012), who developed a total of 313
intron-based EST-SNP markers. Thus, the final
geneticmap consisted of 534marker loci distributed
into 11 LGs with a full map length of 2400 cM.

In addition, in order to map individual or mul-
tiple traits, new mapping populations have been
developed in the last few years. Thus, a RIL pop-
ulation derived from an inter-gene pool cross
between ‘Xana’ (Andean) and ‘Cornell 49242’
(Mesoamerican) was used to develop a genetic
map including 349 markers (175 AFLPs, 115
SSRs, 30 SCARs, 12RAPDs, 13 loci codifying for
seed proteins and four genes) distributed into 11
LGs, with a total length of 1042 cM (Pérez-Vega
et al. 2010; Casañas et al. 2013; Trabanco et al.
2014). Likewise, the ‘PMB0225’ � ‘PHA1037’
Andean intra-gene pool RIL population has been
used to study the inheritance of different agro-
nomic and resistance traits (Yuste-Lisbona et al.

2012, 2014a, b; González et al. 2015). The last
version of this genetic map consisted of 229 loci
(86 AFLPs, 98 SSRs, 42 SNPs, 2 SCARs and the
P locus), which were distributed into 11 LGs and
spanned 858.4 cM (González et al. 2015). More-
over, the ‘IAC-UNA’ (Mesoamerican) � ‘CAL
143’ (Andean) RIL population has been used to
detect loci controlling growth habit and disease
resistance (Campos et al. 2011; Oblessuc et al.
2012, 2013, 2014). The updated version of this
map had 292 SSRmarkers distributed into 11 LGs
spanning a total map length of 2058 cM (Oblessuc
et al. 2014). Furthermore, in order to assign
markers to chromosomes and construct the LGs,
SSR markers were located in the P. vulgaris
chromosomes using the native Phytozome’s
BLAST and default algorithm parameters (http://
www.phytozome.net/). As a result, the Oblessuc
et al. (2014) map was more consistent with the
genome sequence, and some markers mapped to
different chromosomes in relation to the previous
analysis (Campos et al. 2011; Oblessuc et al. 2012,
2013).

The International Center for Tropical Agri-
culture (CIAT), as part of the Harvest Plus
challenge programme on Biofortification, has
developed different mapping populations in order
to improve the iron and zinc concentration in
both gene pools (Blair et al. 2009a, 2010, 2011;
Cichy et al. 2009a, b). In addition to the
‘DOR364’ � ‘G19833’ inter-gene pool RIL
population, a genetic map of the ‘G19833’ � ‘
AND696’ Andean intra-gene pool RIL popula-
tion was developed by Cichy et al. (2009a). This
linkage map consisted of a total of 167 markers
(64 SSRs, 11 RAPDs, 91 AFLPs and 1 pheno-
typic trait) with 11 LGs and a total length of
1105 cM. Likewise, another Andean genetic map
was created with the RIL population derived
from the ‘G21242’ � ‘G21078’ cross. The
genetic map was created using a total of 74 SSRs
so as to anchor the map to previously published
reference maps and 42 RAPDs, which were
distributed into 11 LGs and spanned 726 cM
(Blair et al. 2011). Furthermore, the ‘G14519’
‘G4825’ Mesoamerican RIL population was
used to examine the inheritance of seed iron and
zinc concentrations (Blair et al. 2010). The
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genetic map for the ‘G14519’ � ‘G4825’ popu-
lation was constructed with a total of 68 SSRs
and 46 RAPDs grouped into 11 LGs spanning
915.4 cM of the common bean genome.

Additionally, a new linkage map was devel-
oped by Galeano et al. (2011) using the
‘DOR364’ � ‘BAT477’ Mesoamerican
intra-gene pool population. This map was con-
structed by evaluating a total of 2706 molecular
markers (including SSR, SNP and gene-based
markers) and consisted of 291 loci distributed
into 11 LGs with a total map length of 1788 cM.
In order to create a consensus map for fine
mapping and synteny analysis in common bean,
the ‘DOR364’ � ‘BAT477’ map was merged
with the previously existing linkage maps of both
‘BAT93’ � ‘JALO EEP558’ and ‘DOR364’
‘BAT477’ core populations. Thereby, the con-
sensus map consisted of a total of 1,060 markers
distributed into 11 LGs and a total map length of
2041 cM with an average distance between
adjacent loci of 1.9 cM (Galeano et al. 2012).
The common bean consensus map includes a
higher number of loci than most single cross
maps, thus increasing the number of potentially
useful markers across divergent genetic back-
grounds and providing broader genome
coverage.

Functional genetic maps based on genes
involved in physiological processes potentially
underlying important agronomic traits allow for
the identification of candidate genes through
translational genomics. Thereby, Kwak et al.
(2008) identified common bean homologues of
12 Arabidopsis thaliana genes related to floral
transition and flowering pathways. Seven out of
12 genes could be mapped using the ‘BAT93’
‘JaloEEP558’ and ‘Midas’ � ‘G12873’ RIL
populations. Thus, three Terminal Flower 1
homologues (PvTFL1x, PvTFL1y and PvTFL1z)
were mapped. PvTFL1y co-segregated with the
phenotypic locus for determinacy growth habit
(fin) on LG01, whereas PvTFL1z mapped near or
at a second determinacy locus on LG07 (Kolk-
man and Kelly 2003). In addition, a Zeitlupe
homologue mapped close to a QTL for flowering
time on LG09 (Kwak et al. 2008). These results
support the role of functional maps including

genes of known function as an important com-
ponent of the candidate gene approach. However,
further studies are needed to confirm the role of
these homologues as potential candidate genes.

Moreover, functional maps are useful for
synteny studies among different species.
Sequence data from legumes are available in the
Legume Information System (LIS: http://phavu.
comparative-legumes.org/gb2/gbrowse/Pv1.0/;
Dash et al. 2015) which is focussed on legume
comparative analysis. Thus, in order to investi-
gate the syntenic relationship between P. vul-
garis, A. thaliana, Medicago truncatula and
Lotus japonicus, a gene-based map was devel-
oped by McConnell et al. (2010) using the
‘BAT93’ � ‘JaloEEP558’ RIL population. The
map included a total of 420 loci (304 gene-based
markers, 103 core markers and 13 colour gene
markers), which were sorted into 11 LGs and
spanned 1545.5 cM. The genetic map informa-
tion and the marker sequences were used as a
query in a ‘tblastx’ analysis with the genome
sequence of each of the species. The results
showed that while only short blocks of synteny
were observed with A. thaliana, large-scale
macrosyntenic blocks were observed with M.
truncatula and L. japonicus. These syntenic
relationships are in accordance with the results
previously obtained by Hougaard et al. (2008),
who carried out the first attempt at estimating the
extent of synteny and collinearity among these
species based on 104 legume anchor-marker loci
representing single-copy genes. Similarly, this
gene-based map was used by McClean et al.
(2010) to understand syntenic relationship
between common bean and soybean. Genetically
positioned transcript loci of common bean were
mapped in relation to the soybean 1.01 genome
assembly (http://soybase.org/gbrowse/cgi-bin/
gbrowse/gmax1.01/). In nearly every case, each
common bean locus mapped into two positions
in soybean, a result consistent with the duplicate
polyploidy history of soybean. Furthermore, by
this genetic/physical synteny approach, McClean
et al. (2010) were also able to electronically
position *15,000 common bean sequences
(primarily EST contigs and EST singletons) onto
the common bean map using the shared syntenic
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blocks as reference points. Therefore, this
extensive gene-based map significantly expands
the genomic resources available for common
bean and provides a framework for comparative
genetics and genomics of legumes.

Currently, the genomes of the Andean
‘G19833’ (http://www.phytozome.net/
commonbean.php/; Schmutz et al. 2014) and
the Mesoamerican ‘BAT93’ are available (http://
denovo.cnag.cat/genomes/bean; Vlasova et al.
2016), while the genome of the Andean
‘OAC-Rex’ is underway (Canadian team, http://
www.beangenomics.ca/research/projects/view/
draft-genome-sequence-for-common-bean-i-p-
vulgaris-i/). In this way, a large number of
specific disease resistance genes have been
identified and located in the genome, constituting
a valuable material to design new functional
molecular markers in common bean (Meziadi
et al. 2015). Hence, the huge amount of sequence
information available for common bean via
whole-genome sequencing projects facilitates the
development of an almost unlimited number of
genetic markers suitable for high-throughput
genotyping and easily transferable across differ-
ent mapping populations. The PhaseolusGenes
database was developed as part of the BeanCAP
project (http://www.beancap.org/; http://
phaseolusgenes.bioinformatics.ucdavis.edu/),
including phenotypic, genotypic and molecular
marker data collected from publications and
projects throughout the world and a genome
browser in order to place markers on assembled
common bean and soybean genomes. The
BeanCAP project has also carried out the design
of BeadChips that are being used to genotype
bean populations (Song et al. 2015). Two of
these BeadChips (BARCBEAN6K_1 with 5,232
SNP markers and BARCBEAN6K_2 with 5,514
SNP markers) have been used by Schmutz et al.
(2014) in the ‘G19833’ genome sequencing. The
resulting assembled sequence was organized into
11 chromosomes by integration with a map of
7015 SNP markers, typed on 267 F2 lines from
the ‘Stampede’ (Mesoamerican) � ‘Red Hawk’
(Andean) cross, and a similar set of SNP and 261
SSR markers, typed on 88 F5-RIL population

derived from the same cross. Thus, the final
genetic map contained 7276 SSR and SNP
markers arranged in 11 LGs. Another BeadChip
(BARCBEAN6K_3 with 5389 SNP markers) has
been recently used by Mukeshimana et al.
(2014). A total of 2122 SNP markers were
mapped in the ‘SEA5’ (Mesoameri-
can) � ‘CAL96’ (Andean) RIL population. The
genetic map spanned 1351 cM and covered all
11 LGs with an average distance of 0.64 cM
between markers. The Mukeshimana et al.
(2014) results showed that SNP marker order and
location in the ‘SEA5’ � ‘CAL96’ map gener-
ally agreed with order and chromosome assign-
ment in the ‘Stampede’ � ‘Red Hawk’ common
bean map. Therefore, such high-throughput
genotyping approaches allow for the rapid and
cost-effective generation of high-density
functional maps, which could also lead to the
direct gene tagging for QTL mapping of
important agronomic traits, improving the effi-
ciency of common bean breeding programmes
via MAS.

4.4 Molecular Mapping of Simple
and Complex Traits

QTL mapping has become very popular in bean
genetics and breeding research, where QTL have
been identified for numerous agronomical and
biological important complex traits. This section
will summarize the most important genes and
QTL, which have been described and mapped
during the past decades in common bean.

4.4.1 Genes and QTL Involved
in Biotic Stress Resistance

Identification of genetic markers associated with
disease resistance in common bean started in
1970s with the pioneering work of Coyne and his
co-workers who identified an association
between the common bacterial blight (CBB) re-
sistance and late flowering (Coyne et al. 1973).
Since then, numerous genetic markers have been
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used to map major genes and QTL conferring
resistance to common bean diseases. An over-
view of the main resistance genes and QTL as
well as their location on the common bean
linkage map is summarized in Table 4.2.

4.4.1.1 Virus Diseases
Resistance to different pathogroups of the poty-
viruses such as bean common mosaic virus
(BCMV) and bean common mosaic necrosis
virus (BCMNV) is conferred by four different
recessive loci: bc-1, bc-2, bc-3 and bc-

Table 4.2 Details of QTL mapping studies performed for the mapping of major genes and QTL for different biotic
stress resistance in common bean

Diseasea Gene/QTL nameb LGc Mapping
populationd

Reference

BCMV/BCMNV I 2 BA Ariyarathne et al. (1999)

bc-12, bc-u 3 DG, OS Strausbaugh et al. (1999)

bc-3 6 CIAT
breeding
lines

Johnson et al. (1997)

BGYMV bgm-1 3 DS Blair et al. (2007)

BGMV 4, 7 DX Miklas et al. (2000)

ANT Co-1, Co-w, Co-x, Co-165−X, Co173−X, SDC23-1,
PDC1545-1, PAUDPC1545-1

1 BJ, XCo,
P1037

Geffroy et al. (2008), Campa
et al. (2014), González et al.
(2015)

Co-u, CoPv02c3−X, CoPv02c7−X, CoPv02c19−X,

CoPv02C449−X
2 BJ, XCo Geffroy et al. (2008), Campa

et al. (2014)

Co-13, Co-17, PAUDPC1545-3, LDC23-3 3 JMex, JCo,
SM, P1037

Gonçalves-Vidigal et al. (2009),
Trabanco et al. (2015), González
et al. (2015)

Co-3, Co-10, Co-9, Co-y, Co-z, Co-15, Co-3c3−X,
Co-3c7−X, Co-3c19−X, Co-3c449−X, Co3c453−X,
SDC23−4, SAUDPC23−4, LDC23-4.1, LAUDPC23-
4

4 RuOu, Aou,
BJ, CoCo,
XCo, P1037

Geffroy et al. (2000),
Gonçalves-Vidigal et al. (2013),
Campa et al. (2014), González
et al. (2015), Sousa et al. (2015)

SDC1545-5, SAUDPC1545-5, PDC1545-5,
PAUDPC1545-5, LDC1545-5, LAUDPC1545−5

5 P1037 González et al. (2015)

Co-5, Co-6, LDC1545-7, LAUDPC1545-7 7 TM, ABMi,
P1037

Campa et al. (2007, 2009),
González et al. (2015)

Co-4, SDC1545-8, SAUDPC1545-8, LDC1545-8,
LAUDPC1545-8

8 SM, P1037 Trabanco et al. (2015), González
et al. (2015)

CoPv09c453−C, LDC23-9, LAUDPC23-9 9 XCo, P1037 Campa et al. (2014), González
et al. (2015)

Co-2, Co-26−C, Co-239−C, Co-238−C, and Co-2357
−C

11 MsCo, XCo Adam-Blondon et al. (1994),
Campa et al. (2014)

FRR P71550, P7700, P101600, G61100, D3600, I181800,
I181700, AG2800, G17900, G3800, G32000, P91550,
Y11600, O12800, S8500, V121100

1, 2, 3,
4, 5, 6,
7

MF Schneider et al. (2001)

UBC2I81200/UBC503640, UBC503640/
UBC2111000

6 ACNY Chowdhury et al. (2002)

AL20850/G81400, O12800/AL20850, S191000/
S191100, G17900/AL20350, AL20700/G62000,
AJ4350/X33054, AN191300/H41200

1, 5, 7,
9, 8

CNSL Román-Avilés and Kelly (2005)

FRR3.1 km 3 K32MLB,
K20MLB

Kamfwa et al. (2013)

ARR2.1, ARR4.1, ARR6.1, FRR3.1,FRR7.1 1, 3, 4,
6, 7

Hagerty et al. (2015)
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Table 4.2 (continued)

Diseasea Gene/QTL nameb LGc Mapping
populationd

Reference

WM WM1.1, WM7.1 1, 7 AG Miklas et al. (2001)

WM2.1, WM4.1, WM5.1, WM8.1 2, 4, 5,
8

PX Park et al. (2001)

WM2.2, WM7.2 2, 7 BuN Kolkman and Kelly (2003)

WM2.3, WM5.2, WM7.2, WM8.4 2, 5, 7,
8

IBR Ender and Kelly (2005)

WM1.2, WM2.4, WM8.2, WM8.3, WM9.1 1, 2b,
8, 9

GCO Maxwell et al. (2007)

WM2.2, WM4.2, WM5.3, WM5.4, WM6.1,
WM7.3, WM8.4

2, 4, 5,
6, 7

R31 Soule et al. (2011)

WM2.2, WM8.3 2, 8 BV Soule et al. (2011)

WM3.3, WM7.5, WM9.2, WM11.1 3, 7, 9,
11

TPI95,
TPI50

Mkwaila et al. (2011)

WM1.3, WM3.2, WM6.2, WM7.4, WM8.5,
WM11.12

1, 3, 6,
7, 8,
11

XCo Pérez-Vega et al. (2012)

Rust Ur-9 1 PC Miklas et al. (2002)

Pu-a 3 PX Jung et al. (1998)

Ur-5, Ur-Dorado108, Ur-ON (Ur-14) 4 DX, OUB,
OUM

Miklas et al. (2000), Souza et al.
(2011)

Ur-4 6 BJ Miklas et al. (2002)

Ur-12 7 PX Jung et al. (1998)

Ur-13, Crg 8 KB, Sierra
mutagenized
seed

Kalavacharla et al. (2000),
Mienie et al. (2005)

Ur-3, Ur-11, Ur-Dorado53, Ur-6, Ur-7, Ur-
BAC6

11 P07Be,
P32Be, DX,
BH, BA

Stavely (1998), Miklas et al.
(2000, 2002)

CBB D1, D2, D5, D9 1,5,7,9 BJ Nodari et al. (1993b)

CBB-1LL, CBB-2LL, CBB-2S, CBB-2P, CBB-2FL 1, 2, 3,
4, 5, 6

BH Jung et al. (1996)

CBLEAF, CBPOD 1, 2, 9,
10

BA Ariyarathne et al. (1999)

FT-1, FT-2, LDT-2, Pod-1, Pod-2, Seed-1, Seed-2 1, 4, 5,
9

PX Jung et al. (1997)

Bng40, Bng139 7, 8 XC Yu et al. (1998)

CBB-GH-leaf, CBB-GH-pod, CBB-field 7, 10 DX Miklas et al. (2000)

SU91, SAP6, Xa11.4OV1,OV3 8, 10,
11

OV1, OV3 Viteri et al. (2015)

HB Pse1, Pse2, Pse3, Pse4, Pse6 2, 4,
10

CWU, ZCW,
BA

Miklas et al. (2009, 2011, 2014)

Stem, 96LFA, 98LFA, 96BBS, 98BBS 1, 2, 3,
4, 5, 6,
7, 8, 9,
11

BA Jung et al. (2003)

Rpsar-1, Rpsar-2 8, 11 BJ Fourie et al. (2004)

HB83, HB16 2, 3, 4,
5, 9,
10

BA Ariyarathne et al. (1999)

Psp4812XC, Psp6.1812XC, Psp6.1684XC, Psp6.2684XC 4, 6 XCo Trabanco et al. (2014)

(continued)
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u (Drijfhout 1978). In addition, the dominant
I gene confers immune resistance to all strains of
BCMV through a hypersensitive response (Ari-
yarathne et al. 1999). As regards the bego-
movirus such as bean golden yellow mosaic virus
(BGYMV), a Mesoamerican source of partial
resistance, is conditioned by the recessive bgm-1
gene (Blair et al. 2007). The Andean-derived
recessive bgm-2 gene (Velez et al. 1998) and
dominant Bgp-1 gene, which confers resistance
to pod deformation and requires the presence of
bgm-1 for complete expression (Molina Casta-
ñeda and Beaver 1998), have also been reported.
Furthermore, two independent QTL have been
identified for BCMV resistance, explaining 60%
of the phenotypic variation (Miklas et al. 2000).
One of these QTL was located on LG07 close to
the Asp and Phs loci, together with other QTL or

major genes conditioning resistance to CBB,
white mould, anthracnose and stem blight
(Nodari et al. 1993a; Miklas et al. 2000, 2001).

4.4.1.2 Fungal Pathogens
With respect to fungal diseases, over 40 genes
have been described as conferring resistance to
anthracnose (labelled as Co-), caused by the fun-
gusColletotrichum lindemuthianum. Anthracnose
resistance is related to the presence of closely
linked race-specific loci, which comprise different
single, duplicate or complementary dominant
genes, except for the recessive co-8 (Ferreira et al.
2013; Campa et al. 2014). Moreover, a major QTL
located on LG04 explained 70% of resistance to
race 45 co-localizedwith the genesCo-9,Co-y and
Co-z at the end of LG04 (Geffroy et al. 2000).
Clusters of nucleotide-binding site–leucine-rich

Table 4.2 (continued)

Diseasea Gene/QTL nameb LGc Mapping
populationd

Reference

SAUDPC3-2, PLAUDPC3-2, PDC-32, PDC4-2,
PDC5-2, PAUDPC3-2, PAUDPC4-2, SDC7-6

2, 6 P1037 González et al. (2016)

ALS Phg-1 1 AOu Gonçalves-Vidigal et al. (2011)

Phg-2 8 BJ Miklas et al. (2006)

PhgG5686A, PhgG5686B, PhgG5686C, PhgG10909A,
PhgG10909B

4, 8, 9 G56Sp,
G10Sp

Mahuku et al. (2009, 2011)

Phg-ON (Phg-3) 4 RuOu, Aou Gonçalves-Vidigal et al. (2013)

ALS 4, 10 DG19 López et al. (2003)

ALS2.1UC, ALS3.1UC, ALS4.1GS,UC ALS4.2GS,UC,
ALS5.1UC, ALS5.2UC, ALS10.1DG,UC

2, 3, 4,
5, 10

UC, GS Oblessuc et al. (2012)

aALS = angular leaf spot; ANT = anthracnose; BGYMV = bean golden yellow mosaic virus; BCMV = bean common mosaic virus;
BCMNV = bean common mosaic necrosis virus; CBB = common bacterial blight; FRR = Fusarium root rot; HB = halo blight;
WM = white mould
bCo = anthracnose; Ur = rust; Pse and Rpsar = halo blight; Phg and ALS = angular leaf spot; I and bc = BCMV/BCMNV resistance
loci
cLG = linkage group
dMapping population acronyms: ABMi = AB136 � Michelite; ACNY = A.C. Compass � NY2114-12; AG = A55 � G122;
AOu = AND277 � Ouro Negro; BA = Belneb-RR-1 � A55; BH = BAC6 � HT7719; BJ = BAT93 � JaloEEP558;
BV = Benton � VA19; BuN = Bunsi � Newport; CoCo = Corinthiano � Cornell 49-242; CNSL = C97407 � Negro San Luís;
CWU = Canadian Wonder � UI-3; DG19 = DOR364 � G19833; DS = DOR476 � SEL1309; DX = DOR 364 � XAN 176;
EP = Eagle � Puebla 152; EEP = Eagle*2 � Puebla 152; EPH = Eagle*2 � Hystyle; GCO = G122 � CO72548;
G10Sp = G10909 � Sprite; G56Sp = G5686 � Sprite; H95 = HR67 � OAC95; IBR = ICA Bunsi � Raven; JCo = JLP � Cornell
49242; JMex = JLP � Mexico 222; JuCa = Jules � Canela; KB = Kranskop � Bonus; K32MLB = K132 � MLB-49-89A;
K20MLB = K20 � MLB-49-89A; MF = Montcalm � FR266; MsCo = Ms8EO2 � Corel; OS = Olathe � Sierra; OUB = Ouro
Negro � Belmidak RR-3; OUM = Ouro Negro � Mexico309; OUS = Ouro Negro � US Pinto 111; OV1 = Othello � VAX 1;
OV3 = Othello � VAX 3; P07Be = P94207 � Beltsville; P32Be = P94232 � Beltsville; P1037 = PMB0225 � PHA1037;
PC = PC50 � Chichara-83-109; PX = PC50 � XAN159; R31 = Raven � I9365-31; RNSL = Red Hawk � Negro San Luís;
RuOu = Ruda � Ouro Negro; S95 = OACSeaforth � OAC95; SM = SEL1308 � MDRK; TPI95 = Tacana � PI318695;
TPI50 = Tacana � PI313850; UC = IAC-UNA � CAL143; XC = XR-235-1-1 � Calima; XCo = Xana � Cornell49242;
ZCW = ZAA12 � Canadian Wonder

4 Genetic Mapping and QTL Analysis in Common Bean 81



repeat (NBS-LRR) genes have been identified on
this region of the LG04, as well as on LG11, which
co-localize with previously mapped Co-3 and Co-
2 genes, respectively (Schmutz et al. 2014).
Likewise, 17 out of 26 main-effect QTL and 20
epistatic interactions were detected by González
et al. (2015) harbouring NBS-LRR genes.

Several studies demonstrated that resistance to
Fusarium root rot (FRR, fungus: Fusarium spe-
cies) is controlled by several genes located at
different loci. Over 30 QTL for FRR resistance
(many minor in effect) have been reported in RIL
populations derived from several resistance
sources (Table 4.2). Most of the QTL detected
by Schneider et al. (2001) were located on LGs
02 and 03, close to a region where defence
response genes, Pgip and ChS, and
pathogenesis-related protein genes, PvPR-1 and
PvPR-2, have been positioned. Additionally,
Román-Avilés and Kelly (2005) identified two
QTL on LGs 02 and 05, the former located near
the QTL previously detected by Schneider et al.
(2001) on LG02. Likewise, Kamfwa et al. (2013)
mapped the FRR3.1KM close to the PvPR-1 gene
on LG03.

The Sclerotinia sclerotiorum fungus is the
causal agent of white mould (WM). Genetic
resistance to WM is quantitatively inherited with
low–to-moderate heritability (Park et al. 2001).
Single major and numerous weak QTL for WM
resistance have been identified. Among them,
Miklas et al. (2001) reported a single major-effect
QTL located on LG07 that accounted for 38% of
the total phenotypic variation and was closely
linked to the Phs locus. Association among WM
physiological resistance and disease avoidance
traits was also investigated by Miklas et al.
(2013), whose results showed 13 WM resistant
QTL associated with disease avoidance traits.

Resistance to bean rust, caused by the Uro-
myces appendiculatus fungus, is mainly con-
trolled by major single dominant genes (named
as Ur-1 to Ur-14). Clustering is observed for rust
resistance and other disease resistance genes.
Thus, Co-1 and Ur-9 genes co-localize on LG01
and Co-3/Co-9, Co-10, Ur-5 and Ur-Dorado-108
co-localize on LG04 (Miklas et al. 2006), while
Ur-3, Ur-11 and Ur-Dorado53 map close to Co-

2 on LG11 (Miklas et al. 2002). Similarly, Ur-13
is located on LG08 near the Phg-2 gene for
resistance to angular leaf spot (Garzon et al.
2014).

4.4.1.3 Bacterial Diseases
Studies on CBB genetics, disease caused by
Xanthomonas axonopodis pv. phaseoli, reported
quantitative inheritance with largely additive
effects. Thus, more than twenty minor and major
QTL for CBB resistance have been identified
across all 11 LGs (Nodari et al. 1993b; Jung et al.
1996, 1997; Yu et al. 1998; Ariyarathne et al.
1999; Miklas et al. 2000; Viteri et al. 2015).
Although specific genes associated with resis-
tance to CBB have not been identified, genomic
regions which are likely to contain genes for
resistance to this disease have been found. Thus,
for example, Miklas et al. (2003) detected one
genomic region on LG10 associated with the
RAPD marker AP6820 that explained up 60% of
the phenotypic variance for CBB resistance.

Both qualitative and quantitative responses to
halo blight (HB), caused by Pseudomonas syr-
ingae pv. phaseolicola (Psp), have been descri-
bed (Ariyarathne et al. 1999; Fourie et al. 2004;
Miklas et al. 2009, 2011, 2014; Trabanco et al.
2014; González et al. 2016). Five dominant (Pse-
1, Pse-2, Pse-3, Pse-4 and Pse-6) and one
recessive (pse-5) genes were identified among
the set of differential cultivars by means of
complementary tests (Ferreira et al. 2013; Miklas
et al. 2014). Furthermore, two independent genes
that confer AvrRpm1-specific resistance (Rpsar-1
and Rpsar-2) were located near genes that confer
resistance to the C. lindemuthianum fungus
(Fourie et al. 2004). Quantitative response has
also been observed; thus, González et al. (2016)
detected 76 main-effect QTL that explained up to
41% of the phenotypic variation for HB resis-
tance, although they also identified 101 epistatic
QTL, which suggest that epistasis plays an
important role in the genetic control of this trait.
Additionally, Trabanco et al. (2014) searched for
candidate genes associated with HB resistance
and identified 16 candidate genes in the physical
positions in which the QTL Psp6.1812XC,
Psp6.1684XC and Psp6.2684XC were mapped.
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These candidate genes carried sequences
homologous to the resistance genes RPM1,
FLS2, RPG1/RPG1-B and Pto, all of which
confer resistance to P. syringae in different
species.

Resistance to the angular leaf spot (ALS)
(caused by the Pseudocercospora griseola Sacc.
fungus) is mediated by several independent
genes, which possess one or more alleles con-
ferring resistance to several races of the fungus
(Miklas et al. 2006; Mahuku et al. 2009, 2011;
Gonçalves-Vidigal et al. 2011, 2013). Quantita-
tive resistance has also been reported (López
et al. 2003; Oblessuc et al. 2012). López et al.
(2003) found a cluster of RGA on LG10 asso-
ciated with one major QTL for resistance to
different ALS isolates, explaining from 47 to
64% of the phenotypic variance depending on
the isolate used. Moreover, seven QTL on five
LGs were detected by Oblessuc et al. (2012).
Among these, ALS10.1DG,UC on LG10 presented
major effects, explaining between 16 and 22% of
the phenotypic variance for ALS resistance.
The QTL ALS4.1GS,UC was fine-mapped with
two closely linked SNP markers (Marker50 and
4M437) to a region on LG04 containing 36
candidate genes (Keller et al. 2015).

4.4.2 Genes and QTL Involved
in Abiotic Stress
Resistance

To date, several studies have reported QTL that
may play a role in mitigating the negative effects
of abiotic stresses in common bean (Table 4.3).
The importance of abiotic stress is unquestion-
able, especially in low-input agricultural systems
of underdeveloped countries, where conventional
breeding may be insufficient because of the fact
that global climate change increases the fre-
quency and severity of abiotic constraints. It is
important to unravel molecular mechanisms in
response to abiotic stress in common bean, which
would help accelerate genetic improvement
through MAS.

4.4.2.1 Drought Tolerance
Drought is the most important abiotic stress that
limits crop productivity worldwide (Lauer et al.
2012). Although some drought-responsive genes
have been reported in common bean (Blair et al.
2016), breeding for drought is complex due to
the number of traits involved, quantitative
inheritance and environmental influence (Mir
et al. 2012).

In the absence of an effective linkage map,
Schneider et al. (1997) studied the genetics of the
response to drought across a broad range of
environments in the ‘Sierra’ � ‘AC1028’ and
‘Sierra’ � ‘Lef-2RB’ populations using RAPD
markers and multiple regression analyses. Nine
markers were reported for drought resistance,
although they were located on non-anchored
LGs. A RIL population from the ‘SEA 5‘ � ‘MD
23-24’ cross was evaluated under drought and
irrigated conditions in two seasons, and common
and specific QTL for drought were identified
(Beebe et al. 2007). The most significant result
was that in no case were one locus’ alleles
specifically adapted to the contrary environments
(i.e., one allele to drought conditions and the
other allele to favourable conditions). This
implies that yield under drought and yield under
well-watered conditions are not mutually exclu-
sive and can be combined. Five QTL were
detected by composite interval mapping for seed
yield under drought irrigated conditions over
3 years in an intra-gene pool RIL population
derived from ‘BAT477’ � ‘DOR364’ cross
(Blair et al. 2012). Positive alleles for the QTL
came from each parent, indicating that both
contributed to yield in the drought treatment. The
same mapping population was analysed with a
mixed model methodology to dissect QTL of
root traits associated with contrasting water
availability (Asfaw and Blair 2012), and nine
QTL were mapped for drought stress tolerance
on six of the 11 LGs. Mukeshimana et al. (2014)
used an inter-gene pool RIL population derived
from the ‘SEA5’ � ‘CAL96’ cross for the
identification of QTL for performance under
drought stress. A mapping population from the
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Table 4.3 Details of QTL mapping studies performed for the mapping of major genes and QTL for different abiotic
stress tolerance in common bean

Stressa Gene/QTL nameb LGc Populationd Reference

Drought OA08780, OA04560, OX11680,
OZO8750, OXI8980

unknown SL, SAC Schneider et al. (1997)

Yld4.1, Yld6.1, Yld8.1, Yld8.2,
Yld10.1

4, 6, 8, 10 DB Blair et al. (2012)

Cbm3.1, Ppi3.1, Hri3.1, Stc5.1,
Stc6.1, Scr6.1, Yld8.1, Sbr9.1

3, 5, 6, 8, 9, DB Asfaw et al. (2012)

PHI1.1SC, NP3.1SC, SW3.1SC,
SW7.2SC, SY9.2SC,

1, 3, 7, 9 SC Mukeshimana et al. (2014)

SY1.1BR, SY2.1BR 1, 2 BR Trapp et al. (2015)

Zn
Deficiency

Znd unknown MT Singh and Westermann
(2002)

QTL1-Zn 4 BG Guzmán-Maldonado et al.
(2003)

BM154/BM184 9 VA Gelin et al. (2007)

Zn-ICPa3, Zn-ICPa7, Zn-ICPa11 3, 7, 11 DG Blair et al. (2009a)

SeedZn 1, 5, 6, 11 AG Cichy et al. (2009a)

QZnPoAA2.1, QZnPoAA3.1,
QZnPoAA6.1,
QZnDaAA8.1, QZnPaAA6.1,
QZnPaAA8.2,

2, 3, 6, 8, G14G48 Blair et al. (2010)

Zn-AAS2c, Zn-AAS7c, Zn-AAS8c 2, 7, 8 G42G78 Blair et al. (2011)

Zn_cont3.1, Zn_cont5.1,
Zn_cont5.2, Zn_cont7.1

3, 5, 7 CCCG Blair and Izquierdo (2012)

Fe
Deficiency

QTL1-Fe, QTL2-Fe 2, 3 BG Guzmán-Maldonado et al.
(2003)

Fe-ICPa4, Fe-ICPa6, Fe-ICPa7,
Fe-ICPa8.1, Fe-ICPa8.2, Fe-
ICPa11.1

4, 6, 7, 8, 11 DG Blair et al. (2009a)

SeedFe 1, 5, 6, 8, 9, 11 AG Cichy et al. (2009a)

QFeDaAA4.1, QFePaAA6.1,
QFePoAA6.1, QFePaAA7.1,

4, 6, 7 G14G48 Blair et al. (2010)

Fe-AAS2a, Fe-AAS6b, Fe-AAS6c 2, 6 G42G78 Blair et al. (2011)

Fe7.1, Fe_cont8.1 7, 8 CCCG Blair and Izquierdo (2012)

P
Efficiency
Al Toxicity

Pup4.1, Pup10.1 4, 10 DG Yan et al. (2004)

Pup3.1, Pup4.1, Pup7.1, Pup9.1,
Pup10.1, Pup11.1

3, 4, 7, 9, 10,
11

DG Liao et al. (2004)

Pup4.1, Pup10.1 4, 10 DG Beebe et al. (2006)

LPAdvNoF.1, LPAdvNoF.2 2, 9 G23G19 Ochoa et al. (2006)

PupLP, PueLP, PupLP 7, 8, 11 AG Cichy et al. (2009b)

Tsp2.1, Npc6.1, Npc7.1,
Npc10.1, Tsp2.1, Tsp2.1 Tsp11.1

2, 6, 7, 10, 11 G23G19 Blair et al. (2009b)

Srl2.1, Nrt3.1, Nrt5.1, Ard6.1,
Srl7.1, Ard7.1, Trl9.1, Nrt9.3,
Nrt11.1, Rdw11.1, Trl11.1,
Trl11.2

2, 3, 5, 6, 7, 9,
11

DG López-Marín et al. (2009)

(continued)
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‘Buster’ � ‘Roza’ cross was tested for yield
under multiple stresses (intermittent drought,
compaction and low fertility) across several
location-years, resulting in the detection of two
major QTL (located on LGs 01 and 02), which
explained up to 37% of the phenotypic variance
for seed yield (Trapp et al. 2015).

4.4.2.2 Tolerance to Zinc and Iron
Deficiency

Zinc (Zn) and iron (Fe) deficiency is one of the
most widespread crop micronutrient deficiencies
and is capable of causing severe yield reductions.
The inheritance of Fe and Zn concentration in
common bean seeds has been suggested to be
quantitative in most studies (Guzmán-Maldonado
et al. 2003; Blair et al. 2009a, 2010; Cichy et al.
2009a), even while a few initial reports suggested
that a single dominant gene (named with the

symbol Znd) was involved in the tolerance to Zn
deficiency (Singh and Westermann 2002). An
interesting feature of several studies (Cichy et al.
2009a; Blair et al. 2009a, 2010, 2011) was that a
number of QTL for Fe and Zn co-localized or
overlapped, suggesting a possibly pleiotropic
locus effect for mineral uptake. This provides
further support for the suggestion that the same
genetic and molecular mechanisms are control-
ling both Zn and Fe mobilization, uptake, dis-
tribution and accumulation in the plant (Clemens
et al. 2002).

Using AFLP markers in the ‘Bayo Baranda’
‘G-22837’ cross, Guzmán-Maldonado et al.
(2003) found a locus that accounted for 15% of
the phenotypic variation associated with Zn
content. Gelin et al. (2007) identified a locus on
LG09 that accounted for 18% of the seed Zn
accumulation. An inter-gene pool RIL population

Table 4.3 (continued)

Stressa Gene/QTL nameb LGc Populationd Reference

SNF D1, D3.1, D3.2, D7 1, 3, 7 BJ Nodari et al. (1993b)

D1 N-, D1 N + , D3.1 N-,
D3.2 N-, D3.3 N + , D4 N + ,
D7 N-, D7 N+

1, 3 4, 7 BJ Tsai et al. (1998)

NNA 2, 3, 5, 6, 7, 9,
11

BJ Souza et al. (2000)

NNB 3, 5, 7, 10 BJ Souza et al. (2000)

%NROOT, %NPLANT_1, %
NPLANT_2, NROOT_1,
NROOT_2, NPLANT_1,
NPLANT_2

1, 3, 4, 10 G23G19 Ramaekers et al. (2013)

aZn = zinc; Fe = iron; P = phosphorus; Al = aluminium; SNF = symbiotic nitrogen fixation
bYld, SY: yield; Cbm: canopy biomass; Ppi: pod portioning index; Sbr: stem biomass reduction; Hri: harvest index; Stc:
stem TNC; Scr: SPAD chlorophyll metre reading; NP: number of pods per plant; SW: seed weight; PHI: pod harvest
index; ICP: mineral concentration with inductively coupled plasma-optical emission spectrometry; AA: mineral
concentration with atomic absorption method (trials Popayán, Darién and Palmira); AAS: mineral concentration with
absorption spectroscopy method; Pup: phosphorus uptake; LPAdvNoF: adventitious root traits under low-phosphorus
availability in the field; Pue: P use efficiency under low-phosphorus availability; PupLP: phosphorus uptake under
low-phosphorus availability; Npc: Net P content; Tsp: total seed phosphorus; Ard: average root diameter; Nrt: average
number of root tips; Srl: specific root length; Rdw: root dry weight; Trl: total root length; D: number of Rhizobium
nodules QTL; NNA and NNB: number of Rhizobium nodules trials A and B; %NROOT, %NPLANT, NROOT, NPLANT:
%N and total N content of root and total plant
cLG = linkage group
dMapping population acronyms: AG = AND696 � G19833; BJ = BAT93 � Jalo EEP558;
BG = Bayo Baranda � G-22837; BR = Buster � Roza; CCCG = Cerinza � (Cerinza � (Cerinza � G10022;
DB = DOR364 � BAT477; DG = DOR364 � G19833; G14G48 = G14519 � G4825; G23G19 = G2333 � G19839;
G42G78 = G21242 � G21078; MT = Matterhorn � T-39; SL = Sierra � Lef-2RB; SAC = Sierra � AC1028,
SC = SEA5 � CAL96; SMD = SEA 5 � MD 23-24; VA = Voyager � Albion
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of the cross ‘DOR364’ � ‘G19833’ was used to
scan for Fe and Zn accumulation loci (Blair et al.
2009a). QTL clustered on the upper half of
LG11, explaining up to 48% of phenotypic
variance. QTL for Fe and Zn content also
co-localized on LGs 01, 06 and 11 in a RIL
population developed from a ‘AND696’ � ‘
G19833’ cross (Cichy et al. 2009a). A new QTL
for Fe and Zn concentrations was mapped on
LG06 in the inter-gene pool RIL population from
‘G14519’� ‘G4825’ cross (Blair et al. 2010).
Other QTL for both mineral concentrations were
found on LGs 02, 03, 04, 07 and 08, which were
also mostly novel compared to loci found in
previous studies. In addition, the evaluation of a
BC2F3:5 introgression line population derived
from genotype ‘G10022’ backcrossed into ‘Cer-
inza’ allowed for the identification of four QTL
associated with Fe and Zn content on LGs 03, 05
and 07 (Blair and Izquierdo 2012).

4.4.2.3 Phosphorus Use Efficiency
Among the edaphic stresses, phosphorus (P) defi-
ciency is the primary constraint to common bean
production in the tropics and subtropics, limiting
seed yield to 60% of the bean-producing areas of
Latin America and Africa (Wortmann et al. 1998).
Root hair length, adventitious rooting and basal
root growth angle in low-P soils were shown to be
under the control of QTL (Miguel 2004).

The RIL population derived from the
‘DOR364’ (P inefficient) � ‘G19833’ (P effi-
cient) cross has been widely used to study the
morphological, physiological and genetic mech-
anisms underlying P efficiency. Yan et al. (2004)
detected an association between root hair growth,
acid exudation and P uptake, as well as two QTL
for P uptake on LGs 04 and 10, which were
closely linked to three QTL for root-exudation.
The same mapping population was used to detect
QTL associated with root gravitropism and their
influence in the acquisition of P (Liao et al.
2004). QTL for P uptake were closely linked to
QTL for shallow basal root length on LGs 04, 07
and 11. Beebe et al. (2006) confirmed in the
same population that P acquisition was associ-
ated with basal root development and specific

root length. A RIL population derived from the
‘G2333’ � ‘G19839’ cross was used to identify
a total of 19 QTL for adventitious root traits
(Ochoa et al. 2006). Two QTL for the number of
adventitious roots under low P were mapped on
LGs 02 and 09 and explained 61% of total phe-
notypic variation. In low-P conditions, two
P-uptake QTL on LGs 07 and 11, and one P use
efficiency QTL on LG08 were identified in the
‘AND696’ � ‘G19833’ Andean mapping popu-
lation (Cichy et al. 2009b). A total of six QTL,
three under each high and medium P soil, were
mapped on LGs 06, 07 and 11 and on LGs 02, 07
and 10, respectively, in the mapping population
from ‘G2333’ � ‘G19839’ cross (Blair et al.
2009b). The QTL on LG11 co-localized with a
QTL for the number of adventitious roots (Ochoa
et al. 2006), suggesting that this trait may have
led to increased P uptake.

Several candidate genes induced by low P
have been isolated in various plant species
including legumes. In common bean, a total of
3,165 ESTs belonging to P-starved root cDNA
library were reported by Ramírez et al. (2005)
and a limited number (575) was registered in the
NCBI database (http://www.ncbi.nlm.nih.gov/
dbEST). An in silico approach for the identifi-
cation of genes involved in the adaptation of
common bean and other legumes to P-deficiency
has also been reported (Graham et al. 2006).
Over 240 putative P starvation-responsive genes
were identified in a cDNA library (Tian et al.
2007). Full-length cDNAs for three genes, rep-
resenting PvIDS4-like, PvPS2 and PvPT1, were
cloned and characterized. The open reading
frames contained a SPX domain, a putative
phosphatase and a P transporter, respectively. It
is also worth mentioning that Hernández et al.
(2007) have completed a transcript profiling of
bean plants grown under P-deficient and
P-sufficient conditions and showed 126 genes
with a significant differential expression, of
which 62% were induced in P-deficient roots.
Finally, variations in the microRNA
399-mediated PvHO2 regulation within the
PvPHR1 transcription factor were found in two
contrasting genotypes (P-tolerant ‘BAT477’ and
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P-sensitive ‘DOR364’) (Valdés-López et al.
2008; Ramírez et al. 2013).

4.4.2.4 Tolerance to Aluminium
Toxicity

Other edaphic constraints include toxicities of
aluminium (Al) associated with acid soil together
with low calcium (Ca) availability (Rao 2001).
Genetic variation exists for Al tolerance among
common bean genotypes (Rangel et al. 2005).
The most frequently measured effect of Al excess
is inhibition of root elongation (Rangel et al.
2005). While root traits in the presence of Al are
controlled by many genes in common bean, QTL
for root morphological traits identified under the
stress of Al were located on six genomic regions
of the ‘DOR364’ � ‘G19833’ RIL population
(López-Marín et al. 2009). A total of 12 QTL
were involved in specific mechanisms of Al
resistance, two of them in the same genomic
regions, where QTL for the length of shallow
basal roots and P acquisition efficiency were
identified by Liao et al. (2004).

Rangel et al. (2010) hypothesized that the
expression of a citrate transporter and the
enhanced synthesis of citrate are crucial for
sustained Al resistance in common bean. Eticha
et al. (2010) corroborated these results, showing
that the Al-induced expression of a citrate
transporter gene family MATE (multidrug and
toxin extrusion family protein) in root apices is a
prerequisite for citrate exudation and Al resis-
tance in common bean. In addition, Al-induced
inhibition of root elongation was positively cor-
related with the expression of an ACCO
(1-aminocyclopropane-1-carboxylic acid oxi-
dase) gene in the root apex (Eticha et al. 2010).
The expression of MATE and ACCO genes has
been used as a sensitive indicator of Al impact on
the root apex in common bean (Yang et al.
2011).

4.4.2.5 Symbiotic Nitrogen Fixation
(SNF)

Enhancing the natural capacity for biological
nitrogen (N) fixation has proved to help over-
come the loss of soil fertility (Hungria and Var-
gas 2000). Studies on symbiotic nitrogen fixation

(SNF), nitrogenase activity and
nodulation-related traits (Nodari et al. 1993b;
Tsai et al. 1998; Souza et al. 2000; Ramaekers
et al. 2013; Kamfwa et al. 2015b) suggest that
these traits have a complex inheritance with the
involvement of multiple genes. Most of these
studies focused on QTL analyses of nodulation
traits and shoot dry weight under N-fixing
conditions.

The first QTL study on nodule number
(NN) trait in common bean was performed by
Nodari et al. (1993b), who reported four genomic
regions for NN in a RIL population derived from
the ‘BAT93’ � ‘Jalo EEP558’ cross; all QTL
together accounted for 50% of the phenotypic
variation. One of these four genomic regions
influenced both NN resistance and CBB resis-
tance. Tsai et al. (1998) screened the same RIL
population, but at two different soil N levels.
They confirmed previous findings by Nodari
et al. (1993b) and reported three QTL for NN in
high N levels, one QTL associated with CH18
(chitinase) and the other two QTL with CHS
(chalcone synthase) and PAL-1 (phenylalanine
ammonia lyase). Souza et al. (2000) identified
also in the same RIL population seven QTL
under low N conditions and five under high N
conditions, accounting for 34 and 28% of the
total phenotypic variation, respectively. In
accordance with Nodari et al. (1993b), Souza
et al. (2000) indicated that NN resistance and
CBB resistance in common bean have overlap-
ping QTL on LGs 02, 03, 07 and 11. Ramaekers
et al. (2013) conducted a QTL analysis of SNF
and related traits under greenhouse and field
conditions in a RIL population derived from the
‘G2333’ � ‘G19839’ cross, which resulted in
two QTL for per cent N fixed in greenhouse
located on LGs 01 and 04.

DNA sequence comparison of markers closely
linked to these QTL allowed for the detection of
some potential candidate genes. One of these
genes encodes an auxin-responsive transcription
factor and explained differences in N accumula-
tion between climbing and bush beans. Alterna-
tively, an AP2/ERF-domain-containing
transcription factor underlies the QTL for the
total amount of symbiotic N fixed in the field
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(Ramaekers et al. 2013). Recently, Kamfwa et al.
(2015b) detected 11 significant SNPs (five on
LG03 and six on LG09) for nitrogen derived
from atmosphere (Ndfa) in the shoot at flowering
and for Ndfa in the seed in an Andean diversity
panel of 259 common bean genotypes. Two
genes Phvul.007G050500 and
Phvul.009G136200 that code for leucine-rich
repeat receptor-like protein kinases were identi-
fied as candidate genes for Ndfa.

4.4.3 Genes and QTL for Agronomic
and Quality Traits

Agronomic and quality-related traits are almost
always quantitative traits in plant species.
Table 4.4 includes many of the research studies
that have been carried out to identify QTL for
agronomic and quality traits in common bean.

4.4.3.1 Plant Height and Traits Related
to Vegetative Growth

Determinacy is controlled by the FIN gene that is
located on LG01, where the dominant allele
causes an indeterminate growth habit (Koinange
et al. 1996). PvTFL1y is homologous to the
Arabidopsis TFL1 (Kwak et al. 2008) and is
responsible for determinacy in common bean
(Repinski et al. 2012; González et al. 2016). The
TOR gene controls twining and correlates with
FIN, suggesting that either FIN had a pleiotropic
effect on twining or TOR was tightly linked to
FIN (Koinange et al. 1996). Likewise, Koinange
et al. (1996) reported pleiotropic effects or tight
linkage of FIN on plant height, number of days to
flowering and maturity, number of pods and
harvest index. Another gene for growth habit was
located at the end of LG11 and was significantly
associated with QTL for days to flowering and
maturity (Tar’an et al. 2002). Growth habit

Table 4.4 Details of QTL mapping studies performed for the mapping of major genes and QTL for agronomical and
quality traits in common bean

Trait Gene/QTL namea LGb Populationc Reference

Plant
height

FIN, TOR 1 MG Koinange et al. (1996)

GH 11 S95 Tar’an et al. (2002)

HABIT 4 A55G Kolkman and Kelly
(2003)

PH, TB, TN, Ag 1, 2, 9, 11 S95 Tar’an et al. (2002)

BP 7 A55G Kolkman and Kelly
(2003)

Angle, Height 3, 4, 5 WO Beattie et al. (2003)

ph1.1, ph6.1, ph6.2, pw6.1, pw6.2, pw7.1, ph7.1 1, 6, 7 CCCG Blair et al. (2006)

Plh1-2, Plh1-1, Plh1-3, Plh1-4, Plh2-1, Plh2-3, Plh2-2, Int2,
Int3, Int4, Int2, Int3, Int1, Cab1-1, Cab1-4, Cab1-2, Cab1-1,
Cab1-3, Cab1-5, Cab1-5, Cab2-1, Cab2-1, Brn1

3, 4, 5, 7, 8, 10, 11 G23G19 Checa and Blair (2008)

Ph1.1 AG, Ph1.2 AG, Ph1.3 AG, Ph7.1 AG 1, 7 A55G Chavarro and Blair (2010)

Days to
flowering

PPD, HR 1 MG, RM,
RR

Koinange et al. (1996),
Gu et al. (1998), Kwak
et al. (20080

Tip unmapped GC, FR White et al. (1996)

PvTFl1y, PvTFL1z, PvGI, PvZTL, PvFLD 1, 7, 9, 11 BJ, MG Kwak et al. (2008)

DF1.1, DF1.2, PD 1 MG Koinange et al. (1996)

DF11 11 S95 Tar’an et al. (2002)

df1.1, df2.1, df6.1, df6.2, df9.1, df9.2, df11.1 1, 2, 6, 9, 11 CCCG Blair et al. (2006)

Df1.1, Df1.2, Df1.3, Df2.1, Df2.2, Df2.3, Df3.1, Df3.2, Df7.1 1, 2, 3, 7 A55G Chavarro and Blair (2010)

DF1, DF2, DF8, DE1, DE2, DE6.1, DE6.2 1, 2, 6, 8 Xco Pérez-Vega et al. (2010)

Df4.1, Df4.2, Df5.1, Df5.2, Df5.3, Df6.1, Df7.1, Df11.1 4, 4, 5, 5, 5, 6, 7, 11 DB Blair et al. (2012)

(continued)
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Table 4.4 (continued)

Trait Gene/QTL namea LGb Populationc Reference

Seed size SW 1, 3, 4, 7 BJ Nodari (1992)

SW 1, 7, 7, 11 MG Koinange et al. (1996)

SW, SL, SH 2, 3, 4, 5, 6, 7, 8, 11 PX Park et al. (2000)

QTL1-SM, QTL2-SM, QTL3-SM, QTL4-SM, QTL5-SM 1, 2, 3, 4, 5 BG Guzmán-Maldonado et al.
(2003)

sw2.1, sw2.2, sw3.1, sw6.1, sw7.1, sw8.1, sw8.2, sw9.1,
sw10.1, sw11.1

2, 3, 6, 7, 8, 9, 10,
11

CCCG Blair et al. (2006)

Swf3.1, Swf4.1, Swf11.1 3, 4, 11 DG Beebe et al. (2006)

SW6, SW8.1, SW8.2, SL2, SL3, SL6, SL8, SL10, SH6, SH8,
WI3, WI6, WI7

2, 3, 6, 7, 8, 10 Xco Pérez-Vega et al. (2010)

SW1PP, SW6PP, SW9.1PP, SW9.2PP, SL1.1PP, SL1.2PP,
SL2.1PP, SL6PP, SL7PP, SL10PP, SWI2PP, SWI7PP, SWI9PP,
ST2PP, ST9PP

1, 2, 6, 7, 9, 10 P1037 Yuste-Lisbona et al.
(2014a)

Pod size PL 1, 2, 7 MG Koinange et al. (1996)

Podlength, podheight, podwidth 2, 6, 8, 10 MO Davis et al. (2006)

PH, PL, PWT 1, 3, 4, 5, 6, 7, 9, 10 RO Hagerty (2013)

PL1PP, PL4PP, PL11PP, PWI1PP, PWI4PP, PT4.1PP, PSI1.1PP,
PSI1.2PP, PSI4PP, PBL1.1PP, PBL1.2PP, PBL1.3PP, PBL4PP

1, 4, 11 P1037 Yuste-Lisbona et al.
(2014b)

Yield NP 1, 8, 4 MG Koinange et al. (1996)

PPP, SPP, SY 2, 5, 9, 11 S95 Tar’an et al. (2002)

SYD, HI 5, 6, 7, 11, CDRKY Johnson and Gepts (2002)

PP, Y 2, 3, 5 WO Beattie et al. (2003)

pp7.2, pp9.2, pp11.3, sp6.1, sp7.1, sp7.2, yld2.1, yld3.1,
yld3.2, yld4.1, yld4.2, yld4.3, yld4.4, yld9.1, yld9.2

2, 3, 4, 6, 7, 9, 11 CCCG Blair et al. (2006)

yield2004, yield2005, yield2006 3, 5, 10, 11 J115 Wright and Kelly (2011)

nppr4.1, nppr5.1, npp4.1, npp10.1, yld3.1, yld3.2, yld4.1,
yld10.1

3, 4, 5, 10 G23G19 Checa and Blair (2012)

PHI1.1SC, SY3.3SC, SY9.1SC, SY9.2SC, NP3.1SC, NP8.1SC 1, 3, 8, 9 SC Mukeshimana et al.
(2014)

Colour P, Asp 7 MG Koinange et al. (1996)

Gy, C, R, J, G, B, Rk 2, 4, 8, 10 W593 Bassett et al. (2002)

Ana, Bip, C, G, V, Gy, Z, T 3, 4, 6, 8, 9, 10 BJ McClean et al. (2002)

Prp 8 BJ Kelly and Vallejo (2004)

QTL1-TA, QTL2-TA, QTL3-TA, QTL4-TA 2, 3, 4 BG Guzmán-Maldonado et al.
(2003)

Cst1a, Cit1a, Ctt1a, Cst1b, Cst2b, Cit1b, Ctt1b, Ctt2b, Ctt3b,
Cst1c, Cit1c, Ctt1c

3, 6, 7, 8, 9, 10 BJ Caldas and Blair (2009)

Color2005, Color2006, Color2007 1, 3, 5, 8, 11 J115 Wright and Kelly (2011)

PSC3PP, PSC4PP, PSC7.1PP, PSC7.2PP, PSC9PP, SSC4PP,
SSC7PP, SSC8.2PP, SSC9PP, PC2PP, PC6PP, PC7.1PP, PC8PP

2, 3, 4, 6, 7, 8, 9 P1037 Yuste-Lisbona et al.
(2014a, 2014b)

(continued)
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(locus habit) mapped on LG04 (Kolkman and
Kelly 2003). Tar’an et al. (2002) mapped one
QTL for total branches on LG02 and one QTL
for branch angle on LG11. QTL were detected on
LG07 for branching pattern (Kolkman and Kelly
2003). Beattie et al. (2003) mapped two QTL for
plant height on LGs 03 and 04 and three QTL for
branch angle on LGs 03 and 05. QTL for plant
height were found at the ATA5 locus on LG01, at
the V locus on LG06 and at the Phs locus on
LG07 (Blair et al. 2006). QTL were found for
plant height, climbing ability, internode length
and branch number on LGs 03, 04, 08 and 11

(Checa and Blair 2008). Chavarro and Blair
(2010) discovered a cluster of QTL for different
plant height traits on LG01.

4.4.3.2 Flowering Date
and Photoperiod
Response

Flowering time is a key issue contributing to the
adaptation and range of expansion of the
short-day common bean (Vadez et al. 2012;
Weller and Ortega 2015). Two loci, PPD and
HR, are known to affect photoperiod response in
common bean. PPD has been mapped within

Table 4.4 (continued)

Trait Gene/QTL namea LGb Populationc Reference

Quality St 2 MG Koinange et al. (1996)

PvIND 2 BJ, MG Gioia et al. (2012)

PvSHP1 6 BJ, MG Nanni et al. (2011)

APP, SPLT 8, not assigned MCDRK,
MCELRK

Posa-Macalincang et al.
(2002)

podstring 6 MO Davis et al. (2006)

WA3, WA4, CP3, CP7 3, 4, 7 Xco Pérez-Vega et al. (2010)

Texture2005, Texture2006, Visual appearance2005, Visual
appearance2006, Washed-drainedweight2006

3, 5, 6, 8, 10, 11 J115 Wright and Kelly (2011)

SpA, SpB, SpE, SpI, SpJ, Phs, SpF, SpG, SpK, SpL, SpM, SpC,
SpD

3, 4, 5, 7 Xco Campa et al. (2011)

ct1.3, ct1.1, ct9.2 1, 9 CL Vasconcelos et al. (2012)

PST, PFB 1, 4 RO Hagerty (2013)

A5xc, AA9xc, As1xc, As7xc, Ca1xc, Ca7xc, Ca9xc, DF6xc,
DF7xc, Mg7xc, Pt5xc, Pt7xc, S1xc, S2xc, S4xc, S9.1xc,
S9.2xc, UA5xc, UA7xc

5, 9, 1, 7, 1, 7, 9, 6,
7, 7, 5, 7, 1, 2, 4, 9,
9, 5, 7

Xco Casañas et al. (2013)

Anthavg, L10, b11, L11, color11, W_uptake, Soak_Anth,
text11, hc11, text10, wdc10, hc10, wdc11, a11, b11, L10

4, 5, 7, 11 BS Cichy et al. (2014)

aPH, H, ph, Plh = plant height; TN = total nodes; TB, Brn = total branches; Ag, A = branch angle; BP = branching pattern; pw = plant width;
Int = internode length; Cab = climbing ability; DF, df: days to flowering; PD: photoperiod-induced delay influencing; DE: days to end of
flowering; SW, sw, Swf: seed weight; SL: seed length; SH: seed height; SM: seed mass; WI, SWI: seed width; ST = seed thickness; PL: pod length;
PH: pod height; PWT: pod wall thickness; PT: pod thickness; PSI: pod size; PBL: pod beak length; NP, PPP, PP, pp, npp: number of pods per
plant; SPP, sp: seeds per plant; Y, SYD, yld, SY: seed yield; HI: harvest index; npr: number of pods per raceme; PHI: pod harvest index; TA: tannins;
Cst: condensed soluble tannins; Cit: condensed insoluble tannins; Ctt: condensed total tannins; PSC: primary seed colour; SSC: secondary seed
colour; PC: pod colour; WA = water absorption; CP: coat proportion; ct: cooking time; PBF: pod fibre; PST: strings; A: amylose; AA: apparent
amylose; As: Ashes; Ca: calcium; DF: dietary fibre; Mg: magnesium; Pt: protein; S: starch; UA: uronic acids; W uptake: water uptake; Soak-Anth:
anthocyanin concentration of the soak water after 12 h; Anthavg: anthocyanins; wdc: washed drained weight coefficient; text: texture; HC: hydration
coefficient; L: lightness; b: blue/yellow; a: red/green
bLG = linkage group
cMappingpopulation acronyms:A55G = A55 � G122;BJ,BG = BayoBaranda � G-22837;BAT93x JaloEEP558;BS = BlackMagic � ShinyCrow;
CCCG = Cerinza � Cerinza � (Cerinza � G24404); DB = DOR364 � BAT477; CDRKY = California Dark Red Kidney � Yolano;
CL = CNFM7875 � Laranja; DG = DOR364 � G19833; FR = Flor de Mayo � Rojo 70; GC = Gordo � de Celaya; G23G19 = G2333 � G19839;
J115 = Jaguar � 115 M; MG = Midas � G12873; MO = Minuette � OSU5630; MCDRK = Montcalm � California Dark Red Kidney 82;
MCELRK = Montcalm � California Early Light Red Kidney; S95 = OACSeaforth � OAC95; P1037 = PMB0225 � PHA1037; PX,
PC50 � XAN159; RM = Redkloud � MAM; RO = RR6950 � OSU5446; RR = Redkloud Rojo; SC = SEA5 � CAL96;
W593 = Wagenar � BC3 5-593; Xco = Xana � Cornell49242; WO = WO3391 � OAC Speedvale
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5 cM of the FIN locus on LG01 (Koinange et al.
1996; Kwak et al. 2008), where recessive alleles
confer reduced photoperiod response and early
flowering under long days. This region is syn-
tenic with the region in soybean containing the
E3/PHYA3 gene (McClean et al. 2010) and, as
expected, contains the bean E3 orthologue, sug-
gesting this as an attractive candidate for the
PPD locus. The second locus HR is less
well-defined but is positioned towards the other
end of the same linkage group (Gu et al. 1998), a
region containing homologues of ELF3 and the
FTa/c cluster. Mapping HR was difficult because
homozygous ppd is epistatic over HR, and thus,
genotypes, ppdHR and ppdhr, give the same
insensitive response to photoperiod. In addition,
the expression of HR is influenced by the envi-
ronment, producing an overlap of intermediate
and highly sensitive genotypes. A third locus
identified as a QTL on LG9 is located near the
bean orthologue of ZEITLUPE, an important
gene for circadian clock regulation in Ara-
bidopsis (Tar’an et al. 2002; Kwak et al. 2008).
QTL controlling flowering time and other
flowering-related traits have now been identified
in common bean (Koinange et al. 1996; Tar’an
et al. 2002, Chavarro and Blair 2010; Pérez-Vega
et al. 2010). Blair et al. (2006) detected two QTL
on LG09, explaining 13 and 22% of the pheno-
typic variation, while Chavarro and Blair (2010)
found a cluster of QTL for flowering time on
LG01 close to FIN genomic region. Clusters of
QTL for days to flowering were also found by
Pérez-Vega et al. (2010) and González et al.
(2016) on LG01 (close to the FIN gene) and
LG02 (close to the I gene), as well as Blair et al.
(2012) on LGs 04, 05, 06, 07 and 11.

4.4.3.3 Seed and Pod Size
The Danish plant scientist Wilhelm Johannsen
(1911) concluded that a genetic effect could
influence seed size in self-fertilizing beans,
detecting segregation for seed size in a progeny
from a large � small seed size population. A few
years later, seed size was described as a poly-
genic trait in common bean (Sax 1923) with at
least 10 genes involved in its genetic control
(Motto et al. 1978). Quantitative inheritance of

seed size has been reported by Vallejos and
Chase (1991). QTL for seed size were mapped
on LGs 01, 03, 04, 07 and 11 (Nodari 1992;
Koinange et al. 1996). Park et al. (2000) found
QTL for seed size traits on LGs 02, 03, 04, 05,
06, 07, 08 and 11. QTL on LG07 span the PHS
locus that codes for phaseolin seed protein
(Nodari 1992; Koinange et al. 1996; Park et al.
2000). Guzmán-Maldonado et al. (2003) reported
five QTL for seed weight, explaining 42% of the
phenotypic variation, while Blair et al. (2006)
identified 10 QTL across eight LGs, explaining
from 4 to 17% of the phenotypic variation, which
agrees with the previous studies (Koinange et al.
1996; Park et al. 2000; Tar’an et al. 2002). Seed
size QTL mapped near the upper end on LGs 02
and 06; the lower end on LGs 03, 07, 08 and 10;
and near the centre on LGs 06 and 08 (Park et al.
2000; Blair et al. 2006; Pérez-Vega et al. 2010).
Yuste-Lisbona et al. (2014a) detected QTL for
seed weight on LGs 01, 02, 06, 07, 09 and 10
that were consistent with QTL mapped by Park
et al. (2000) and Pérez-Vega et al. (2010).

Four genes (Ea, Eb, Ia and Ib) control pod
cross-sectional shape although the exact genetics
is uncertain (Leakey 1988). QTL for pod size
have been reported by Koinange et al. (1996) on
LGs 01, 02 and 07. QTL for pod length and
height clustered together on LGs 01 and 03
(Hagerty 2013). Yuste-Lisbona et al. (2014b)
detected 17 QTL for pod size traits, which were
distributed throughout most of the LGs except
for LG02. Most of the QTL affecting pod size
clustered on LGs 01 and 04, which indicates that
these genomic regions may contain linked genes
or a gene with pleiotropic effects governing these
traits.

4.4.3.4 Pod and Seed Yield
Yield is a quantitative trait influenced by many
genes and is primarily conditioned by three
components: number of pods per plant, number
of seeds per pod and 100 seed weight (Adams
1967). Koinange et al. (1996) identified QTL for
the number of pods per plant on LGs 01 (asso-
ciated with FIN), 04, 08 and 11. Tar’an et al.
(2002) mapped three QTL for seed yield on LGs
05, 09 and 11, explaining 28% of the total
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phenotypic variation, one QTL for the number of
pods per plant on LG02 and one QTL for seeds
per pod on LG05. Six QTL for seed yield and
four QTL for harvest index were detected on LGs
05, 06, 07 and 11 (Johnson and Gepts 2002).
Beattie et al. (2003) reported three yield QTL on
LGs 03 and 05 and three QTL for the number of
pods per plant on LGs 02, 03 and 05. Blair et al.
(2006) reported nine QTL for seed yield on LGs
02, 03, 04 and 09, accounting from 9 to 21% of
the phenotypic variation, and three QTL for the
number of pods per plant, explaining up to 64%
of the phenotypic variation. Likewise, they
reported three QTL for the number of seeds per
plant located on LGs 06, 07, 09 and 11, which
explain from 15 to 29% of phenotypic variation.
Wright and Kelly (2011) reported seven QTL for
seed yield on LGs 03, 05, 10 and 11. Checa and
Blair (2012) identified four QTL for yield on
LGs 03, 04 and 10; two QTL for the number of
pods per raceme on LGs 04 and 05; and two QTL
for the number of pods per plant on LGs 04 and
10. Mukeshimana et al. (2014) reported QTL for
seed yield on LGs 03 and 09. Three QTL for the
number of pods per plant and pod harvest index
mapped on LGs 01, 03 and 08. In spite of the
different procedures used, several studies found
QTL associated with the number of pods per
plant and seed yield on LG03 (Beattie et al.
2003; Blair et al. 2006; Wright and Kelly 2011;
Checa and Blair 2012). Recently, Qi (2015)
characterized the A. thaliana homologue of
BnMicEmUp/AT1G74730 gene in common bean
(Phvul.009G190100), which encodes a cbZIP
transcription factor that could affect seed yield.

4.4.3.5 Seed and Pod Colour
The genetic control of the different patterns and
colours of bean seeds has been studied by
Beninger et al. (2000). The P gene determines
the presence or absence of flavonoids in the seed
coat, and the specific colour depends on the
epistatic interactions of the alleles at the other
genes (Erdmann et al. 2002). The Asp gene
controls the shine of the seed coat. Both genes
are located on LG07 (Koinange et al. 1996). In
P_ individuals, a multiallelic serie at V gene

controls flower colour, with the genotypes V_
(purple) > vlae_ (pink) > vv (white) (Beninger
et al. 1999, 2000). Alleles at other genes (Gy, C,
R, J, G, B and Rk) interact with V and with each
other to determine the many colours found in the
seed coat (Bassett et al. 2002). Ana, Ane, Bip, L,
T and Z are genes of the pattern and colour of the
seed (McClean et al. 2002). The J locus for seed
coat shininess is located on LG10 (Freyre et al.
1998; Galeano et al. 2011). The colour modify-
ing B gene is linked to the I gene for BCMV
resistance on LG02 (Nodari et al. 1993b). The
seed coat colour genes C, G, V and Gy have been
mapped on LGs 08, 04, 06 and 08, respectively
(McClean et al. 2002). The seed pattern of Z and
T genes was located on LGs 03 and 09, and the
Bip and L loci on LG10. Wax bean pod colour is
controlled by a single recessive gene (y), but may
be affected by a second gene (arg) and perhaps
other modifiers (Currence 1931). P and V genes
control solid purple colouring or purple stripes
depending on the allele at the [C Prp] complex
locus (Bassett 1996; Bassett et al. 2005). The Prp
(purple pod) locus was located on LG 08 (Kelly
and Vallejo 2004).

The pigments responsible for variations in
seed colour are flavonoids, principally flavonol
glycosides, anthocyanins and condensed tannins
(Beninger et al. 1999). Four QTL for tannin
content were detected (Guzmán-Maldonado et al.
2003), explaining 42% of the phenotypic varia-
tion. Caldas and Blair (2009) found twelve QTL
for tannin content, explaining from 10 to 64% of
the phenotypic variation. Yuste-Lisbona et al.
(2014a) showed that seed colour is controlled by
a QTL located near the P locus, explaining from
27 to 42% of the phenotypic variation. In addi-
tion, QTL for pod colour were found on LGs 06
and 08, which may correspond to the Prp and
V genes, and a major QTL on LG07, where the
locus P was previously identified (Erdmann et al.
2002; Koinange et al. 1996; Vallejos et al. 1992;
Yuste-Lisbona et al. 2014a). A QTL analysis
revealed that the region near the Asp gene (seed
coat shininess) on LG07 contained 141 genes,
the best gene candidate for Asp being a
FAE1/Type III polyketide synthase-like protein
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that acts as a fatty acid elongase (Cichy et al.
2014).

4.4.3.6 Other Quality Traits
Despite the genetic complexity of most common
bean quality traits, many studies have recently
reported interesting molecular and functional
results about this topic. Koinange et al. (1996)
found that the lack of pod suture fibres was
controlled by a major gene (St locus) on LG02.
Gioia et al. (2012) amplified a gene homologous
to INDESHICENT (IND, a factor required for
silique shattering in Arabidopsis) that mapped
next to the St locus. The homologue PvSHP1
(SHATTERPROOF-1 in Arabidopsis) was map-
ped on LG06, linked to seed colour gene
V (Nanni et al. 2011) and close to a QTL for pod
string, explaining 26% of the phenotypic varia-
tion (Davis et al. 2006). Hagerty (2013) detected
a pod suture string QTL on LG01 and a pod fibre
QTL on LG04 clustered to QTL for pod length,
height and thickness. QTL for seed weight and
length have been mapped on LG08 (Park et al.
2000; McClean et al. 2002).

In the last two decades, several markers and
QTL have been associated with organoleptic
quality traits of different nature, from water
absorption and coat proportion (Pérez-Vega et al.
2010) to cooking time (Vasconcelos et al. 2012). It
is interesting to note that major QTL for colour
retention mapped in overlapping positions to four
flavonoid biosynthesis genes (two of which code
for chalcone synthase proteins), while other minor
effect QTL co-localized with anthocyanin-related
genes (Wright and Kelly 2011). In addition, five
QTL associated with content of ash, calcium,
dietary fibre, magnesium and uronic acid were
mapped on LG07, close to P locus and QTL for
content of tannins and seed coat proportion (Cal-
das and Blair 2009; Pérez-Vega et al. 2010).
Two QTL for content of ash and calcium were
detected close to the FIN gene (LG01), and one
QTL for protein content was located on LG07
close to the Phs cluster (Campa et al. 2011).

4.5 Epistatic and Environmental
Interactions Among QTL

The goal of QTL mapping is to identify the
genes/regions responsible for generating differ-
ences between individuals within a polymorphic
population. Such phenotypic variation in the
population can be divided into three components:
(i) the contribution of QTL main effects, (ii) the
role of QTL � QTL interactions or epistatic
effects and (iii) the influence of QTL � envi-
ronmental interaction effects. Inaccurate estima-
tion of these effects further reduces the power
and precision of QTL detection. Nonetheless,
most of the QTL reports on common bean have
not taken into account the identification of both
epistatic and environmental effects.

Epistasis is considered an integral part of the
genetic architecture of quantitative traits (Parvez
et al. 2007), and in autogamousplants, it is expected
to have significant effects on traits controlled by
several genes/QTL, as pointed out by Holland
(2001). Therefore, not only can epistasis be con-
sidered the major barrier to inferring the genetic
basis of a given trait, but it also hampers the effi-
ciency of breeding programmes. A direct implica-
tion of epistasis is that the fitness of individual
alleles could be affected (increase or decrease)
when they are found together in a given genotype
(Holland 2007). If alleles involved in positive epi-
static interactions are not transferred together to the
cultivar that is being developed, improvement will
be unsuccessful due to the presence of epistatic
effects (Lark et al. 1995). Thus, any attempt to use
QTL for improved plant performance and adapta-
tion to different environmental conditions should
take into account such epistatic effects, involving
selection methods which tend to accumulate
favourable allele combinations in the same geno-
type. Hence, the identification of QTL and the
elucidation of their genetic control (main and epi-
static effects) are essential for the development of
efficient MAS programmes aimed at improving
breeding efficiency.
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The presence of epistasis can greatly obscure
the mapping between genotype and phenotype.
The effects of QTL may be masked by interac-
tions with other loci, which can make mapping
difficult (Phillips 2008). According to Asins
(2002), the lack of information about QTL �
QTL interaction could be explained by the plant
material employed in the experiments. Epistatic
interactions can hardly be detected in F2 or BC
populations. The reason is that in F2 generations,
even if large populations are used, there are
insufficient individuals with two-locus double
homozygotes, whereas in BC, every generation
reduces the number of gene combinations while
increasing genes from the recurrent genotype.
Thus, the appropriate segregant populations
would be RIL or doubled haploid (DH) popula-
tions, as additive and epistatic interactions effects
can be detected but not dominant or
over-dominant effects.

Johnson and Gepts (2002) found a reduced
average fitness in the progeny of an inter-gene
pool RIL population ‘California Dark Red Kid-
ney’ � ‘Yolano’ that could be attributed to a
break-up of co-adapted gene complexes or low
viability of preferred epistatic relationships. They
found that digenic epistatic interactions clearly
played an important role for the number of days
to maturity, average daily biomass, seed yield
accumulation and harvest index. Both indepen-
dently acting and digenic epistatic QTL of sim-
ilar magnitude were identified. A total of 22
epistatic interactions were detected for the four
traits evaluated. Each of the interactions
accounted on average for 10% of the variation in
the traits. In addition, eight interactions included
a locus that also had a significant effect as
independently acting QTL. Hence, the results
obtained by Johnson and Gepts (2002) showed
that, in addition to independent QTL action,
epistatic QTL interactions play an important role
in the cross-analysis.

The importance of epistatic QTL in the
genetic control of pod size and colour traits has
been recently revealed by Yuste-Lisbona et al.
(2014b), who used an Andean intra-gene pool
RIL population from a cross between a cultivated
common bean (‘PMB0225’) and an exotic ‘nuña’

bean (‘PHA1037’). A common feature of the
epistatic interactions detected for pod-related
traits is that most of them occur between QTL
with main additive effects, but QTL that showed
only epistatic effects were also detected. Thus, 12
out of 18 epistatic QTL identified were previ-
ously detected as main-effect QTL. Interestingly,
6 out of the 12 epistatic interactions detected
were identified for pod colour, whose interac-
tions explained 13.3% of the phenotypic variance
observed, indicating the significant role of epis-
tasis in the genetic control of this trait. This
complex genetic inheritance is in accordance
with the results obtained by McClean et al.
(2002), who reported the existence of many
genes that exhibit epistatic interactions that
define the many colours observed within the
species. Likewise, the role of epistatic effects in
the genetic control of popping ability and others
seed quality traits has also been studied using the
same RIL population (Yuste-Lisbona et al. 2012,
2014a). Overall, the results showed that digenic
epistatic interactions clearly play a significant
role in the genetic control of these traits in the
Andean common bean intra-gene pool.

A qualitative digenic model of inheritance,
discerning an interaction between two QTL
conditioning disease resistance in plants, was
reported by Vandemark et al. (2008). Two QTL
based on the closest markers such as BC420 and
SU91 are of particular interest to breeding pro-
grammes focused on enhancing resistance to
CBB in common bean, which is caused by
Xanthomonas axonopodis pv. phaseoli (Xap).
Results mainly showed that the expression of
BC420 was epistatically suppressed by a
homozygous recessive su91/su91 genotype and
the highest level of disease resistance was con-
ferred by genotypes with at least a single resis-
tance allele at both QTL (BC420/-; SU91/-). The
observed recessive epistatic interaction between
the two QTL suggests that SU91 is essential for
the expression of an effective resistance mecha-
nism. Moreover, this finding emphasized the
need for breeders to correctly identify plants that
are homozygous for both SU91 and BC420 loci,
since breeding materials that are not fixed for
BC420 may produce moderately resistant
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progeny in subsequent generations, while plants
that are not fixed for SU91 may produce sus-
ceptible progeny.

Recently, new insights into the role of epis-
tasis in anthracnose resistance were provided by
González et al. (2015). A total of 39 epistatic
QTL (21 for resistance to race 23 and 18 for
resistance to race 1545) involved in 20 epistatic
interactions (eleven and nine interactions for
resistance to races 23 and 1545, respectively)
were identified in an Andean intra-gene pool RIL
population. Depending on the race and organ
tested, the total phenotypic variation explained
by epistatic interactions ranged from 3 to 15%.
Most of the epistatic interactions detected were
due to loci without detectable QTL additive main
effects, which showed the importance of the
epistatic effects in genetic resistance to
anthracnose.

What is more, in addition to epistatic effects,
QTL � environmental interaction effects simi-
larly complicate the use of MAS as genetic
variance at one QTL may be sufficiently large in
one environment but not in another. For instance,
Jung et al. (2003) clearly showed the discrepan-
cies among different environments regarding the
locations and effects of QTL for bacterial brown
spot resistance in the same mapping population.
Thus, mapping QTL under natural infection in
the field and artificial inoculation in growth
chamber in two years revealed the existence of
four QTL on LGs 02, 03, 04 and 09 in 1996,
whereas two QTL on LGs 02 and 08 were
detected in 1998. Only the genomic region on
LG02 was significantly associated with bacterial
brown spot resistance over both years (see
Table 4.2). Similarly, depending on the experi-
mental conditions, different QTL were identified
by Beattie et al. (2003). Of the 21 QTL identified
for plant architecture and yield traits, only 10
QTL (48%) were detected across all environ-
ments and, in most cases, these were the QTL
with the largest influence on a given trait.

Asfaw et al. (2012) identified QTL for traits
related to photosynthate mobilization across dif-
ferent drought stress and non-stress environ-
ments. The results showed that when using
composite interval mapping for each individual

environment, many QTL were detected, but these
tend to be site-specific. However, when using a
multienvironmental approach, only a small
number of stable QTL and a high QTL � envi-
ronmental interaction effects were identified. In
addition, Asfaw and Blair (2012) detected root
length QTL with significant QTL � environ-
mental interaction effects under drought stress
versus non-stress conditions. Interestingly, the
QTL � environmental interaction effects were
not attributed to the contrasting effects of the
parental alleles between non-stress and stress
environment, rather they were attributed to the
differential expression of paternal alleles in dif-
ferent environments.

Long-day and short-day natural photoperiod
conditions have been used by Yuste-Lisbona
et al. (2012, 2014a, b) in order to extend the
knowledge of the QTL � environmental inter-
action effects involved in common bean seed and
pod quality traits. Among main-effect QTL
detected by Yuste-Lisbona et al. (2014b), 11
QTL only exhibited significant genetic main
effects, while 6 showed both significant genetic
main effects and environmental interaction
effects. As regards the epistatic interaction
effects, only 2 out of 12 digenic interactions had
environmental interaction effects. For seed shape
and weight, as well as seed coat colour, 12 out of
32 main-effect QTL detected showed environ-
mental interaction effects. Furthermore, only 6
out of 26 epistatic interactions identified had
environmental interaction effects (Yuste-Lisbona
et al. 2014a). Likewise, Yuste-Lisbona et al.
(2012) showed that popping ability of ‘nuña’
bean is controlled by several QTL, which only
have individual additive effects or may also be
involved in epistatic or environmental interac-
tions. Overall, even though most of the QTL
detected were consistent over environment, some
of them were subject to environmental modifi-
cation. Despite this, QTL with differential effect
on long-day and short-day environments were
not found for seed and pod quality traits.

Finally, QTL � environmental interaction
effects have also been reported for common bean
resistance to angular leaf spot by Oblessuc et al.
(2012). They revealed the existence of seven
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QTL with variable magnitudes of phenotypic
effects depending on the environments. One
major QTL (ALS10.1) is highlighted with stable
effect across environments. In addition, two QTL
with minor effects (ALS5.2 and ALS4.2) showed
an interesting QTL � environmental interaction.
ALS5.2 revealed a greater resistance effect under
greenhouse conditions, but only a small effect in
the field experiments, whereas ALS4.2 presented
an opposite interaction with a greater resistance
effect only under field conditions but not in the
greenhouse. Hence, it is necessary to perform
trials in different environmental conditions in
order to draw conclusions about the genetic
architecture of quantitative traits. However, a few
multienvironmental QTL analyses have been
carried out in common bean.

4.6 Genome-Wide Association
Study (GWAS) Mapping

The association mapping (AM) exploits histori-
cal recombination events and has become a
powerful alternative to linkage mapping for the
dissection of complex trait variation at the
sequence level (Zhu et al. 2008). There are two
kinds of AM approaches: (i) candidate gene
(CG) association mapping, which relates poly-
morphisms in selected candidate genes that have
putative roles in controlling phenotypic variation
for specific traits, and (ii) genome-wide associa-
tion study (GWAS) mapping, also named gen-
ome scan, which surveys genetic variation in the
whole genome to find associations with various
complex traits (Risch and Merikangas 1996). The
former implies good understanding of the bio-
chemistry and genetics of the trait, while the
latter requires a large number of well-distributed
molecular markers and a broader reference pop-
ulation for the identification of numerous causa-
tive genetic polymorphisms with previously
unappreciated biological function.

Advances in common bean genomics such as
the sequenced genome (Schmutz et al. 2014) and
the application of high-throughput and efficient
genotyping platforms (Hyten et al. 2010; Goretti
et al. 2014; Gujaria-Verma et al. 2016) have

created the opportunity to conduct GWAS to
dissect the genetic architecture of several com-
plex traits in common bean. Moreover, common
bean has been recognized as a valuable target for
GWAS because of its extensive genetic diversity
(Blair et al. 2009a). An extra advantage of the
GWAS design for common bean is the
homozygous nature of most varieties, which
makes it possible to employ a ‘genotype or
sequence once and phenotype many times over’
strategy, whereby once the lines are genomically
characterized, the genetic data can be reused
many times over across different phenotypes and
environments. Additionally, in AM, unlike con-
ventional QTL mapping, it is important to con-
sider population structure and kinship among
individuals, since false associations may be
detected due to the confounding effects of pop-
ulation admixture (Oraguzie et al. 2007). There-
fore, the divided population structure for
common bean has made it necessary to consider
the Andean and Mesoamerican gene pools as
separate subgroups for AM. Several statistical
methods have been proposed to account for
population structure and familial relatedness,
structured association (Falush et al. 2003),
genomic control (Devlin and Roeder 1999),
mixed model approach (Yu et al. 2006) and
principal component approach (Price et al. 2006).

Several examples can be found in the litera-
ture in the 2010s to identify significant associa-
tions between agronomical and resistant traits
and common polymorphisms in or near genes.
GWAS not only identified previously reported
QTL, but also resulted in narrower genomic
regions than the regions reported as containing
these QTL (see, e.g. Kamfwa et al. 2015b; Per-
seguini et al. 2015, 2016). Moreover, the results
have also provided unprecedented views into the
contribution of common variants to complex
traits and new valuable markers for breeding that
can now be used in common bean in future
programmes. However, the time of GWAS is
actually the beginning of a new age: one char-
acterized by many new regions of the genome
worthy of pursuit as candidate genes to explore.
Advances in GWAS methodology and continued
improvements in different genetic and genomic

96 A. M. González et al.



techniques would eventually make it possible to
realize the potential offered by AM in identifying
as many as possible of new genes underlying
complex traits (Korte and Farlow 2013).

The application of GWAS for common bean
was originally assessed in Shi et al. (2011). In
this work, 395 dry bean lines of different market
classes were genotyped with 132 SNPs and
evaluated for association with CBB resistance.
Twelve SNP markers co-localized with or close
to previously identified CBB-QTL, and eight
new resistance loci were identified. Later on, a
panel including 93 genotypes, mainly of Andean
origin, was genotyped with 110 SNPs and 24
SSRs, and several flowering and pod features
were characterized (Galeano et al. 2012).
From GWAS, four putative proteins (i.e.
acyl-acp thioesterase, auxin response factor 2,
transcription factor bhlh96-like and
oxygen-evolving enhancer protein
chloroplastic-like protein) were found to be
associated with several traits. A whole-genome
sequencing approach was conducted for a
280-member panel of modern Mesoamerican
cultivars (34,799 SNPs) in order to understand
the genetic architecture of days to flower, days to
maturity, growth habit, canopy height, lodging
and seed weight. About 30 candidate genes were
detected by GWAS; among them, most of the
components of cytokinin biosynthesis pathways,
multiple-component phosphorelay regulatory
systemand genes relative to the Arabidopsis
flowering pathway were identified (Schmutz
et al. 2014; Moghaddam et al. 2016). Similar
agronomical traits were subjected to GWAS
analysis by Nemli et al. (2014) in 66 common
bean genotypes of different geographic regions.
In addition, an Andean diversity panel of 237
genotypes of common bean was conducted to
gain insight into the genetic architecture of phe-
nology, biomass, yield components and seed
yield traits (Kamfwa et al. 2015a). Interestingly,
the phyA gene, which codes for phytochrome,
was identified as a candidate gene involved in the
genetic control of these traits. In addition, sig-
nificant SNPs for seed yield were also identified
on LGs 03 and 09, co-localizing with QTL for

yield from the previous studies on LG09 (Tar’an
et al. 2002; Blair et al. 2006; Wright and Kelly
2011; Checa and Blair 2012; Mukeshimana et al.
2014). These QTL were stable and expressed in
diverse genetic backgrounds, which makes them
useful tools for MAS breeding of yield in com-
mon bean. Taken together, GWAS results may
provide markers and genes that are useful for
common bean genetics, trait selection, breeding
applications and genetic dissection of novel traits
to widely characterize common bean germplasm
diversity. Furthermore, the markers detected will
be interesting for future association studies,
wherein marker–trait associations are compared.
However, further elucidation of gene function
has not yet been achieved, but it must be
acquired by further functional and experimental
analysis.

4.7 Perspectives and Future
Direction

Since the early 1990s, numerous studies have
identified molecular markers linked to QTL
involved in the inheritance of agronomically
important traits in common bean (Kelly et al.
2003). QTL mapping approaches have proved to
be enormously useful to identify loci of large
effect and dissect the genetic basis of fairly
simple traits. Following the discovery of
promising loci and identification of molecular
markers, MAS has been used to transfer single
genes in adapted cultivars (Yu et al. 2000; Kelly
et al. 2003; Faleiro et al. 2004) and to develop
multiple-introgression lines with improved
resistance (Mutlu et al. 2005a, b; Miklas et al.
2006). However, most QTL mapping studies
used small population size and low marker den-
sity, which allows only for an approximate
mapping of the chromosomal region. Therefore,
identification of reliable QTL is a preliminary
step in developing a MAS programme for genetic
improvement. So as to transfer QTL in selective
breeding or to identify functional genes, the
identified major QTL should be fine-mapped to a
higher level of resolution and verified or
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validated in additional genetic backgrounds and
environments by developing advanced segregat-
ing populations with large number of recombi-
nants in the region of interest. However, it is
difficult to fine map several minor QTL associ-
ated with highly complex traits, such as drought
tolerance and yield. Different factors may con-
tribute to such failure or to an unexpected result
in MAS: the magnitude of inconsistency of
minor QTL, most QTL effects will have limited
transferability across populations, epistatic and
genotype-by-environment interactions, and pop-
ulation sizes of 500–1000 are needed for map-
ping QTL in order to eliminate the effects of
sampling error (Bernardo 2008).

A new generation of genetic mapping popula-
tions must be designed with the aim to overcome
many of the limitations of biparental QTL map-
ping and association mapping. A widely adopted
strategy to estimate the position and effect of a
mapped QTL more accurately is to create a new
experimental population by crossing nearly iso-
genic lines (NILs) that differ only in the allelic
constitution at the short chromosome segment
harbouring theQTL (QTL-NILs) (Yamashita et al.
2014). In such populations, because of the absence
of other segregatingQTL, the target QTL becomes
the only genetic source of variation, and the phe-
notypic means of the QTL genotypic classes can
be statistically differentiated and genotypes rec-
ognized. Other populations combine the con-
trolled crosses of QTL mapping with multiple
parents andmultiple generations of intermating. In
this sense, MAGIC (multiparent advanced gener-
ation intercross) (Huang et al. 2015) and NAM
(nested association mapping) populations (Buck-
ler et al. 2009) would be an ideal resource to
generate high-density maps using germplasm of
direct relevance to the breeders. These designs
require trade-offs among the amount of genetic
variation sampled, the resolution of genetic map-
ping, the confounding effects of population sub-
structure and the effort required to generate the
mapping population. Another alternative genetic
mapping strategy with higher resolution includes
association analysis (Myles et al. 2009).

The advent of fast-evolving DNA sequencing
technology has given a new direction in the field

of common bean genomics by enabling
sequencing of whole genome, extracting precious
genomic information and resequencing in quick
time and under manageable cost. Reduction of
cost for sequencing leads to the development
next-next- or third-generation sequencing tech-
nologies such as single-molecule real-time
(SMRT) sequencing capable of generating
longer sequence read (Thudi et al. 2012).
A combination of GWAS and
next-generation-mapping populations will
improve the ability to connect phenotypes and
genotypes, while genomic selection could take
advantage of all these data for rapid selection and
implementation in common breeding pro-
grammes. In addition to this, the next frontier in
mapping and identification of candidate genes
involved in complex traits is high-throughput
phenotyping. Due to the development of NGS
technologies, genomic resources are rapidly
accumulating, but phenotypic data collected in a
global context remain scarce. Automated plat-
forms must be developed for phenotyping in
growth chambers and controlled environments to
provide new technologies for high-throughput
phenotyping. The combination of these approa-
ches and the promise of improved and cheaper
genomic technologies will provide an opportu-
nity to apply our understanding of the past to the
future of common bean improvement.
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5Requirement of Whole-Genome
Sequencing
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Abstract
Crop plants that sustain modern civilizations, including common bean
(Phaseolus vulgaris), were domesticated and improved by thousands of years
of human selection, which transformed wild ancestors into high-yielding
domesticated descendants. Understanding how the genome of crop species
has been shaped through time, with and without human intervention, is a
fascinating field of research. In addition, defining the loci and associated
polymorphisms behind the emergence of domestication and improvement
traits inP. vulgaris is ofmajor importance.Uncovering intra- and inter-species
introgression events that could indicate transferred genes,which togetherwith
domestication protein-coding and non-coding genes that have given rise to
domestication and adaptive traits are required for future improvement
strategies. Such strategies, in our view, will depend to a significant extent on
crop re-wilding, given the local adaptations undergone by their wild relatives
and climate change. Essential tools for reaching these goals have recently been
developed, such as the complete genome sequences (*600 Mb) of a
Mesoamerican and an Andean accession, as well as a large gene expression
atlas. Further, there are significant re-sequencing efforts for both wild and
domesticated genotypes, which will play a major role in the future of this
crop. Altogether, this information will allow the genetic dissection of the
characters involved in the domestication and adaptation of the crop and their
further implementation in breeding strategies faced with an ever-expanding
human population and unpredictable environmental challenges.
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5.1 Phaseolus vulgaris Reference
Genome

The common dry bean, Phaseolus vulgaris, is the
most important food legume for direct con-
sumption in the world; it is a major source of
calories and protein in many developing coun-
tries throughout the world (FAO: http://faostat.
fao.org/) providing as much as 15% of the total
daily calories and more than 30% of the protein
intake per day. Among major food crops, it has
one of the highest levels of variation in growth
habit, seed characteristics (size, shape and col-
our), maturity and adaptation.

The distribution of populations currently,
classified as wild-growing P. vulgaris, is very
extensive as it stretches from northern Mexico
and southern USA to northwestern Argentina
(from approximately 28°N. Lat. to 27°S. Lat., or
*10,000 km long). Genetic diversity of wild
beans has evidenced a complex population
structure, defining up to five gene pools (Blair
et al. 2012a) corresponding to segments of the
geographical range of P. vulgaris distribution in
America, including Mesoamerican (Mexican),
Guatemalan, Colombian, Central Andean
(Ecuador, Northern Peru) and Southern Andean
(northern Argentina, Bolivia and Southern Peru).
Such observations raise the question of the dif-
ferential origins, if any, of this broad distribution.
Even though the New World origin of the genus
was established by phylogenetic studies using
nuclear and chloroplast markers
(Delgado-Salinas et al. 2006), and the origin of
P. vulgaris has been strongly debated. For many
years, the most accepted hypothesis regarding the
origins of common bean indicated that, from a
core area on the western Andes in northern Peru
and Ecuador, wild beans were dispersed north (to
Colombia, Central America and Mexico) and
south (to southern Peru, Bolivia and Argentina),
and indigenous people independently domesti-
cated this crop during pre-Colombian times
(Kwak and Gepts 2009). In this regard, radio-
carbon dating and the evidence of starch grains in
human teeth found at archaeological sites have
placed common bean cultivation and consump-
tion in South America, Northern Peru and

Mexico between 4300 and 8000 B.P. (Kaplan
and Lynch 1999; Piperno and Dillehay 2008;
Mensack et al. 2010). The hypothesis of an
Andean origin of the species relied on phyloge-
netic inferences using phaseolin, the major seed
storage protein, that in the wild populations from
northern Peru and Ecuador (Debouck et al. 1993)
shows an ancestral form (type I) because of the
absence of tandem direct repeats in its genes;
similar to those loci coding for phaseolin in the
two most closely related species to P. vulgaris:
Phaseolus dumosus and Phaseolus coccineus
(Kami et al. 1995). However, recent studies using
other molecular markers contradict this theory
and place Mesoamerica as a more probable
centre of origin of the species. Using five dif-
ferent loci from 49 Mesoamerican, 47 Andean
and 6 Peruvian wild P. vulgaris, four different
genetic clusters were observed in Mesoamerica,
whereas only one was clustered with the Andean
accessions and one from Peru (Bitocchi et al.
2012). The phylogenetic results indicate in the
first place that the Peruvian accessions are closer
to one of the Mesoamerican clusters and that
there was a strong bottleneck in South America
before the domestication process took place.
These results are not surprising for several rea-
sons. First, using Amplified Fragment Length
Polymorphisms (AFLPs), several genomic loci
and chloroplast markers, it was observed that
there is a very low genetic diversity in wild and
domesticated P. vulgaris of Andean origin,
(Chacón et al. 2005; Mensack et al. 2010;
Mamidi et al. 2011); whereas in the Mesoamer-
ican varieties, the genetic diversity is higher and
it is accompanied by a lower linkage disequilib-
rium (LD) estimation compared to the Andean
values (Rossi et al. 2009). Additionally, although
the genus Phaseolus extends from México to
Argentina, a large majority of species is found in
Mexico, which suggests that P. vulgaris origi-
nated in Mesoamerica by sympatric or allopatric
speciation and latter, migrated to the south of the
continent. The fact that the ancestral phaseolin
type has not been found in Mesoamerican
accessions might be due to a sampling limitation
or maybe it is really extinct from these popula-
tions. Nevertheless, without whole-genome
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analyses, it has been extremely complex to
clearly establish the history and evolution of
P. vulgaris.

The Phaseoli are diploid plants (2n = 22)
with estimated genome sizes of about 600 Mbp,
and 30% GC content. Interestingly, Phaseolus
leptostachyus is an exception to the rule, having
only 2n = 20 chromosomes (Mercado-Ruaro and
Delgado-Salinas 1998). For a long time, common
bean genetic resources were limited to linkage
maps using reference populations that combined
Mesoamerican and Andean genotypes, such as
DOR364 � G19833 (Blair et al. 2002; Córdoba
et al. 2010) or BAT93 � Jalo EEP558 (Grisi
et al. 2007), that were continuously enriched with
new microsatellites and SNPs. These genetic
maps were useful for the identification of several
QTLs associated with resistance traits (Kelly
et al. 2003; Garzon and Blair 2014) or even the
popping ability of nuña beans (Yuste-Lisbona
et al. 2012). Recently, the genomes of two vari-
eties of P. vulgaris of Mesoamerican (Vlasova
et al. 2016) and Andean origin (Schmutz et al.
2014) have been sequenced and provide an
excellent reference for further comparative stud-
ies. The Mesoamerican variety BAT 93, which
was developed at the “Centro Internacional de
Agricultura Tropical” (CIAT), is highly
homozygous and possesses resistance genes for
the Bean common mosaic virus, Xanthomonas
campestris, Uromyces appendiculatus and Col-
letotrichum lindemuthianum. The final BAT93
genome sequence assembly encompassed
549.6 Mb, which is close to the previously esti-
mated genome size (Arumuganthan and Earle
1991; Bennett and Leitch 1995). The assembly
included 97% of the conserved core eukaryotic
genes, reflecting its completeness. Ab initio
predictions in combination with RNA-Seq data,
as well as public EST and cDNA sequences
allowed the prediction of 30,491 protein-coding
genes (PCGs) whose 66,634 transcripts encode
53,904 unique proteins in its genome.
Non-coding RNAs were identified using a com-
bination of RNA-Seq and in silico homology
modelling methods, leading to the identification
of 2529 small RNAs belonging to plant known
families and 1033 long non-coding RNAs

(lncRNAs). Similarly, Schmutz et al. (2014)
sequenced an inbred landrace line of P. vulgaris
(G19833) derived from the Andean pool (Race
Peru) and assembled it onto 11 chromosome-
scale pseudomolecules that ultimately represent
*80% of the 587-Mb genome. The genome was
found to encode 27,000 genes and contains a
high proportion of recent transposon insertions.
Approximately, 91% of P. vulgaris genes were
found located within soybean (Glycine max)
synteny blocks.

The comparison of the protein-coding
sequences of equivalent genes derived from
both genomic projects showed that 1186 pairs
had sequence identity lower than 95%, and these
were enriched in defence response and terpene
synthase activity. Even if one could expect to
find differences in terms of the gene clustering or
copy-number variations of resistance genes given
the BAT93 selection for less disease suscepti-
bility, it was noteworthy that no resistance-gene
cluster was specific to any of the two sequenced
accessions. This observation indicates that
genomic clustering of resistance genes predates
the split of the Mesoamerican and Andean gene
pools, and that differences in pathogen suscepti-
bility might be due to gene polymorphisms,
rather than a gene presence/absence effect.

Furthermore, the availability of P. vulgaris
genome sequences, complemented with genomic,
phylogenomic and metabolomic signals from 29
re-sequenced genomes from 12 different Phaseo-
lus species that represent most of the phylogenetic
clade diversity in the genus, reinforced the
hypothesis of a Mesoamerican origin of P. vul-
garis, but also revealed a particular speciation
event in the Peruvian-Ecuadorian region of tropi-
cal Andes that predates the split of Mesoamerican
and Andean P. vulgaris gene pools (Rendón-A-
naya et al. 2017). The wild populations located in
the Amotape-Huancabamba Depression (northern
Peru and south of Ecuador), one of the most
biodiverse regions in the Neotropics (Richter et al.
2009; Luebert and Weigend 2014), were shown to
have diverged enough to be tagged as a “sister
species” to P. vulgaris, a fact that would have
remained hidden without the generation of geno-
mic resources.
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As described along this section, the elucidated
common bean genome sequences may prove
useful to breeders of this species but also to
evolutionary biologists and crop geneticists.

5.2 Understanding Common Bean
Domestication Through
Genome Sequencing

The transition from hunting–gathering to agri-
culture is one of the major milestones in human
evolution. An important consequence of this
transition has been the domestication of crop
plants and farm animals (Purugganan and Fuller
2009; Larson et al. 2014). Agriculturalists, from
prehistoric times until present, have improved
their crops and livestock by choosing the best
individuals as parents for the next generations.
Different geographic areas can be distinguished
as centres of domestication, including the Fertile
Crescent, China, Mesoamerica, Andes/
Amazonia, eastern USA, Sahel, tropical West
Africa, Ethiopia and New Guinea. Expansions of
crops, livestock, people and technologies tended
to occur more rapidly along east–west axes than
along north–south axes since locations at the
same latitude share similar climates, habitats and
hence require less evolutionary change or adap-
tation of domesticates, technologies and cultures
than do locations at different latitudes (Gepts
2004). Some New World crops are represented
by distinct but related species in North/South
America and Mesoamerica, suggesting that rela-
ted species were domesticated independently in
these areas; this is the case of common bean
P. vulgaris, lima bean Phaseolus lunatus, chilli
peppers Capsicum annuum, and squashes
Cucurbita pepo, among other crops (Diamond
2002).

Domestication provides an experimental
model to study evolution in general, with several
advantages, including the existence of ancestral
populations, an established time frame
(*10,000 years), identifiable traits under selec-
tion and often the availability of advanced
experimental tools for domesticated plants or
animals (e.g. Gepts 2014). In this perspective,

Phaseolus species are of interest because of the
multiple domestications that have taken place in
this genus. Indeed of the 70–80, wild species that
have been described, no less than five species
have been domesticated in contrasting ecogeo-
graphic settings: common bean (P. vulgaris),
lima bean (P. lunatus), runner bean (P. coc-
cineus), tepary bean (P. acutifolius) and year
bean (P. dumosus). In addition, the first two
species were domesticated at least twice inde-
pendently, in Mesoamerica and in the Andes
mountains. In addition, some domestication traits
may have been selected multiple times, as shown
by the determinacy trait in common bean (Kwak
et al. 2012). This is in contrast with other crops,
such as maize (single domestication) or rice and
wheat (three domestications), which have been
subjected to less domestication events. Thus, the
multiple domestication phenomenon in Phaseo-
lus provides an opportunity to examine to what
extent similar selection pressures have led to
convergent evolution at the molecular level
(Lenser and Theißen 2013). Conversely, com-
parative genomics can illustrate the differential
genetic control of adaptation to contrasting
environments in which the different Phaseolus
species were domesticated.

Many morphological and physiological
changes (determinate growth habit, the lack of
seed dispersal, dormancy or lack of toxicity) are
repeated traits in different domesticated crops
and thus have been used to define the concept of
the “domestication syndrome” (Gepts 2004). The
conservation and inheritance of such traits were
originally based on a Mendelian strategy and
more recently, on the identification of quantita-
tive trait loci (QTL) that represent blocks of
genes that have dramatic effects on adaptation
(Hancock 2005). Therefore, domestication, con-
sidered as the outcome of a selection process that
leads to increased adaptation of plants and ani-
mals to cultivation and utilization by humans,
can be evaluated under a population genetics
perspective (reviewed by Morell et al. 2011).
One of the main consequences of domestication
is the loss of genetic variability, compared to that
observed in the wild ancestors (Gepts and Papa
2002). This is partially explained by the reduced
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size of founding populations and successive
bottlenecks, after which, only few allelic com-
binations are passed on to future generations;
there is an important loss of heterozygosis and
effective recombination, and thus, substantial LD
can be generated. Generally, LD decays more
rapidly in outcrossing species as compared to
selfing ones because recombination is less
effective in auto-pollinated individuals, which are
more likely to be homozygous (Morell et al.
2011).

A second effect of plant domestication is the
modification of breeding systems: outcrossing
plants are often forced to follow a self-pollinating
system (Hancock 2005). This change in the
mating system produces a decrease in population
sizes since lethal alleles are expressed as
homozygous. Once these lethal alleles are elim-
inated from the population, the individual fitness
increases and thus, the size of the population is
balanced. At the same time, homozygosis
becomes more frequent in the population and the
genetic diversity is greatly affected.

Several lines of evidence from traditional
(allozymes or seed proteins) to more recent
molecular markers [Restriction Fragment Length
Polymorphisms (RFLPs), Random Amplified
Polymorphic DNAs (RAPDs), AFLPs (reviewed
by McClean et al. 2004) and Single Nucleotide
Polymorphisms (SNPs), Cortés et al. 2011;
Bitocchi et al. 2013] converge in the establish-
ment of two geographically and genetically iso-
lated gene pools, one in Mesoamerica and one in
the Andes, from which, two independent
domestication events took place starting
*8000 years ago, followed by local adaptations
and further expansions. This scenario is not
atypical in crops, as other plants have been
domesticated more than once, offering the pos-
sibility of studying parallel evolution of inde-
pendent lineages. Such an example is given by
rice, Oryza sativa, with its two cultivated sub-
species, indica and japonica, whose genomes
clearly display independent origins from their
wild relatives but share genomic segments bear-
ing important agronomic traits that arose only
once in one population and spread across

cultivars through introgression and artificial
selection (He et al. 2011).

The recent publication of a P. vulgaris gen-
ome of Andean origin (Schmutz et al. 2014)
allowed for the first time to have a large-scale
screening of the effects of artificial selection on
both gene pools. The estimation of genetic
diversity losses and differentiation index (Fst) on
four re-sequenced pooled populations represent-
ing Mesoamerican and Andean landraces, sug-
gested that different sets of genes, 1835 in
Mesoamerica and 748 in the Andean region,
were selected during both independent domesti-
cation events, with only 57 of them shared by
both processes. Even within gene pools, domes-
tication candidates were not shared by subpop-
ulations, suggesting that similar phenotypes in
cultivated accessions were achieved following
independent evolutionary trajectories. At the
genomic level, 74 and 60 Mb, respectively, were
shown to be affected by artificial selection.
Although relevant, certain aspects of this
approach have to be carefully considered: the fact
that pooled populations were sequenced means
that some biases could have been introduced in
terms of over/under-representation of polymor-
phisms particular to certain individuals within
each subpopulation. In addition, the estimators
that authors propose to identify signals of
domestication (Tajima’s D, Fst and p) are sensi-
tive to population structures and are not neces-
sarily direct indicators of the effects of artificial
selection if gene flow is not considered as part of
the genomic dynamics of the landraces.

An independent screening using the genome
of the Mesoamerican variety BAT93 as a refer-
ence and individual genome sequencing of 12
domesticated and wild accessions from both gene
pools, produced contrasting results. By defining
haplotypes strongly associated with the domes-
ticated phenotype, 599 PCG and 52 lncRNAs
with haplotypes shared between domesticated
genotypes from Mesoamerica and the Andes, and
628 PCGs and 45 lncRNAs with haplotypes
specific to Mesoamerican domesticated acces-
sions were identified (Rendón-Anaya et al.
2017). Screening of protein definitions associated
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with the domestication gene candidates identified
enriched GO categories that could be easily
linked to the emergence of domestication traits
(seed size, photoperiod sensitivity, regulation of
reproductive processes, plant architecture and
hormone signalling, among others).

A strikingly small overlap was, however,
observed between the sets of domestication
PCGs produced by the above-mentioned studies.
Even though several methodological differences
could be the source of such observation (se-
quencing pooled vs. individual genomes; cover-
age; sample size; population genetics
parameters), the absence of gene flow estima-
tions in the model reported by Schmutz et al.
(2014) could be determinant as it was considered
by Rendón-Anaya et al. (2017), as some of the
reported loci that differentiate landraces from
wild genotypes may not be the outcome of arti-
ficial selection but rather represent admixture
with other gene pools. Nevertheless, the addition
of more genotypes to this analysis should clarify
if more genes were differentially selected for
each gene pool and how population expansions
and adaptations to different habitats have altered
genetic diversity in other loci in the genome.

So far, the description of genome-wide
screenings of selection highlights the impor-
tance of generating reference genomes of com-
mon bean from each gene pool, as different
conclusions, some even unexpected, have been
drawn regarding the effects of domestication.
These analyses converge to one important
observation: domestication of common bean has
affected, intentionally or by hitchhiking, protein-
coding genes and many different kinds of regu-
latory elements contained in intergenic segments
with selection signatures that, all together, have
produced the phenotypes that we observe in
cultivated lines. Given the availability of
non-coding RNA predictions for P. vulgaris
reference genomes, their association to the
domestication process could be easily evaluated
through transcriptional correlations between
domestication candidates and long/small
non-coding RNAs encoded within selective
sweeps, combined with estimations of genetic
diversity losses in such regulators and their

targets. A more detailed description of the bio-
logical processes and transcriptional patterns
involved in the emergence of domestication traits
will be accelerated as genomic data from more
accessions is generated.

Ultimately, domestication gene candidates
(Fig. 5.1) should be experimentally validated.
Even though a few examples of successful
transformation (Kwapata et al. 2012) and
virus-based gene silencing (Díaz-Camino et al.
2011) have been reported, the recalcitrance of
common bean for genetic transformation has
made functional studies really challenging. The
generation of mutant populations of P. vulgaris
trough fast neutron radiation (O’Rourke et al.
2013) and TILLING [targeted induced local
lesions in genomes (Porch et al. 2009)] protocols
has been used as an alternative for the identifi-
cation of genes behind visual phenotypic differ-
ences. Thus, the combination of such strategies
and genome re-sequencing of mutant plants
could eventually facilitate the direct association
of coding and non-coding loci to the emergence
of domestication and adaptation traits.

5.3 Going Back to the Wild

Domesticated crops have experienced strong
human-mediated selection during improvement,
aimed at developing high-yielding varieties.
Traditional breeding programs tend to concen-
trate on specific genotypes, which combine traits
of interest and may be used as progenitors in
several crosses. However, high-throughput SNP
genotyping in crops, such as maize or wheat
(Cavanagh et al. 2013), has evidenced small
differences in terms of the amount of genetic
diversity between modern cultivars and lan-
draces, since minor bottlenecks occurring during
improvement do not dramatically alter allele
frequency as stringent domestication bottlenecks
do. Undoubtedly, genetic diversity represents a
necessary condition for further evolution in
response to selection pressures and thus, it also
represents the raw material to develop improved
breeds or cultivars (Gepts and Papa 2002).
However, the combination of the loss of adaptive
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alleles through drift and fixation of deleterious
alleles due to artificial selection necessarily
constrains our ability to expand the cultivation of
domesticated species into environments beyond
those in which domestication occurred, e.g. into
more extreme climates, marginal soils, degraded
agricultural landscapes or into sustainable sys-
tems with reduced agricultural inputs. Thus,
systematic efforts to bring genetic diversity from
wild relatives into crop plants to incorporate a
wider range of useful adaptations for disease
resistance, abiotic stress tolerance and other
agronomic challenges are required in order to
increase the resiliency and productivity of agri-
culture. Furthermore, given the fact that no
biotechnological tools (efficient transformation
systems) are available to easily manipulate
common bean plants and that seed improvement
relies on traditional breeding, it becomes essen-
tial to identify molecular processes behind wild
P. vulgaris adaptation to variable environments
and stress conditions to facilitate targeted
breeding and successfully introduce new allelic
variation into domesticated lines.

The first step towards a more conscious use of
the genetic reservoir contained in wild popula-
tions of P. vulgaris, consists in understanding

parallels and contrasts between natural and arti-
ficial selections, how they have shaped genetic
diversity and altered expression profiles in wild
versus domesticated populations. A useful strat-
egy so far employed in other crops is transcrip-
tome sequencing of wild and domesticated
relatives to describe how selection on quantita-
tive traits has affected gene expression networks.
In the case of maize, the expression profiling of
18,242 genes (using an expression array) for 38
diverse maize genotypes and 24 teosinte (the
wild relative of maize) genotypes, revealed more
than 600 genes having significantly different
expression levels in maize compared with teo-
sinte. Moreover, more than 1100 genes showed
significantly altered co-expression profiles,
reflective of substantial rewiring of the tran-
scriptome since domestication (Swanson-Wagner
et al. 2012). Although limited information on the
functional consequences of the expression
changes can be drawn, differentially expressed
genes show a significant enrichment for genes
previously identified through population genetic
analyses as likely targets of selection during
maize domestication and improvement. Another
example is the comparison of transcriptomes
from wild and domesticated cotton accessions

Seed size: sucrose/
starch biosynthe c
pathway(1,2)

Inflorescence development :
AGL42(1), KNAT1(2), AGL21(2)

Nodula on pathway and
nitrogenmetabolism:
N2 transporters(1), asparagine
synthase(1), NSP2(2)

Organ forma on and plant
architecture: KAN2(2), AS1(2)

Hormone signaling (1,2):
gibberelin, auxin, cytokinin

Stress response genes: cysteine-
rich RLK(2), NCED1(2)

Vernaliza on and photoperiod
pathways: VRN1(1), VRN2(1),
FRL1(1), TFL2(1), COP1(1), PHYA(2),
VIN3(2), GI(2)

Fig. 5.1 Examples of domestication gene candidates proposed by two independent genomic studies: (1) Schmutz et al.
(2014), (2) Rendón-Anaya et al. (2017)
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during fibber formation, which revealed that wild
cottons allocate greater resources to stress
response pathways, while domestication led to
reprogrammed resource allocation towards
increased fibber growth, possibly through mod-
ulating stress response networks (Yoo et al.
2014). Transcriptomic tools have been also used
to answer intriguing points regarding the emer-
gence of domestication traits in common bean.
RNA-Seq data obtained from 10 domesticated
and eight wild Mesoamerican P. vulgaris acces-
sions at the first true-leaf stage revealed that
domestication not only affected the level of
nucleotide diversity in about 9% of the genes but
also changed expression patterns of certain loci
(Bellucci et al. 2014). Differentially expressed
transcripts in wild accessions compared to the
domesticated ones were enriched in putatively
selected genes and the loss of expression diver-
sity appeared significantly higher in selected
genes compared to neutral loci. These observa-
tions could be linked to domestication but could
be also explained by hitchhiking of regulatory
elements.

The unanswered question remains: how to
introduce such allelic variation from wild rela-
tives into cultivated lines of common bean? More
subtle, but no less important, are the evolutionary
effects that arise from spontaneous and/or inten-
tional mating of domesticated plants with their
wild relatives. We would be mistaken if we
regarded domesticated plant taxa as evolutionary
discrete from their wild relatives. Such
hybridization may lead to gene flow: the incor-
poration of genes into the gene pool of one
population from one or more populations, also
known as introgression (Dowling and Secor
1997). Even though the hybrid descendants can
be less viable, it is possible that farmer selection
of introgressants may have played a very
important role in early development of crops, as
agriculture spread out of the centres of origin,
when the alterations resulted in useful genetic
combination.

The mating system is an important determi-
nant of the genetic variation that is maintained in
plants: outcrossing species usually show higher
genetic diversity, compared to selfing species, in

which heterozygosis is rapidly lost. Hybridiza-
tion has been defined as the interbreeding of
individuals from two populations, or groups of
populations, which are distinguishable on the
basis of one or more heritable characters
(Dowling and Secor 1997), and it occurs when
there are incomplete reproductive barriers
between two taxa (Counterman and Noor 2006).
The fraction of species that hybridize is variable,
but on average around 10% of animal and 25%
of plant species are known to hybridize with at
least one other species (Mallet 2007), even if
they are distantly related (Weissmann et al.
2005). Hybridization can operate in different
directions: reducing taxon diversity by eliminat-
ing the boundaries between species, particularly
if gene flow occurs into one or both parental taxa
(which might facilitate adaptive evolution;
Fig. 5.2a); generating new taxa by homoploid or
allopolyploid hybrid speciation (Fig. 5.2b) as in
the case of P. dumosus that derived from the
hybridization of P. vulgaris and P. coccineus
(Mina-Vargas et al. 2016); and merging the two
hybridizing taxa (Pastorini et al. 2009; Schneider
et al. 2011). The geographic pattern and spatial
scale of introgression will depend on many fac-
tors, including the environmental context in
which hybridization occurs, how far individuals
disperse, and the nature of selection. Therefore,
studies of natural hybrids and their genetic
composition can give important insights into
evolutionary processes and the adaptation of
species.

In many cases, domesticated plants and their
wild progenitor can hybridize and their progeny
is viable and fertile. These hybridizations are the
first step in the formation of weedy populations
that combine traits of domesticated and wild
types (Fig. 5.2a). Such hybridizations can result
in adaptive introgressions, as it has been docu-
mented between maize and wild teosinte (Zea
mays ssp. Mexicana), where the incorporation of
adaptive Mexicana alleles into maize during its
expansion allowed this crop to grow in the
highlands of central Mexico. More recently, a
genome-wide scan of introgression signal was
documented for cassava (Manihot esculenta)
cultivars, whose domestication started around
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6000 years ago in the Amazonian basin.
Sequencing wild (M. esculenta ssp. flabellifolia)
and domesticated cassava genomes and com-
paring them to related species (M. glaziovii) did
not only evidence a strong maternal bottleneck
but interspecific introgressions were shown to
introduce variation into the nuclear genome,
particularly in farmer varieties in Africa, where it
was introduced only 500 years ago and spread by
undocumented crosses (Bredeson et al. 2016).

In the case of common bean, the richness of
wild and domesticated populations growing in
sympatry, particularly in Mesoamerica, has
facilitated intra-species hybridizations (gene pool
1) leading to adaptive introgression events. This
has been an ongoing phenomenon that occurs
naturally and under the human influence all along
the domestication process. In different geo-
graphic zones, farmers that still maintain tradi-
tional cultivating systems usually interchange
seeds and plant several different landraces in the
same complexes in order to ensure some harvest,

regardless of the annual growth and environ-
mental conditions. Therefore, it has been possi-
ble to maintain a high diversity that increases
through spontaneous crossing among landraces.
Indeed, a higher molecular diversity has been
observed within domesticated seeds planted
under traditional cultivating systems than in the
local wild populations or the original breeding
lines in several regions in Mexico, like Oaxaca
(Worthington et al. 2012), Yucatán (Martí-
nez-Castillo et al. 2006), Guanajuato and
Michoacán (de la Cruz et al. 2005;
Zizumbo-Villarreal et al. 2005), and Peru and
Colombia (Beebe et al. 1997). Furthermore, the
protection of wild populations in the plots by
traditional farmers can lead to hybridization of
wild and domesticated populations, thereby
generating weedy plants. In the same way, this
protection favours backcrossing of weedy with
domesticated plants and subsequently the estab-
lishment of segregants with high morphological
similarity to the domesticated individuals.

(a) (b)

Fig. 5.2 Hybridization and gene flow reintroduce
genetic diversity. a Hybridization inside gene pool one
originates weedy populations with high levels of genetic

diversity. b Hybridization between two Phaseolus species
produced a stable hybrid species, P. dumosus (modified
from Abbott et al. 2013)
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Measuring AFLP diversity, it has been proposed
that differentiation of sympatric wild and
domesticated populations is higher around
domestication genes than in other loci in the
genome; these observations suggest that selection
in the presence of introgression is a major evo-
lutionary factor maintaining the identity of wild
and domesticated populations (Papa et al. 2005).

Even though gene flow can occur in both
directions, from domesticated to wild popula-
tions and vice versa. A genome-wide screening
of introgression signatures between P. vulgaris
genotypes in Mesoamerica (Rendón-Anaya et al.
2017) confirmed a remarkable asymmetry of
gene flow between wild and domesticated com-
mon bean subpopulations, as previously mea-
sured using microsatellite diversity (Papa and
Gepts 2003). Such asymmetry could be due to
the fact that introgression in domesticated geno-
types from wild neighbours is usually limited
through selection against hybrids where wild
traits, which are dominant or semi-dominant, are
easily recognized by farmers (Koinange and
Gepts 1992). These observations imply that
genetic admixture and a possible mosaic geno-
mic structure might be more frequent than
expected following the preferential autogamy of
the species.

Normally, the introgression of traits from wild
or weedy germplasm is difficult in modern
breeding programs due to the prevalence of
non-domesticated traits governed by dominant
genes (Beebe et al. 1997). However, knowing
that traditional farming systems have made of
domestication a dynamic process resulting from
selection, hybridization and reselection over
many years, we suggest that the variability so
generated could be useful beyond the site where
it occurs by continuous screenings to recover
promising recombinants and introgressants that
would complement modern breeding programs.
Unfortunately, the use of wild relatives as a
genetic resource has been taken into account
from an old fashion optic, just by looking for
particular phenotypes of agromorphological
interest. Once a population with a desirable
characteristic is identified, breeders cross them
with modern varieties or cultivars, in order to

introduce such traits from the wild donor. This
strategy can potentially work with efficiency if
the selected trait is monogenic, that is, one or
only a few genes in proximity, such as pathogen
resistance. A survey of the use of wild germ-
plasm in crop improvement over the last decades
(Hajjar and Hodgkin 2007), including rice,
wheat, maize, barley, sorghum, millet, cassava,
potato, chickpea, cowpea, lentil, soybean, bean,
pigeon pea, banana and groundnut, revealed that
over 80% of the reported beneficial traits con-
ferred by genes derived from wild relatives, are
involved in pest and disease resistance. Similarly,
the stabilized hybrid Helianthus annuus ssp. tex-
anus captured alleles that provide herbivore
resistance from wild Helianthus debilis (Whitney
et al. 2006), and tomato cultivars introgressed
several chromosomal segments from wild Sola-
num pimpinellifolium, enhancing fruit colour
(Tomato Genome Consortium 2012). The iden-
tification of PCGs encoded within introgressed
genomic regions between P. vulgaris subpopu-
lations (Rendón-Anaya et al. 2017) also revealed
an enrichment of functional terms associated with
hormone-mediated signalling pathways, repro-
ductive processes, post-embryonic development
and the formation of reproductive organs. Genes
involved in biotic and abiotic stress responses
(WRKYs, leucine-rich repeat receptor kinases,
and pathogenesis-related proteins) were also
found as transferred in most of the P. vulgaris
comparisons in both directions (from and
towards domesticated accessions), implying that
the continuous movement of such loci favoured
the adaptation of common bean to different
habitats.

Traditionally, crosses of P. vulgaris cultivars
with wild accessions have been used to develop
varieties possessing different resistance alleles.
This is the case of arcelin, which confers mod-
erate levels of resistance to bruchids (Acan-
thoscelides obtectus and Zabrotes subfasciatus);
cultivars resulting from crosses of elite lines
(BAT93) and wild beans collected in Mexico (PI
417662) are web blight and common bacterial
blight resistant, caused by Thanatephorus cuc-
umeris (anamorph Rhizoctonia solani) and Xan-
thomonas axonopodis pv. phaseoli, respectively.
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Other inbred backcross populations show higher
nitrogen, iron, and calcium seed content, or dis-
play higher yields than the recurrent elite parent
(reviewed in Acosta-Gallegos et al. 2007). Abi-
otic stress tolerance is another important example
of desirable improvement in common bean that
has been difficult to introduce. Efforts to
increasing drought tolerance in common bean
commercial varieties have been a priority for
breeders since we face important and quick cli-
mate changes (Beebe et al. 2013). It has been
reported that wild P. vulgaris accessions are
distributed in a wide range of altitudes, different
precipitation regimes and soil types. Thus, com-
bining ecogeographical information, population
structure, genomic and transcriptomic data could
be useful for genome-wide genetic-
environmental associations that could accelerate
the selection of wild individuals to be included in
breeding programs (Cortés et al. 2013).

Several traits, however, rely on the additive
action of several loci, epistatic interactions and
by tuning gene expression by other types of
regulatory elements on the genome. Finding such
genes and regulatory elements is a great chal-
lenge for plant breeders. A remarkable example
is the improvement in fruit colour of tomato,
attributed to lycopene synthesis. Wild tomatoes
remain green even when ripe because they lack
the enzyme of the very last step in the lycopene
synthesis pathway. However, wild alleles have
been shown to enhance earlier steps from this
metabolic pathway that, when combined with an
active form of the enzyme for lycopene synthesis
from cultivated tomatoes, produces highly pig-
mented offspring. Recent genomic studies have
shown that whole-genome triplication of Sola-
num species, added new gene family members
that mediate important fruit-specific functions
and that, within cultivated germplasm, particu-
larly among the small-fruited cherry tomatoes,
several chromosomal segments are more closely
related to wild S. pimpinellifolium than to culti-
vated forms, supporting the hypothesis of recent
admixture of these gene pools due to breeding
(Tomato Genome Consortium 2012).

Thus, although wild germplasm is perceived
to be a poor bet for the improvement of most

traits based on phenotypic examination, it is quite
possible that some favourable alleles are hidden
in unexplored accessions. Massive genomic
screenings, including SNP detection through
individual genome sequencing and comparison
of transcriptomic profiles and co-expression
networks of wild and domesticated populations,
are indispensable tools for finding those loci and
construct more accurate genetic maps reflecting
recombination hotspots and barrier loci for
introgression. Implementing such strategies
requires a major shift in the paradigm for using
our genetic resources but should accelerate tar-
geted breeding programs in the short term.

5.4 Genomic Introgression Outside
P. vulgaris

Around 75 Phaseolus species have been identi-
fied. Interestingly, they have important morpho-
logical differences and grow in variable
environmental conditions (altitude, temperature,
humidity). A phylogenetic study performed by
Delgado-Salinas and collaborators (Delgado-
Salinas et al. 2006) revealed that Phaseolus
species can be separated in eight different groups,
and two independent clades can be distinguished.
The first one, which includes Phaseolus glabel-
lus, Phaseolus oaxacanus, Phaseolus macro-
lepis, Phaseolus microcarpus and species from
Pauciflorus, Pedicellatus and Tuerckhemii
groups, is geographically and ecologically lim-
ited and is distributed in Mexico and southern
USA (Arizona, New Mexico and Texas). There
is no evidence of domestication events of these
species, probably due to their low abundance. In
contrast, the second clade that includes Fili-
formis, Vulgaris, Lunatus, Leptostachyus and
Polistachyos groups is widely distributed in
America, from southern Canada to the Andean
region, and it is speculated that its broad distri-
bution and abundance made domestication of
several of the species in this clade, such as
Phaseolus vulgaris (common bean), P. coccineus
(runner bean), P. acutifolius (tepary bean),
P. lunatus (Lima bean) and P. dumosus
(year-long bean) possible. The latter being an
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interesting case of an evolutionarily stable hybrid
of P. vulgaris and P. coccineus, with its mor-
phology, life cycle, adaptation, and reproductive
mode intermediate between the two parental
species (Llaca et al. 1994), with important
agronomic and nutritional functions in Mexico,
Central America and Colombia.

Domestication processes affecting the
above-mentioned Phaseolus species have attrac-
ted the attention of some research groups. It has
been suggested that a single domestication event
of P. acutifolius occurred in the Sonoran desert
region of Sinaloa since wild tepary accessions
from this area were grouped with cultivated lines
in distance-based trees using microsatellite
sequences (Blair et al. 2012b). Two major gene
pools have been defined for lima bean, Andean
and Mesoamerican, the latter subdivided in at
least two groups (MI and MII) (Andueza-Noh
et al. 2013; Martínez-Castillo et al. 2014). Wild
populations of the large-seeded Andean gene
pool have a narrow distribution on the western
slope of the Andes in Ecuador and northern Peru,
while wild populations of the small-seeded
Mesoamerican pool have a much broader distri-
bution that included not only Mexico and Central
America but also the eastern slope of the Andes
from Colombia to Argentina. Given the high
outcrossing rate of lima beans, introgression has
played a very important role in determining the
level of genetic diversity of wild and domesti-
cated populations. Just as in common bean, gene
flow is bidirectional and higher from domesti-
cated to wild populations but highly variable
when different regions are considered for sam-
pling. This results in different levels of genetic
diversity, maintaining higher values in those
regions where introgressions are more frequent
(Martínez-Castillo et al. 2007; Félix et al. 2014).
Using chloroplast markers from 262 wild and
domesticated accessions (Andueza-Noh et al.
2013), it was recently proposed that the MI group
was domesticated in western central Mexico,
(Nayarit, Jalisco, Colima, Michoacan and Guer-
rero), while MII in Guatemala, Honduras, Costa
Rica and the Mesoamerican Mayan region. On
the other hand, population structure analyses

suggest that domestication of runner bean could
have occurred independently in two areas,
Mexico and Guatemala–Honduras, followed by
extensive hybridizations (Spataro et al. 2011).
Just as in common bean until the generation of
reference genomes, many questions remain open
in terms of the effects of artificial selection on
different genomic features and rewiring of tran-
scriptional networks of other domesticated
Phaseolus species. Given that domestication
syndrome traits are common to most cultivated
Phaseolus species, it is possible to imagine some
degree of convergence of domestication pro-
cesses into similar loci, metabolic pathways,
regulatory elements and expression tuning.
However, important differences in ecological
niches, different degrees of availability/proximity
to wild populations and reproduction habits,
open the possibility of identifying alternative
outcomes of domestication compared to common
bean.

Most Phaseolus species reproduce by
self-pollination; however, there are examples of
intermediate outcrossing in the genus. This is
the case of P. coccineus, a species that is usu-
ally pollinated by hummingbirds, and P. lunatus
that uses bees as natural pollinators. Not sur-
prisingly, opposite to tepary, lima and common
beans, different populations of Mesoamerican
P. coccineus sampled in central Mexico and
Chiapas display high and similar levels of
genetic variation (determined with seven elec-
trophoretic markers) without differences among
wild and cultivated populations (Escalante et al.
1994). The same was concluded while com-
paring several SSRs from European and
American populations of P. coccineus (Spataro
et al. 2011). In spite of its preferential auto-
gamy, P. vulgaris cannot be considered to have
a closed reproductive system, as it maintains
outcrossing rates between 1 and 70%, depend-
ing upon the experimental conditions (Wells
et al. 1988; Ferreira et al. 2007). It is also
possible to hypothesize that wild and domesti-
cated P. vulgaris could have differential
outcrossing patterns, such as soybean, in which
cultivated soybean, Glycine max, has an
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outcrossing rate of approximately 1%, whereas
the wild ancestor, Glycine soja, outcrosses at an
average rate of 13% (reviewed by Flint-Garcia
et al. 2003).

Overall, intra-species outcrosses correspond
to a primary gene pool (GP-1); however,
inter-species hybridizations have also been
reported within the Vulgaris clade (Fig. 5.3). In
the secondary gene pool (GP-2), in which
hybridization is possible but hybrids are weak
with low fertility; it has been observed in
P. coccineus, P. vulgaris, Phaseolus costaricen-
sis, P. dumosus (Blair et al. 2006). Within the
tertiary gene pool (GP-3) in which embryo res-
cue is needed since hybrids are lethal or sterile,
hybridization is possible in Phaseolus parvifolius
and P. acutifolius. Even though it has been
shown that no outcrossing events occur between
the Lunatus and Vulgaris groups, it is possible to

obtain viable descendants by crossing P. lunatus
and Phaseolus polystachios plants.

The evaluation of morphoagronomic traits of
the species belonging to each Phaseolus gene
pool highlights the need to integrate them as
genetic resources for breeding programs in the
short term. Two cultivated species from GP-2,
P. coccineus and P. dumosus, as well as wild
P. costaricensis, are vigorous vines with peren-
nial or semi-perennial tendencies. Even though
three incompatibility barriers in crosses between
common beans and runner beans have been
identified (blocked cotyledon lethal, crinkle leaf
dwarf and dwarf lethal), runner beans and
year-long beans are often found in cloud forests
of Central America and Mexico, where climatic
conditions are favourable for the development of
fungal diseases such as rust (caused by
U. appendiculatus), anthracnose (caused by

Fig. 5.3 Potential use of Phaseolus species in breeding
programs of domesticated lines. Domesticated species
belonging to different gene pools (GP) are contained in
the inner circle. Arrows indicate the direction of genetic

flux; their thickness represents the feasibility of hybridiza-
tions; pointed arrows indicate hybridizations for several
species in each box which have not been explored
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C. lindemuthianum) and web blight. Therefore,
they have been employed as sources of resistance
to a wide array of bean pathogens, although their
use for other traits has been very limited (re-
viewed by Porch et al. 2013). There is also evi-
dence of interspecific genomic introgression
between P. vulgaris and these phylogenetically
close species (Rendón-Anaya et al. 2017), that
showed that PCGs related to cell wall biogenesis
and organization, and pectin and cell wall
polysaccharide metabolic processes, have been
transferred from P. coccineus and P. dumosus/P.
costaricensis into P. vulgaris, which could con-
tribute to the acquisition of pathogen resistance
in common bean (Miedes et al. 2014).

Using hydroponic systems, some accessions
of P. coccineus were also shown to be very tol-
erant to aluminium-toxic acid soils (Butare et al.
2011). Field observations and subsequent
greenhouse studies of root systems have revealed
that runner beans have thick roots that might
have a better potential to penetrate compacted
soil than common beans. These traits could well
contribute to drought resistance and merit further
investigation. Moreover, wild populations of
common bean and runner beans are often found
growing together. The P. vulgaris � P. coc-
cineus hybrid occurs naturally and can be easily
made by controlled pollinations, whereas recip-
rocal crosses have met with limited success due
to unidirectional compatibility, postzygotic bar-
riers and F1 hybrid sterility.

Tepary beans (P. acutifolius) are native to the
desert highlands of northwest Mexico and the
southwest of the USA. As such, they are extre-
mely resistant to drought, heat and cold and have
been viewed as a potential source of drought
resistance for common beans. Their roots are
very long and thin, giving them the ability to
penetrate soil rapidly to access limited soil water
reserves (Butare et al. 2011). Additionally,
comparative transcript profiling under water
deficit of common and tepary beans revealed a
very high number of responsive genes in
P. acutifolius, some of them with functional
annotations directly associated with drought tol-
erance (Micheletto et al. 2007). In spite of
crossing difficulties given that selection for

common bean phenotype imposed by breeders
eliminates much of the tepary bean introgressions
during simple backcrosses, tepary beans have
been used as a source of resistance for biotic
constraints, especially common bacterial blight.
The introduction of a novel congruity crossing
method, however, enhances recombination to
reduce the elimination of the tepary bean large
introgressions (Haghighi and Ascher 1988), and
thus, the observation of higher introgression rates
estimated by AFLP sharing suggests that the use
of P. acutifolius as a source of drought resistance
alleles might be attainable (Muñoz et al. 2004).
Tepary bean accessions have been identified with
several other traits of potential value to common
bean breeders including ashy stem blight and
Fusarium wilt (Fusarium oxysporum) resistance,
bean golden yellow mosaic virus (BGYMV) and
bean rust resistance. Recently, a set of
gene-based SNPs in tepary bean was developed
and the derived genetic map was compared to the
common bean genome assembly (Gujaria-Verma
et al. 2016). This analysis showed a high
collinearity of both genomes, which differ by a
few intra-chromosomal rearrangements. The
degree of similarity of both species at the geno-
mic level should allow hybridizations and the
eventual fixation of adaptive loci in cultivated
genotypes.

Lima beans (P. lunatus) grow over an even
wider range of environments than common
beans, since they are very tolerant to 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.

Still, the wide diversity and geographic
overlap of Phaseolus species in Mexico offer the
possibility of viable outcrosses outside the Vul-
garis clade that has not been extensively studied
and represents an important reservoir of novel
alleles (Fig. 6.3). Phaseolus filiformis no longer
crosses successfully with the common bean
while it has tolerance to salinity and extreme
temperatures. Furthermore, the ecological
description of 25 Phaseolus species distributed in
Mexico (López Soto et al. 2005) highlights other
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candidate species to be evaluated as potential
genomic resources. For example, it was observed
that P. leptostachyus (together with P. coccineus)
grows in the widest range of climatic conditions;
P. leptostachyus, P. microcarpus, P. tuerckheimii
and P. pedicellatus were observed in dry regions
with high temperature; P. tuerckheimii, P. luna-
tus and P. leptostachyus were abundant in trop-
ical climates with high degree of humidity (prone
to fungal diseases). In terms of altitude adapta-
tion, P. acutifolius, P. filiformis, P. lep-
tostachyus, P. lunatus, P. microcarpus or
P. tuerckheimii were collected from very low
areas (sea-level), which contrast with P. vulgaris
preference for altitude. In addition to P. fili-
formis, P. maculatus could be considered an
alternative candidate to evaluate drought resis-
tance, while P. pauciflorus and P. pedicellatus
for cold adaptation.

The use of closely related species without full
reproductive barriers to introduce interesting
agronomic traits into domesticated plants has
been explored for different species of tomato. By
sequencing the transcriptomes of six tomato
species (Koenig et al. 2013), including one
domesticated accession (Solanum lycopersicum,
M82), two related red-fruited wild species (S.
pimpinellifolium and S. galapagense) and three
green-fruited wild accessions from vastly differ-
ing habitats (Solanum habrochaites, a high
altitude-adapted, chilling-tolerant accession; a
high altitude drought-tolerant accession, Sola-
num chmielewskii; and Solanum pennellii, a
desert-adapted accession), it was concluded that
adaptation to extreme environments among
tomato relatives caused alterations of transcrip-
tional networks in parallel with positive selection
at the sequence level for a number of genes
related to environmental adaptation. Gene
expression changes in S. pennellii in particular
were highly accelerated relative to nucleotide
divergence, suggesting that regulatory changes in
morphological evolution are likely a
genome-scale phenomenon. In contrast to adap-
tation to environmental conditions, artificial
selection and domestication were found to be
associated with a relatively small number of
changes both at the sequence and transcriptional

level, with only 51 genes having significant
evidence of evolution under positive selection.
Finally, the identification of introgression events
between domesticated lines and S. pimpinelli-
folium was proposed to contribute to reduced
genome-wide divergence in nucleotide sequence
and divergence in gene expression between cul-
tivated and wild accessions. Similar to the
above-described example, a first attempt to
understand species-specific transcriptional
response to cold stress was conducted comparing
SSH (subtraction suppression hybridization)
generated cDNA libraries from Phaseolus
angustissimus, a cold-tolerant species, and
P. vulgaris. Transcriptome data generated under
low temperature stress suggests that it is highly
unlikely that the greater cold tolerance observed
in P. angustissimus is mediated by the signalling
mechanisms responsible for inducing cold accli-
mation and freezing tolerance in model systems
such as Arabidopsis thaliana (lack of any sig-
nificant representation of COR genes and pre-
dominant representation of myo-inositol-
1L-phosphate synthase—MIPS; Vijayan et al.
2011).

A limiting step breeders and geneticists
should overcome in the short term is the eluci-
dation of the morphological and genetic mecha-
nisms behind the establishment of reproductive
barriers in the genus Phaseolus in order to
improve hybridization strategies. Previous stud-
ies have tried to identify the genetic source of
incompatibility between the Andean and
Mesoamerican common bean gene pools, as
certain crosses result in temperature-dependent
hybrid weakness associated with a severe root
phenotype. It has been found that such phenotype
is controlled by the interaction of the root- and
shoot-expressed semi-dominant alleles
dosage-dependent lethal 1 (DL1) and DL2, which
communicate via long-distance signalling (Han-
nah et al. 2007). Biochemical data showed that
root death likely occurs by defence-related pro-
grammed cell death, as indicated by salicylic acid
accumulation. DL2-expressing cotyledons supply
a potent inhibitory signal that is sufficient to
cause such death in DL1-expressing roots.
However, deeper screenings of introgression
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events and the definition of coding and
non-coding genomic elements displaying differ-
ent degrees of mobility between Phaseolus
populations might contribute to a complete
understanding of the genetic basis of reproduc-
tive isolation in the genus. Furthermore, given
that inter-species introgressions have been shown
to decrease as phylogenetic distance increases
(Rendón-Anaya et al. 2017), the use of inter-
mediate populations should be evaluated to
transfer adaptation loci from distant Phaseolus
species into common bean populations.

5.5 Concluding Remarks

Thanks to genome sequencing strategies we now
have more certainty of the origin of P. vulgaris,
and of the genomic features affected during its
domestication. However, we are only beginning
to approach the use of the enormous versatility of
these plants, which has allowed them to cope
with challenging environmental conditions.

Systematic exploration of the biodiversity of
plants promises to facilitate traditional breeding
and biotechnology-based improvement of veg-
etable crops in key characteristics. In this regard,
even though marker-assisted breeding programs
have been successful in generating several com-
mon bean cultivars, the lack of biotechnological
tools to manipulate Phaseolus species requires
the design of more efficient strategies to incor-
porate a wider range of adaptations for disease
resistance, abiotic stress tolerance and other
agronomic challenges that are required in order
to increase their resiliency and productivity. It is
not enough to identify protein-coding genes
directly affected by selection; a better under-
standing of how transcriptional networks are
rewired following adaptation processes is nee-
ded. Furthermore, it is necessary to explore the
genomes of wild relatives that represent imme-
diate sources of genetic innovations. Conse-
quently, more elaborated and complementary
sequencing protocols at the genomic and tran-
scriptomic levels are required to distinguish key
regulatory elements in the genomes of agronomic

advantageous species that could be targeted by
introgression strategies.

The use of new sequencing technologies will,
in the near future, allow us to obtain true refer-
ence genome sequences not only for P. vulgaris
but also for many other species of the genus,
which accompanied by more ambitious compar-
ative genomics strategies will clarify how natural
and artificial evolutions have shaped the gen-
omes and transcriptional networks of Phaseoli.
These new insights should accelerate our under-
standing of the molecular processes involved in
common bean domestication and improvement
and set the bases for the establishment of a new
generation of marker-assisted breeding programs.
The use of these tools, however, urgently
requires training of breeders in regions where
Phaseolus species represent a key crop for
human nourishment, such as Africa and Latin
America.
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6Common Bean Genomes: Mining
New Knowledge of a Major Societal
Crop

Phillip E. McClean and Bodo Raatz

Abstract
Common bean, Phaseolus vulgaris L., is the most consumed grain legume
in the world. The continued improvement of this crop is necessary as it has
historically been pushed to more marginal lands as other crops displace it.
Genomic technologies are providing valuable information aid this process.
This includes a reference and draft genome of representatives of the
Andean and Mesoamerican gene pools, respectively. Early applications
such as new marker development, marker development, transcriptomics,
and comparative genomics. Future applications such as the need for a
denser gene chip for fine-mapping are highlighted.

Keywords
Common bean � Phaseolus vulgaris L. � Genomics � Sequencing
Marker-assisted selection

6.1 Introduction

The development of reference genome sequences
for important crop species impacts all efforts to
improve the performance of that crop. Because of
their importance as a food throughout the world,

early sequencing efforts targeted major crops
such as rice, sorghum and soybean while the
discovery of candidate dicot and monocot genes
were supported by the genome sequences of
Arabidopsis and rice. A landmark was reached
with the publication of the 50th plant genome in
2013 (Michael and Jackson 2013), and additional
draft and reference genomes of crop species
continue to be described in publications.

The draft sequence of the common bean
(Phaseolus vulgaris L.) Andean landrace Chau-
cha Chuga (CIAT germplasm bank identifier,
G19833) was released in 2014 (Schmutz et al.
2014). This release is indicative of what we are
now seeing in the plant genomic community;
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research focused on crops important to small-
holder farmers. A plan to sequence the bean
genome was developed by genomics, genetics,
and bioinformatics experts in the USA, and that
plan was circulated as a white paper to major
funding agencies in the USA to solicit funding
support that became available in 2009 (McClean
et al. 2008; http://bic.css.msu.edu/_pdf/Bean_
Genomics_Status_2008.pdf). The plan descri-
bed specific applications including marker
development, fine mapping of candidate genes,
legume gene discovery, and the discovery of
genes associated with adaptation. Funding for the
USA project was provided by the United States
Department of Agriculture, the USA Department
of Energy Joint Genome Institute (DOE-JGI),
and the American Recovery and Reinvestment
Act of 2009, and the project was led by
researchers at the University of Georgia, DOE-
JGI, HudsonAlpha Biotechnology Institute, and
North Dakota State University. More recently, in
2016, the sequence of the Middle American
breeding line BAT 93 was released (Vlasova et al.
2016). This sequence was the output from the
Genome-CYTED PhasIbeAm project that also
began in 2009. This project was a collaboration of
bean researchers from Argentina, Brazil, Mexico,
and Spain that specialize in genetics, genomics,
and bioinformatics. Funding for the project was
provided by the Iberoamerican Programme for
Science, Technology and Development the Min-
istry of Science, Technology and Productive
Innovation of Argentina; the National Scientific
and Technology Development Council of Brazil;
Brazilian Agricultural Research Corporation; the
National Council for Science and Technology of
Mexico; and the Ministry of Economy and
Competitiveness of Spain. The project was to
support the development of varieties with greater
production potential and higher quality. A third
ongoing project sequenced the Canadian variety
OAC Rex (http://www.beangenomics.ca/). This
variety is unique for its common bacterial blight
(CBB) resistance that was introgressed from the
tepary bean, Phaseolus acutifolius. The sequence
effort was a component of the “Applied Bean
Genomics and Bioproducts” lead by researchers
at the University of Guelph, University of

Windsor, the University of Western Ontario, and
Agriculture and Agri-Food Canada. The goal of
that project was not only to sequence the genome,
but also to provide tools to enhance CBB resis-
tance, improve healthy components of bean seed,
modified seed storage composition, and increase
the appeal of beans to the consumer.

Here, we discuss the relevance of common
bean, outline the sequencing projects results,
provide a summary of the principle features of
the two genome sequences, feature several
applications of the sequence information, and
provide a future perspective on how genome
sequence data can impact future efforts to
improve common bean.

6.2 The Why and How: Motivation
and Tools for Sequencing
Common Bean

6.2.1 Species Organization, Diversity,
and Domestication

Recent research determined an ancestral wild
bean population in south-central Mexico (Bitoc-
chi et al. 2012) split about *110,000 years ago
into the wild Mesoamerican and wild Andean
gene pools (Mamidi et al. 2013; Schmutz et al.
2014). Subpopulations then spread to the north
and south, and two waves of migration most
likely led to the current Andean population.
From these wild Middle American and Andean
gene pools, the original landraces were derived.
Multiple lines of evidence show that domestica-
tion occurred separately within each wild gene
pool at *7000 years ago. Domesticated germ-
plasm was the basis from which modern, culti-
vated Middle American and Andean varieties
were developed (Mamidi et al. 2011). The
Andean races are classified as Nueva Granada,
Peru, and Chile. The Middle American races are
Jalisco, Durango, Guatemala, and Mesoamerica
(Singh et al. 1991; Beebe et al. 2000).

Common bean is characterized by many
market classes that are distinguished by seed
size, color, and pattern traits that are controlled
by many genes (McClean et al. 2002). The
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principle bean market classes vary worldwide. In
the USA, pinto, navy, black, great northern, and
kidney beans are the major market classes but
represent a small subset of the many classes
grown throughout the world. Other classes such
as red mottled, red kidney, sugar, large white,
and purple speckled are grown in Africa. These
market classes are derived from the Andean gene
pool. In Central America and Mexico, the Middle
American small red, navy, pinto, black,
yellow-tan market classes predominate, and in
Brazil, the carioca type is the preferred bean
market class. Crosses are typically made between
genotypes within a market class because it is
time-consuming to recover a market class phe-
notype from intermarket-class crosses. This has
led to limited sequence variability within each
market class, and in general, variability is lowest
for Andean-derived beans (McClean et al. 2004;
McClean and Lee 2007; Schmutz et al. 2014). At
the same time, a large amount of variability is
observed between the two gene pools. This
variability has been exploited extensively during
the development of populations used to map
important agronomic traits (Miklas et al. 2006).

6.2.2 Common Bean, a Major Societal
Crop

Food legumes are a critical component of the
nutritional and financial livelihood of smallholder
farmers in eastern and southern Africa as well as
Central and South America. In these regions,
common bean is the principal food legume crop
that provides essential food components to com-
bat malnutrition (Katungi et al. 2009). When used
as a source of proteins and micronutrients, it is
beneficial to the health of children (Katungi et al.
2011; Ugen et al. 2012). In Central America and
some countries in eastern Africa, the old milpa
intercropping system of beans and maize (Cook
1919) is the predominant production practice for
many smallholder bean farmers (<2 ha). In Tan-
zania and Guatemala, two countries in which the
milpa system is utilized, beans provided about

10% of the daily intake of proteins between 2010
and 2013 (FAO STAT; http://faostat.fao.org/),
while maize was the primary source of calories. In
that same time frame in Rwanda, 31% of the daily
protein intake came from beans; while in other
major bean-producing African countries, the
percentage ranged from 10 to 15%.

While common bean is universally appreci-
ated as a major nutritional crop and critical to
food security, its economic importance to
smallholder farmers is underappreciated espe-
cially as a cash crop. In Africa and Central and
South America, a large part of the smallholder
farmer bean harvest is sold at the local market to
raise cash for other family needs. This exacer-
bates the malnutrition problem because the beans
are lost to the family as a nutritious food source
leaving maize as the primary source of both
calories and protein. For example, Guatemala,
one of the poorest countries in the world with the
fourth highest level of malnutrition-related
stunting, grows large quantities of beans in the
milpa system. Yet, only 7% of the diet is from
beans in the milpa growing region. Current
estimates suggest that a diet of 25% would alle-
viate much of the malnutrition and stunting
problems. Increasing productivity here may
positively affect this imbalance.

Common bean is the principle food legume
for 400 million people in eastern Africa and
250 million in Central and South America.
Despite recent efforts, yields here are typically
1/3 of full potential, and poor production per-
formance is associated with multiple abiotic and
biotic stresses. Drought is a significant factor that
reduces yields in major bean-growing regions in
Africa (Beebe et al. 2011; Munishi et al. 2015)
and Central America (Gourdji et al. 2015), while
most diseases are prevalent in both regions with
different severity levels (Beebe et al. 2011).

These constraints, tied to biotic and abiotic
stresses, affect both small and large holder pro-
duction. But these constraints pose a much
greater food security risk for smallholder farm-
ers. Using the accepted definition of smallholder
farms (<2 ha), 69% and 76% of the farms in

6 Common Bean Genomes: Mining New Knowledge of a Major Societal Crop 131

http://faostat.fao.org/


Colombia and Guatemala are held by small-
holder farmers (Berdegué and Fuentealba 2011).
In Eastern Africa, 75% of agriculture outputs are
produced on smallholder farms (Salami et al.
2010). Often these farms support entire families.
Since only <1 and <6% of production land is
irrigated in the African and Central American/
Caribbean countries, respectively, (FAO STAT;
http://faostat.fao.org/), farm operations rely on
natural rainfall.

The most important African bean producers
are in the Eastern region of the continent (Bur-
undi, Cameroon, Democratic Republic of the
Congo, Ethiopia, Kenya, Malawi, Uganda, Tan-
zania, Rwanda, and Zimbabwe), a region that
accounted for 5.3 million of the 14.5 million
harvested hectares of beans from 2011 to 2013
(FAO STAT; http://faostat.fao.org/). Here, pro-
duction is almost entirely in the hands of small-
holder farmers who often plant less than a hectare
of beans and who have limited access to capital
to purchase production inputs that would
improve yield. With a total population in 2010
estimated at *400 million, *200 million earned
less than $2USD per day, and child stunting
averaged more than 35%.

A recent Living Standards Measurement
Study discovered that the poor in Uganda can
spend only 50% or less on beans than the
well-to-do suggesting that the poor would benefit
from increased production and lower market
prices. In Central America, where beans continue
to be an important part of the diet, pockets of
poverty still persist. About 2.4 million ha are
cultivated in El Salvador, Guatemala, Mexico,
and Nicaragua. Among a population of
161 million in these countries, 21 million earn
less than $2 US per day. Child stunting here is in
the range of 19%, and childhood anemia ranges
from 19 to 38% (Graham et al. 2007).

Average yields of beans in these regions are
almost uniformly below 800 kg/ha (FAOSTAT;
http://faostat.fao.org/), although yield potential is
above 3000 kg/ha. The trend line for yield since
1970 is essentially flat, whereas in North America
(primarily the USA) yields have increased

15 kg/ha/year in the same time period. Poor yields
are attributed to biotic and abiotic stresses, many
of which are amenable to genetic improvement.
Fungal, bacterial, and viral diseases continue to
reduce yields, and drought and soil constraints are
serious limitations. These regions can greatly
benefit from the promise of new genetic materials
that will be developed using the genomic tools
available for common bean improvement.

6.2.3 Early Genomic Resources
of Common Bean

Prior to the genome sequencing projects,
researchers had developed a suite of resources
that would later prove vital for sequencing the
common bean genome. A set of 83,000 expres-
sed sequence tags (EST) were available (Melotto
et al. 2005; Ramírez et al. 2005; Thibivilliers
et al. 2009), and these were collapsed into 11,000
contigs and 9000 singletons (McClean et al.
2010). These EST sequences were one important
component of the gene modeling step of the
sequencing project. EST data was collected from
multiple tissues such as seedling shoots [with or
without Colletotrichum lindemuthianum (an-
thracnose) infection], seedling leaves, nodules
elicited by Rhizobium tropici, roots, leaves (three
genotypes), and pods.

BAC libraries are important resources for a
sequencing project because they assist with the
assembly of contigs into large scaffolds. The
most critical library was constructed from
G19833, an Andean landrace from Peru (Sch-
lueter et al. 2008). The availability of the library
and early physical map developed from
BAC-end sequencing was the reason this geno-
type was chosen to serve as the reference geno-
type. Eleven other BAC libraries were also
available in the Phaseolus genus, ten from
P. vulgaris and one from Phaseolus lunatus
(Kami et al. 2006). The Phaseolus BAC libraries
were a phylogenetically ordered set useful for
evolutionary studies. DGD1962, a wild bean
from northern Peru, represented the presumed
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ancestral gene pool of the species (Debouck et al.
1993; Kami et al. 1995). The remainder of the
libraries represented the two evolutionary gene
pools. Several libraries were constructed from
wild Mexican beans of Mesoamerican origin that
contain the three subfamilies of the APA seed
proteins, which confer resistance to seed weevils.
Single BAC clones had been fully sequenced,
one around the Co-4 locus for resistance to
anthracnose (Melotto et al. 2004), and the other
around the APA locus (Kami et al. 2006). Full
sequences of BAC clones were important to test
the accuracy of the genome assembly.

Over 25 common bean linkage maps were
available in 2008 (Kelly et al. 2003; Miklas et al.
2006), and new maps are still being described. To
maximize molecular polymorphism, the majority
of mapping populations were derived from
intergene pool crosses between domesticated
Andean and Mesoamerican parents. For special-
ized purposes, some maps were developed by
crossing parents within a gene pool, but poly-
morphism was low. A highly polymorphic core
map utilizing a recombinant inbred population
from the cross BAT 93 � Jalo EEP 558 (Nodari
et al. 1993) was developed to coalesce the map-
ping data (Freyre et al. 1998). Some 600 markers
had been mapped directly in this population
(Freyre et al. 1998; Papa and Gepts 2003; Blair
et al. 2003; Grisi et al. 2007), and shared markers,
principally RFLPs and sequence-tagged markers,
were used to collate linkage groups among the
different maps. A major addition to the map was
300 gene-based markers (McConnell et al. 2010)
that proved useful to correlate the genetic and
physical maps. Utilizing the G19833 BAC
library, a common bean physical map was con-
structed using High-Information-Content Finger-
printing and BAC-end sequencing (41,717
BACs, *9� clone coverage; Schlueter et al.
2008). This physical map assembled into 1183
contigs and 6385 singletons and was anchored
with more than 540 markers derived from RFLPs,
genes, ESTs, and other sequences. Microsatellites
discovered from the end-sequencing effort were
also used to define the relationship between the
genetic and physical maps (Córdoba et al. 2010).

6.3 Andean and Middle American
Common Bean Genome
Sequencing Projects:
Results and Outputs

6.3.1 The Genome Sequence Papers

Two concurrent projects were initiated to
sequence a representative genotype from each of
the two gene pools. G19833 was selected for the
USA project (Schmutz et al. 2014) because a
BAC library and physical map (Schlueter et al.
2008) were initially available for that genotype at
the time the project began. A single G19833 plant
was grown, and leaf tissue was collected from that
plant. Plants grown from the seed of that initial
plant were used for sequencing. The primary
sequence data was collected from 454 reads
(18.6� genome coverage) from a linear library
with an average insert size of 362 bp. That data
set was augmented with 454 paired-end library
read data with insert sizes ranging from *3 to
12 kb. Sanger paired-end sequence data was
collected from two 35 kb fosmid and three
*125 kb BAC libraries. The assembly was based
on 21� coverage. During the early stages of the
project, an Illumina Golden Gate assay with 827
SNPs was developed (Hyten et al. 2010).
The SNP depth was increased during the genome
project through resequencing of a family of
divergent genotypes and mapping to early scaf-
fold assemblies. The product of that effort was an
Illumina Infinium chip (Song et al. 2015) that was
used to score segregating populations from a
Stampede x Red Hawk cross. The resultant
genetic map (1784 genetic loci) was an integral
part of the assembly process. The map contained
7015 SNP and 261 SSR, along with 25 indel
markers that were used to anchor the map to the
common bean linkage groups. The map devel-
opment was partially funded the USDA Common
Bean Coordinated Agricultural Project (Bean-
CAP; http://www.beancap.org/). The assembled
contig data spanned 472 Mb (of the estimated
587 Mb genome; http://www.kew.org/cvalues/),
while the assembled scaffold distance was
521 Mb. The L50 of the contig assembly was
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*40 kb, while the L50 for the scaffolds was
*50 Mb. The chromosomal scale assembly
represented 89% of the scaffold distance. About
45.4% of the total assembly were repeat elements.
The largest class of repeats, the LTR retrotrans-
posons, makes up 36.7% of the genome size.
Gene modeling was based on RNA-seq data from
11 libraries representing multiple anatomical tis-
sues sampled at different development stages.
The RNA was collected, again, from tissues
obtained by growing progeny of that initial plant
used for sequencing. In addition, *50 k tran-
script assemblies based on available EST
sequences in NCBI GenBank were developed.
Standard homology-based prediction software
packages were employed to develop gene models.
These approaches defined 31,638 transcripts
derived from 27,197 gene models.

BAT 93, a breeding line developed by CIAT,
was chosen by the Iberoamerican research group
for sequencing (Vlasova et al. 2016). BAT 93 is
a small seeded bean race representing the Middle
American gene pool. This line has multiple
resistances to major bean diseases and is a parent
of a historical mapping population (Nodari et al.
1993). SOLiD, 454, and Sanger libraries pro-
vided the bulk of the sequencing reads, and those
reads were augmented with a Sanger BAC-end
paired sequence library. Approximately 51% of
the reads were derived from short-read SOLiD
pair libraries, and 34% of the reads were obtained
from 454 paired-end libraries. The primary reads
represented 133� coverage of the bean genome.
Illumina reads (45�) were included to adjust for
homopolymer errors. The final assembly was
comprised of 68% 454 single-end reads, and
25% SOLiD paired reads. The total contig
length was 428 kb (73% of estimated size;
L50 = 18.1 kb), and the scaffold length was
495 kb (L50 = 0.43 Mb), while the physical
distance of the chromosomes was 81% of the
scaffold distance. The observation that 35% of
the genome consisted of mobile elements was
determined using multiple repeat predictors. The
Class I LTR retrotransposons accounted for 29%
of the genome size. Multiple transcript libraries
were developed and sequenced using Illumina or
454 technologies. This was combined with

publicly available transcript data for gene mod-
eling purposes using standard gene prediction
software. A total of 66,634 transcripts were dis-
covered to define 30,491 protein-coding gene
models.

The publication of these two papers highlights
the applications of a genome sequence to better
understand a species. One application especially
pertinent to crops, population genomics, inves-
tigates the history of a species from its wild state,
through its landrace state, and finally to an
improved cultivar. Because it has two gene pools
that were derived from a single ancestral gene
pool and underwent independent domestication
events that occurred at a great distance, common
bean can be a model for crop evolution. Schmutz
et al. (2014) determined that the wild Andean
gene pool was the result of a bottleneck that
lasted 76,000 years and reduced its variation
75%, while the wild Middle American gene pool
did not experience a bottleneck. The two result-
ing wild gene pools were highly differentiated
(FST = 0.34). Further, domestication within these
two gene pools reduced the variation *15%
relative to that found in the derived wild gene
pools. As noted by Gaut (2015), common bean is
well suited for the study of the dynamics of
domestication because the two gene pools can
serve as replicates of evolutionary events that
took place at distant geographic locations. An
important question for crop genomics is whether
there is a single path to domestication, or put
another way, is there a specific set of genes that
must express a specific, genome-wide haplotype
state for a plant to become domesticated. Or
alternatively, are there multiple genomic paths to
becoming a domesticated species. Schmutz et al.
(2014) show that the later was the case, there are
multiple paths to domestication. In their analysis,
out of the 1875 Mesoamerican and 748 Andean
genes determined to have undergone selection
during domestication, only 59 were shared
between the two gene pools. This demonstrates
that bean domestication was most likely a
relaxed event that followed multiple genomic
paths.

Whole-genome sequencing also allows the
investigation of speciation processes within a
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genus further up the evolutionary tree.
Whole-genome duplications and gene duplica-
tions are major evolutionary events traceable
within all higher plants. These duplication events
occurred within ancestral seed plants [*340–
320 million years ago (MYA)] and ancestral
angiosperms (*235–190 MYAR) with addi-
tional independent duplications in the dicot and
monocot lineages (*125 MYA, each) (Jiao et al.
2011). And further, from a common bean per-
spective, a legume-specific duplication (*59
MYA, Schmutz et al. 2010) must also be con-
sidered. Dating duplicates both within and
between genome can assign specific genes to
specific eras along the duplication time line, and
clusters of genes can date-specific events. Nei-
ther Schmutz et al. (2014) nor Vlasova
et al. (2016) found any evidence of a whole-
genome duplication in common bean after the
legume duplication. The dating of paralogs dated
the Phaseolus (G19833 data) and Glycine
divergence at *19 MYA. For BAT 93, those
paralogs duplicated most recently were typically
expressed in the same tissues, while those
duplicated earlier were expressed more variably
from tissue and expression level perspectives.
79% of the BAT 93 genes were orthologous to a
gene in the G19833 genome, and among these
orthologs, divergent genes (<95% identity) were
enriched for defense genes. Common bean is
striking for its large number of clusters of
disease-resistant genes. These clusters are shared
between the two genomes demonstrating that
the appearance of the clusters predates the
Mesoamerican/Andean split. Also, specific BAT
93 gene expansions were noted for the ubiquitin
pathway, seed development, and membrane-
bound receptors. Seed size varies between the
two gene pools, and the results from the
Iberoamerican team shows that gene expansions
involved in seed development differ between the
two gene pools, and these different sets of genes
may underlie the large difference in seed size
between the Andean and Mesoamerican gene
pools. As elegantly noted by the Iberoamerican
team, multiple expansions of specific gene fam-
ilies may be responsible for the widespread
adaptation of common bean to such very diverse

environments as the highland desert of Mexico
and the tropical regions of Central and South
America. They further noted that this broad
adaptation may have made it an ideal species for
domestication as a crop.

6.3.2 Molecular Marker Development

A common utility of a crop genome sequence is
the development of new markers that can be used
for genetic studies and marker-assisted selection
(MAS). The first markers to result from the USA
bean genome project were the development of an
extensive set of indel markers (Moghaddam et al.
2014). This development effort was funded by
the BeanCAP project. The markers actually
predate the V1.0 assembly and were developed
from an early assembly (20� scaffolds) of the
454 reads. The project developed 2687 indel
markers distributed across the genome, and the
markers were selected to be diagnostic not only
for intergene pool populations, but also useful for
scoring intra-gene pool, and even within market
class variation. Markers from this collection were
instrumental in locating the WM7.1 and WM8.3
white mold tolerance QTL to narrow genomic
regions (Mamidi et al. 2016) and providing
gel-based markers for the Co-1 anthracnose gene
(Zuiderveen et al. 2016). As additional resources
become available for large-scale resequencing of
multiple bean genotypes, new indel collections
will be regularly discovered from the resulting
sequence information.

The richest marker set for any species are single
nucleotide polymorphisms (SNP). The first SNP
resource developed from USA sequence was
the Illumina Infinium assay BARCBean6K_3
BeadChip. This toolwas also funded by theUSDA
BeanCAP project. Two previous Infinium Bean-
Chip were designed using early scaffold assem-
blies, and from those chips, the BARCBean6K_3
BeadChipwas optimized to study variation among
all levels of population classification (gene pool,
race, and market class). This diagnostic SNP tool
has foundutility to study the genetics of population
structure (Cichy et al. 2015), nitrogen fixation
(Heilig et al. 2016), disease resistance (Nakedde
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et al. 2016), and pod characteristics in snap beans
(Hagerty et al. 2016). A richer SNP data set was
created using low-pass sequencing (Schröder et al.
2016) to generate a set of*150,000 SNPs for the
BeanCAP Mesoamerican Diversity Panel
(MDP) (Moghaddam et al. 2016). The MDP is a
collection (n = *300) of historical and modern
cultivars representative of USA, Canadian, and
Latin America breeding programs. This SNP col-
lection was used to define the population structure
of theMDP, determine that linkage disequilibrium
varies among Mesoamerican races, chromosomes
and even among various regions within a chro-
mosome, and evaluate the genetic architecture of
several agronomic traits (Moghaddam et al. 2016).
Other SNP sets are also being developed such as
the one reported by Ariani et al. (2016) that dis-
criminates wild and cultivated bean genotypes.
The richest SNP data sets, short of a complete
genome sequence, are the product of resequenc-
ing. Mamidi et al. (2016) applied resequencing at
the level of *2� per individual within pools of
tolerant and susceptible white mold lines.
Approximately 1.5million SNPs distinguished the
two pools, and these SNPs were used to map tol-
erance to vary narrow intervals. This approach,
introgression mapping, can be applied to any
mapping population, and the low-cost of pooled,
rather than individual, resequencing makes this an
attractive approach to rapid mapping to narrow
intervals.

6.3.3 Transcriptomics

Another genome-wide application that is enabled
by a reference genome sequence is a characteri-
zation of the transcribed portion of the genome or
the transcriptome.Awhole-genome perspective of
the transcriptome, a gene atlas, was first published
by O’Rourke et al. (2014) using samples from 24
different stages from leaves, stems, flowers, pods,
seeds, roots, and nodules. The cultivar Jamapa, a
race Mesoamerica black bean, was used for the
analysis. Approximately 85% of the G19833 gene
models were expressed in at least one tissue
at some developmental stage. Across all gene
models, 35% were differentially regulated when

different tissue sourceswere compared. In general,
transcription factors (TF) were underexpressed in
seeds relative to other tissues, and 26 TF families
showed differential expression among tissues.
O’Rourke et al. (2014) monitored the transcrip-
tome of seeds because of their importance as a food
source. As a general observation, ten times more
genes decreased expression as the seed developed
compared to those that increased. The seed tran-
scriptome was enriched for carbohydrate metabo-
lism genes that as a groupwere highly expressed in
the tissue. It was observed, conversely, that for
soybean, carbohydrate metabolism genes are
underexpressed while fatty acid metabolism genes
are upregulated. This is consistentwith the nutrient
composition of the seeds of the two species, where
carbohydrates are a main component of the mod-
ern common bean seed, whereas the modern soy-
bean seed is rich in oils.

The Iberoamerican team also performed an
in-depth study of the BAT 93 transcriptome
(Vlasova et al. 2016). Notable observations
include the following: (1) approximately 40% of
the genes were expressed in all organs sampled
(root, leaf, seed, pod, steam, flower, axial meris-
tem); (2) 64% of the genes, on average, were
expressed within any organ; (3) approximately
10% of the genes could be considered house-
keeping genes; and (4) only a small percentage of
the soybean orthologs of common bean house-
keeping genes were classified as housekeeping
genes. As an organism transitions between the
various phases of development, the transcriptome
also changes. Those changes were also monitored
by this team where they discovered that when two
successive stages of development were com-
pared, the earlier stage had a greater number of
differentially expressed genes. This was most
pronounced for the early stages of the develop-
ment of an organ. Further, the greatest number of
differentially expressed genes was associated
with flowers, pods, and seeds. It was also
observed that the expression of only 2% of the
genes is limited to a single developmental stage,
and the putative functions of the developmental-
stage-specific genes differ as plant tissues mature.
Finally, from a co-expression analysis, it was
noted that the densest hub was enriched for genes
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associated with photosynthesis and NADP
metabolism.

6.3.4 Comparative Genomics

From a genomics perspective, a key question in
evolutionary biology is the relationship between
multiple species in a taxonomic lineage with
regards to the nature of individual genes and
gene families. This was first considered in com-
mon bean by O’Rourke et al. (2014) where they
observed that the number of transcription factors
within each TF family in soybean was twice that
observed in common bean. This is consistent
with the observation that soybean underwent a
genome duplication following its divergence
from the shared ancestor with common bean
(Schmutz et al. 2010). This is not the case,
though, for genes encoding nucleotide-binding
site, leucine-rich repeat containing proteins
(NLR). The NLR family members have consis-
tently been shown to be associated with disease
resistance and are often termed “resistance
genes.” Using similar bioinformatics approaches,
Meziadi et al. (2016) identified 376 NLR genes
in common bean, while Kang et al. (2012)
determined the soybean genome consisted of 319
NLR genes. For both genomes, these NLR genes
were clustered, but to a much greater extent in
common bean where a cluster of 35 NLRs genes
is located on the proximal end of chromosome
Pv04, and 60 NLR genes are found on the distal
end of Pv11. By contrast, the expected 2 to 1
relationship was observed for other gene families
associated with disease defense, receptor-like
kinases, receptor-like proteins, and LysM-
containing protein families (McClean et al.,
unpublished data). So an important question
from an evolutionary perspective is why is there
such a discrepancy in the relative number of
NLR genes between the two species, especially
in light of the observation that additional resis-
tance genes have a metabolic cost in terms of
growth (Tian et al. 2003). It may be that the wide
adaptation of common bean to various niches has
exposed the species to more pathogens for which
a larger number of resistance mechanisms

evolved relative to soybean. As observed by
Vlasova et al. (2016), the size of the common
bean NLR repertoire was established before the
split into gene pools suggesting the ancestor of
the gene pools occupied a wide range that con-
tained multiple pathogens that drove the dispro-
portionate expansion of this gene family.
Conversely, the energy cost of a complete set of
duplicate NLR genes may have been too large to
bear for soybean, and as its genome moved
toward the ancestral diploid number of genes, the
NLR genes were preferentially purged from the
genome.

Genes of agronomic importance have also been
considered from a comparative genomics per-
spective.E1, one of the ten soybean flowering time
or maturity genes, encodes a bipartite nuclear
localizing signal. The common bean ortholog
of E1, Phvul.009G204600, is the closest
non-soybean gene ortholog. Overexpression of
Phvul.009G204600 gave the same phenotype as
the native soybean gene suggesting that it is also a
flowering gene in common bean (Zhang et al.
2016). While this results points to
Phvul.009G204600 as a functional ortholog ofE1,
it was not located near flowering or maturity
genome-wide association study (GWAS) peaks
(Moghaddam et al. 2016). Functional conserva-
tion was also noted for the auxin response factor
(ARF) TF family in both common bean and soy-
bean (Le et al. 2016). This gene family is subdi-
vided into five groups, andwithin each phylogenic
group, the common bean member always groups
with a pair or singleton soybean ortholog rather
than with another common bean group member.
This demonstrates that the ARF gene family was
established prior to split of common bean and
soybean in the Phaseoleae. Expansion though can
occur at different times within a gene or gene
family lineage and can occur independently in
different lineages. For example, albumin 1b pep-
tides (A1b) are insecticidal peptides, and as with
other plant albumins, they are restricted to legume
plants. An analysis revealed a major gene expan-
sion through tandem duplications of this protein
family in Medicago truncatula (n = 44) that
involved seven of the eight chromosomes (Karaki
et al. 2016).No such expansionwas noted for other
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Galegoid group legumes. Within the Phaseoleae
family, which diverged from the Galegoid group
*54.3 MYA (Lavin et al. 2005), the only major
expansion occurred in common bean. And this
expansion only occurred on the distal end of Pv11
where all 21 members of the family are located in
tandem. This clearly is an example of
lineage-specific expansion in common bean via
tandem duplication, whereas the expansion in
Medicago was genome-wide. Clearly, expansions
can occur by multiple modes in legumes. As the
functions of more and more genes are defined,
these types of comparative analyses across the
legume lineage will provide hints as to the func-
tions of uncharacterized genes in common bean.

6.4 Future Direction

6.4.1 Population Genomics: Deep
Resequencing of Diversity
Panels…A Requirement
for More Gene-Based
Genetic Analyses

Diversity panels that capture variation among a
defined population are essential for the discovery
of the genome-wide effects that control-specific
phenotypes. Early panels include those devel-
oped and extensively utilized in poplar (Slavov
et al. 2012), maize (Thornsberry et al. 2001), and
Arabidopsis (Nordborg et al. 2005). Poplar
would be a good example species to follow.
Once the genome was sequenced (Tuskan et al.
2006), a common set of genotypes was selected
for analysis across the geographic distribution of
the species (Slavov et al. 2012). These were
established as cuttings and were distributed as a
common garden for phenotyping. The lines were
genotyped initially with a 34K Infinium chip
(Geraldes et al. 2013), and more recently, the
SNP data was shared with others who adopted
the common garden for their research. Currently,
that panel has been resequenced to a minimum
depth of 15� which enables the discovery of
SNPs tightly linked to or within candidate genes
(Muchero et al. 2015).

Common bean breeders and geneticists have
recently developed three diversity panels:
Mesoamerican Diversity Panel (Moghaddam
et al. 2016); the Andean Diversity Panel (ADP,
n = *330; Cichy et al. 2015); and the Durango
Diversity Panel (DDP, n = 122 originally, now
n = 184; Soltani et al. 2016). These panels con-
sist of modern genotypes (1930 onwards) used
by growers in production fields. They are quite
useful because the individual genotypes are
adapted to modern production systems, so they
can be evaluated under field conditions in which
allelic variation critical to line success in those
systems can be evaluated. Those populations
have already been SNP genotyped with between
150k and 250k SNPs. While that marker depth is
useful for marker-trait association discovery, in
some cases it may not be granular enough to map
genes in populations that provide high-level
genetic resolution. That would require genotyp-
ing at a higher depth. Obviously, as any geno-
typing technology should be cost-effective,
several approaches are possible. One that has
high utility is to develop a SNP chip that is at the
depth found in multiple humans SNP chip,
*500k. In humans, different chips representing
different SNP sets are used collectively to
genotypes individual in >100 clinics around the
world, and coupled with phenotypic data for
those individuals and imputation of the SNP
data, very large effective mapping populations
(n > 30,000) are developed to map candidate
genes for complex human traits (Naj et al. 2011).
For common bean, one goal would be to develop
a community-wide chip with four SNPs per exon
(*450k SNPs) and add additional intergenic
SNPs to provide a genotyping platform of
*600k SNPs. This community tool would be
useful to screen the panels described above or
newer panels that would be for important agro-
nomic phenotyping efforts. Importantly, the out-
put from chip genotyping is SNP calls. This tool
would be extremely useful since much of the
common bean research community can manage
genotype data but is challenged by the bioinfor-
matics requirements to work with resequencing
data. Whereas resequencing of complete panels
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would provide more data, including detection of
more exotic SNPs that are not represented in the
array, the challenging bioinformatics analysis
would hinder utilization, next to the costs, which
are currently favoring chip genotyping over
WGS.

De novo assembly of key genetic resources
and resequencing of diversity panels at high
coverage has the potential to distinguish key
differences between individuals and to uncover
more SNPs than those assigned to a chip. Recent
sequencing chemistries are making it easy to
generate near whole-genome sequences at a
depth that enables diploid de novo genome
assembly for each individual. The 10� Geno-
mics (http://www.10xgenomics.com/) sequenc-
ing approach generates localized tag sequences
that can then be de novo assembled using the
Supernova assembler. One application would be
to generate de novo diploid assemblies of all
individuals within a pathogen differential set.
Proper phasing will then elucidate the critical
difference between a susceptible line and a line
carrying a single resistance gene which will
facilitate accurate marker development. Cur-
rently, this approach would be prohibitively
expensive for most common bean researchers to
be used on a broad scale. An alternative would be
to perform less expensive resequencing.
The DDP has already been resequenced at an 8�
depth, and *700k SNPs have been identified
(McClean et al., unpublished data). While rese-
quencing at this depth would be helpful, a deeper
sequencing depth would prove useful as the
search for causative mutations, which most often
fall within genes, moves forward. The effective-
ness of in-depth resequencing to map phenotypic
variation and discover putative causative variants
to individual candidate genes has recently been
shown for Poplar (Muchero et al. 2015). A set of
56 resequenced common bean samples (new and
previously published) has been assembled and
analyzed by Lobaton et al. (unpublished data),
creating a common SNP set used to map inter-
gene pool introgressions in varieties and land
races.

From a genotypic perspective, deep rese-
quencing of wild genotypes is currently lacking.

That common bean consists of two gene pool
diverged from a common ancestor about 100k
years ago is well established (Mamidi et al.
2013). While a significant loss of variation was
coupled with the appearance of Andean gene
pool, the Mesoamerican gene pool contains
essentially the same degree of variation as the
ancestral pool (Mamidi et al. 2013, Schmutz
et al. 2014). This lends credence to thoughts that
the species arose in Mesoamerica, a hypothesis
that is strongly supported by recent results
that place the speciation of P. vulgaris in
Mesoamerica and most likely Mexico (Bitocchi
et al. 2012). The dual gene pool feature of
common bean is an important distinguishing
feature of the species and makes it useful to study
early events associated with gene pool differen-
tiation. This is best studied using population
genomics approaches that consider both diversity
and differentiation (Weigel and Nordborg 2015).
These types of efforts would best be accom-
plished at the depth provided by resequencing
data (8�–35�). With such data, SNP variation
can initially be correlated with altitude, latitude,
and longitude, or any available long-term envi-
ronmental data, to begin a search for loci asso-
ciated with local adaptation. Initial studies that
adopted this approach have been reported, but
with a very limited set of SNPs (Rodriguez et al.
2016). These considerations can also be addres-
sed if performance data from controlled field
trials could be collected. The near universal
presence of photoperiod sensitivity, though, will
limit such ecological-based trials to a narrow
latitudinal range.

Even more than wild relatives, domesticated
sister species of the secondary and tertiary gene
pool of common bean (Phaseolus acutifolius,
Phaseolus coccineus, Phaseolus dumosus) have
been utilized by breeders to introgress valuable
alleles into common bean breeding lines, e.g., for
superior abiotic stress tolerance (Butare et al.
2011) or diseases resistance (Singh et al. 2001).
Mapping rates against the G19833 reference drop
below 50% in these species (Lobaton et al.,
unpublished), indicating large sequence and/or
structural polymorphisms. Copy number varia-
tion (CNV) and other structural polymorphisms
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are obviously most pronounced in more distantly
related germplasm. In cultivated common bean,
they are probably most prominent in fast
diverging disease-resistance clusters, which are
of high interest to researchers and breeders. De
novo assemblies using new technologies will
deliver information on structural and CNV vari-
ation. Whereas such projects are currently very
cost-intensive, new assemblies of the more
diverse lines in the direct and extended breeding
pools would represent very valuable genomics
tools to understand and fully utilize these
resources.

6.4.2 A Breeding Perspective

A stated output from all crop sequencing projects
is the development of variants, SNPs, or indels,
which can be applied to plant breeding purposes.
A few examples include the discovery of SNPs
linked to the I gene, a critical factor in resistance
to the bean common mosaic virus (Drijfhout
1978). Using a combination of SNP genotyping
of the MDP and additional Andean cultivars
coupled with BCMV resistance/susceptibility
phenotyping of these plant materials, Bello
et al. (2014) described an approach called “in
silico bulk segregant analysis” to discover
codominant SNPs tightly linked to the I gene.
This simple approach only requires the devel-
opment of pools consisting of individuals with
contrasting phenotypes followed by SNP or indel
genotyping of the pools. These SNPs are then
confirmed using an individual SNP testing pro-
tocol such as the Kompetitive Allele Speci-
fic PCR (KASP) assay (https://www.lgcgroup.
com). This is a powerful approach that can then
be applied to the MDP, ADP, and DDP if suffi-
cient phenotypic data is available. Ferreira et al
(2016) used genotyping by sequencing
(GBS) sequence tags mapped against the refer-
ence to visualize backcross introgression of
disease-resistant loci into fabada-type beans,
demonstrating the near-isogenic line method for
identification of I gene and bc-3 resistance loci
for virus resistance.

Of course, mapping with standard bi-parental
populations or association panels followed by
population screening is also possible with the
SNP tools already available. For this purpose, the
BARCBean6K_3 BeadChip has proven useful to
map common bacterial blight (Viteri et al. 2014),
halo blight (Miklas et al. 2014), anthracnose
(Zuiderveen et al. 2016), leaf hopper (Brisco
et al. 2014), and Fusarium root rot (Hagerty et al.
2015; Nakedde et al. 2016) resistance loci.
Lobaton et al. (unpublished) adapted WGS data
to develop improved molecular markers with
superior specificity to resistance sources. A brief
example of identifying an angular leaf spot
resistance locus was recently published (Keller
et al. 2015). WGS can also improve the power of
new breeding tools like genomic selection. If
complex populations are used that have a limited
number of parental lines (e.g., 10), WGS data of
these parental lines can be used to impute all
SNPs (millions) based on lower coverage GBS
data of the whole training/evaluation popula-
tions. Similarly, WGS of parental lines of com-
plex or RIL populations can add valuable
information to genetic analysis.

This BeanCAP research tool is an example of a
community tool of great utility. The next genera-
tion of genomics tools for breeding programs
should focus on loci of critical production impor-
tance. For common bean, with such a wide array
of diseases that affect production, a “Resistance
Chip” would be quite valuable. This chip could be
constructed with the SNP loci that are linked to
resistance genes, gene clusters, or QTL (best based
on resequencing a larger number of resistance
sources) and verified in confirmation populations
or panels. Molecular marker research in bean
suggests that the verification step might require
that neighboring SNPs be discovered that are
diagnostic in other market classes or gene pools
than the one in which the original linked SNP was
discovered (Miklas et al. 1996). Those additional
linked SNPs would need to be included in the chip
design to ensure its widest applicability. Given the
long history of applying molecular markers for
breeding purposes in common bean, this tool
would be welcomed (Miklas et al. 2006).
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Understanding the genotype-by-environment
interaction is critical to the success of all plant
breeding program because of the subtle differ-
ences between the regions that beans must be
adapted. This concept of local adaptation, while a
major academic research question in evolution
(Kawecki and Ebert 2004), is also critical to the
success of plant breeding. Arabidopsis research
has defined a method that takes a genome-wide
approach to identify loci closely associated with
successful growth in specific environments
(Fournier-Level et al. 2011; Hancock et al.
2011). The Cooperative Dry Bean Nursery
(Singh 2000) is a historical effort that has been
grown for >65 years and can be mined for per-
formance data over many locations. The nursery
was initiated and continues to provide value
multisite performance data for plant breeders as
advanced breeding lines from their program are
considered for release. A recent survey showed
over 500 genotypes have been evaluated, many
over multiple years, and efforts are underway to
collect seed and isolate DNA from as many lines
as possible (MacQueen et al., unpublished).
Those lines will then be genotyped using SNP
technology. Environmental data from all site/year
combinations is being collected, and the goal is
to map the genetic variation relative to the
environmental data to discover climatic condi-
tions that are positive predictors of performance
in specific environments. Those mapping results
can then be used to identify markers for genetic
regions associated with environmental variables
unique to specific growing conditions. The
effectiveness of those markers can then be tested
in subsequent years of the trial across multiple
locations. This is an example how the principles
adopted by the field of population genomics
(Weigel and Nordborg 2015) can be tested to
determine how useful they are to crop improve-
ment efforts in common bean.

6.5 Conclusion

Common bean is an important societal crop that
needs a major research focus from the perspec-
tives of food security and nutrition. Given its

broad geographic production range, the focus by
necessity must be diverse. Therefore, all appro-
priate tools must be employed for crop
improvement efforts. The publication of genome
sequences from the two gene pools will have
translational significance beyond understanding
the basic structure of the genome and how it has
evolved over time. It is critical that the genomic
focus switches to understanding how the crop
successfully manages biotic and abiotic stresses
across the many environments in which it is
grown. This will require a gene-by-gene
approach that successfully interacts with a more
genome-wide perspective. These global approa-
ches must be an interdisciplinary cooperative
research effort that successfully incorporates all
aspects of the biology of the plant. From that
perspective, building up from the genome
sequence to understand the full gene repertoire
and how the interaction of genes is manifested in
phenotype should be a central theme in common
bean research. This is analogous to human
research that is aimed at collecting a broad sweep
of knowledge about human biology with the end
goal of a healthy population. Understanding how
bean genes work together will translate into
healthy bean production and subsequently a more
food-secure world.
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7Organelle Genomes in Phaseolus
Beans and Their Use in Evolutionary
Studies

Maria I. Chacón Sánchez

Abstract
Chloroplasts and mitochondria originated from separate endosymbiotic
events that occurred about 1.5 billion years ago. In plants, the quadripartite
nature of the chloroplast genome is a conserved feature with very little size
variation among species. In contrast, size of mitochondrial genomes varies
greatly in plants with high rate of rearrangements in angiosperms,
although highly conserved in sequence. Sequencing of organelle genomes
has increased in the last years as new technologies developed, and today,
the Organelle Genome Resources of GenBank contains about 1717 and
275 records of complete chloroplast and mitochondrial genomes for
plants, 73 and six of them for legumes, respectively. In plants, plastid
genomes have been very useful for phylogenetic and population genetics
studies. In Phaseolus beans, polymorphisms in the plastid genome have
been used in several studies to unravel the evolutionary history of the
common bean and Lima bean in the wild and to pinpoint domestication
places. However, all these studies have explored very few genomic
regions of the plastid genome. Therefore, new genome resources need to
be developed for Phaseolus beans. The sequencing of the plastid genome
of the common bean in the year 2007 was a good start, but since then no
new organelle genome sequences have been reported in this genus. The
goal of this review is to stimulate the development of more organelle
genomes resources in the genus Phaseolus, which will allow a better
understanding of the rates and patterns of evolution and the dynamics of
expression patterns of these genomes. Third-generation sequencing
technologies and additional tools offer an opportunity to do so, and in
the near future, we should see more developments in this direction.
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7.1 Introduction

The origin of mitochondria and chloroplasts has
been attributed to separate endosymbiosis events,
one of themmore than 1.5 billion years ago between
an a-proteobacterium and a unicellular organism of
Archaea or eukaryotic nature that gave rise to
mitochondria, and another one about 1.2–1.5 billion
years ago between a cyanobacterium and an
eukaryotic organism (already containing mito-
chondria) that gave rise to chloroplasts (reviewed in
Dyall et al. 2004). There has been controversy about
whether plastids originated from a primary
cyanobacterial/eukaryotic endosymbiosis event or
from more than one event, although much of the
evidence seem to favor a monophyletic origin of
plastids (see Palmer 2003 for a discussion).After the
primary endosymbiosis event, plastids presumably
spread across the major groups of algae through
an unknown number of secondary eukaryote/
eukaryote endosymbiosis events (Archibald and
Keeling 2002; Palmer 2003). One of the most con-
vincing evidence that supports the primary
endosymbiosis hypotheses is the fact that plastids
and mitochondria contain a small genome whose
genes keep relationship with those of bacteria. The
genomes of chloroplast and mitochondria are single
chromosomes, and the predominant view has been
that they occur in a stable circular form (Kolodner
and Tewari 1979); however, recent evidence indi-
cates that their structure may be more plastic than
previously believed. These genomesmay also occur
as linear forms, and both circular and linear forms
may show various sizes and may contain one or
more genome equivalents, or even incomplete
genome equivalents, as revealed by fiber-FISH
experiments (Lilly et al. 2001; Burger et al. 2003;
Bendich 2004, 2007)

As soon as it was evident that the mitochon-
dria and chloroplasts contained their own gen-
omes, studies started to unravel the structure and
dynamics of these genomes, first based on
denaturation/renaturation kinetics (DRK) and
then on restriction fragment length polymor-
phisms (RFLP) of the whole molecule,
PCR-RFLP, PCR-sequencing of small portions
of the molecule, and lately sequencing of whole
organelle genomes. In the 1970s, experiments
based on DRK and restriction enzyme mapping
showed that the plastid genome structure con-
sisted of two inverted repeats (IRs) separated by
a small single copy (SSC) region and a large
single copy (LSC) region (Bedbrook and
Kolodner 1979; Kolodner and Tewari 1979).
Later, researches showed that this quadripartite
structure of the plastid genome is a conserved
feature in land plant evolution, except for some
legume species (e.g., alfalfa, pea, broad bean,
chickpea, wisteria) and two conifers (Douglas fir
and radiata pine) that have lost one entire
inverted repeat, showing a tripartite structure
(Palmer et al. 1987; Strauss et al. 1988). The IR
contains mainly ribosomal genes and in flower-
ing plants may experience small and apparently
random expansions which make the IR-LSC
junction lie at different places even between
closely related species (Goulding et al. 1996).
Another relatively conserved feature of the
plastid genome is its size, which usually falls in a
narrow range between 120 and 160 Kb, except
for some green algae groups with genomes under
100 Kb or over 200 Kb (Palmer 1985). The size
variation of the plastid genome has been
explained in part by the loss of one IR and in part
by gene losses, especially in the angiosperms
where about 27 protein-coding genes have been
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lost in at least one lineage during evolution
(Magee et al. 2010). In contrast to the plastid
genome, researches on the mitochondrial genome
have shown that its size varies greatly in plants,
with a range between 200 Kb and 2500 Kb (re-
viewed in Levings III and Brown 1989), and in
angiosperms usually show internal rearrange-
ments, even among closely related species,
although it is quite conserved in primary
sequence as a consequence of a low point
mutation rate (Palmer and Herbon 1988). This
high rate of rearrangement in angiosperms is in
sharp contrast with the high level of synteny
usually found in early land plants (Bryophytes),
even among species that have diverged hundreds
of millions of years ago (reviewed in Liu et al.
2012). It has been found that the extensive DNA
rearrangements and size differences seen in
mitochondrial genomes (or chondromes) of
angiosperms are prompted by frequent recombi-
nation, trans-splicing of disrupted introns, the
presence of sequences of chloroplast and nuclear
origin (including retrotransposons), and ongoing
transfer of genes to the nuclear genome (Kubo
and Mikami 2007; Kubo and Newton 2008;
Knoop et al. 2011; Knoop 2012).

Sequencing projects of organelle genomes
started in the 1980s with the plastid genomes and
in the 1990s with the mitochondrial genomes and
have lately increased with the development of
more robust and efficient sequencing and bioin-
formatics tools. Today, in the Organelle Genome
Resources of GenBank, there are about 1717
records of complete plant chloroplast genomes,
96 of them for green algae and 1602 for land
plants, and of these, about 73 are for legume
species, including Acacia ligulata, Cicer ariet-
inum (chickpea), Glycine max (soybean) and
other nine Glycine species, Lathyrus sativus and
other 12 Lathyrus species, Lens culinaris (Len-
til), Lotus japonicas (Lotus), Lupinus luteus,
Medicago hybrida, Medicago papillosa, Med-
icago truncatula (barrel medic), Milletia pinnata,
Phaseolus vulgaris (common bean), Pisum sati-
vum (pea), Vicia sativa, Vigna angularis (adzuki
bean), Vigna radiata (mungbean), Vigna
unguiculata, Trifolium subterraneum and other
four Trifolium species. For the mitochondrial

genome, there are 275 records for plants, of
these, 53 are for green algae and 213 for land
plants, and the only legume species are mung-
bean (Alverson et al. 2011), adzuki bean (Naito
et al. 2013), Vicia faba (Negruk 2013), soybean
(Chang et al. 2013), Millettia pinnata (Kazakoff
et al. 2012), and Lotus (Organelle Genome
Resources of GenBank, http://www.ncbi.nlm.
nih.gov/genomes/GenomesHome.cgi?taxid=
2759&hopt=html, accessed on September 26,
2016).

From these projects, we have learned that the
average plastid genome of seed plants contains
about 101–118 genes, and of these, 66–82 are
protein-coding genes involved mainly in photo-
synthesis and functions related to gene expres-
sion (Jansen and Ruhlman 2012). On the other
hand, the average mitochondrial genome con-
tains about 40–50 genes, which code mainly for
protein components of complexes I to IV of
electron transport chain and ribosomal proteins
of the mitochondrion itself (Lang et al. 1997).

Although a lot of effort has been put in the
research of organelle genomes, the genomic
resources developed for seed plants and in
specific for legume species are in general rela-
tively poor, which limits the undertaking of
comparative studies leading to understanding the
organization of these genomes throughout time
and the evolutionary mechanisms involved, as
well as the use of these molecules in compre-
hensive phylogenetic analyses, especially at deep
levels. For evolutionary studies in plants, the
plastid genome is quite useful for deep level
phylogenetic analyses as well as for intraspecific
studies (Palmer et al. 1988; Gielly and Taberlet
1994; Jansen et al. 2007; Byrne and Hankinson
2012; Dong et al. 2012) due to several charac-
teristics. First, it does not show such a high rate
of rearrangements as the mitochondrial genome;
therefore, results are easier to interpret. Second,
the rate of point mutations is higher in the
chloroplast genome than in the mitochondrial
genome, providing variation for deep as well as
for shallow level phylogenetic and population
genetics analyses. And third, plastid genomes (as
well as mitochondrial genomes) are usually
maternally inherited and may, therefore, trace
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different evolutionary histories when compared
to the nuclear genome, which is biparentally
inherited and normally exposed to hybridization
and introgression events.

The goal of this review is to stimulate the
development of more genomic resources for
organelle genomes in legumes, with an emphasis
in the genus Phaseolus, to address a diversity of
questions especially concerning phylogenetics
and population genetics. In this chapter, the use
of organelle genomes for evolutionary studies in
the genus Phaseolus is reviewed, with an
emphasis in the plastid genome for the reasons
exposed above. In the first part, the structure and
gene content of the recently sequenced plastid
genome of the common bean is revised. In the
second part, a summary of how successfully this
molecule has been used in evolutionary studies in
Phaseolus beans, in wild and domesticated
populations, is presented. The review ends with a
brief overview of the tools that can be applied to
carry out analyses of organelle genomes in the
genus Phaseolus and other genera, for population
level and phylogenetic studies.

7.2 Structure and Gene Content
of the Common Bean Plastid
Genome

The number of genes in current chloroplast
genomes varies from about 100–250 (Gao et al.
2010), which is only a small fraction compared
to the about 3000 genes that can be found in a
free-living cyanobacteria, and therefore, chloro-
plasts depend on the products of nuclear-encoded
genes to function (Bock 2007). In the plastome,
genes have been classified into functional classes
by several authors (Bock 2007; Wicke et al.
2011), which are summarized below. (1) Genes
(approximately 62) that encode components of
the expression machinery of the chloroplast; for
example, genes for DNA- and RNA-processing
enzymes, the gene matK (a group IIA intron
maturase), four ribosomal RNAs (ribosomal
RNA rrn23 for the large subunit, ribosomal
RNAs rrn16, rrn5, and rrn4.5 for the small
subunit), 30 different tRNAs, 12 ribosomal

proteins for the small subunit of the ribosome,
and nine ribosomal proteins for the large subunit
of the ribosome. (2) Genes (*50) coding for
protein subunits involved in photosynthetic light
and dark reactions and cytochrome C biogenesis.
These include genes encoding subunits of a
protochlorophyllide reductase, genes encoding
proteins for CO2 uptake, the rbcL gene encoding
the large subunit of the RuBisCo enzyme, genes
encoding proteins of the thylakoid membrane
involved in photosynthetic light reactions, among
them are protein subunits of the photosystems I
(5 subunits) and II (15 subunits) where light is
harvested, chaperons that help in the assembly of
the two photosystems, six subunits of the cyto-
chrome b6f complex that connects the two pho-
tosystems by electron transfer, six subunits of the
ATP synthase complex, and 11 subunits of the
plastid NAD(P)H-complex involved in electron
recycling. (3) Proteins on other metabolic path-
ways such as fatty acid synthesis (Acetyl-CoA
carboxylase, accD gene) and sulfur metabolism
mainly in liverworts, and open reading frames of
unknown function (for example, ycf1 and ycf2).

Guo et al. (2007) reported the sequence for the
plastid genome of the common bean cv. Negro
Jamapa (GenBank accession DQ886273.1). To
obtain the sequence, the authors extracted DNA
from isolated chloroplasts, then fragmented the
DNA by nebulization, and finally, cloned and
sequenced the fragments by Sanger technology.
The study showed that the size of the common
bean chloroplast genome is approximately
150,826 bp, of which around 79,824 bp make up
the LSC, 17,610 make up the SSC, and 26,426 bp
make up each of the two IR (IRA and IRB). In
previous experiments using restriction enzymes,
it was established that the chloroplast genome of
the common bean exists in two circular isomers
that are different in the relative orientation of the
two single copy regions, presumably as a result of
flip-flop recombination among the IR (Palmer
1983; Marechal and Brisson 2010).

According to Guo et al. (2007), the content of
non-coding regions (40%) of the common bean
plastid genome is similar to that of tobacco, with
a little bias toward AT content (around 64–68%),
as reported in other plastomes. In the coding
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regions, the authors predicted 127 genes, with 19
of them duplicated in the inverted repeats.
Among the 108 single copy genes, there are 4
rRNAs and 30 tRNAs similar to the tobacco
plastome, and 75 protein-coding genes involved
in photosynthesis and gene expression. A com-
plete list of the protein-coding genes in the
chloroplast genome of common bean (GenBank
accession number DQ886273.1) can be found in
Table 7.1, and the physical map can be seen in
Fig. 7.1a. Among the particular features that Guo
et al. (2007) found are the lack of the genes rpl22
and infA as has been reported in legumes and
other plants, the presence of two pseudogenes
(rps16 and rpl33), a 51 Kb inversion in the LSC
that goes from rbcL to rps16 that is characteristic
of legume species in the Papilionoideae sub-
family (Doyle et al. 1996), and an inversion at
the junctions between trnH-rpl14 and rps8-rps19
absent in other legumes. Guo et al. (2007) con-
firmed the presence of these two pseudogenes
and this last inversion by PCR amplification in
other ten common bean varieties. Guo et al.
(2007) also compared amino acid substitution
rates of all protein-coding genes in the chloro-
plast genomes of common bean and soybean,
taking different species as reference (Arabidopsis
thaliana, lotus, barrel medic), and concluded that
the common bean chloroplast genome evolves at
faster substitution rates than soybean. Among the
genes with faster substitution rates are accD and
matK.

There is a second chloroplast genome for
common bean reported in GenBank under
accession number EU196765.1 (Moore et al.
2007). When comparing both reported genomes,
only minor differences are found; for example,
the genome reported by Moore et al. (2007)
contains 229 bp in the IR annotated as ycf15
(pseudogene) between the genes ycf2 and ndhB
that was not annotated in the other genome. The
physical map of this genome can be seen in
Fig. 7.1b.

7.3 Use of Organelle Genomes
in Population Genetics

The predominant pattern of inheritance of orga-
nelle genomes in plants, including early land
pants, is uniparental, mostly maternal. In spite of
being a general feature, few attempts have been
made to explain the origin of this type of inher-
itance. Some authors state that uniparental
inheritance arose as a consequence of the high
level of cytological differentiation among female
and male germ lines; this differentiation being
itself a consequence of selection in the germ line
(Godelle and Reboud 1995). Basically, the
organelles are maternally inherited because there
are different transmission rates among female
and male gametes, being the conditions of
replication more difficult in the male germ line.
Other authors argue that because the replication
of nuclear DNA and organelle DNA is uncou-
pled, intracellular conflicts (nuclear DNA–or-
ganelle DNA or organelle–organelle DNA) can
arise if natural selection, acting on both kinds of
DNA molecules, does not favor the same char-
acters (Eberhard 1980). These incompatibilities
may lead to uniparental inheritance of organelle
DNA by the elimination of the products from one
parent. Another reason that has been invoked is
that in order to prevent “infection” of the egg by
“foreign” or “pathogenic DNA” during the
fusion of gametes, there are degradation mecha-
nisms in the egg that would degrade not only
foreign DNA but also entering organelle DNA
(Coleman 1982). However, not all plant species
show uniparental plastid inheritance, many
angiosperm species show or at least have the
potential for biparental inheritance (Zhang 2010).
One common method to inspect for potential
biparental plastid inheritance (PBPI) is to look
for the presence of plastid DNA in the male
gamete by means of epifluorescence microscopy
(Corriveau and Coleman 1991). Cytological
studies have revealed that many legume species
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Table 7.1 List of protein-coding genes found in the chloroplast genome of common bean cv. Negro Jamapa
sequenced by Guo et al. (2007), their position in the large single copy (LSC), small single copy (SSC) or inverted repeat
(IRA, IRB), and their classification into three gene categories

Gene
name

Description Start
position

End
position

Region Gene category

rps3 ribosomal protein S3 25 675 LSC Plastid genetic
machinery

rpl16 ribosomal protein L16 829 2253 LSC Plastid genetic
machinery

rpl14 ribosomal protein L14 2379 2747 LSC Plastid genetic
machinery

psbA photosystem II protein D1 3253 4314 LSC Photosynthesis
genes

matK maturase K 4964 6505 LSC Plastid genetic
machinery

rbcL ribulose-1,5-bisphosphate
carboxylase/oxygenase large subunit

8093 9523 LSC Photosynthesis
genes

atpB ATP synthase CF1 beta subunit 10,293 11,789 LSC Photosynthesis
genes

atpE ATP synthase CF1 epsilon subunit 11786 12187 LSC Photosynthesis
genes

ndhC NADH dehydrogenase subunit 3 13451 13813 LSC Photosynthesis
genes

ndhK NADH dehydrogenase subunit K 13857 14495 LSC Photosynthesis
genes

ndhJ NADH dehydrogenase subunit J 14597 15073 LSC Photosynthesis
genes

rps4 ribosomal protein S4 18027 18632 LSC Plastid genetic
machinery

ycf3 photosystem I assembly protein Ycf3 19209 21200 LSC Photosynthesis
genes

psaA photosystem I P700 chlorophyll a apoprotein
A1

21951 24203 LSC Photosynthesis
genes

psaB photosystem I P700 chlorophyll a apoprotein
A2

24229 26433 LSC Photosynthesis
genes

rps14 ribosomal protein S14 26578 26880 LSC Plastid genetic
machinery

psbZ photosystem II protein Z 27952 28140 LSC Photosynthesis
genes

psbC photosystem II CP43 chlorophyll apoprotein 28804 30225 LSC Photosynthesis
genes

psbD photosystem II protein D2 30173 31234 LSC Photosynthesis
genes

psbM photosystem II protein M 34282 34386 LSC Photosynthesis
genes

petN cytochrome b6/f complex subunit VIII 34964 35053 LSC Photosynthesis
genes

rpoB RNA polymerase beta subunit 36566 39778 LSC Plastid genetic
machinery

(continued)
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Table 7.1 (continued)

Gene
name

Description Start
position

End
position

Region Gene category

rps2 ribosomal protein S2 47250 47960 LSC Plastid genetic
machinery

atpI ATP synthase CF0 A subunit 48206 48949 LSC Photosynthesis
genes

atpH ATP synthase CF0 C subunit 49943 50188 LSC Photosynthesis
genes

atpF ATP synthase CF0 B subunit 50566 51830 LSC Photosynthesis
genes

atpA ATP synthase CF1 alpha subunit 51903 53435 LSC Photosynthesis
genes

psbI photosystem II protein I 55554 55664 LSC Photosynthesis
genes

psbK photosystem II protein K 56132 56317 LSC Photosynthesis
genes

accD acetyl-CoA carboxylase beta subunit 57913 59337 LSC Other genes

psaI photosystem I subunit VIII 59604 59708 LSC Photosynthesis
genes

cemA envelope membrane protein 61005 61688 LSC Other genes

petA cytochrome f 61879 62841 LSC Photosynthesis
genes

psbJ photosystem II protein J 63317 63439 LSC Photosynthesis
genes

psbL photosystem II protein L 63596 63712 LSC Photosynthesis
genes

psbF photosystem II protein VI 63735 63854 LSC Photosynthesis
genes

psbE photosystem II protein V 63864 64115 LSC Photosynthesis
genes

petL cytochrome b6/f complex subunit VI 65029 65124 LSC Photosynthesis
genes

petG cytochrome b6/f complex subunit V 65288 65401 LSC Photosynthesis
genes

psaJ photosystem I subunit IX 65991 66125 LSC Photosynthesis
genes

rps18 ribosomal protein S18 66899 67207 LSC Plastid genetic
machinery

rpl20 ribosomal protein L20 67442 67801 LSC Plastid genetic
machinery

rps12 ribosomal protein S12 68655 68768 LSC Plastid genetic
machinery

clpP clp protease proteolytic subunit 68985 71036 LSC Plastid genetic
machinery

psbB photosystem II 47 kDa protein 71441 72967 LSC Photosynthesis
genes

(continued)
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Table 7.1 (continued)

Gene
name

Description Start
position

End
position

Region Gene category

psbT photosystem II protein T 73127 73234 LSC Photosynthesis
genes

psbN photosystem II protein N 73293 73424 LSC Photosynthesis
genes

psbH photosystem II protein H 73538 73759 LSC Photosynthesis
genes

petB cytochrome b6 73891 75330 LSC Photosynthesis
genes

petD cytochrome b6/f complex subunit IV 75525 76720 LSC Photosynthesis
genes

rpoA RNA polymerase alpha subunit 76960 77961 LSC Plastid genetic
machinery

rps11 ribosomal protein S11 78036 78452 LSC Plastid genetic
machinery

rpl36 ribosomal protein L36 78768 78881 LSC Plastid genetic
machinery

rps8 ribosomal protein S8 79367 79771 LSC Plastid genetic
machinery

rps19 ribosomal protein S19 80396 80674 IRB Plastid genetic
machinery

rpl2 ribosomal protein L2 80729 82213 IRB Plastid genetic
machinery

rpl23 ribosomal protein L23 82232 82513 IRB Plastid genetic
machinery

ycf2 Hypothetical protein rf2 83119 89985 IRB Other genes

ndhB NADH dehydrogenase subunit 2 91242 93411 IRB Photosynthesis
genes

rps7 ribosomal protein S7 93761 94228 IRB Plastid genetic
machinery

rps12 ribosomal protein S12 94283 95069 IRB Plastid genetic
machinery

ndhF NADH dehydrogenase subunit 5 106264 108516 SSC Photosynthesis
genes

rpl32 ribosomal protein L32 108943 109104 SSC Plastid genetic
machinery

ccsA cytochrome c biogenesis protein 109540 110526 SSC Photosynthesis
genes

ndhD NADH dehydrogenase subunit 4 110787 112283 SSC Photosynthesis
genes

psaC photosystem I subunit VII 112409 112654 SSC Photosynthesis
genes

ndhE NADH dehydrogenase subunit 4L 112939 113244 SSC Photosynthesis
genes

ndhG NADH dehydrogenase subunit 6 113447 113977 SSC Photosynthesis
genes

(continued)
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show PBPI such as chickpea (C. arietinum),
Lathyrus japonicus, L. orodatus, Medicago
sativa, Melilotus alba, M. indica, M. officinalis,
pea (Pisum sativum), and Wisteria sinensis
(Smith et al. 1986; Corriveau and Coleman 1988,
1991). Among the Phaseolus species analyzed
by epifluorescence microscopy are the common
bean and Phaseolus aureus, both with maternally
inherited plastid DNA (Corriveau and Coleman
1988). Studying in detail the mode of inheritance
of organelle DNA is important for the use of
these molecules in evolutionary studies, espe-
cially because this will affect the effective pop-
ulation size.

The plastid genome has been very useful for
evolutionary and domestication studies in
Phaseolus beans (common bean and Lima bean).
The earliest studies detected polymorphisms in
the molecule at the intraspecific level by means
of RFLP and PCR-RFLP, and later studies used

PCR-sequencing. Chacón et al. (2005, 2007)
investigated the evolutionary history of wild
common bean, a species that is widely distributed
from Mexico to Argentina, and the domestication
areas by applying PCR-RFLP in 322 accessions
of wild, weedy, and domesticated common bean.
Seven non-coding regions (Table 7.2) were
amplified and then restricted by a set of enzymes.
A total of 32 point mutations and two indels were
found by sequencing a small sample of wild
beans, and of these, 16 point mutations were
detectable by restriction digestion. These 16
point mutations defined 14 haplotypes, and the
phylogenetic analysis of these haplotypes along
with those of sister species (P. dumosus and
P. costaricensis) suggested that the origin of wild
common bean was probably Mesoamerica.
Genetic relationships among wild and domesti-
cated accessions suggested southern Peru as a
possible area for a single domestication of the

Table 7.1 (continued)

Gene
name

Description Start
position

End
position

Region Gene category

ndhI NADH dehydrogenase subunit I 114254 114739 SSC Photosynthesis
genes

ndhA NADH dehydrogenase subunit 1 114823 117172 SSC Photosynthesis
genes

ndhH NADH dehydrogenase subunit 7 117174 118355 SSC Photosynthesis
genes

rps15 ribosomal protein S15 118457 118729 SSC Plastid genetic
machinery

ycf1 Hypothetical protein RF1 119085 124364 SSC/IRB Other genes

rps12 ribosomal protein S12 135040 135826 IRA Plastid genetic
machinery

rps7 ribosomal protein S7 135881 136348 IRA Plastid genetic
machinery

ndhB NADH dehydrogenase subunit 2 136698 138867 IRA Photosynthesis
genes

ycf2 Hypothetical protein RF2 140124 146990 IRA Other genes

rpl23 ribosomal protein L23 147596 147877 IRA Plastid genetic
machinery

rpl2 ribosomal protein L2 147896 149380 IRA Plastid genetic
machinery

rps19 ribosomal protein S19 149435 149713 IRA Plastid genetic
machinery
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Andean landraces of common bean and pointed
Mexico as a possible area for multiple domesti-
cation events that would have given rise to the
Mesoamerican landraces.

For studying the biological origin of Lima
bean (Phaseolus lunatus L.), a species that is also
widely distributed from Mexico to Argentina in
the wild, Fofana et al. (1999) analyzed chloro-
plast DNA polymorphisms by means of
PCR-RFLP in a sample of Lima bean accessions
and allied Mesoamerican and Andean species.
The authors extracted genomic DNA, then
amplified a set of six intergenic spacers
(Table 7.2), and finally digested the PCR prod-
ucts with ten restriction enzymes. The authors
also performed Southern blotting using as probe
the chloroplast DNA purified from one accession
of Lima bean. The phylogenetic analysis con-
firmed a monophyletic origin for the Andean and
Mesoamerican gene pools in Lima bean, and an
Andean origin of the species by the fact of a
closer phylogenetic relationship of Lima bean

with Andean allied species (P. augusti,
P. pachyrrhizoides and P. bolivianus). Later,
Fofana et al. (2001) studied the genetic diversity
of wild and domesticated Lima beans by means
of RFLP using two cpDNA probes in a set of 152
wild and domesticated accessions. In total, 89
bands were scored in the wild accessions, and
about 55% of them resulted polymorphic. In their
analyses, the authors evidenced the presence of
three groups, the Mesoamerican, the Andean
gene pools, and a third group called “transition
group” with accessions from Peru, Ecuador,
Colombia, and Costa Rica. They also suggested
two places of domestication for Lima beans: one
in the Andes of Ecuador and Peru, and a second
one in the region Mexico–Guatemala.

In the last years, our research group has been
investigating the biological origin and domesti-
cation areas of Lima bean in the Americas by
sequencing two intergenic spacers of the
chloroplast DNA (trnL_UAA-trnF_GAA and
atpB-rbcL), both located in the large single copy

Fig. 7.1 Physical maps of the two plastid genomes that
are available for the common bean. a GenBank accession
number DQ886273.1. b GenBank accession number
EU196765.1. Legends show color-coding for gene

categories. GC content is shown in the inner circle in
darker gray. Physical maps were drawn using complete
genome sequences in the program OGDRAW (Lohse
et al. 2013)
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of the molecule. A total of 1324 base pairs were
sequenced from both spacers, and 33 polymor-
phic sites were found in a sample of 59 wild
accessions representing the widespread distribu-
tion of the species, and a set of 12 allied species
(Serrano-Serrano et al. 2010). These polymor-
phic sites defined 23 haplotypes, each one of
them restricted to a single geographic region,
except for one haplotype that was shared
between Mesoamerica and South America. These
data confirmed an Andean origin of wild Lima
bean during Pleistocene and the presence of three
gene pools, two Mesoamerican (MI and MII) and
one Andean. Gene pool MI was distributed
mainly from northern Mexico to Oaxaca, on the
Pacific side. Gene pool MII was widely dis-
tributed on the plains of the Gulf of Mexico,
Peninsula of Yucatan, Chiapas, in Central
America from Costa Rica to Guatemala, and in
South America on the eastern slope of the Andes
in Venezuela, Colombia, Ecuador, Peru, and
Argentina. The Andean gene pool was restricted
to the Andes of Ecuador and northern Peru, on
the western slope of the Andes. Motta-Aldana
et al. (2010) and Andueza-Noh et al. (2013) tried
to pinpoint areas of domestication for the
Mesoamerican landraces using these two inter-
genic spacers and an increased sample of 262
individuals (40 haplotypes) and proposed two

possible areas, one in central-western Mexico
from gene pool MI, and another one in Guate-
mala–Costa Rica from gene pool MII. As it can
be seen, these two intergenic spacers have been
very useful for phylogeographic studies in Lima
bean, but in order to have greater geographic
resolution to pinpoint domestication places
within Mexico with the use of plastid DNA,
more polymorphisms need to be identified out-
side these two spacers. The new sequencing
technologies provide an opportunity to deepen
this aspect.

Another source of polymorphisms in the
Phaseolus plastid genome has been the
microsatellite sequences (SSR). Angioi et al.
(2009) evaluated the usefulness of 39 SSR loci in
several legume species, including common bean,
P. coccineus, and Lima bean. The authors tested
36 primer pairs already reported for legumes,
redesigned one primer pair based on previous
reports, and designed two new primer pairs on the
basis of available chloroplast genome sequences.
In their study, 16 SSR loci were polymorphic for
common bean and P. coccineus and 18 loci were
polymorphic in 59 accessions of the Phaseolus
genus (common bean, P. coccineus, P. acuti-
folius, P. dumosus, and Lima bean). Angioi et al.
(2009) found that in the genus Phaseolus, the
number of alleles per locus ranged from 2 to 12

Table 7.2 Non-coding regions of plastid DNA that has been used for evolutionary studies in Phaseolus beans

Species Intron Intergenic
spacers

Source

Phaseolus
vulgaris

trnL
intron
rpl16
intron
ndhA
intron

trnT-trnL
trnL-trnF
rps14-psaB
accD-psaI

Chacón et al. (2005, 2007)

Phaseolus
lunatus

– atpB-rbcL
rps14-psaB
petA-psbE
psbC-
tRNAser
tRNAser-
tRNAfmet
tRNAthr-
tRNAphe

Fofana et al. (1999)

Phaseolus
lunatus

– trnL-trnF
atpB-rbcL

Motta-Aldana et al. (2010), Serrano-Serrano et al. (2010),
Andueza-Noh et al. (2013)
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and a total of 56 haplotypes were observed. As it
can be seen, plastid SSR loci are more polymor-
phic than PCR-RFLP or RFLP of the chloroplast
genome and therefore are good markers for
intraspecific studies; however, as the authors
noted, the possibility of homoplasy in these loci
should be taken into account because different
alleles not always originate from
expansion/contraction of the repeat motif but
from other causes such as indels and the presence
of more than one type of SSR motif.

The SSR loci reported by Angioi et al. (2009)
have been used to study the origin of the wild
common bean (Desiderio et al. 2012). The
authors extracted genomic DNA from 109
accessions of wild common bean and amplified
17 microsatellite loci by PCR. In the sample of
wild beans, these loci showed between 2 and 12
alleles, with a total of 86 observed alleles, and
genetic diversity values ranged from 0.13 to
0.85. In their study, the Mesoamerican popula-
tion showed higher genetic diversity (He = 0.54)
than the Andean population (He = 0.40), and this
along with the population structure analyses
indicated Central America as the place of origin
of common bean.

In summary, the chloroplast genome has
proved useful for evolutionary studies in
Phaseolus beans for phylogenetic and population
genetics analyses; however, some limitations are
that these studies have analyzed polymorphisms
in a small number of its regions (few non-coding
regions and few SSR loci). As it can be seen
below, new technologies offer an opportunity to
carry out more comprehensive genomic analyses
of plastid DNA.

7.4 Tools for the Analysis
of Organelle Genomes

Among the earliest tools available to analyze
organelle genomes was the use of restriction
enzymes and probes for Southern blotting, to
detect polymorphisms in the length of restriction
fragments (Kochert et al. 1996; Bukhari et al.
1999). The first chloroplast genomes that were
sequenced were those of Nicotiana tabaccum

(representing angiosperms) (Shinozaki et al.
1986) and Marchantia polymorpha (representing
bryophytes) (Ohyama 1996). Since the 1980s,
the number of chloroplast genomes sequenced
has increased, with more than 180 plastid gen-
omes by the year 2010, 137 of them corre-
sponding to land plants and of these, five
genomes sequenced for the bryophytes (basal
clades in the phylogeny of land plants), three for
the lycophytes (the earliest divergent clade in
vascular plants), four plastid genomes for the
ferns/monilophytes, 17 of gymnosperms, and
108 angiosperms (Gao et al. 2010). The avail-
ability of whole plastid genome sequences soon
provided the opportunity for the design of the
so-called universal primers that anneal at con-
served regions within coding sequences and can
be used to amplify intervening and more variable
introns and intergenic spacers (Taberlet et al.
1991). These primers allowed the amplification
of these regions by PCR for downstream appli-
cations such as PCR-RFLP (Vekemans et al.
1998; Chacón et al. 2005) and PCR-sequencing
(Motta-Aldana et al. 2010). The direct detection
of DNA polymorphisms by sequencing of PCR
products has been the tool of choice for the last
23 years. A list of available primers for amplifi-
cation of chloroplast DNA regions can be found
on the Internet at: http://bfw.ac.at/rz/bfwcms2.
web?dok=4977.

The area of molecular systematics has bene-
fited by the use of DNA sequencing of single or
sets of coding and non-coding sequences for
resolving phylogenetic relationships in several
plant groups. In special, the use of non-coding
regions, such as intron and intergenic spacers,
has provided informative characters to resolve
relationships at lower taxonomic levels. The
plastid genome of tobacco taken as model indi-
cates that about 60% of the genome corresponds
to coding regions, about 40% to non-coding
regions, with about 12% of the total length cor-
responding to introns. Borsch and Quandt (2009)
reviewed what is known about the molecular
evolution of the most commonly used
non-coding regions of the plastid genome for
phylogenetic analyses. The authors argue that it
is important to understand the evolution of these
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regions in order to make a correct use of their
information content in plant evolutionary studies.
Among the regions with higher content of par-
simony informative characters are the group II
introns in the genes petD, rpl16, rps16, (lost in
various legume species, Doyle et al. 1995; Jansen
et al. 2008) and trnK, and the intergenic spacers
trnS-trnG (that includes a group II intron in
trnG), trnT-trnF (that includes the trnT-trnL
spacer, the group I intron in trnL, and the tran-
scribed spacer trnL-trnF), psbA-trnH, and
atpB-rbcL. However, the authors also point that
the amount of variability is not the only charac-
teristic that should be taken into account for a
phylogenetic marker, because introns and spacers
in the chloroplast genomes are generally found to
be a “mosaic” of elements (e.g., base substitu-
tions and microstructural mutations), and their
molecular evolution should be better understood
before being used as markers in any specific
taxonomic group, either in deep phylogenies or
at the species level.

The use of new technologies for sequencing in
parallel millions of reads (NGS for
Next-generation sequencing) has made possible
the use of whole chloroplast genome sequences
to carry out phylogenetic and phylogeographic
studies at low taxonomic levels (Parks et al.
2009; Vachon and Freeland 2011). This
approach has been useful for studies at the pop-
ulation level, which are usually limited by both
the lack of informative loci and sequencing costs.
Parks et al. (2009) carried out a phylogenomics
study by applying massively parallel sequencing
in the genus Pinus with the method described by
Cronn et al. (2008), to unravel relationships left
unresolved in previous studies. In this method,
genomic DNA was enriched for plastid DNA by
using 35 primer pairs designed from two Pinus
reference genomes to amplify by PCR the entire
plastid DNA molecule in amplicons of an aver-
age size of 3.6 Kb. After amplification, ampli-
cons from each individual were pooled using
approximately 10–30 ng of each and adapters
containing unique 3 bp-tags were linked to
the amplicons, and after library preparation,
the amplicons were sequenced by Illumina. The
short reads were assembled de novo and the

contigs were aligned to a reference genome. With
this approach, the authors obtained 67–98% of
contigs aligned to the reference genome, cover-
ing between 78 and 94% of the reference gen-
ome. The authors estimated that the genomes
sequenced were about 88–94% complete with a
sequence depth of 55� to 186�, making of this a
robust approach for phylogenetics and popula-
tion genetics analyses.

A different plastid enrichment approach to
sequence whole chloroplast genomes was
recently developed by Stull et al. (2013). In this
strategy, enrichment was carried out by using a
set of plastid oligonucleotide (RNA) probes
(approximately 55,000 RNA probes) of broad
phylogenetic coverage. The probes were
designed on the basis of 22 previously sequenced
eudicot plastomes. In this method, libraries for
Illumina sequencing were constructed, but before
sequencing, these libraries were enriched using
the RNA probes. After sequencing 24 species by
Illumina in a single lane, the reads were assem-
bled in de novo contigs and these were aligned
against their closest plastid reference genome. In
average, 59% of the total reads per sample were
plastid sequences with a mean coverage of 717�,
thus increasing significantly the number of plas-
tid genomes that can be sequenced in parallel.
A disadvantage that was observed by the authors
is that the high coverage was biased toward
coding sequences; therefore, studies at the pop-
ulation level should use an approach that targets
longer insert lengths.

The methods described above use an enrich-
ment approach and have the disadvantage of
being sequence-dependent and laborious and
time-consuming. McPherson et al. (2013)
developed an alternative approach that uses
whole genomic DNA with no enrichment pro-
cedures to assemble whole chloroplast genomes
using the Illumina platform for paired ends,
which promises to be cost-effective for routine
applications. For this, total genomic DNA was
extracted from four individuals of Toona ciliata
from each of two locations in Australia; the DNA
was normalized and then pooled into two
libraries. These two libraries (multiplexed with
seven more libraries from other studies) were
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sequenced with paired-end runs (100 bp frag-
ments) in a single lane of an Illumina Genome
Analyzer (GAIIx). Reads were assembled de
novo into contigs using two strategies, and con-
tigs containing chloroplast sequences were
identified by blasting them against a database
containing whole chloroplast genomes (134 in
total); contigs with E value of zero were used for
assembly. The chloroplast genome of the closest
relative available (Citrus sinensis) was used as a
scaffold for contig mapping. The authors com-
pared the Illumina results (average coverage
obtained was 214�) with the sequencing of the
chloroplast genome of a single individual of T.
ciliata from isolated chloroplasts on the 454
platform. The authors validated the observed
SNPs by Sanger sequencing. The authors men-
tioned that their strategy was efficient to assem-
ble chloroplast genomes without a reference
genome and to discover SNPs in a population
sample. They also stated that the quality of the
sequencing using Illumina was comparable to
that of 454, and because whole-genomic DNA
was used, this strategy is appropriate for
large-scale studies in plants. A similar method to
sequence and assemble whole chloroplast gen-
omes was reported by Ferrarini et al. (2013) who
used the PacBio sequencing technology com-
bined with the Illumina platform to sequence the
chloroplast genome of Potentilla micrantha.
With the PacBio long reads, the authors were
able to assemble the whole chloroplast genome
into a single contig without the need of a refer-
ence genome, with 320� coverage, no bias in
coverage of GC-rich regions and with an increase
in sequence accuracy provided by the Illumina
short reads. The authors showed the usefulness
of combining long and short read sequencing
platforms for de novo assembly of chloroplast
genomes, and recently, other researchers have
adopted this same strategy (Li et al. 2014; Wu
et al. 2014; Chen et al. 2015; Jackman et al.
2016).

From the above, we can see that in the last
years, new methods to carry out phylogeographic
and population genetics analyses using the plas-
tid genome have become available. These
methods are everytime more robust, easier to

implement, and more cost-effective, and there-
fore, we are now at the right time to undertake
more ambitious projects that seek to understand
plastid and in general organelle genome diversity
in plant populations. As more plastid genome
sequences become available, it will be possible
by means of comparative analyses to understand
the rates and patterns of evolution of different
regions in the plastome (coding and non-coding)
to make a correct use of these in phylogenetics
and population genetics analyses. In this regards,
Sanitá Lima et al. (2016) called the attention to
the fact that 97% of the studies reported on
organelle genomes between 2010 and 2015 made
only use of DNA-sequencing technologies and
bioinformatics tools to characterize the chromo-
somes of organelle genomes, without the appli-
cation of additional tools to understand the
expression (transcription and translation) and
structure of these genomes, in a similar way as it
is done with nuclear genome projects. The
authors highlight the importance to get insights
in the near future of the dynamic structures of
these genomes, posttranscriptional processes
such as RNA editing, trans-splicing, transcrip-
tional cleavage and polyadenylation, mutations
rates, and cytonuclear interactions, in order to get
a complete understanding of these genomes.

7.5 Polymorphisms in Phaseolus
Chloroplast Genomes

As mentioned before, NGS tools allow the rapid
identification of single-nucleotide polymor-
phisms (SNPs) for population-level studies,
which have become the markers of choice for
addressing many evolutionary questions. Here, I
wanted to evaluate the usefulness of genotyping
by sequencing (GBS) data generated from whole
genomic DNA as a tool to discover SNPs in the
chloroplast DNA. For this purpose, I used data
derived from a GBS study in Lima bean from
whole genomic DNA (unpublished data) to try to
identify SNPs between the plastid genome of the
common bean and the GBS reads of Lima bean.
The GBS data were produced in a sample of 95
wild and domesticated accessions of Lima bean
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from the Americas by restricting whole genomic
DNA with the ApeKI enzyme (G#CTG"C),
which in the chloroplast genome of common
bean has 111 recognition sites. All 95 samples
were analyzed in a single lane of Illumina
HiSeq 2000/2500 (100 bp, single-end reads).
The GBS data from all 95 individuals were
mapped against the chloroplast genome of the
common bean reported by Guo et al. (2007;
GenBank number DQ886273.1) using the pro-
gram NGSEP (Duitama et al. 2014). Only
high-quality SNPs with a minimum distance of
five bases among variants were retained.

A total of 64 high-quality SNPs were
observed (Table 7.3) among the plastid genome
of common bean and aligned GBS reads from
Lima bean, and 32 of them were located,
according to the common bean plastid genome,
in coding regions of 15 genes; nine were found in
the introns of the genes rpoC1, clpP, petB, and
ndhA genes, two SNPs were found in the pseu-
dogene rps16, and 21 SNPs were located in ten
spacers. Therefore, non-coding regions harbor

twice as much polymorphism as coding regions,
as expected in these types of comparisons
(among closely related species). The gene that
showed more SNPs was accD (7 SNPs), which
agrees with the observation of Guo et al. (2007)
as this is the fastest evolving gene in common
bean. The spacer that showed more variation was
atpB-rbcL with five SNPs. Of the 64 SNPs, only
seven of them were polymorphic within Lima
bean, four were found in just one spacer (atpB-
rbcL), and the other three were found in coding
regions. As shown in the previous section, the
atpB-rbcL spacer has shown to be very infor-
mative for evolutionary and domestication stud-
ies in Lima bean.

Although the GBS method was useful to
discover SNPs between these two closely related
species, a large amount of missing data was
observed. In this GBS experiment, the coverage
obtained was around 15�, which is suitable for
analyses of SNPs from the nuclear genome but
not for GBS analyses of the plastid genome. This
is probably due to the tiny size of organelle

Table 7.3 Position of the
64 SNPs found among the
chloroplast genomes of
common bean and aligned
GBS reads from Lima
bean. Position is given in
relation to the sequence
reported for the chloroplast
genome of common bean
GenBank accession
DQ886273.1

Position Region Name of
region

Allele in
P. vulgaris

Allele in
P. lunatus

2911 spacer rpl14-trnH C A

2922 spacer rpl14-trnH A C

3034 spacer psbA-trnH T G

3050 spacer psbA-trnH G C

3235 spacer psbA-trnH G T

9819 spacer atpB-rbcL A A/C

9867 spacer atpB-rbcL T T/G

9885 spacer atpB-rbcL A G

9923 spacer atpB-rbcL C A/C

9963 spacer atpB-rbcL A A/T

10403 coding atpB G A

10475 coding atpB G T

11807 coding atpB C T

14240 coding ndhK G A

15390 spacer ndhJ-trnF A G

30976 coding psbD A C

34448 spacer psbM-petN T G

(continued)
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Table 7.3 (continued) Position Region Name of
region

Allele in
P. vulgaris

Allele in
P. lunatus

36796 coding rpoB T G

40536 intron rpoC1 A T

40704 intron rpoC1 A C

40716 intron rpoC1 T A

52589 coding atpA G A/G

52638 coding atpA C T

55254 spacer trnG-trnS T C

55281 spacer trnG-trnS G T

55388 coding trnS C A

55434 spacer trnS-psbI C A

55896 spacer psbI-psbK T C

55915 spacer psbI-psbK G A

56069 spacer psbI-psbK G A

57346 pseudogene rps16 A C

57402 pseudogene rps16 G T

57411 spacer rps16-accD C A

57420 spacer rps16-accD A G

58744 coding accD G A

58757 coding accD C T

58769 coding accD A G

58818 coding accD C T

58851 coding accD T C

58935 coding accD T G

58978 coding accD T A

69944 intron clpP T C

70043 coding clpP exon 2 C A

70093 coding clpP exon 2 G T

71272 spacer clpP-psbB T C

72032 coding psbB G A

72052 coding psbB G T/G

72151 coding psbB C A

72160 coding psbB C T/C

72171 coding psbB C T

74282 intron petB G T

77290 coding rpoA C A

97949 coding rrn16 G C

112560 coding psaC C T

112580 coding psaC T A

116406 intron ndhA A C

(continued)
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genomes compared to the nuclear genome, thus
requiring a larger coverage. In GBS experiments,
multiplexing fewer individuals in a single Illu-
mina lane can easily increase coverage.

7.6 Conclusions

Organelle genomic resources for Phaseolus
beans have just started to develop. One big step
undoubtedly has been the sequencing in the year
2007 of the chloroplast genome of the common
bean, providing a reference for future analyses in
this species. However, ten years later and with
new sequencing technologies available, genomic
resources for the plastid genome of many other
important species of Phaseolus are still lacking.
Current efforts for the development of Phaseolus
genomics resources are centered in the nuclear
genome; therefore, it is of urgent need that the
scientific community interested in Phaseolus
beans makes a greater effort to advance in the
field of organelle genomics of beans.
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8Phytic Acid Biosynthesis
and Transport in Phaseolus vulgaris:
Exploitation of New Genomic
Resources

Eleonora Cominelli, Gregorio Orozco-Arroyo
and Francesca Sparvoli

Abstract
Although common bean has a good content in essential minerals, it also
accumulates significant amounts of compounds that reduce its nutritional
value by lowering nutrient bioavailability. Phytic acid, which is the major
form of phosphorus stored in the seed, is one of such compounds, as,
during gastro-intestinal passage, it binds trace elements and reduces their
absorption, leading, under certain dietary circumstances, to mineral
(mostly Fe, Zn, Ca) deficiencies. A major goal for grain crop improvement
is the reduction of phytic acid content in the seed to improve micronutrient
bioavailability, through the identification of low phytic acid (lpa) mutants.
In common bean only one of such mutants has been described so far.
Genes involved in phytic acid pathway and transport have been described
in different species, including common bean. Recently, new genomic
resources have become available for the common bean research commu-
nity, thanks to the release of two whole genome sequences: the Andean
G19833 and the Mesoamerican BAT93 genotypes. In this chapter we use
the two common bean reference genomes to compare the sequences of
genes involved or putatively involved in phytic acid synthesis and
transport, some of them never reported in this species. Moreover, we
discuss transcriptomic data of these genes, reported in different organs at
different developmental stages for the Mesoamerican genotype. Finally,
we discuss alternatives on how to exploit these new genomic resources to
study and eventually manipulate phytic acid pathway and transport.
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8.1 Introduction

Common bean (Phaseolus vulgaris L.) is a
highly important source of nutrients for more
than 300 million people in developing countries,
mainly in Eastern Africa, Central and South
America, representing 65% of total protein con-
sumed and 32% of energy (Broughton et al.
2003; Blair et al. 2010). In spite of the high iron
concentration in common bean (average
55 µg/g), severe iron and zinc deficiencies are
quite common in countries where beans are
preponderant on the diet, these deficiencies
convey to stunted growth, decreased immune
function and anaemia. In the last years research
on nutritional improvement of common bean has
focused in increasing micronutrient content and
to decrease antinutritional factors. In fact, the
Harvest Plus programme, an initiative of the
Consultative Group for International Agricultural
Research (CGIAR), chose common bean as one
of the target species to be iron biofortified
(HarvestPlus website, Iron beans). Exploiting
natural variation, bean varieties with iron con-
centration ranging from 92 to 99 µg/g have been
developed through breeding, as recently
reviewed by Petry et al. (2015). However, the
main constriction against bean iron biofortifica-
tion is the permanence of low levels of iron
absorption, mainly attributed to the presence of
high concentrations of phytic acid (myo-
inositol-1,2,3,4,5,6-hexakisphosphate, PA). In
plants, PA plays a major role for storage of
phosphorous and minerals in the seed, which
become available to the seedling immediately
after seed germination, due to the activity of
phytases. PA is highly negatively charged at
physiological pH, it binds important mineral
cations such as iron, zinc, potassium, calcium,
and magnesium and easily precipitates in the
form of phytate salts. Non-ruminants poorly

digest PA due to the lack of phytases in their
digestive tract. High molar ratios between PA
and mineral cations are ascribed as one of the
most important causes of mineral deficiencies in
those populations whose diet is largely based on
staple crops (Raboy 2001; Schlemmer et al.
2009). In this way, PA decreases the nutritional
value of the seeds by limiting mineral bioavail-
ability for human nutrition. Moreover, the
inability of non-ruminant livestock to use PA as a
source of phosphorous, necessitates supplemen-
tation of grain-based feeds with phosphorous
and/or phytases. Consequent excretion of undi-
gested PA and PA-derived phosphorus in animal
waste may contribute to the pollution of ground
and surface waters (Leytem and Maguire 2007).

In mature seeds, phytate is stored into spher-
ical inclusions called globoids, which are in turn
found within protein bodies. Phytate deposits are
also observed to occur transiently in various tis-
sues and subcellular compartments during grain
development (Greenwood et al. 1984; Otegui
et al. 2002).

In common bean, PA is mainly accumulated
in the cotyledons (95–98%) and only a small
portion is located in the embryo (1–3%) and the
seed coat (0.5–4%), reaching 3% of total seed
weight (Blair et al. 2012; Petry et al. 2015).
During common bean seed development, PA is
accumulated between 17 and 26 days after
flowering (DAF), remaining rather constant until
maturation (Coelho et al. 2005). PA concentra-
tion in common bean vary in wild or cultivated
germplasm as well as in segregating populations
(Guzman-Maldonado et al. 2003; Blair et al.
2009) and ranges from 4 to 26 mg/g, with a
mean content of about 10 mg/g and a PA: iron
molar ratio ranging from 6:1 to 33:1 (Petry et al.
2015). The PA level depends on the bean variety,
but also on phosphorous concentration in the soil
(Blair et al. 2012).
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The development of low phytic acid (lpa)
seeds in different crops has been proposed as a
strategy that could offer both nutritional and
environmental benefits (Raboy 2007, 2009).
Different lpa mutants have been isolated in dif-
ferent crops and in model species, through for-
ward and reverse genetics approaches (Sparvoli
and Cominelli 2015). Unfortunately many of
these mutants are of a limited value to breeders,
because they show negative pleiotropic effects,
such as low germination rates, reduced seed
development and weight, stunted vegetative
growth (Raboy 2009). The reason for these
phenotypic alterations relies on the key role
played by PA and its precursors in different plant
developmental and physiological processes,
including signal transduction, photomorphogen-
esis, sugar signalling, phosphorus homeostasis,
hormone signalling (auxin, abscisic acid, jas-
monic acid), membrane trafficking, abiotic and
biotic stress response, chromatin modification
and remodelling, and mRNA nuclear export
(Sparvoli and Cominelli 2015).

However, some concerns with the use of
biofortified crops exist such as the evidence that
PA is a broad-spectrum antineoplastic agent
acting in different steps of cancer development
and progression, considered as a great promise in
strategies for cancer prevention and therapy. So
far, the PA protective role in cancer prevention
and development has been only tested in vitro in
different cancer cell models or in animal trials in
which purified PA has been administered
(Norazalina et al. 2010) and no study has been
conducted using diets based on foods containing
different concentrations of PA.

In P. vulgaris, only one lpa mutant was
reported so far. It is affected in a PA
ABC-transporter and does not show the negative
pleiotropic effects, described for other lpa
mutants (Campion et al. 2009; Panzeri et al.
2011). Moreover, it was used in a study on vol-
unteers showing that iron absorption from the lpa
beans is significantly higher than from
non-mutant beans with normal PA levels (Petry
et al. 2013), highlighting the potentiality of the
common bean as a vehicle for iron biofortifica-
tion (Petry et al. 2015).

Either any manipulation of PA content in the
seed, directed towards increasing or lowering
PA, requires knowledge of the key enzymes
involved in its biosynthetic pathway. The
majority of the genes of the PA pathway in
P. vulgaris were identified and sequenced from
the cv. Taylor’s Horticultural (Asgrow), and
from the breeding line 905 (Mesoamerican gene
pool) and mapped on the common bean reference
genetic map of McClean (NDSU) 2007, using an
in silico mapping strategy against the soybean
genome (Fileppi et al. 2010). In another study,
these genes were mapped through a mapping
population derived from a cross between an
Andean (G19833) and a Mesoamerican
(DOR364) parents, and some molecular markers
for seed PA and phosphorous content were
developed (Blair et al. 2012). Moreover, two
common bean PA-ABC family transporters have
been described (Panzeri et al. 2011).

8.2 Lipid-Dependent
and Lipid-Independent
Pathways

As shown in Fig. 8.1, PA may be synthesized
through two different routes: (1) the
lipid-independent pathway that consists in the
sequential phosphorylation of the 6-carbon cyclic
alcohol myo-inositol (Ins) and soluble inositol
phosphates (InsPs); and (2) the lipid-dependent
pathway that uses precursors that include phos-
phatidylinositol (PtdIns) and PtdIns phosphates.
This last route is present in most eukaryotic cells,
including plant vegetative tissues, while the first
pathway appears to be predominant in seeds
(Raboy 2009). These two pathways only differ in
their early intermediate steps leading from Ins to
InsP3. In the lipid-dependent pathway a phos-
phatidylinositol synthase (PtdIS) is required to
convert Ins to PtdIns. Sequential phosphoryla-
tions of the headgroup of PtdIns by phos-
phatidylinositol kinases produce PtdIns(4,5)P2.
A PtdIns-specific phospholipase C uses this
molecule as substrate and releases Ins(1,4,5)P3, a
central molecule to signal transduction. The
lipid-independent pathway consists of sequential
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phosphorylation of the Ins ring to InsP6, through
the action of a number of specific inositol phos-
phate kinases. Both pathways can be split in three
phases: an early phase or substrate supply path-
way consisting in the production of Ins(3)P1, Ins,
or PtdIns; an early intermediate phase that gen-
erates InsP3; and the common late inositol
polyphosphate pathways which convert InsP3 to
PA (Raboy 2003; Rasmussen et al. 2010). Muta-
tions in the different genes of the pathway may
affect different aspects of PA metabolism,
depending on the action timing of the different
enzymes. Two main types of mutants are nor-
mally recognized: mutants affected in genes cod-
ing for 1D-myo-inositol-3-phosphate synthase
(MIPS), myo-inositol kinase (MIK) and myo-
inositol-phosphate monophosphatase (IMP),
involved in the early and intermediate steps of the
pathway, are characterized by a decrease in PA

content, accompanied by a molar increase in free
phosphate; meanwhile mutants affected in genes
coding for enzymes involved in the late pathway,
such as 2-phosphoglycerate kinase (2-PGK),
inositol 1,4,5-tris-phosphate kinase (IPK2), inos-
itol 1,3,4-triphosphate 5⁄6-kinase (ITPK) and
inositol 1,3,4,5,6 pentakisphosphate 2-kinase
(IPK1), show decreased PA content accompa-
nied by a low increase in free phosphate and
increase content of lower InsPs (Sparvoli and
Cominelli 2015).

Interestingly, PA is synthesized in two cellular
compartments: the nucleus and the cytoplasm
(Raboy 2009). The cytoplasmic pathway proba-
bly contributes most to net seed PA synthesis, as
shown through the cytoplasmic-targeted overex-
pression of a phytase active during seed devel-
opment that abolishes seed PA accumulation
(Bilyeu et al. 2008). The nuclear pool may mainly

Fig. 8.1 Schematic representation of PA synthesis and
transport in common bean. The substrate supply,
lipid-independent and lipid-dependent sub-pathways for
PA synthesis are indicated. PvMIPS, myo-
inositol-3-phosphate synthase; PvIMP, bifunctional
enzyme: myo-inositol-phosphate monophosphatase and
galactose-1-phosphate phosphatase; PvMIK, myo-inositol
kinase; Pv2-PGK, 2-phosphoglycerate kinase; PvIPK2,
inositol 1,4,5-tris-phosphate kinase; PvITPK, inositol
1,3,4-triphosphate 5⁄6-kinase; PvIPK1, inositol 1,3,4,5,6

pentakisphosphate 2-kinase; PtdIS, phosphatidyl inositol
phosphate synthase; PtdI4 K, phosphatidyl inositol
4-kinase; PtdI5 K phosphatidyl inositol 5-kinase, PtdIns
phosphatidyl inositol; PtdIns(4)P1, phosphatidyl inositol
4-phosphate; PtdIns(4,5)P2, phosphatidyl inositol
4,5-biphosphate; PLC, phospholipase; PvMRP1,
multidrug-resistance-associated protein PA transporter;
PvSULTR3;3, sulfate transporter class 3;3. Question
marks indicate that the function for these proteins is
hypothetical
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contribute to the regulatory roles of PA and its
precursors. Thus, different enzymes of the path-
way are targeted to the cytoplasm or the nucleus
or to both compartments (Xia et al. 2003).
However, it is not clear the relative contributions
of the two pathways and their distribution
between cell compartments (Raboy 2009).

As the lipid-independent route is of main
interest for the manipulation of PA synthesis in
seed, we will describe in details common bean
genes involved in this pathway, with the excep-
tion of IPK2 for which a specific role in PA
synthesis in the seed was clearly highlighted only
for the model species Arabidopsis thaliana
(Stevenson-Paulik et al. 2005).

For all the genes involved in PA synthesis and
transport, already described in common bean
(Fileppi et al. 2010; Panzeri et al. 2011), we
identified and analysed the corresponding
sequences in the Andean G19833 genome
sequence (P. vulgaris v1.0), deposited on Phy-
tozome v11.0 portal (Phytozome v11.0 website)
and in the Mesoamerican BAT93 genome
(P. vulgaris BAT93), available at the CoGe
database (CoGe website) and through BLAST
search in PhylomeDB (PhylomedDB website),
where the complete collection of evolutionary
histories of bean genes was reconstructed (Vla-
sova et al. 2016). Moreover, through TBLASTN
analysis on both genomes and through Phy-
lome DB, using as queries proteins already
identified in common bean, we confirmed the
copy number for each class of enzymes and
transporters or found new members of the
group. In order to find the common bean genes
encoding for 2-PGK and for the sulfate trans-
porter class 3;3 (SULTR3;3), not yet described
before, we performed TBLASTN analysis, using
as queries protein sequences described in other
species. The correspondence of all the genes in
both genomes is reported in Table 8.1.

8.2.1 PvMIPSs and PvMIPSv

PA biosynthesis needs the de novo production of
Ins through a highly conserved reaction, shared
by all living organisms, in which the enzyme 1D-

myo-inositol 3-phosphate synthase, also known
as 1L-myo-inositol-1-phosphate synthase
(MIPS), converts D-glucose-6-phosphate to 1D-
myo-inositol-3-phosphate, designated also as 1L-
myo-inositol-1-phosphate, depending on the
counterclockwise or clockwise numbering of
carbon atoms in the ring, or simply Ins(3)P1,
where the numbering is counterclockwise, start-
ing from 1D position (Loewus and Murthy
2000). Here we will use this last simplified
nomenclature for different InsPs. The reaction
catalyzed by MIPS is the rate-limiting step in the
synthesis of all inositol-containing compounds
(Raboy 2009; Rasmussen et al. 2010).

The copy number of MIPS genes and the
expression pattern in different plant organs varies
in different species, and consequently varies the
possibility that a mutation in one of these loci
may confer a lpa phenotype to the seeds (Spar-
voli and Cominelli 2015). For example, in rice
only one MIPS gene was described and trans-
genic seeds expressing its antisense showed lpa
phenotype (Kuwano et al. 2009). In A. thaliana
genome, three MIPS genes are present and no
single knock out mutant has lpa seeds, suggest-
ing a redundant function of these three genes in
this species (Kim and Tai 2011).

In common bean two different MIPS genes
have been described: PvMIPSs (MIPS seed),
expressed at early stages of pod development and
during seed development, and PvMIPSv (MIPS
vegetative) highly expressed in vegetative tissues
and only at low levels in seeds (Fileppi et al. 2010).

We confirmed the existence of only these two
copies of MIPS genes on both bean reference
genomes with a similar genomic structure, con-
sisting in 10 exons and 9 introns. The main dif-
ference between PvMIPSs and PvMIPSv genes
consists in the length of the third intron, longer in
PvMIPSv than in PvMIPSs. PvMIPSs and
PvMIPSv coding sequences (CDS) as well as the
corresponding proteins show very high sequence
identity, 88 and 93%, respectively. PvMIPSs
CDS of the two reference genotypes differ only
for five single nucleotide polymorphisms (SNPs),
three silent and two neutral at protein level, while
intron sequences are more different, particularly
in the fourth and sixth introns. Since natural
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variability in PA levels is controlled by
PvMIPSs, as shown in a QTL study (Blair et al.
2012), the identification of the SNPs and of the
two insertions/deletions on the intronic regions
between the two reference genotypes, may be
useful to the development of molecular markers
in order to distinguish the two gene pools
(Fig. 8.2).

ThePvMIPSvCDS fromboth reference genomes
differs only for 5 SNPs, while the proteins are
identical. Some more differences are present in the
intron sequences, particularly the two sequences for
the third intron share only 85%of identity (Fig. 8.2).

Gene expression data showed that PvMIPSs
gene is highly expressed in young pods (from 4
and 6 days after flowering, DAF) and in cotyle-
dons at 12 DAF, similarly to what observed in
other species like rice (Yoshida et al. 1999) and

soybean (Chiera and Grabau 2007), then its
expression level decreased (Fileppi et al. 2010).
Therefore, its highest expression level preceded
the synthesis and accumulation of inositol
phosphates (InsP3 to InsP5) that starts around 12
DAF and peaks at 21 DAF (Coelho et al. 2005).
PvMIPSs resulted to be expressed at low level
also in vegetative tissues, where PvMIPSv was
highly expressed (Fileppi et al. 2010). Tran-
scriptomic data derived from RNA-seq analysis,
performed on the BAT93 genotype (Fig. 8.3),
are generally in accordance with this expression
pattern and show that PvMIPSs is the gene of the
pathway expressed to the highest levels, partic-
ularly in the pods at different developmental
stages. Interestingly, PvMIPSs is highly expres-
sed not only in the developing seed, but also in
the developing pod, as revealed by the analysis

Table 8.1 Transcript
names of genes from
G19833 and BAT93
genomes, used in this study

Gene name G19833 BAT93

PvMIPSs Phvul.001G251000.1 PHASIBEAM10F002132T1

PvMIPSv Phvul.002G261700.1 PHASIBEAM10F005171T6 (T1)

PvIMPa Phvul.006G142400.1 PHASIBEAM10F001370T5 (T2)

PvIMPb Phvul.003G084500.1 PHASIBEAM10F010830T2

PvMIK Phvul.008G261400.1 PHASIBEAM10F008479T1

Pv2PGK Phvul.011G082700.1 PHASIBEAM10F002348T7 (T1)

PvIPK2 Phvul.011G214900.1 PHASIBEAM10F026266T1

PvITPKa1 Phvul.003G200900.1 PHASIBEAM10F025221T1 (T2)

PvITPKa2 Phvul.003G284100.1 PHASIBEAM10F004219T1

PvITPKa3 Phvul.002G139700.1 n.i.

PvITPKb1 Phvul.009G113600.1 PHASIBEAM10F013400T1

PvITPKb2 Phvul.007G047700.1 PHASIBEAM10F012326T2

PvITPKc Phvul.001G232000.1 PHASIBEAM10F007821T1

PvIPK1a Phvul.009G060100.1 PHASIBEAM10F027025T10

PvIPK1b Phvul.001G012200.1 PHASIBEAM10F010299T3 (T11)

PvMRP1 Phvul.001G165500.1 PHASIBEAM10F011179T3 (T2)

PvMRP2 Phvul.007G153800.1 PHASIBEAM10F003020T1

PvSULTR3;3a Phvul.002G095300.1 PHASIBEAM10F020374T2

PvSULTR3;3b Phvul.002G095200.1 PHASIBEAM10F020373T1

For each gene we identified the primary transcript in the G19833 genome. Among the
different PCGs annotated in the BAT93 genome, we identified the ones that, when
translated, are the most similar to the corresponding G19833 proteins. In those cases in
which the BAT93 sequence versions, obtained after the TBLAST on Phylome Database,
have not the highest similarity with the G19833 homologous sequence, the different
versions are indicated in parenthesis
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performed on mature pods without seeds
(MPWS_R9) and on immature seeds (IS_R9) at
the same developmental stages (79 days of plant
growth, corresponding to 19 DAF). This

suggests an important role of the pod itself in
addition to the seed in the first steps of PA
biosynthesis.

Fig. 8.2 (continued)

Fig. 8.2 a, b Schematic representation of exon-intron
structure of the PA biosynthesis and transport related
genes in G19983 (above) and BAT93 (below) common
bean genotypes. Exons and introns are represented by
white boxes and thin black lines, respectively. For the
gene names see Fig. 8.1 legend. The SNPs between both
sequences are indicated by white triangles if the coded
amino acid on the protein sequence remained unchanged
(silent substitution), by green triangles if the coded amino
acid changed for other with similar biochemical proper-
ties (neutral substitution), and with black triangles if it

changed the amino acid for another with different
biochemical properties (missense). Red triangle indicates
the presence of a stop codon. Changes in the size of
introns and exons between genotypes are indicated with
the number of nucleotides at the corresponding positions.
A double bar is used to indicate the schematic shortening
of long introns (i.e. those introns are not in scale). When
no indications are made, the length of the intron or exon
is the same for both genotypes. The exon and intron sizes
(in base pairs) can be estimated using the scale at the
bottom

b
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HYP_V0 46.5 14.9 22.1 11.6 7.1 10.7 1.1 5.2 6.2 62.0 3.7 4.0 4.4 4.7 8.1 4.7 1.2

HYP_V2 25.2 13.2 21.4 5.0 2.8 1.6 1.4 3.3 1.7 30.7 9.7 3.5 4.4 7.1 1.0 0.9 10

HYP_V4a 12.6 1.6 7.7 6.5 6.7 7.1 1.2 2.1 3.0 56.4 32.9 1.6 2.8 8.6 1.7 4.3 6.0

HYP_V1 85.1 167.3 8.5 6.0 5.6 4.3 1.7 6.3 2.6 38.0 6.7 4.7 5.5 6.1 4.8 6.3 3.2

EPI_V1 55.4 277.3 8.2 10.3 9.1 15.9 1.4 6.4 6.1 162.9 13.1 4.9 5.6 7.7 7.0 6.2 3.8
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AM_V4b 65.0 49.4 44.1 20.5 4.5 20.5 1.6 4.3 2.9 14.0 9.7 10.1 6.2 11.3 14.6 7.5 14.5

AM_R5 71.9 75.2 22.0 13.4 4.6 12.5 1.9 3.8 3.1 9.9 6.7 4.8 3.8 5.5 6.3 4.6 9.3

F_R6 209.3 15.8 15.7 2.7 11.5 2.5 6.1 7.1 6.9 5.9 1.9 2.0 1.7 1.9 2.1 3.1 3.6

SP_R7 3511.6 235.6 120.1 31.8 5.6 16.4 2.5 6.6 2.6 15.7 8.7 9.8 10.5 15.1 14.9 3.5 22.0

MEP_R8 3372.8 22.6 47.6 25.0 6.6 10.1 2.6 7.9 2.2 17.1 5.9 7.0 11.7 11.8 9.0 2.4 11.8

IS_R9 596.8 1.1 23.1 17.7 31.8 19.9 8.0 14.5 8.4 21.4 3.0 17.3 5.1 11.5 19.1 4.0 40.3

MPWS_R9 998.8 19.9 27.9 18.8 5.4 9.1 2.4 5.7 2.2 30.0 4.9 5.7 12.7 11.8 9.2 3.8 16.7

MP_R9 5188.9 214.0 81.8 31.0 6.0

0 5000

11.6 2.7 8.6 2.2 16.3 8.9 12.4 14.4 15.6 12.7 2.0 10.0

Fig. 8.3 Expression values (RPKM normalization) for
the genes described in the text, obtained from RNA-Seq
analysis on BAT93 genotype, as reported by Vlasova
et al. (2016). The average signal expression value of
genes are represented with a colour scale in which yellow,
orange, red and dark red indicate low, medium, high and
very high level of expression, respectively. For the gene
names see Fig. 8.1 legend. Sample names are the same
used by Vlasova et al. (2016) and correspond to the
following organs at the indicated developmental stages:
EC_V0, Embryo + Cotyledons V0; RD_V0, Radicle V0;
PR_V1, Primary root; NR_V3, Neck of the root V3;
R_V3, Root V3; R_R5, Root R5; C_V1, Cotyledons V1;
PL_V1, Primary leaf V1; PL_V2, Primary leaf V2;
FTL_V2, First trifoliate leaf; TL_R5, trifoliate leaf R5;
HYP_V0, Hypocotyl V0; HYP_V4a, Hypocotyl V4a;

HYP_V1, Hypocotyl V1; EPI_V1, Epicotyl V1; ST_V4b,
Stem V4b; SN_R5, Stem node R5; AM_V4b, Axial
meristem V4b; AM_R5, Axial meristem R5; F_R6,
Flower R6; SP_R7, Small pod R7; MEP_R8, Medium
pod R8; IS_R9, Immature seed R9; MPWS_R9, Mature
pod without seeds R9; MP_R9, Mature pod R9. Stages of
the vegetative and reproductive developmental phases
with collection times in parenthesis are: V0 = germina-
tion (48 h), V1 = emergence (6 days), V2 = primary
leaves (10 days), V3 = first trifoliate leaf (14 days),
V4 = third trifoliate leaf (a, 29 days; b, 35 days),
R5 = pre-flowering (43 days), R6 = flowering (53 days),
R7 = pod formation (60 days), R8 = pod filling
(64 days), and R9 = maturity (79 days, except MP_R9
at 86 days)
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The PvMIPSv gene is expressed at lower
levels than PvMIPSs in the seeds, but also in
other vegetative organs at different develop-
mental stages and reaches the highest expression
levels in cotyledons and primary leaf at 6 days of
plant growth.

8.2.2 PvIMP

A specific Mg2+-dependent myo-inositol
1-phosphatase (IMP) is required to dephospho-
rylate Ins(3)P1 to generate free Ins, which is used
in numerous metabolic pathways, including PtIns
biosynthesis. Interestingly, the IMP enzyme has
a dual activity as it hydrolyses L-galactose
1-phosphate (L-Gal 1-P), a precursor of ascor-
bic acid synthesis (Laing et al. 2004; Torabinejad
et al. 2009).

We identified two putative PvIMP proteins
from both reference genotypes, both identical in
the two reference genomes, hereinafter called
PvIMPa and PvIMPb, sharing an identity degree
of 79% (Table 8.1 and Fig. 8.2); and two puta-
tive PvIMPL (IMP-like), hereinafter called
PvIMPL1 and PvIMPL2. PvIMPL1 is encoded
by loci Phvul.009G205700 and PHASI-
BEAM10F006139, and is a putative ortholog of
AtIMPL1; PvIMPL2 is encoded by loci Phvul.
009G005100 and PHASIBEAM10F025125 and
is a putative ortholog of AtIMPL2. A phyloge-
netic tree of common bean IMP and IMPL pro-
teins is represented in Fig. 8.4a. As no
involvement in phytic acid biosynthesis has been
described for IMP-like proteins, we did not
consider PvIMPLs for further analysis. PvIMP
sequence, reported by Fileppi et al. (2010), cor-
responds to a partial version of PvIMPa, lacking
the first 34 aminoacids. PvIMPa and PvIMPb
share an overall aminoacid identity of 68 and
77% respectively with AtIMP, also known as
AtVTC4 (Torabinejad et al. 2009). The coding
sequences of both genes are identical in the two
reference genomes, and only 6 SNPs are present
in the introns of PvIMPb, while some more dif-
ferences are present in the intron sequences of
PvIMPa. Particularly, the third intron, the longest
one, that results not completely sequenced in the

G19833 genome (100 unidentified nucleotides
are present) in a region highly enriched in TG
and TA dinucleotides, in the BAT93 genome
shows two deleted sequences of 65 and 125 base
pairs, respectively (Fig. 8.2). In the case of
PvIMPa two alternative transcripts were anno-
tated in the Andean genotype, differing only in
the 5′ UTR length.

PvIMPa expression is higher at early stages of
common bean seed development, and then
declines to undetectable levels before the start of
PA accumulation (Fileppi et al. 2010). These
expression profiles were confirmed by transcrip-
tomic data, showing a decreased PvIMPa
expression levels during pod development with
an expression peak in medium pods (MP_R9;
Fig. 8.3). PvIMPa is expressed at higher levels
than PvIMPb in the majority of the analysed
organs.

8.2.3 PvMIK

The activity of myo-inositol kinase (MIK) re-
verses the reaction catalysed by IMP. The
importance of MIK in seed PA metabolism has
been demonstrated by a number of mutations in
theMIK gene in different species (Shi et al. 2005;
Kim et al. 2008b), although Ins(3)P1 may be
produced directly from glucose 6-phosphate by
MIPS. Probably MIK could provide more sub-
strate diversity for the generation of InsP2 to feed
the lipid-independent pathway, since it is able to
produce multiple inositol monophosphates (Shi
et al. 2005).

In common bean, as in the majority of the
species in which PA pathway has been studied so
far, one MIK gene has been identified for which
only a partial cDNA sequence was previously
reported (Fileppi et al. 2010). The presence of a
single copy for this gene, consisting in two exons
and one intron, was confirmed on both reference
genomes (Fig. 8.2). The PvMIK coding sequen-
ces differ for 15 SNPs, the majority of these
substitutions have no effect at protein level,
consisting in nine silent, two neutral and four
missense substitutions. The last SNPs are in
positions not highly conserved in the MIK
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Fig. 8.4 Phylogenetic relationships among the common bean, A. thaliana and O. sativa or G. max of the characterised
PvIMP/PvIMPL (a) and PvITPK genes (b). The phylogenies were inferred using the Neighbor-Joiningmethod (Saitou and
Nei 1987) with the amino acid sequences. Evolutionary analyses were conducted in MEGA6 (Tamura et al. 2013). The
trees were drawn to scale with branch lengths in the same units as those of the evolutionary distances. The evolutionary
distances were computed using the Poisson correction method (Zuckerkandl and Pauling 1965) and are in the units of the
number of amino acid substitutions per site. Protein accession numbers or corresponding transcripts are: PvIMPa
(Phvul.003G084500.1), PvIMPb (Phvul.003G084500.1), PvIMPL1 (Phvul.009G205700.1), PvIMPL2
(Phvul.009G005100.1), AtIMP (At3g02870.1), AtIMPL1 (At1g31190.1), AtIMPL2 (At4g39120.1), OsIMP
(ABF97360.1), OsIMPL1 (XP_015623340.1), OsIMPL2 (XP_015646976.1), PvITPKa1 (Phvul.003G200900.1),
PvITPKa2 (Phvul.003G284100.1), PvITPKa3 (Phvul.002G139700.1), PvITPKb1 (Phvul.009G113600.1), PvITPKb2
(Phvul.007G047700.1), PvITPKc (Phvul.001G232000.1), AtITPK1 (At5g16760.1), AtITPK3 (At4g08170.1), AtITPK4
(At2g43980.1), GmITPK-1 (ABU93831), GmITPK-2 (ABU93832), GmITPK-3 (ABU93833), GmITPK-4 (ABU93834)
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proteins in different species, thus probably not
affecting the protein function. When comparing
the PvMIK BAT93 sequence with the PvMIK
G19833, we observed that in the intron there are
quite numerous SNPs and various short inser-
tions (the longest of 39 nucleotides). PvMIK is
expressed at similar levels in different organs at
different developmental stages and shows the
highest transcript accumulation in immature
seeds (IS_R9; Fig. 8.3).

8.2.4 Putative Pv2-PGK

The production of InsP2 from InsP1 requires a
monophosphate kinase activity. A good candi-
date to perform this step is a homolog of
2-phosphoglycerate kinase (2-PGK), which
catalyses the production of 2,3-6 bisphospho-
glycerate from 2-phosphoglycerate in
Archaeobacteria (Raboy 2009). In contrast to
other enzymes of the pathway, characterized in
different species, enzymes that probably catalyse
the synthesis of InsP2 from InsP1 were described
only in rice and in Arabidopsis (Kim et al. 2008a;
Kim and Tai 2010; Tagashira et al. 2015). In the
genome of both species there are two putative 2-
PGK homologs, namely Oslpa-1 and
LOC_Os09g39870 in rice and At5g60760 and
At3g45090 in Arabidopsis. Most likely, only
Oslpa-1, also named OsPGK1, and At5g60760,
expressed during seed development, play a major
role in PA biosynthesis in developing seeds,
because the mutations of these genes resulted in a
severe lpa seed phenotype (Kim et al. 2008a;
Kim and Tai 2010). Moreover, OsPGK1 over-
expression produced a significant increase in
total P content in rice seeds, due to increased
levels of PA and inorganic phosphates (Taga-
shira et al. 2015). The second putative 2-PGK
gene present in Arabidopsis and in rice is poorly
expressed in the seed and a knock out mutation
in At3g45090 does not affect seed PA content
(Kim et al. 2008a; Kim and Tai 2010).

Through TBLASTN analysis performed on the
two common bean reference genomes, using as
queries the two characterised seed 2-PGK protein
sequences from Arabidopsis and rice, we

identified Phvul.011G082700 and PHASI-
BEAM10F002348 loci, in the Andean and
Mesoamerican genotype, respectively, hereinafter
called Pv2-PGK (Table 8.1 and Fig. 8.2), coding
for identical proteins of 729 aminoacids. These
putative Pv2-PGK proteins show 65% identity
with At5g60760 and 59% with OsPGK1, respec-
tively. The genomic structure of these loci, con-
sisting of 8 exons and 7 introns (one intron is
present in the 5’UTR), is very similar to the ones of
the putative Arabidopsis and rice paralogs (Kim
et al. 2008a; Kim and Tai 2010). In the Andean
genotype two alternative splicing variants were
annotated, differing only in 5′ UTR length. The
comparison of the coding sequences in the two
reference genomes revealed 5 SNPs with no effect
at protein level, while numerous mismatches and
also some short insertions in the Mesoamerican
genotype, compared to the Andean one, were
identified in the intron sequences.

Interestingly, TBLASTN analysis performed
on the two reference genomes, using as queries
the proteins encoded by At3g45090 and LOC_Os
09g39870, identified again the Pv2-PGK protein,
suggesting that a single 2-PGK gene is present in
the P. vulgaris genome. A search through Phy-
lome DB supports the single copy hypothesis.

Pv2-PGK gene shows moderate differences in
gene expression in different organs at different
developmental stages, being mainly expressed in
immature seeds (IS_R9; Fig. 8.3)

8.2.5 PvIPK2

Inositol 1,4,5-tris-phosphate kinase, or more
appropriately inositol polyphosphate multikinase
(IPK2/IPMK), has a 3-/6-kinase activity required to
phosphorylate Ins(1,4,5)P3 to generate Ins
(1,3,4,5,6)P5 (Fig. 8.1; Raboy 2009). Therefore,
IPK2 kinase is specific for the lipid-dependent
pathway, which is not the major route to PA syn-
thesis in the seed (Raboy 2009). However, the
atipk2b mutant, an Arabidopsis mutant with a lpa
seed phenotype with a reduction of the PA content
by 35–48%, evidences that the lipid-dependent
pathway is active in the seed (Stevenson-Paulik
et al. 2005). The presence of an intronless PvIPK2
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gene was confirmed in both bean reference
genomes, as previously identified by Fileppi et al.
(2010). We identified 4 SNPs between the two
coding sequences in the two reference genomes and
only one, occurring in a region not highly con-
served that changes the encoded amino acid, a
valine in the G19833 sequence is substituted for
alanine in the BAT93 sequence, another aliphatic
amino acid (Fig. 8.2).

PvIPK2 transcript accumulation was assessed
during pod (4 and 6 DAF) and seed development
(from 12 to 24 DAF) and showed a peak of
expression between 12 and 16 DAF, consistent with
its role in the late part of the pathway (Fileppi et al.
2010). Moderate differences in expression levels
were found in the different analysed organs (Fig. 8.3).

8.2.6 PvITPKs

In the lipid-independent pathway, there is a
missing link between the synthesis of InsP3 from
InsP2. However, the two following steps of
phosphorylation are catalysed by the activity of
the inositol 1,3,4-trisphosphate 5-/6-kinases
(ITPK), which belong to the family of
ATP-grasp fold proteins (Fig. 8.1; Raboy 2009).
This class of enzymes may have different sub-
strates (Rasmussen et al. 2010): InsP3s, such as Ins
(1,3,4)P3, Ins(3,5,6)P3 and/or Ins(3,4,6)P3; InsP4s
like Ins(3,4,5,6)P4, Ins(1,3,4,5)P4 and/or Ins
(1,2,5,6)P4. Moreover, some ITPKs show phos-
phatase activity (Rasmussen et al. 2010). In dif-
ferent species a variable number of ITPK genes
have been reported, ranging from one in maize
(Shi et al. 2003) to six in rice (Suzuki et al. 2007),
all of them showed different expression profiles.
The ITPK proteins cluster in three phylogenetic
subgroups (a, b and c); nonetheless this separation
does not usually match with their tissue-specific
expression pattern (Rasmussen et al. 2010).

In common bean, two ITPK genes were
reported: PvITPKa and PvITPKb (hereinafter
called PvITPKa1 and PvITPKb1) clustering in
the a and b subgroups, respectively, although
Southern blot hybridization suggested the pres-
ence of at least a second member of the b sub-
group (Fileppi et al. 2010). It was previously

suggested that PvITPKa1 is important in the
control of phytate content on a per-seed basis, as
it was somewhat associated with a QTL related
to this trait (Blair et al. 2012). TBLASTN anal-
ysis, using these proteins as queries against the
G19833 and BAT93 genomes, revealed that the
reported sequence of PvITPKb1 was partial, and
the existence of four more PvITPK proteins that
throughout a phylogenetic analysis were classi-
fied as: PvITPKa2, PvITPKb2 and PvITPKc
(Table 8.1; Figs. 8.2 and 8.4b). Only for the
Andean genotype we found also a third
PvITPKa, called PvITPKa3, but we were not
able to identify the corresponding sequence in
the Mesoamerican genotype even with different
approaches (TBLASTN, BLAST analyses,
search in the PhylomeDB database). It was
reported that some genes are specifically lost in
BAT93 genome (Vlasova et al. 2016), and
PvITPKa3 seems to be one of them.

The PvITPKa1 and PvITPKa2 genes are
intronless and encode for proteins of 317 and 341
amino acids, respectively, while PvITPKa3 con-
sists of two exons and one intron and encodes a
polypeptide of 304 amino acids. PvITPKa1 CDS
in the two reference genomes show three SNPs
corresponding at protein level to a missense
change in a position not highly conserved, a
neutral and a silent one. In the case of PvITPKa2
only a silent mismatch is present comparing the
two reference genome sequences.

The two PvITPKb genes have a similar
genomic structure with 10 exons and 9 introns,
and code for respectively polypeptides of 350
and 339 amino acids in the reference genomes.
For PvITPKb2 also an alternative splicing variant
with 9 coding exons (plus 2 exons and a part of
the third exon constituting the 5′ UTR) was
annotated in the G19833 genome coding for a
276 amino acids long protein. However, this last
polypeptide is quite different from the other
proteins belonging to the same subgroup and was
not considered for further analyses. Comparison
of PvITPKb1 CDS sequences in the two refer-
ence genomes showed only two SNPs, causing
one silent and one neutral change. A few mis-
matches are present in the intron sequences of
this gene. Comparison of the two reference
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genome sequences reveals a 100% identity for
PvITPKb2 CDS sequences, while many mis-
matches are present in the first intron.

PvITPKc gene consists in 2 exons and one
intron, present inside the 5′UTR or between the 5′
UTR and the translational start codon, depending
on two splicing variants, annotated in the Andean
genotype, both coding for the same polypeptide of
480 amino acids. Comparison between the CDS in
the two genomes reveals 23 SNPs, 14 of them
silent, 3 neutral and 5missense, at protein level (all
in variable regions of the protein among different
orthologues), and one non-sense causing a
reduction in length for the last 4 amino acids in the
Andean genotype. This C-terminal region of the
protein is not highly conserved in different
orthologues in other species.

Among the different PvITPK genes,
PvITPKb1 shows the highest expression levels in
different organs, including pods at different
developmental stages. It is mainly expressed in
epicotyl (EPI_V1). PvITPKa1, PvITPKa2 and
PvITPKc show their highest transcript accumu-
lation in immature seed (IS_R9; Fig. 8.3), sug-
gesting an important role of these genes in the
seed. From data reported for the Andean geno-
type, PvITPKa3 gene is barely expressed in all
analysed samples, compared to all the other
PvITPKs (data not shown).

8.2.7 PvIPK1

The last step of PA biosynthesis is catalysed by
the inositol polyphosphate 2-kinase (IPK1),
which specifically phosphorylates InsPs in the
2-position of Ins. A partial PvIPK1 CDS was
previously reported (Fileppi et al. 2010). In both
Andean and Mesoamerican genome sequences
we identified two PvIPK1 genes, one on chro-
mosome 9, corresponding to the already identi-
fied partial gene, and a second one on
chromosome 1, hereinafter called PvIPK1a and
PvIPK1b, respectively (Table 8.1 and Fig. 8.2).
Two IPK1 genes were also described in maize
and Arabidopsis (Sweetman et al. 2006; Sun
et al. 2007; Kim and Tai 2011). PvIPK1a geno-
mic structure consists in 9 exons and 8 introns

(one intron inside the 5′ UTR and another inside
the 3′ UTR) and the gene codes for a protein of
453 amino acids. PvIPK1b has a similar genomic
structure (one intron is between the stop codon
and the 3′ UTR) and two splicing variants of the
last intron were annotated in the Andean geno-
type. They encode for proteins of 489 and 466
amino acids, respectively. The overall amino acid
sequence identity shared by PvIPK1a and
PvIPK1b is of 65 or 68%, depending on the
splicing variant for PvIPK1b used for the align-
ment analysis.

PvIPK1a and PvIPK1b CDS sequences show
only three and one SNPs, respectively, in the two
reference genomes; in the case of PvIPK1a two of
the SNPs are silent and one neutral at protein level,
while the single mismatch inPvIPK1b sequence is
of missense type although outside the functional
kinase domain. Very few mismatches were found
comparing the intron sequences for both genes in
the two genomes. In fact, PvIPK1a was consid-
ered impossible to be mapped, due to a very low
polymorphism between the Mesoamerican
DOR364 and the Andean G19833 genotypes of
the mapping population (Blair et al. 2012).

PvIPK1b is generally more expressed than
PvIPK1a, except in pods where the two genes are
expressed at similar levels (Fig. 8.3). However,
PvIPK1b expression is double, compared to
PvIPK1a in immature seeds (IS_R9; Fig. 8.3).
A more detailed analysis of both gene expres-
sions during seed development may help in
understanding if they may have a redundant
function in the seeds.

8.3 Phytic Acid and Transport

PA is stored in the form of globoids inside the
storage vacuoles. lpa mutants affected in PA
transport are characterized by strong decrease in
PA content accompanied by a molar increase in
free phosphate. Two classes of lpa mutants
affected in transporters were isolated: mutants in
genes coding for multidrug-resistance-associated
proteins (MRP), belonging to the ABCC cluster
of plant ABC transporters (Nagy et al. 2009;
Sparvoli and Cominelli 2014); and mutants in
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putative sulfate transporters, orthologues of the
Arabidopsis AtSULTR3;3 protein (Takahashi
et al. 2011; Ye et al. 2011).

8.3.1 PvMRP1 and PvMRP2

In common bean two putative tonoplast
PA ABCC transporters, PvMRP1 and PvMRP2,
were described (Panzeri et al. 2011), showing an
overall identity sequence of 78 and 77%,
respectively with AtMRP5 protein for which this
function was demonstrated (Nagy et al. 2009).

In common bean, the only lpa mutation (lpa1,
also known as lpa280-10) reported so far affects
the PvMRP1 transporter (Panzeri et al. 2011).
The lpa1 seeds display a very strong phenotype,
consisting in a 90% reduction of PA accumula-
tion, together with a decrease of raffinose con-
taining sugars by 25% and myo-inositol by 30%
(Campion et al. 2009; Panzeri et al. 2011). These
seeds are characterized by a seven times increase
of free iron (Panzeri et al. 2011) and they are
really biofortified, as iron absorption derived
from lpa1 beans ingestion is significantly higher
than from beans with normal PA levels, as shown
in a study on volunteers (Petry et al. 2013). The
agronomic performance of the mutant does not
significantly differ from the wild type genotype,
in term of seedling emergence, seed yield and
plant growth (Campion et al. 2009, 2013).
Moreover, the lpa1 seeds performed equally or
even better than the wild type ones under
stressful germination conditions (Campion et al.
2009). Mutations in maize and rice PvMRP1
orthologous genes showed similar decrease in
PA content in the seeds, but convey also negative
pleiotropic effects on seed germination and plant
development (Sparvoli and Cominelli 2014).
A possible explanation for this difference
between cereals and common bean is that in
common bean a second gene is present,
PvMRP2, paralog of PvMRP1, and it is most
likely able to complement the absence of a
functional PvMRP1 in all the organs but in the
seed (Panzeri et al. 2011). Quantitative expres-
sion analyses confirm that PvMRP2 is expressed

in almost all the organs in a similar fashion to
PvMRP1, with the exception of developing seeds
(unpublished results), where PvMRP1 has higher
expression, this is also evident from transcrip-
tomic data reported in Fig. 8.3.

Sequences and map positions for PvMRP1
and partially for PvMRP2 gene were previously
reported in the breeding line 905 of Mesoamer-
ican origin (Panzeri et al. 2011). We identified
these sequences in the G19833 and BAT93
genome sequences (Table 8.1 and Fig. 8.2). Both
genes show a similar genomic structure consist-
ing of 13 exons and 12 introns with 2 introns
inside the 5′ UTR. PvMRP1 and PvMRP2 genes
encode for proteins of 1538 and 1513 amino
acids, respectively, sharing an overall sequence
identity of 82%.

PvMRP1 and PvMRP2 coding sequences are
highly conserved in both reference genomes: five
silent, one conservative and one missense SNPs
were detected for PvMRP1 and ten silent SNPs
for PvMRP2. Some more differences are present
in intron sequences, particularly in PvMRP1 8th
intron, showing also the presence of two short
insertions in the BAT93 gene compared to the
G19833 one.

8.3.2 Putative PvSULTR3;3

In barley and rice mutations affecting HvST and
OsSULTR3;3, coding for two putative sulfate
transporters, belonging to the SULTR3;3 class of
sulfate transporters (Takahashi et al. 2011),
confer seed lpa phenotype (Zhao et al. 2008,
2016; Ye et al. 2011). Both mutants exhibit an
increase in inorganic phosphate as other lpa
mutants, but also a decrease in total phosphate in
the seed, differently from other lpa mutants
characterized so far (Raboy et al. 2014; Zhao
et al. 2016). The role of these transporters is not
very clear. It was recently reported that
OsSULTR3;3 is involved in sulfate as well as in
phosphate homeostasis, although, when expres-
sed in heterologous system such as yeast or
Xenopus oocytes, it is not able to transport nei-
ther sulfate, nor phosphate, nor PA precursors
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(Zhao et al. 2016). However, it cannot be
excluded that in plant system OsSULTR3;3 may
transport these molecules as well as PA. In plant
cells OsSULTR3;3 is localized in the endoplas-
mic reticulum (ER). Previous studies have sug-
gested that the final steps of PA synthesis (from
InsP3 to InsP6) take place in the ER (Otegui et al.
2002). Moreover, ossultr3;3 mutation has great
impact on metabolism, as it alters the concen-
trations of sugars involved in the close biosyn-
thetic pathway leading to PA, but also levels of
free fatty acids, sugar alcohols, organic alcohols,
organic acids and c-aminobutyric acid (Zhao
et al. 2016).

To our knowledge the common bean orthol-
ogous gene has not yet been analysed. In both
reference genotypes we identified two putative
orthologous proteins, sharing 72% identity,
through TBLASTN analysis, called hereinafter
PvSULTR3;3a and PvSULTR3;3b, using as
queries LOC_Os04g55800 or AtSULTR3;3
(At1g23090) protein sequences. The main dif-
ference between PvSULTR3;3a and
PvSULTR3;3b consists in the loss of 23 amino
acids inside the putative sulfate transporter
domain. Interestingly, their genomic loci are in
tandem, suggesting a duplication event. How-
ever, from expression analyses reported for both
reference genomes, it results that PvSULTR3;3b
gene is not expressed at all in the majority of
samples and is only scarcely expressed in stem.
These data strongly suggest it might be a pseu-
dogene. For this reason, we did not consider it
for further analyses. PvSULTR3;3a is 647 amino
acid long, it differs for only one amino acid in the
two reference genomes and shares 78% identity
with AtSULTR3;3, and 70.5% with the rice
orthologue. PvSULTR3;3a genomic structure
consists in 13 exons. The comparison of
PvSULT3;3a CDS in both reference genomes
revealed a high degree of conservation with only
three SNPs of which only one has effect at pro-
tein level, causing a conservative amino acid
change. Very few mismatches are present in
intron sequences, except in the long fourth intron
for which a portion was not properly sequenced
in the BAT93 genome, compromising our com-
parison analysis.

PvSULT3;3a gene is differentially expressed
in the analysed organs and it reaches its highest
expression levels in leaves and during pod and
seed development (Fig. 8.3).

8.4 Conclusions and Future
Perspectives

The recent sequencing of the genomes of an
Andean and a Mesoamerican landrace of com-
mon bean (Schmutz et al. 2014; Vlasova et al.
2016) and the phylogenetic, genomic and tran-
scriptomic data generated (Vlasova et al. 2016)
provide invaluable resources for the study of this
important legume species and offer new tools and
methodologies to generate superior varieties
(Vlasova et al. 2016). Here we exploited this in
silico resources to identify differences in genes
involved in PA synthesis and transport between
the two reference genomes.

From our analyses it is clear that coding
sequences of genes involved in PA pathway and
transport are highly conserved in the
Mesoamerican and Andean genetic pools, as in
the two genomes they share more than 95% of
sequence identity, as shown for 94.5% of com-
mon bean genes (Vlasova et al. 2016). On the
other hand, we found that some intron showed
numerous SNPs and differences in term of
insertions/deletions between the two genomes.
For the majority of the genes of the pathway it
was already observed the usefulness of knowl-
edge of intronic regions to develop molecular
markers able to discriminate between the two
genetic pools (Blair et al. 2012). We confirmed
this possibility also for the other genes of the
pathway and transport. Molecular markers that
can be developed, based on these sequence data,
may be useful to produce new common bean
lines with reduced PA content.

For the analysed genes we summarised tran-
scriptomic data reported for the Mesoamerican
genotype (Vlasova et al. 2016), because a more
complete set of samples was evaluated in this
genotype than in the Andean one (data present
for each gene on Phytozome v11.0 portal, https://
phytozome.jgi.doe.gov/pz/portal.html).
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However, for the organs analysed in both geno-
types we found very similar expression patterns
for the different genes. Interestingly, all the
genes, except PvITPKb1, PvITPKb2 and
PvMRP2 (for which its major role in vegetative
organs were already discussed) reach their
highest expression level in one of the pod
developmental stages (SP_R7, MEP_R8,
MP_R9) or in immature seeds (IS_R9; Fig. 8.3),
suggesting their major role in the
synthesis/transport of PA with phosphorous
storage function in the seed. On the other side, all
the genes are also expressed in vegetative organs,
suggesting also a role in the synthesis of PA with
a more focused on regulatory than storage pro-
cesses. A more detailed expression analysis on
different seed developmental stages, separated
from pods, may help in understanding their
principal role in PA synthesis and transport.

The availability of these new common bean
genomic resources would be also extremely
useful to obtain new lpa mutants. Only the lpa1-
1 mutant, affecting the PvMRP1 gene, has been
isolated so far, as previously discussed, through
the screening of an EMS mutagenized collection
and the following mapping of the mutation fol-
lowing a forward genetic approach (Campion
et al. 2009; Panzeri et al. 2011). The knowledge
of the whole genome sequence allows the use of
reverse genetic approaches, such as Targeting
Induced Local Lesions in Genome (TILLING),
also in its high throughput version of TILLING
by sequencing, or genome editing, in order to
isolate new mutants. At the moment a population
of 3000 M2 mutant lines from the genotype
BAT93 is available for TILLING screening
(Porch et al. 2009). However, it is desirable to
increase this population, as over 5000 mutant
lines are required for adequate genome coverage
and an effective TILLING approach (Porch et al.
2009). Genome editing approaches, aimed to
targeted genome modifications, were developed
in plants in recent years (Schaart et al. 2015).
One of the first strategies used in plants, through

zinc-finger nucleases (ZFNs) that induce a
double-stranded break at their target locus, was
successfully applied in maize to generate a lpa
mutation in the IPK1 gene (Shukla et al. 2009).
Genome editing strategies require transformation
approaches. Common bean, like other legumes,
is generally considered recalcitrant to Agrobac-
terium-mediated transformation, due to poor
regeneration in tissue culture (Arellano et al.
2009). However, the molecular characterisation
of the first transgenic commercial common bean
immune to bean golden mosaic virus was
recently carried out, demonstrating the stability
of the transgene after eight self-pollinated gen-
erations (Aragao et al. 2013). Subsequently,
common bean transformation may become a
more routine strategy, increasing the possibility
to use genome-editing approaches also in this
species.

The common bean genomic resources may be
also exploited to study regulatory aspects of PA
pathway in this species. No transcription factors
involved in the regulation of PA metabolism
have been described to date. Only very recently
transcriptomic data showed that more than 300
differentially expressed genes in two maize lines
with opposite PA content encode for transcrip-
tion factors (Zhang et al. 2016). Moreover,
studies of promoter or of other regulatory
sequences, such as UTRs, of different genes
involved in PA synthesis and transport are pos-
sible, taking advantage from these genomic
resources. For example, it was recently shown
that there is a correlation between the number of
repeats of a dinucleotide in the 5′ UTR and the
transcription level of the CaIMP gene from Cicer
arietinum L. A shorter 5′ UTR confers higher
CaIMP expression and consequently higher PA
content and increased drought-tolerance than a
longer 5′ UTR sequence (Joshi-Saha and Reddy
2015).

As it was shown that PA is the major deter-
minant of iron bioavailability in common bean,
we consider the new genomic resources as
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important tools to develop strategies aimed to
reduce its content in this important legume crop.
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Abstract
In plants, the largest class of resistance (R) gene encodes
nucleotide-binding leucine-rich repeat (NB-LRR) proteins. This multigene
family is often organized in clusters of tightly linked genes. In the
common bean (Phaseolus vulgaris L.) genome, most of the
well-characterized large R gene clusters are not randomly distributed
since they are often located at the ends of the linkage groups (LG),
suggesting that this location is favorable for R gene proliferation. In
addition, terminal knobs (heterochromatic blocks) are present at most
chromosome (Chr) ends of P. vulgaris, and we have identified a satellite
DNA referred to as khipu that is a component of most of them. Plasticity
of subtelomeres has been described in various organisms such as yeast and
human but is not well documented in plants. In common bean, the B4
cluster of R gene was shown to derive from the Co-2 R gene cluster
through an ectopic recombination between non-homologous chromo-
somes in subtelomeric regions. These unusual features of common bean
genome (subtelomeric localization of large NB-LRR sequences, the
presence of terminal knobs, and plasticity of subtelomeres) have been
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investigated with the availability of the complete common bean genome
sequence.
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9.1 Introduction

In the human genome, extensive cytogenetic and
sequence analyses have revealed that subtelom-
eres, i.e., regions adjacent to telomeres, are hot-
spots of interchromosomal recombination and
segmental duplications (Linardopoulou et al.
2005). This peculiar dynamic activity of sub-
telomeres has been reported in such diverse
organisms as yeast, human, and the malaria par-
asites, Plasmodium ssp. (Louis 1995; Freitas-
Junior et al. 2000, 2005). As expected for a plastic
region of the genome subject to reshuffling
through recombination events, subtelomeres
exhibit extremely high levels of within-species
structural and nucleotide polymorphism and they
often contain fast-evolving genes involved in
adaptive processes (Linardopoulou et al. 2005).
In parasitic eukaryotes such as Plasmodium
spp. and pathogenic fungi, many virulence genes
reside at subtelomeres (Leech et al. 1984; Sunkin
and Stringer 1996; Vanhamme et al. 2001; Barry
et al. 2003; Kamoun 2007). For example, in
Magnaporthe oryzae, the agent of rice blast,
many avirulence genes are located in subtelom-
eric regions (Valent and Khang 2010; Farman
2007; Grandaubert et al. 2014). In plants, this
plasticity of subtelomeres has not been identified
in Arabidopsis thaliana and, to our knowledge,
has not yet been investigated at a large scale for
other plant species with full genome sequences
available. In common bean, classical genetic
analyses have suggested a particular organization
of disease resistance (R) genes with most large
clusters located at the end of the linkage groups.
The availability of the complete genome
sequence of Phaseolus vulgaris has offered a
unique opportunity to investigate the peculiar

features of common bean subtelomeres at the
genome-wide level, in particular, concerning
resistance genes and repeated sequences.

9.2 Disease Resistance Gene
Clusters Against Various
Pathogens Are Often Located
at the End of the Linkage
Groups in Common Bean
Genome

In the common bean (P. vulgaris L.) genome,
classical genetic analyses have shown that most
of the well-characterized large resistance (R) gene
clusters, containing resistance genes against var-
ious pathogens, are located at the ends (rather
than the centers) of the linkage groups. For
example, the Co-x, I, B4, Co-4, and Co-2 loci
have been mapped to the ends of B01, B02, B04,
B08, and B11, respectively (Fig. 9.1). Genetic
complexity of these clusters is illustrated by the
B4 R gene cluster where R specificities and
R quantitative trait loci (QTL) against various
pathogens including the fungi Colletotrichum
lindemuthianum (Co genes), Uromyces appen-
diculatus (Ur genes), Pseudocercospora griseola
(Phg genes), and Erysiphe diffusa (Pm genes) and
the bacteria Pseudomonas syringae (Pse or Rpsar
genes) have been mapped (Geffroy et al. 1998,
1999; Miklas et al. 2006; Goncalves-Vidigal et al.
2013; Perez-Vega et al. 2013). Similarly, at the
Co-2 (end of LG B11) and Co-4 R locus (end of
LG B08), R specificities against both the bacteria
P. syringae and the fungi C. lindemuthianum
have been mapped (Adam-Blondon 1994; Gef-
froy et al. 1999; David et al. 2008; Perez-Vega
et al. 2013). The I cluster, located at one end of
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LG B2, is another remarkable example of com-
plex cluster of R gene mainly against viruses but
also against fungi and bacteria (Fisher and Kyle
1994; Morales and Singh 1997; Miklas et al.
2006; Geffroy et al. 2008; Pflieger et al. 2014;
Hart and Griffiths 2015). Whether these genes are
tightly linked genes, alleles, or eventually the
same gene is not known.

9.3 Genomic Distribution of NB-LRR
(NL) Sequences in Common
Bean: Case Study of the B4
and the Co-2 Resistance Gene
Clusters

In plants, the prevalent class of R genes encodes
proteins containing a nucleotide-binding (NB) and
a C-terminal leucine-rich repeat (LRR) domain
(NB-LRR). R genes belonging to this class have
been identified in various plant species, in mono-
cots as well as in dicots, and correspond to R genes
effective against all types of pathogens and pests,
including fungi, bacteria, viruses, nematodes,

oomycetes, and insects (Dangl et al. 2013;
Michelmore et al. 2013). This NB-LRR protein
class can bedivided into two subclasses on the basis
of their amino-terminal sequence, corresponding to
two ancient lineages (Bai et al. 2002; Meyers et al.
2003; Ameline-Torregrosa et al. 2008). One sub-
class is composed of toll-interleukin-1 receptor
(TIR)-NB-LRR (TNL) encoding genes character-
ized by the TIR domain homologous to the Dro-
sophila toll and mammalian interleukin-1 receptor
(Hammond-Kosack and Jones 1997). The second
subclass is composed of NB-LRR encoding genes
without the TIR motif, which often includes a
coiled-coil (CC) domain (Pan et al. 2000).

In common bean, molecular analysis of the
Co-2 and B4 clusters based on BAC clone
sequencing has revealed that these two complex
R clusters consist of a tandem array of more than
40 CC-NB-LRR (CNL) sequences (Geffroy et al.
1998; Creusot et al. 1999) (Fig. 9.2a). Fluores-
cence in situ hybridization (FISH) analysis
revealed a subtelomeric location for these two
complex R clusters (Geffroy et al. 2009)
(Fig. 9.2b, e).
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Conserved microsynteny was observed
between the P. vulgaris B4 locus and corre-
sponding regions ofMedicago truncatula (Mt) and
Lotus japonicus (Lj) in chromosomesMt6 and Lj2,
respectively (Fig. 9.2a). The notable exception
was the CNL sequences, which were completely
absent in these regions in M. truncatula and L.
japonicus. The origin of the P. vulgaris B4-CNL
sequences was investigated through phylogenetic
analysis (Fig. 9.3), which reveals that, in the
P. vulgaris genome, closely related CNL

sequences (B4 and Co-2-CNL) are shared among
non-homologous chromosomes (4 and 11).
Together, these results suggest thatP. vulgaris B4-
CNL was derived from CNL sequences from
another cluster, the Co-2 cluster, through an
ectopic recombination event between
non-homologous chromosomes in subtelomeric
regions (David et al. 2009). Plasticity of sub-
telomeres has been described in various organisms
but is not well documented in plants.

b Fig. 9.1 Chromosomal distribution of common bean
NB-LRR (NL) encoding genes, approximate locations of
genetically characterized monogenic disease resistance
genes against various pathogens, and khipu satellites. The
relative map position of 377 NB-LRR (NL) encoding
genes is shown on the individual pseudomolecules
depicting the chromosomes Pv01–Pv11 as identified in
Schmutz et al. (2014). Pseudomolecules Pv05, Pv07,
Pv08, and Pv11 are in the same orientation than linkage
groups (LG) B5, B7, B8, and B11, respectively, while
pseudomolecules Pv01, Pv02, Pv03, Pv04, Pv06, Pv09,
and Pv10 are in reverse orientation relative to LG B1, B2,
B3, B4, B6, B9, and B10, respectively, according to
genetic maps presented in Freyre et al. (1998), Geffroy
et al. (2000), and Miklas et al. (2006). Each NB-LRR gene
has a unique label representing the seven last informative
digits from the annotation. For example, G132300 located
on pseudomolecule 1 corresponds to the gene
Phvul.001G132300. Genes encoded by the positive and
negative DNA strands are depicted on the right and left
sides of the chromosome, respectively. TNL sequences
are presented in pink font and CNL sequences are
presented in black font. NLs corresponding to pseudoge-
nes are denoted by an asterisk (*) after their name.
Centromeric positions on individual pseudomolecules
were identified using centromere satellite repeats identi-
fied in Iwata et al. (2013) and are represented in light
yellow bars on the pseudomolecules. To locate R gene on
the physical map, sequences of available linked markers
were used as query in BLASTN analysis against G19833
genome (http://phytozome.jgi.doe.gov/pz/portal.html).
Approximate locations of monogenic disease resistance
genes are indicated by gray area connecting colored
bubbles (R genes) to candidate location on the pseudo-
molecules. The Co are anthracnose (Colletotrichum
lindemuthianum) resistance loci (Goncalves-Vidigal and
Kelly 2006; Miklas et al. 2006; David et al. 2008; Geffroy
et al. 2008; Campa et al. 2009; Vallejo and Kelly 2009;
Goncalves-Vidigal et al. 2011; Richard et al. 2014;
Oblessuc et al. 2015). Andean and Mesoamerican

anthracnose resistance loci are represented by lavender
and turquoise bubbles, respectively. Ur rust (U. appen-
diculatus) resistance loci (Ur-Dorado, Ur-Ouro Negro,
and Ur-BAC 6 refer to the line source of unnamed genes)
(Miklas et al. 2006; de Souza et al. 2011; Souza et al.
2014) are represented by blue bubbles, Phg angular leaf
spot (P. griseola) resistance loci (Goncalves-Vidigal et al.
2011, 2013) are represented by light green bubbles, Pm
powdery mildew (E. diffusa) resistance loci (Perez-Vega
et al. 2013) are represented by green bubbles, and Pse or
Rpsar halo blight (P. syringae) resistance loci (Chen et al.
2010; Miklas et al. 2014) are represented by gray bubbles.
R genes against viruses are depicted by bubbles in various
shades of pink. I is a resistance locus to BCMNV (Bean
common mosaic necrosis virus), BCMV (Bean common
mosaic virus), ZYMV (Zucchini yellow mosaic virus),
BSMV (Bean severe mosaic virus), PWVK (Passionfruit
woodiness virus-K), WMV (Watermelon mosaic virus-2),
CabMV (Cowpea aphid-borne mosaic virus), ThPV
(Thaïland passiflora mosaic virus) and SMV (Soybean
mosaic virus) (Fisher and Kyle 1994, 1996; Morales and
Singh 1997; Vallejos et al. 2000, 2006; Bello et al. 2014).
Bct is a locus for resistance to BCTV (Beet curly top virus)
(Miklas et al. 2006), By-2 is an R gene for resistance to
BYMV (Bean yellow mosaic virus), and CLYVV (Clover
yellow vein virus) (Hart and Griffiths 2015), PvCMR1 is
an R gene (TNL) for resistance to CMV (Cucumber
mosaic virus) positioned using sequences of specific PCR
primers as query in BLASTN analysis against G19833
genome (http://phytozome.jgi.doe.gov/pz/portal.html)
(Seo et al. 2006). R-BPMV is an R gene for resistance to
BPMV (Bean pod mottle virus) (Pflieger et al. 2014), and
bc are recessive genes for resistance to BCMNV and
BCMV (Strausbaugh et al. 1999; Mukeshimana et al.
2005; Miklas et al. 2000; Hart and Griffiths 2013). The
major subtelomeric R clusters Co-x, I, B4, Co-4, and Co-2
are indicated with black frames. Khipu satellite sequences
are indicated with pink bars on pseudomolecule structures
according to Richard et al. (2013) with size of block
proportional to number of khipu units
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9.4 Genome-Wide Analysis
of NB-LRR (NL) in the Bean
Genome (G19833)

The availability of the common bean genome
(genotype G19833) allowed genome-wide
annotation of NB-LRR (NL) encoding genes
(Schmutz et al. 2014); 377 NL genes were
identified, of which 106 (28.2%) encoded TNL
and 270 (71.8%) encoded CNL (Table 9.1). The
majority of these NL sequences were physically
organized in complex clusters, often located at
the ends of chromosomes (Fig. 9.1). In particu-
lar, three large clusters were identified at the ends
of chromosomes Pv04, Pv10, and Pv11 and
contained more than 40 NL genes. Two of them
correspond to the previously mentioned B4
(Pv04) and Co-2 R (Pv11) clusters containing
mainly CNL sequences. The later one, located at
one end of Pv10, is enriched for TNL sequences.
Approximate location of genetically

characterized R genes against various pathogens
in common bean is presented in Fig. 9.1. Most of
the complex genetically characterized clusters of
R genes are located at the end of the pseudo-
molecules and correspond to NL clusters. This is
true for the previously mentioned B4 and Co-2 R
clusters where many R specificities against the
fungi C. lindemuthianum (Co genes), U. appen-
diculatus (Ur genes), and E. diffusa (Pm genes)
as well as against the bacteria P. syringae (Pse
and Rpsar genes) co-localize with huge NL
sequences clusters (Geffroy et al. 1998, 1999;
David et al. 2008; Chen et al. 2010; de Souza
et al. 2011; Goncalves-Vidigal et al. 2013;
Perez-Vega et al. 2013; Miklas et al. 2014).
Similarly, the multiresistance I cluster located at
the end of Pv02 co-localizes with a cluster of
TNL sequences. The same situation (complex
distal R gene cluster co-locating with NL
sequences) is also observed at the ends of Pv08
and Pv10 (Fig. 9.1). This strongly suggests that
NL genes are the molecular basis of these

Fig. 9.2 A Sequence comparison between the P. vulgaris
BAT93 B4 410-kb contig (center) and syntenic regions in
M. truncatula chromosome 6 (left) and L. japonicus
chromosome 2 (right). Yellow lines indicate significant
homology matches between predicted genes. B and
C. FISH to mitotic Pv BAT93 chromosomes using

B4-CNL (B) and khipu (C) as probe. D, E, F. FISH to
pachytene chromosomes (D) using B4-CNL (E) and
khipu as probe (F). The major knob and the minor knob
are indicated with an arrow and an arrowhead, respec-
tively (David et al. 2009)
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R specificities. However, a different situation is
observed for the resistance specificities Co-1,
Co-12, Co-13, Co-14, Co-15, Co-x, Co-w, Ur-9,
and Phg-1 at the end of Pv01 since they are

located in a region that does not contain NL
sequences, suggesting that these R genes might
correspond to atypical R genes (Richard et al.
2014). Recessive R genes against viruses have
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Fig. 9.3 Maximum likelihood phylogenetic analysis of
the predicted common bean non-TNL genes. Phylogenetic
tree of the 270 non-TNL genes from the G19833 genome
sequence. Nucleic acid sequences of the region spanning
from the P-loop to the MHD-conserved protein motifs
were used to construct the phylogenetic tree. A color has

been assigned to each chromosome arm, L (long arm) or S
(short arm), and consequently, each gene from a same
chromosome arm has branches with the same color in the
tree. Non-TNL sequences from B4 and Co-2 clusters are
indicated with brackets

Table 9.1 Number and
classification of predicted
NB-LRR encoding R genes
in Phaseolus vulgaris
genome

#Full length genes #Pseudogenes #Total Percentage

TNL type 82 24 106 28.1

TIR-NB-LRR 73 20 93

TIR-NB 9 4 13

non-TNL type 186 85 271 71.9

CC-NB 3 1 4

NB 5 2 7

NB-LRR 92 64 156

CC-NB-LRR 86 18 104

#Total 268 109 377
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been shown to correspond to eIF4e genes in
various plant species such as pepper, lettuce, and
Arabidopsis (Robaglia and Caranta 2006), and
similar results were observed in common bean
for bc-3 gene on Pv06 (Hart and Griffiths 2013).

If the NL sequences represent the prevalent
class of R genes in all plant species, the prefer-
ential location of NL cluster at the end of the
pseudomolecules was not observed for other plant
species such as Arabidopsis (Meyers et al. 2003),
rice (Luo et al. 2012), or Medicago (Young et al.
2011). However, similar distal distribution seems
to be present in the potato genome (Jupe et al.
2012). Phylogenetic analysis of CNL sequences
confirms that B4-CNL sequences are more similar
to Co-2-CNL sequences than to any other CNL
sequences (Fig. 9.3).

9.5 Terminal Knobs Containing
Khipu Satellite DNA

Satellite DNA can be defined as highly reiterated
noncoding DNA sequences, organized as long
arrays of head-to-tail linked repeats of 150–180bp
or 300–360bp monomers located in the consti-
tutive heterochromatin (Plohl et al. 2008). During
the bioinformatic analysis of the B4 R gene
cluster, a new 528 bp satellite repeat, referred to
as khipu, was identified between the CNL
sequences (David et al. 2009). In order to deter-
mine the pattern of khipu distribution at a greater
resolution, FISH was performed on meiotic
pachytene chromosomes because they are less
condensed than somatic chromosomes. Terminal
knobs (heterochromatic blocks) of different sizes
were visible at most chromosome ends of P. vul-
garis, and khipu tandem repeats were present on
17 chromosome ends (Fig. 9.2c), mostly corre-
sponding to cytologically visible terminal knobs
(Fig. 9.2d, f). Southern experiments on a range of
legume species using khipu as a probe have
shown that khipu is specific to the Phaseolus
genus (David et al. 2009). The presence of khipu
on 17 chromosome ends, combined with its
specificity to the Phaseolus genus, suggests the
existence of frequent ectopic recombination
events in Phaseolus subtelomeric regions.

The availability of the complete genome
sequence of the common bean genotype G19833
allows investigating the genomic organization
and the evolution of khipu. This genome-wide
analysis led to the identification of 2460 khipu
units located, as expected based on the FISH
results, at most distal ends of the sequenced
regions (Richard et al. 2013) (Fig. 9.1;
Table 9.2). khipu sequences are arranged in dis-
crete blocks of at least 2–55 units and are
heterogeneously distributed among the different
chromosome ends of G19833 (from 0 to
555 khipu units per chromosome end)
(Table 9.2). Notably, chromosome ends con-
taining the highest number of khipu units (short
arms of chromosome 4 and long arms of chro-
mosomes 10 and 11, with 349, 435, and
555 khipu units, respectively) are also those
harboring the largest NL clusters in common
bean genome (Fig. 9.1; Table 9.2). Comparison
between phylogeny and physical distribution of
khipu repeats reveals that phylogenetically rela-
ted khipu units are spread between numerous
chromosome ends, confirming the existence of
frequent exchanges between non-homologous
subtelomeres in common bean (Richard et al.
2013). However, most subclades contain
numerous khipu units from only one or few
chromosome ends indicating that local duplica-
tion is also driving khipu expansion. Altogether,
these data suggest extensive sequence exchanges
in subtelomeres between non-homologous chro-
mosomes in common bean and confirm that
subtelomeres represent one of the most dynamic
and rapidly evolving regions in eukaryotic gen-
omes. Interestingly, co-localization of khipu
sequences with large NL clusters was observed
on Pv04, Pv10, and Pv11 suggesting that khipu
sequences could have played a role in the
amplification on NL sequences through unequal
crossing over. However, not all large NL clusters
co-localized with khipu sequences, as for exam-
ple the I cluster located at one end of chromo-
some 2.

In contrast to large genome plant species,
heterochromatin is largely restricted to pericen-
tromeric regions in plant species with a small
genome. For example, only two knobs have been
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reported in the compact A. thaliana genome
(125 Mbp), while in the large maize (Zea mays)
genome (2671 Mbp), numerous knobs have been
reported (Peacock et al. 1981; Ananiev et al.
1998; Fransz et al. 1998). The relatively small
genome of P. vulgaris does not seem to follow
this tendency. Indeed, heterochromatic knobs
have been detected in most P. vulgaris chromo-
some termini and khipu tandem repeats are
components of most of them (David et al. 2009)
(Fig. 9.2). The presence of terminal knobs in
P. vulgaris is in sharp contrast with results from
other legume species such as L. japonicus and
M. truncatula, where most of the heterochromatin
is localized at pericentromeric regions and no ter-
minal heterochromatic blocks have been reported,
except for the 45S rDNA cluster on Lj2 (Kulikova
et al. 2001; Pedrosa et al. 2002). Thus, the com-
plexity of bean subtelomeres does not seem to be
obviously related to its genome size, because with
587 Mbp, P. vulgaris genome is not significantly
larger than L. japonicus (472 Mbp) or M. trun-
catula (500 Mbp) genomes (Sato et al. 2008;
Young et al. 2011). In cereals, similar results were
obtained for rye (Secale cereale L.) genome.
Indeed, rye differs from phylogenetically related
wheat (Triticum) and barley (Hordeum) in having
large heterochromatin blocks in the subtelomeric
regions of its chromosomes (Evtushenko et al.
2010; Evtushenko and Vershinin 2010).

9.6 Conclusions: Hypothesis
Concerning the Huge Size
of Subtelomeric NL Clusters
in Common Bean

In the common bean genome, most of the R gene
clusters are located at the ends of the chromo-
somes and present a huge size compared to other
species (Fig. 9.1). For some of them, FISH
analyses have revealed a subtelomeric location.
This is the case for the B4, Co-4, and Co-2
clusters on Pv04, Pv08, and Pv11, respectively
(David et al. 2009; Geffroy et al. 2009; Melotto
et al. 2004). With regard to their huge size, it is
particularly impressive for the NL clusters loca-
ted at the end of Pv04, Pv10, and Pv11 each
containing more than 40 NL sequences.
Microsynteny analyses of the Co-2 and B4
clusters between soybean and common bean
have shown an impressive amplification of NL
sequences in common bean since only one
and *20 NL were identified in the correspond-
ing regions of soybean for the B4 and Co-2
cluster, respectively (Innes et al. 2008; David
et al. 2009). This suggests that these subtelom-
eric regions in common bean are favorable
“niches” for R gene proliferation.

R gene expression may be associated with a
fitness cost on the host plant (Purrington 2000;

Table 9.2 Number of
khipu units in each
pseudomolecule of
Phaseolus vulgaris

Pseudomolecules Short arm Centromere Long arm Total

Chr01 193 0 19 212

Chr02 46 0 39 85

Chr03 60 3 17 80

Chr04 349 13 261 623

Chr05 169 0 33 202

Chr06 0 0 17 17

Chr07 17 7 14 38

Chr08 7 55 51 113

Chr09 0 2 10 12

Chr10 71 1 435 507

Chr11 16 0 555 571

Total 81 2460
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Tian et al. 2003). Consequently, R gene expres-
sion must be carefully regulated, especially in
plants species containing many NL genes. Dif-
ferent mechanisms are emerging as implicated in
the regulation of NL sequences including miRNA
modulation of NL expression (Zhai et al. 2011;
Gonzalez et al. 2015). However, because this
process is not specific to common bean, since it
has been identified in various plant species from
tomato to spruce, it cannot explain the huge size
of NL clusters in common bean specifically
(Kallman et al. 2013; Li et al. 2012; Shivaprasad
et al. 2012). One element that could explain this
impressive expansion of NL sequences is their
peculiar genomic location at common bean sub-
telomeres. First, distal regions of the chromo-
somes are known to be highly recombinant
compared to pericentromeric regions (Gore et al.
2009; Schmutz et al. 2010, 2014) and are conse-
quently favorable to promote NL amplification
through unequal crossing over. In addition, the
identification of khipu tandem repeats tightly
linked to the huge NL clusters on Pv04, Pv10, and
Pv11 strongly suggests that amplification of NL
sequences could have been promoted by unequal
crossing over involving khipu sequences. Sec-
ondly, peculiar features of common bean genome
include the presence of terminal knobs (hete-
rochromatic blocks), most of them containing the
khipu satellite DNA (David et al. 2009; Richard
et al. 2013). At least two common bean NL
clusters have been reported to be in vicinity of
these terminal knobs, B4 and Co-2 clusters
(David et al. 2009; Chen et al., in preparation).
Epigenetic silencing of genes in proximity to
heterochromatic regions and to repeated sequen-
ces through spreading of methylation is a known
process (Vitte et al. 2014; Talbert and Henikoff
2006). Consequently, we propose that this pecu-
liar genomic environment may favor the prolif-
eration of large R gene clusters due to, not only
increased recombination, but also to some form of
silencing (Yi and Richards 2007), allowing a
large amplification of NL sequences without fit-
ness cost in common bean.
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10Comparison of Gene Families: Seed
Storage and Other Seed Proteins

Jaya Joshi, Sudhakar Pandurangan, Marwan Diapari
and Frédéric Marsolais

Abstract
Common bean (Phaseolus vulgaris) is an important source of protein and
dietary fiber in human diets. Seed proteins, therefore, determine, at least in
part, the nutritional value of common bean. From the very beginning of plant
molecular biology, in the 1980s, common bean has been a prominent model
plant to study seed storage proteins. The recent availability of several
sequences for the common bean genome, coupled with seed transcriptomic
and proteomic information, enables a comprehensive, in-depth view of seed
protein genes in this organism. Comparisons between these sequences
highlight interesting variation in lectin gene composition between the two
centers of domestication. Alleles conferring storage protein deficiency may
be used to improve the levels of essential sulfur amino acids and therefore
protein quality. Some of the seed proteins represent anti-nutritionals,
including some lectins, trypsin inhibitors, and lipoxygenases, and represent
targets to be potentially removed from the genome. Other proteins have
potential as bioproducts due to their biological activity against fungi or
insects, including defensin D1 and albumin-1.

Keywords
Seed storage protein � Globulin � Albumin � Lectin � Legumin � Protein
quality � Defensin

10.1 Introduction

Common bean (dry bean, Phaseolus vulgaris L.)
is consumed primarily as a dietary source of
protein and fiber (De Ron et al. 2015). Therefore,
seed storage and other seed proteins determine in
part its nutritional value. Seed proteins such as
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globulins may act as a storage source of organic
nitrogen. Some of the seed proteins, including
the lectins and cysteine-rich peptides, have bio-
logical activities that protect the seed against
pathogens or herbivory, while others like the
lipoxygenases may impact flavor. Some of these
proteins may be considered anti-nutritional. This
chapter will review the state of our knowledge on
seed proteins in light of the recent release of
publically available genomes, including the
sequence of the reference Andean G19833
(Schmutz et al. 2014), and Mesoamerican
BAT-93 (Vlasova et al. 2016) and OAC-Rex
(Perry et al., unpublished results; https://mega.nz/
#%21KU13nB7B%21LS1afOiDNDPp6koxlmJp
GYa8Xnk2_5hCvAiFXyKTOMA) genomes.
This will be discussed in relation with our current
knowledge of the seed transcriptome and pro-
teome (Yin et al. 2011; Marsolais et al. 2010; O′
Rourke et al. 2014; Liao et al. 2012; Parreira
et al. 2016; De La Fuente et al. 2011; Natarajan
et al. 2013; Majumdar et al. 2015; Balsamo et al.
2015; López-Pedrouso et al. 2014b). The bio-
logical activities of legume seed proteins have
been recently reviewed by Sparvoli et al. (2015).

10.2 7S Globulin Phaseolin

The 7S globulin, phaseolin, is the most abundant
seed protein, accounting for up to 50% of total
protein in commercial varieties (Vitale and Bollini
1995). The biochemistry and molecular biology of
phaseolin have been reviewed previously by Hall
et al. (1999). Phaseolin does not undergo
post-translational cleavage other than its signal
peptide but is N-glycosylated and phosphorylated
(Sturm et al. 1987; López-Pedrouso et al. 2014a).
Phaseolin electrophoretic types have been used as
markers and provided the first evidence for distinct
centers of domestication, Mesoamerican (S type
phaseolin from Sanilac cultivar) and Andean (T
type phaseolin from Tendergreen cultivar) (Gepts
and Bliss 1986). Using the genetic diversity of
phaseolin fromwild accessions has been suggested
to improve the protein quality of common bean,
particularly the bioavailable methionine (Montoya
et al. 2010). There are two types of genes encoding

two phaseolin subtypes, a- and b-. Their coding
sequence is distinguished by the presence of a
27-base pair repeat in a-phaseolin (Slightom et al.
1985; Kami and Gepts 1994). At the genomic
level, the a- and b-phaseolin genes are more dis-
similar in their promoters and 5′-untranslated
regions (Slightom et al. 1983; Anthony et al.
1990). Phaseolins are encoded by a single complex
locus predicted to contain multiple genes in tan-
dem. Southern hybridization studies showed that
the phaseolin multigene family consists of
approximately seven members (Talbot et al. 1984).
Nevertheless, the first assembly of the reference
P. vulgaris genome (v1.0) contained unique
functional copies of a- and b-phaseolin located on
chromosome 7, whereas the most recently released
version (v2.1) contains three copies of a-phaseolin
and two copies of b-phaseolin (Fig. 10.1). They
are within an interval of approximately 130 kb,
and the a- and b-phaseolin genes are on opposite
strands. At this locus, there is also a gene coding
for an uncharacterized 7S globulin sharing 53%
identity with a-phaseolin (Phvul.007g598011). As
expected, the chromosome 7 segment containing
the phaseolin locus is syntenic with a segment of
chromosome 20 containing the conglycinin locus
in soybean (Tsubokura et al. 2012; McClean et al.
2010; Schmutz et al. 2014). According to data
from the atlas of gene expression in the Negro
Jamapa black bean, a Mesoamerican genotype,
expression of a- and b-phaseolin is seed-specific
(Fig. 10.2). The amino acid sequence of phase-
olins is devoid of cysteine residues, and although
they have few methionine residues, the seed con-
centration of methionine is actually correlated with
phaseolin accumulation in cultivated varieties
(Gepts and Bliss 1984).

The copy number of phaseolin genes in the
genome was examined by the quantitative poly-
merase chain reaction (qPCR) according to Ing-
ham et al. (2001), in the genetic stock SARC1
which contains both a- and b-phaseolin (Osborn
et al. 2003). As expected, the threshold cycle
(Cq) value of phaseolin was low compared to the
single-copy genes (BSAS3.1, PDS, and Lox) at
any temperature of annealing (Ta) tested (Pan-
durangan and Marsolais 2017). The average Cq

value for single-copy genes was similar
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Fig. 10.1 Representation of the phaseolin locus from the reference genome G19833 v.2.1 in JBrowse

Fig. 10.2 Expression of seed protein transcripts in
different tissues according to the gene atlas (O′Rourke
et al. 2014). Accession numbers should be preceded by
the prefix “Phvul.0-”. Expression value is given as Z-
score (Severin et al. 2010). Calculation of the Z-score is
based on the reads per kilobase of transcript per million
mapped reads (RPKM)-normalized log2-transformed tran-
script count data as follows: Z = (X − l)/s, where X is the
transcript count of a gene for a specific tissue/timepoint,
and l is the mean transcript count of a gene across all
tissues/developmental stages, and s is the transcript count
standard deviation of a gene across all
tissues/developmental stages. Therefore, the Z-score

numerical value measures the number of standard devi-
ations the expression level of a gene in a specific tissue
deviates from the mean expression level in all tissues. Z-
scores above 3.4–3.6 are considered highly tissue specific,
and this has been validated in soybean. Heat maps were
generated with MATLAB. Descriptions of relevant tissues
are as follows: ST shoot tips; FY flowers; PY pods
containing globular stage embryos (1–4 days after fertil-
ization); PH pods containing heart stage seeds; P1 pods
associated with stage 1 seeds (pods only); P2 pods
associated with stage 2 seeds (pods only); SH heart stage
seeds (ca. 7 mg); S1 stage 1 seeds (ca. 50 mg); S2 stage 2
seeds (ca. 150 mg)
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(approximately 22.5 cycles). The value was
intermediate for b-phaseolin (20 cycles) and
lower for nonspecific phaseolin primers which
amplify both a- and b-phaseolin (19 cycles).
Based on exponential accumulation, the copy
number of phaseolin genes is estimated from
these values to be equal to eight, with four copies
each of b-phaseolin and a-phaseolin genes. This
is consistent with the above-noted hybridization
results of Talbot et al. (1984), and this is close to
the number of genes present in assembly v.2.1.
A possible reason to explain the discrepancy
between the number of genes in the genome
assembly and that measured by empirical meth-
ods may be the presence of additional, non-
functional gene copies.

Regulation of b-phaseolin gene expression
has been extensively studied. Several functional
regions within the promoter have been defined by
deletion analyses (Bustos et al. 1991; van der
Geest and Hall 1996; Chandrasekharan et al.
2003). They include four RY repeat motifs (5′-
CATGC/TA-3′) (Bobb et al. 1997), a G-box
binding motif (5′-CACGTG-3′), an E-box motif
(5′-CACCTG-3′) (Kawagoe et al. 1994), CACA
element (Li et al. 1999), vicilin box (5′-
GCCACCTCAA-3′) (Chern et al. 1996a, b),
ACGT motif, and CAAT box (Li et al. 1999)
(Fig. 10.3). Deletion analyses showed that the
G-box, RY motifs, E-box, and CAAT box are

required for high-level expression of a reporter in
transgenic Arabidopsis thaliana seed (Chan-
drasekharan et al. 2003). Binding of the
B3-domain containing VP1/ABI3 member PvAlf
transcription factor is necessary for expression
(Bobb et al. 1995). Gene activation is a two-step
process, requiring PvAlf and abscisic acid (Li
et al. 1999). Each step is associated with specific
chromatin modifications (Ng et al. 2006),
resulting in nucleosomal displacement over
phased TATA boxes (Li et al. 1998). PvAlf binds
to the promoter via the RY repeat motifs (Car-
ranco et al. 2004). ABI5, a bZIP transcription
factor, acts downstream from abscisic acid, likely
through the G-box (Ng and Hall 2008). Using a
heterologous system, two additional essential
transcriptional regulators have been identified,
RINGLET 2 (RLT2) and AINTEGUMENTA-
LIKE 5 (AIL5) (Sundaram et al. 2013). Analysis
of genetic stocks differing in seed protein com-
position (Osborn et al. 2003) associated low
levels of b-phaseolin accumulation in the bean
genetic lines SMARC1-PN1 and SMARC1N-
PN1 with a single nucleotide polymorphism in
the proximal promoter converting a second
G-box element present in Sanilac and SARC1
into an ACGT element (Pandurangan et al. 2016)
(Fig. 10.3). This ACGT element does not influ-
ence levels of expression in the promoter from
Tendergreen (Chandrasekharan et al. 2003).

Fig. 10.3 a Diagram of cis-regulatory elements present
in the promoter of b-phaseolin gene in SARC1 and
Sanilac versus SMARC1N-PN1 and SMARC1-PN1.
Regulatory motifs are designated as by Chandrasekharan
et al. (2003). b A single nucleotide substitution converts a

G-box in SARC1 and Sanilac to an ACGT motif in
SMARC1N-PN1 and SMARC1-PN1. G G-box; E E-box;
C CACA box; V vicillin box; CCA CCAAT box.
Reproduced from Pandurangan et al. (2016)
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10.3 Lectins

Lectins are the second most abundant seed pro-
teins accounting for 5–10% of total protein
(Vitale and Bollini 1995). They include ery-
throagglutinating phytohemaggutinin (Pha-E),
leucoagglutinating phytohemagglutinin (Pha-L),
and a-amylase inhibitor and a-amylase
inhibitor-like protein (Mirkov et al. 1994).
Arcelins are present in certain wild accessions
and other Phaseolus species and protect against
bruchid pests (Osborn et al. 1988; Zaugg et al.
2013; Mbogo et al. 2009; González Vélez et al.
2012). The lectins are usually glycoproteins and
vary in subunit association and post-translational
processing. a-Amylase inhibitor-1 is processed
post-translationally into two subunits (Moreno
and Chrispeels 1989). Most lectins are encoded
at a single complex locus designated as the
arcelin/phytohemagglutinin/a-amylase inhibitor
(APA) locus on chromosome 4 (Freyre et al.
1998; Osborn et al. 1986). Exceptions include
mannose lectin FRIL (Flt3 receptor interacting
lectin) (Moore et al. 2000) and two other lec
genes mapping to linkage group B7, Lec-2, and
Lec-3 (Kami et al. 2006; Gepts et al. 1993). This
is supported by the presence of a phytohemag-
glutinin gene close to the end of chromosome 7
in the reference genome. In addition, there are

two copies of FRIL in tandem on chromosome 7,
approximately 1.2 Mb downstream from the
phaseolin locus. The tissue profile of expression
of these genes differs from those of lectin genes
at the APA locus (Fig. 10.2). Gene expression of
APA lectins is largely seed-specific. The phyto-
hemagglutinin on chromosome 7 is expressed in
shoot tips, flowers, and young pods, whereas
FRIL expression is predominant at the shoot
apex. This is interesting because FRIL has been
reported as a protective factor of mammalian
stem cells (Colucci et al. 1999; Moore et al.
2000). The mannose lectin FRIL gene is absent
from several Mesoamerican navy bean cultivars,
including Sanilac, BAT-93, and OAC-Rex. In
the phaseolin deficient genotype SMARC1N-
PN1, mannose lectin FRIL was derived from the
wild accession G12882 (Pandurangan et al.
2016).

For analysis of gene diversity at the APA
locus, genomic templates were annotated manu-
ally after blastn against NCBInr, and blastx of
individual APA coding sequences against Uni-
Prot, based on highest sequence identity to a
known lectin accession. The BAC-71F18 clone
from an arcelin-5 genotype was included among
genomic templates (Kami et al. 2006). The order
and orientation of lectin genes are conserved
across genotypes. However, the composition of

Fig. 10.4 Schematic representation of lectin genes at the arcelin-phytohemagglutinin-a-amylase inhibitor (APA) locus
in different common bean genotypes
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APA genes varied (Fig. 10.4). G19833 contains
pdlec2 encoding a leucoagglutinating phyto-
hemagglutinin (Voelker et al. 1986), a-amylase
inhibitor 1 (Moreno and Chrispeels 1989), and
pha-E and pha-L (Hoffman and Donaldson
1985). OAC-Rex lacks pdlec2 but harbors the a-
amylase inhibitor-like protein gene, downstream
from pha-L (Finardi-Filho et al. 1996; Wato et al.
2000). BAT-93 possesses all the lectin genes
listed above, as well as lec4-B17 upstream of
pha-E (Lioi et al. 2003). However, pha-L is
replaced by the pseudogene pdlec1, previously
characterized in the pinto bean genotype Pinto UI
111 (Voelker et al. 1986). The pdlec1 allele is
characterized by a deletion of a single nucleotide,
cytosine, after position 32 of the coding
sequence, resulting in a premature stop codon at
position 132. This polymorphism is associated
with a lack of transcript accumulation (Voelker
et al. 1990). In G02771, a wild arcelin-5 geno-
type, arcelin-5 phytohemagglutinin substitutes
for pha-L (Kami et al. 2006). Arcelin-5 phyto-
hemagglutinin is 99% identical to pdlec1 but is a
functional gene.

Genetic polymorphisms associated with dif-
ferences in lectin composition in genetic lines
SARC1, SMARC1-PN1, and SMARC1N-PN1
and their recurrent parent Sanilac were analyzed
by aligning Illumina paired-end reads to BAT93
(Pandurangan et al. 2016). In SMARC1N-PN1,
lectin deficiency was introgressed from Great
Northern 1140. The genes lec4-B17 and pha-
E appeared to be absent from SMARC1N-PN1.
This genotype also possesses the pdlec1 allele.
The similarity with Pinto UI 111 further extends
to the presence of pdlec2. These results suggest
that Great Northern 1140 and Pinto UI 111 share
the same APA locus (Osborn and Bliss 1985).
These genotypes are representative of market
classes that both belong to race Durango, from
the Mesoamerican center of domestication
(Singh et al. 1991; Mensack et al. 2010). While
the genetic relationship between the two geno-
types is unknown, these results suggest that they
share a common ancestor (McClean and Myers
1990). Bollini et al. (1985) had already hypoth-
esized a unique origin of phytohemagglutinin
deficiency, based on the similar patterns of DNA

hybridization observed with different
phytohemagglutinin-deficient cultivars probed
with phytohemagglutinin cDNAs. SARC1 con-
tains arcelin-1 introgressed from the wild acces-
sion G12882. Proteomic information and
genomic PCR data indicated the presence of at
least three functional arcelin genes in SARC1:
Arc1, arc3-II, and arc4-I (Lioi et al. 2003). This
is consistent with the detection of multiple
arcelin variants differing in subunit structure and
N-terminal sequence in this genotype (Hartweck
et al. 1991). The large difference in a-amylase
inhibitor-like protein accumulation between
SARC1 and SMARC1N-PN1 is associated with
multiple polymorphisms in the proximal pro-
moter introducing several potential positive cis-
regulatory elements in the latter genotype (Pan-
durangan et al. 2016). Although lectins are rela-
tively low in sulfur amino acid residues, the
accumulation of arcelin-like protein 4 and a-
amylase inhibitor b subunit is elevated in
response to sulfate fertilization (Pandurangan
et al. 2015). The mature a-amylase inhibitor b
subunit does not contain any sulfur amino acids.
However, its polypeptide precursor contains four
methionine residues at its N-terminal signal
peptide which are absent from the mature protein
(Prescott et al. 2005).

10.4 11S Globulin Legumin

Among grain legumes, P. vulgaris is character-
ized by low levels of the 11S globulin legumin,
accounting approximately for 3% of seed protein
(Muhling et al. 1997). Legumin is characterized
by post-translational cleavage into an acidic (a)
and a basic (b) subunit. There is a unique gene in
the genome, coding for a predominant,
high-molecular weight legumin, about 1 Mb
upstream from the APA locus (Fig. 10.2).
Phaseolus vulgaris legumin belongs to the sub-
group of high-molecular weight legumins
including group-2 glycinins from soybean,
arachin-5 from peanut, and minor small legumin
from pea (Yin et al. 2011). Members of this
subgroup are characterized by an extended
C-terminal half of the a-subunit arising from the
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expansion and mutation of a sequence repeat.
The identity of repeats differs between P. vul-
garis legumin, glycinin A5A4B3 from G. max
and arachin 5 from peanut, indicating that
expansion of repeats took place after the sepa-
ration of the lineages leading to the three species.
The 11S globulins are relatively rich in sulfur
amino acids, and their subunits are held in place
by one intermolecular and one intramolecular
disulfide bonds (Staswick et al. 1984; Adachi
et al. 2001). Mature P. vulgaris legumin subunits
contain 0.9% of their residues as cysteine and
0.7% as methionine. Legumin contributes to the
increased sulfur amino acid concentration in
SMARC1N-PN1 as it is the most abundant seed
protein in this genotype, accounting for 17% of
total protein concentration (Marsolais et al.
2010). Another legumin-like protein
(Phvul.005g140300.1) has been reported; how-
ever, its levels continuously decrease during seed
development (Parreira et al. 2016). A closer
examination of the genome reveals a number of
other sequences with cupin domains representa-
tive of globulins; however, none of these proteins
are likely to be very abundant in mature seed.

10.5 Basic 7S Globulin

Basic 7S globulin has been characterized from
soybean (Yamauchi et al. 1984), also referred to
as sulfur-rich protein (Monaghan et al. 2008),
and as c-conglutin in lupin (Duranti et al. 2008).
It accounts for up to 5% of seed protein in soy-
bean (Monaghan et al. 2008). The mature
polypeptide is processed into a high-molecular
weight and low-molecular weight subunit. It has
structural similarity with xyloglucan-specific
endo-b-1,4-glucanase inhibitors and aspartic
proteases, although it does not possess either of
these catalytic activities (Czubinski et al. 2015;
Yoshizawa et al. 2011). Basic 7S globulin has
insulin binding properties and glucose-lowering
nutritional effects (Magni et al. 2004; Lovati
et al. 2012; Hanada et al. 2003; Barbashov et al.
1991). The mature protein has five intra-chain
and one interchain disulfide bonds. The predicted
amino acid sequence of the basic 7S globulin-2

from common bean has 3% of its residues as
cysteine and 1.9% as methionine. Its transcript
levels are elevated in SMARC1N-PN1, likely
contributing to the increased concentration of
cysteine and methionine in this genotype (Liao
et al. 2012). There is a single gene for basic 7S
globulin, located on chromosome 6 (Fig. 10.2).
However, the protein has not yet been reported or
characterized.

10.6 Albumin-2

Albumin-2 was first characterized in pea (Hig-
gins et al. 1987). It contains four hemopexin
repeats involved in polyamine binding (Gaur
et al. 2010). A pea genotype lacking albumin-2
has altered levels of polyamines (Vigeolas et al.
2008). Pea albumin-2 was shown to be resistant
to gastrointestinal digestion in piglets, repre-
senting a potential allergenic and anti-nutritional
protein (Le Gall et al. 2007), although true amino
acid digestibility was found to be positively
correlated with albumin-2 levels in broiler
chickens (Gabriel et al. 2008). Interestingly,
albumin-2 is absent from the soybean genome
(Schmutz et al. 2010). The P. vulgaris protein
(Phvul.007g275800) is relatively rich in sulfur
amino acid residues with 1.3% of cysteine and
0.4% of methionine. Both the transcript and
protein are elevated in SMARC1N-PN1 (Mar-
solais et al. 2010; Liao et al. 2012). The protein
accumulation in seed positively responds to sul-
fate fertilization (Pandurangan et al. 2015),
whereas in pea, the albumin-2 transcript shows a
slight response to sulfur nutrition (Higgins et al.
1987). In common bean, the albumin-2 gene is
part of a complex locus on chromosome 7
comprising a total of 13-related genes, spanning
an interval of approximately 88 kb (Fig. 10.5).
There are 5 additional albumin-2 genes on
chromosome 7, including a cluster of three
genes, and four other genes on chromosomes 2,
8, and 9. An examination of the data from the
RNA-seq atlas suggests abundant expression of
several albumin-2 in flower buds as well as seed
or pod expression of additional family members
(Fig. 10.5).
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10.7 Albumin-1

Albumin-1 is part of the cysteine-rich or knottin
fold proteins. It is encoded by a single complex
locus on chromosome 11, including 21 genes and
spanning 285 kb (Fig. 10.6). Albumin-1 was
originally characterized from pea (Higgins et al.
1986). The albumin-1 proteins have insecticidal
activity, including the one from common bean
(Louis et al. 2004), targeting the insect vacuolar
ATPase (Muench et al. 2014). Soybean
albumin-1, or leginsulin, binds to the 7S basic
globulin and stimulates its autophosphorylation
(Hanada and Hirano 2004). Comparative geno-
mic analyses across legumes revealed a mono-
phyletic origin of the common bean albumin-1
genes (Karaki et al. 2016), indicating that they
evolved from a single gene through successive
duplications, after the separation of lineages
leading to the different legume crops. Albumin-1
identified from mature seed of common bean is
present in methanol soluble extracts (Marsolais
et al. 2010) and contributes to elevated cysteine
concentration in SMARC1N-PN1. It may be
encoded by two genes encoding an identical

protein (Phvul.011g205300 and
Phvul.011g205400). The encoded protein has
7.9% of its residues as cysteine and 4.7% as
methionine. Transcripts for these genes and a
number of other albumin-1 transcripts were
shown to be elevated in SMARC1N-PN1 by up
to 10-fold as compared with SARC1 (Liao et al.
2012). These data and the RNA-seq atlas identify
a group of genes as seed-specific, which also
includes the adjacent Phvul.011g205200,
Phvul.011g205500, and Phvul.011g205600
(Fig. 10.6).

10.8 Trypsin Inhibitors

The Bowman–Birk serine protease inhibitor
family has been characterized by cloning of a
BAC clone which comprises all three genes of
this family (Galasso et al. 2009). The Bowman–
Birk inhibitors are cysteine-rich peptides with a
low molecular mass (about 9 kDa) and are
double-headed with two binding loops per
molecule of inhibitor. The three genes encode
inhibitors that have been well characterized at the
protein level (Wilson and Laskowski 1973,

Fig. 10.5 Expression of albumin-2 transcripts in different tissues according to the gene atlas. Values are given as Z-
score. See legend to Fig. 10.2 for explanation
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1975). They encode Bowman–Birk type pro-
teinase inhibitor 2, double-headed trypsin inhi-
bitor, and trypsin/chymotrypsin inhibitor. They
are present on chromosome 4 in an interval of
19 kb. The Bowman–Birk type proteinase inhi-
bitor 2 has been detected in total protein extracts
from mature seed. The protein is more abundant
in SMARC1N-PN1 than SARC1 by about 2-fold
(Marsolais et al. 2010). Each of the three tran-
scripts is also elevated in SMARC1N-PN1, by 3-
to 4-fold (Liao et al. 2012). Data from the
RNA-seq atlas show that the three genes are
expressed in a seed-specific manner (Fig. 10.7).
Recently, a combined approach including TIL-
LING and screening natural populations for
genetic variation enabled the isolation of trypsin
inhibitor null pea genotypes (Clemente et al.
2015). In soybean, an approach was used where
an inactive Bowman–Birk inhibitor is overex-
pressed in seed, to compete with the expression
of the native form (Livingstone et al. 2007).
These genotypes may be advantageous when
used as animal feed.

10.9 Kunitz Trypsin Inhibitors

The Kunitz trypsin inhibitors are structurally
distinct from the Bowman–Birk type proteinase
inhibitors. They encode larger proteins (ca.
23 kDa). The P. vulgaris genome contains 21
Kunitz trypsin inhibitors genes, including a
complex locus with 15 genes on chromosome 4,
spanning approximately 315 kb. At least eight of
them show preferential expression in seed
(Fig. 10.8). Transcript of one of the Kunitz
trypsin inhibitor genes was elevated in
SMARC1N-PN1 as compared with SARC1
(Phvul.004g129900.1) (Liao et al. 2012). The
corresponding protein has 2.3% of its residues as
cysteine and 0.9% as methionine. However,
Kunitz trypsin inhibitors have not yet been
characterized at the protein level from common
bean. Although the Kunitz trypsin inhibitors are
encoded by a multigene family in soybean, one
gene encodes the prominent isoform present in
seed (Jofuku and Goldberg 1989). A null allele

Fig. 10.6 Expression of albumin-1 transcripts in different tissues according to the gene atlas. Values are given as Z-
score. See legend to Fig. 10.2 for explanation
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of Kunitz trypsin inhibitor has been combined
with two other null alleles (for P34 and agglu-
tinin) to create a low allergenicity soybean cul-
tivar (Schmidt et al. 2015). Recently, a new null
allele has been identified and shown to have
increased levels of Bowman–Birk inhibitor as a
compensatory response (Gillman et al. 2015).

10.10 Defensins

The defensins are another group of cysteine-rich
peptides involved in seed defense against fungi.
The genome contains 12 defensin genes, six of
which are highly expressed in seed (Fig. 10.9).

Fig. 10.7 Expression of trypsin inhibitor transcripts in
different tissues according to the gene atlas. BBPI2:
Bowman–Birk type proteinase inhibitor 2; T/CI

trypsin/chymotrypsin inhibitor; DHTI double-headed
trypsin inhibitor. Values are given as Z-score. See legend
to Fig. 10.2 for explanation

Fig. 10.8 Expression of Kunitz trypsin inhibitor transcripts in different tissues according to the gene atlas. Values are
given as Z-score. See legend to Fig. 10.2 for explanation
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These include defensin D1 (Phvul.005G0713
00.1) (Games et al. 2008). This defensin is pre-
sent in propanol soluble extracts from mature
seed, at higher levels in SMARC1N-PN1 than
SARC1 (Marsolais et al. 2010). Defensin D1 has
12.2% of its residues as cysteine and 1.4% as
methionine. Pea defensin D1 (Psd1) has a similar
biological activity (Lacerda et al. 2014).

10.11 Lipoxygenases

Lipoxygenases are part of a large gene family
comprising 32 members (Fig. 10.10). Data from
the RNA-seq atlas highlight that two of them,
located on chromosome 5, Lox-2 (Phvul.005g
156700.1) and Lox-3 (Phvul.005g157000.1) have
seed-specific expression (Fig. 10.10). Both have
been detected in the mature seed proteome
(Marsolais et al. 2010; Parreira et al. 2016).
Lox-3 accumulation was shown to respond pos-
itively to sulfate nutrition in SMARC1N-PN1 but
not in SARC1 (Pandurangan et al. 2015). Lox-3

is rich in sulfur amino acids with 1.7% of its
residues as methionine and 0.5% as cysteine.
Based on its similar molecular weight, it is likely
that the sulfur-responsive albumin protein of
95 kDa identified in pea is actually Lox-3 (Hig-
gins et al. 1987). Lipoxygenase is associated with
an off-taste in food-grade soybeans. Therefore,
researchers have sought to isolate
lipoxygenase-free soybeans (Reinprecht et al.
2011; Lenis et al. 2010). A similar trait might be
useful in common bean for food utilization of
flour or fractions.

10.12 Other Proteins

Of note is the fact that the P. vulgaris genome
lacks a gene coding for lunasin, a sulfur-rich
peptide from soybean with anticancer properties
(Hernández-Ledesma et al. 2013). Among the
proteins present in mature seed, a set is related to
responses to oxidative stress and dehydration and
may be involved in seed longevity, including

Fig. 10.9 Expression of defensin transcripts in different tissues according to the gene atlas. Values are given as Z-
score. See legend to Fig. 10.2 for explanation
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peroxiredoxin and group 3 late embryogenesis
protein (Marsolais et al. 2010; Tolleter et al.
2007; Delahaie et al. 2013; Parreira et al. 2016).
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11A Comparison of Phenylpropanoid
Pathway Gene Families in Common
Bean. Focus on P450 and C4H Genes

Yarmilla Reinprecht, Gregory E. Perry and K. Peter Pauls

Abstract
The focus of this chapter is on gene families encoding enzymes of
phenylpropanoid pathway in common bean. The introductory section
contains a short overview of the phenylpropanoid pathway. Section 11.2
introduces major gene families encoding enzymes of this pathway in
common bean, soybean, and Arabidopsis in the current annotations of their
complete genome sequences (Phaseolus vulgaris v1.0, Glycine max
Wm82.a2.v1, and Arabidopsis thaliana TAIR10) deposited in Phytozome
10.2. For each of the 21 enzyme classes, their functional annotations were
based on the commonly used Pfam and KOG databases, while the number
of genes in each family was based on Phytozome and KEGG databases.
Section 11.3 describes cytochrome P450s involved in the phenylpropanoid
pathway with particular emphasis on ten families included in the general
(central) phenylpropanoid pathway, C4H (family CYP73A), in the
lignin/lignan branch, C3H (family CYP98A) and F5H (family CYP84A),
in the flavonoid/anthocyanin/proanthocyanidin branch, F3′H (family
CYP75B), F3′5′H (family CYP75A), and FNS (family CYP93B), and in
the isoflavonoid branch IFS (family CYP93C), I2′H (family CYP81E), F6H
(family CYP71D), and D6aH (family CYP93A). The availability of the
complete genome sequences enabled a thorough inventory of putative
P450 genes encoding enzymes of this metabolic pathway. The P450 gene
sequences from common bean were compared to homologs from
Arabidopsis and soybean and confirmed with the information published
for both soybean and common bean genomes. Cinnamate 4-hydroxylase
(C4H) is the first P450 enzyme in the phenylpropanoid pathway and is
described in detail in Sect. 11.4. It belongs to the relatively small CYP73A
gene family. Genome locations and gene structures including cis-
regulatory regions in 5′UTRs (5′ regulatory sequences) are detailed for
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this family in common bean. In addition, the expression patterns of these
genes in different tissues (Phytozome 10.2) and syntenic relationships
(Plant Genome Duplication Database) between common bean and soybean
were examined. Finally, genes encoding the C4H enzyme in landrace
G19833 (Andean gene pool, Phytozome 10.2) and in cultivar OAC Rex
(Mesoamerican gene pool) were compared and searched for polymor-
phisms. These sequence differences can be used to develop C4H
gene-based marker(s) to explore the roles of these genes in various
processes such as lignin or anthocyanin biosynthesis.

Keywords
Common bean � Cytochrome P450 superfamily � C4H gene � Genome
sequence � In silico � Phenylpropanoid pathway � Synteny

In this chapter:

• Common names in plants: Arabidopsis (Ara-
bidopsis thaliana), soybean (Glycine max),
common bean (Phaseolus vulgaris)

• Chromosome-based locus (gene model)
identifier (Phytozome)

11.1 Introduction

As sessile organisms, plants produce numerous
secondary metabolites to overcome biotic and
abiotic stressors, to attract pollinators and
nitrogen-fixing microorganisms, and to commu-
nicate with other plants (Koes et al. 2005; Noel
et al. 2005; Moura et al. 2010; Agati et al. 2012,
2013; Baxter and Stewart 2013). Many of these
compounds are synthesized by the phenyl-
propanoid pathway, which is likely one of the
most studied pathways in plants. It is relatively
well understood and was extensively reviewed
(Goujon et al. 2003; Raes et al. 2003; Wang
2011; Falcone Ferreyra et al. 2012; Petrussa et al.
2013). Individual branches of the pathway have
been thoroughly characterized. Most of the
enzymes that catalyze individual steps of the
pathway have been identified, and the genes
coding for them have been isolated in a number
of plant species, including Arabidopsis and

soybean (Graham et al. 2008; Fraser and Chapple
2011).

The core (general or central) pathway consists
of three steps, including (1) the conversion of the
aromatic amino acid phenylalanine into trans-
cinnamic acid, which is catalyzed by phenylala-
nine ammonia-lyase (PAL); (2) the conversion of
trans-cinnamic acid into p-coumaric acid, cat-
alyzed by cinnamate 4-hydroxylase (C4H); and
(3) the transformation of p-coumaric acid into p-
coumaroyl-CoA, catalyzed by 4-coumarate:CoA
ligase (4CL). The compound p-coumaroyl-CoA
serves as a starting point for several branches of
the phenylpropanoid pathway leading to
biosynthesis of lignin, lignans, coumarins, stil-
benes, flavonoids, anthocyanin, condensed tan-
nins (proanthocyanidins), and isoflavonoids
(Vogt 2010; Cheynier et al. 2013). These prod-
ucts have important functions not only for plant
survival, growth, and development but they
could also be powerful supplements to the human
diet. For example, lignans, stilbenes, and iso-
flavonoids have been associated with the reduced
onset/development of certain chronic disease in
humans, including some forms of cancer and
heart diseases (Cassidy et al. 2000; Chen et al.
2006; Adlercreutz 2007; Xiao 2008; Brunetti
et al. 2013) (Fig. 11.1).

Lignin biosynthesis is a two-step process.
First, monolignol is synthesized through a series
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of hydroxylations, O-methylations, and conver-
sions of side-chain carboxyl into p-coumaryl,
coniferyl, and sinapyl alcohols (Humphreys and
Chapple 2002; Boerjan et al. 2003; Vanholme
et al. 2010; Weng and Chaple 2010; Labeeuw
et al. 2015). A second step involves monolignol
polymerization by peroxidases (PER), laccases
(LAC), and dirigent proteins (DP). In a reversible
reaction, hydroxycinnamoyl-CoA:shikimate/
quinate hydroxycinnamoyltransferase (HCT) con-
verts p-coumaroyl-CoA and caffeoyl-CoA into
their corresponding shikimate/quinate esters,
which are then transformed by coumarate

3-hydroxylase (C3H) into their corresponding
caffeoyl esters (Schoch et al. 2001). Caffeoyl-CoA
O-methyltransferase (CCoAOMT) catalyzes
methylation of caffeoyl-CoA to generate feruloyl-
CoA. Cinnamoyl-CoA reductase (CCR) converts
hydroxycinnamoyl-CoA esters into their corre-
sponding aldehydes, and cinnamyl-alcohol dehy-
drogenase (CAD) catalyzes the conversion of
cinnamyl aldehydes into their corresponding
alcohols. Ferulic acid 5-hydroxylase (F5H) con-
verts ferulic acid into 5-hydroxyferulic acid. F5H
is also known as coniferaldehyde 5-hydroxylase
(CAld5H), since the enzyme preferably

CYP71D - Flavonoid 6-hydroxylase (F6H)

CYP73A - Cinnamic acid 4-hydroxylase (C4H)

CYP75B - Flavonoid 3’-hydroxylase (F3’H)

CYP75A - Flavonoid 3’,5’-hydroxylase (F3’5’H)

CYP81E - Isoflavone 2’-hydroxylase (I2’H)

CYP84A - Ferulic acid 5-hydroxylase (F5H)

CYP93A - 3,9-dihydroxypterocarpan 6a-monooxygenase (D6aH)

CYP93B - Flavonoid synthase (FNS)

CYP93C - Isoflavone synthase (IFS)

CYP98A - Coumarate 3-hydroxylase (C3H)
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Phvul.006G015400 (CYP75A55)
Phvul.006G018800 (CYP75A56)

At5G07990 (CYP75B1 – TT7)
Glyma.05G021800 (CYP75B41)
Glyma.05G021900 (CYP75B40)
Glyma.05G022100 (CYP75B43)
Glyma.06G202300 (CYP75B23v1 – sf3h1)
Glyma.17G077700 (CYP75B46)
Phvul.003G185500 (CYP75B77)
Phvul.009G192400 (CYP75B78)

Glyma.07G202300 (CYP93C5 - IFS1)
Glyma.13G173500 (CYP93C1v2 - IFS2)
Phvul.003G051700 (CYP93C25)
Phvul.003G051800 (CYP93C27)
Phvul.003G074000 (CYP93C26)At2G30490 (CYP73A5 – REF3)

Glyma.02G236500 (CYP73A11)
Glyma.10G275600 (CYP73A88P)
Glyma.14G205200 (CYP73A90 )
Glyma.20G114200 (CYP73A87)
Phvul.006G079700 CYP73A118)
Phvul.007G026000 (CYP73A15)
Phvul.008G247400 (CYP73A2)

Glyma.15G156100 (CYP81E11 – I2’H)
Glyma.08G089400 (CYP81E29)
Glyma.08G089500 (CYP81E28)
Glyma.09G048700 (CYP81E21)
Glyma.09G048800 (CYP81E20)
Glyma.09G048900 (CYP81E19)
Glyma.09G049100 (CYP81E12)
Glyma.09G049300 (CYP81E17)
Phvul.002G187700 (CYP81E45)
Phvul.002G187800 (CYP81E46)
Phvul.009G244000 (CYP81E51)
Phvul.009G244100 (CYP81E49)
Phvul.009G244200 (CYP81E50)

F3’5’H
(CYP75A)

Glyma.12G067000 (CYP93B16 - FNSII)
Glyma.12G067100 (CYP93B19)
Phvul.011G068100 (CYP93B24)

Glyma.18G080400 (CYP71D9 – F6H1)
Glyma.18G080200 (CYP71D101 – F6H2)
Glyma.08G326900 (CYP71D102 – F6H3)
Phvul.003G009200 (CYP71D389)
Phvul.006G054200 (CYP71D396)

Glyma.03G143700 (CYP93A1 – D6aH)
Glyma.03G142100 (CYP93A3)
Glyma.19G144700 (CYP93A2)
Glyma.19G146800 (CYP93A41)
Phvul.001G139600 (CYP93A58)
Phvul.001G138900 (CYP93A56)

genistein
7-O-glucoside

Pelargonidin
(orange)

1

2

4

3

2-hydroxy-2,3 dihydrogenistein

Fig. 11.1 Cytochrome P450s involved in the phenyl-
propanoid pathway. The positions of ten enzymes and locus
(genemodel) identifiers (https://phytozome.jgi.doe.gov/pz/
portal.html) in the pathway in common bean (blue),
soybean (red), and Arabidopsis (black) are indicated; 1.
Core phenylpropanoid pathway: cinnamate 4-hydroxylase
(C4H, CYP73A); 2. Lignin/lignans branch: coumarate
3-hydroxylase (C3H, CYP98A) and ferulic acid 5-hydroxy

lase (F5H, CYP84A); 3. Anthocyanins/condensed tannins
branch: flavonoid 3′-hydroxylase (F3′H, CYP75B), flavo-
noid 3′,5′-hydroxylase (F3′,5′H, CYP75A) and flavone
synthase (FNS, CYP93B); 4. Isoflavonoid branch: iso-
flavone synthase (IFS, CYP93C), isoflavone 2′-hydroxy-
lase (I2′H, CYP81E), flavonoid 6-hydroxylase (F6H,
CYP71D), and 3,9-dihydroxypterocarpan 6a-monooxy
genase (D6aH, CYP93A)
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transforms coniferaldehyde and/or coniferyl alco-
hol into synapaldehyde and/or sinapyl alcohol,
respectively (Humphreys et al. 1999; Osakabe
et al. 1999). Caffeic acid O-methyltransferase
(COMT) converts 5-hydroxyconiferaldehyde
and/or 5-hydroxyconiferyl alcohol into sina-
paldehyde and/or sinapyl alcohol, respectively
(Osakabe et al. 1999; Parvathi et al. 2001; Zubieta
et al. 2002). COMT was previously thought to be
a bifunctional enzyme, methylating caffeic and
5-hydroxyferulic acids.

Chalcone synthase (CHS) is the first enzyme
in the flavonoid/anthocyanin branch of the
phenylpropanoid pathway. It catalyzes the
biosynthesis of chalcone from one molecule of
p-coumaroyl-CoA with three molecules of
malonyl-CoA. This basic flavonoid structure is
then transformed by a set of various isomerases,
reductases, hydroxylases, Fe2+/2-oxoglutarate-
dependent dioxygenases, and transferases into
different flavonoids, including flavanones, fla-
vones, flavonols, anthocyanins, and condensed
tannins (Winkel-Shirley 2001; Ralston et al.
2005; Ferrer et al. 2008; Saito et al. 2013). CHS
and chalcone isomerase (CHI) catalyze the
two-step condensation, producing a colorless
flavanone (naringenin), which is then oxidized
by flavanone 3-hydroxylase (F3H) into the col-
orless dihydroflavonol (dihydrokaempferol).
Subsequent hydroxylation of this compound (at
the 3′ or 5′ position of the B-ring), catalyzed by
flavonoid 3′-hydroxylase (F3′H) and flavonoid
3′,5′-hydroxylase (F3′5′H), produces dihydro-
quercetin and dihydromyricetin. These two
enzymes (F3′H and F3′5′H) can also hydroxylate
flavanone (naringenin) to produce eriodictyol
and pentahydroxy-flavanone, which are then
hydroxylated by F3H into dihydroquercetin and
dihydromyricetin, respectively. The next step in
the pathway is the conversion of the three dihy-
droflavonols (dihydroquercetin, dihy-
drokaempferol, and dihydromyricetin). These
compounds can be transformed into flavonols
(kaempferol, quercetin, and myricetin) by flavo-
nol synthases (FLS). Dihydroflavonol
4-reductase (DFR) converts dihydroflavonols
into leucoanthocyanidins (colorless flavan-3,4-
diols: leucocyanidin, leucopelargonidin, and

leucodelphinidin), which are then oxidized by
anthocyanin synthase [ANS, also known as leu-
coanthocyanidin dioxygenase (LDOX)] into
colored but unstable anthocyanidins [cyanidin
(red-magenta), pelargonidin (orange), and del-
phinidin (purple-mauve)]. Stable anthocyanins
(colored) are produced by glycosylation of
these compounds by the UDP-glucose:flavonoid
3-O-glucosyl transferases (UFGT). Some antho-
cyanins (cyanidin-3-glucoside and delphinidin-
3-glucoside) may be further methylated by
methyltransferases (MTs) to produce peonidin-3-
glucoside and petunidin- or malvidin-3-
glucoside, respectively.

Condensed tannins are synthesized through
two branches of the anthocyanin pathway. The
reduction of leucocyanidin to catechin (2,3-trans
flavan-3-ols) is catalyzed by leucoanthocyanidin
reductase (LAR), and the conversion of cyanidin
into epicatechin (2,3-cis flavan-3-ols) is driven
by anthocyanidin reductase (ANR). The subse-
quent steps catalyzed by polyphenol oxidases
and condensing enzymes possibly take place in
vacuoles.

Legume-specific isoflavonoids are produced
through two branches of the isoflavonoid path-
way having major reactions in common. The
branch leading to the isoflavone genistein uses
the same naringenin intermediate, which is syn-
thesized in the flavonoid/anthocyanin branch of
the phenylpropanoid pathway by a two-step
condensation catalyzed by CHS and CHI (com-
mon to majority of plants) (Lozovaya et al.
2007). On the other hand, isoflavone daidzein is
synthesized through the co-action of CHS and
legume-specific chalcone reductase (CHR),
yielding isoliquiritigenin (trihydroxychalcone),
which is then transformed into liquiritigenin
(dihydroxyflavanone), a core intermediate of this
branch of the isoflavonoid pathway (Austin and
Noel 2003). Isoflavone synthase [IFS, also
known as 2-hydroxyisoflavanone synthase
(2-HIS)] converts flavanone (naringenin or
isoliquiritigenin) into 2-hydroxyisoflavanones
(through an aryl migration of the aromatic
B-ring from C-2 to C-3 position and hydroxyla-
tion in position C-2) (Steele et al. 1999; Jung
et al. 2000), which are then dehydrated
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(formation of a double bond between C-2 and
C-3) to the corresponding isoflavones (genistein
and daidzein) by 2-hydroxyisoflavanone dehy-
dratase (HID) (Akashi et al. 2005; Shimamura
et al. 2007). They are further modified by
isoflavonoid-specific enzymes to produce major
phytoalexins, including medicarpin, biochanin A,
glyceollin, pisatin, and maackiain (Latunde-Dada
et al. 2001; Lozovaya et al. 2007; Artigot et al.
2013).

Biosynthesis of lignin, flavonoids/
anthocyanins/proanthocyanidins, and iso-
flavonoids is under complex regulation. The
expression of the lignin biosynthetic genes is
coordinately regulated by a number of tran-
scription factors. The majority of these genes
contain a common AC cis-element, which is
required for their expression in cells undergoing
lignification. NST1/2/3 (NAC secondary wall
thickening promoting factor 1/2/3) and
Myb26/Myb83 transcription factors act as master
switches to regulate biosynthesis of major sec-
ondary wall components, including cellulose,
xylan, and lignin in Arabidopsis (Zhong and Ye
2009; Zhao and Dixon 2011; Hao and Mohnen
2014; Yoon et al. 2015). In Arabidopsis flavo-
noid pathway, genes for early biosynthetic
enzymes (CHS, CHI, F3H, and F3′H) are regu-
lated by the three functionally redundant
R2R3-MYB transcription factors (MYB11,
MYB12, and MYB111), while the activation of
late biosynthetic genes is controlled by the
R2R3-MYB/bHLH/WD40 (MBW) complex
(Grotewold 2005; Hartman et al. 2005; Ramsey
and Glover 2005; Gonzalez et al. 2008; Gou
et al. 2011; Petrussa et al. 2013; Li et al. 2014;
Xu et al. 2014, 2015). Genes of legume-specific
isoflavonoid branch of phenylpropanoid pathway
are regulated by a different set of transcription
factors. For example, GmMYB176, a R1 MYB
transcription factor, regulates CHS8 expression
and isoflavonoid synthesis in soybean (Yi et al.
2010a, b; Dhaubhadel 2011). The constitutive
over-expression of LjMYB14 was associated
with the activation of dozen of genes coding for
enzymes in the core phenylpropanoid pathway
and isoflavonoid branch in Lotus japonicus
(Shelton et al. 2012). At the same time, the

expression of other transcription factors was
altered resulting in coordinated down-regulation
of the competing biosynthetic pathways.

Genes encoding the major enzymes of the
phenylpropanoid pathway have been identified in
a number of plant species (Tsai et al. 2006;
Tohge et al. 2007; Xu et al. 2009). In most
species, enzymes involved in the phenyl-
propanoid pathway are encoded by gene families
of various sizes. For example, plants’ CADs can
reduce various aldehydes, including those
expressed in response to pathogens (Barakat
et al. 2010; Miedes et al. 2014). The nine puta-
tive CAD genes that were identified in Ara-
bidopsis are split into three classes based on
protein phylogenetic analysis (Raes et al. 2003).
Using Southern hybridization of genomic DNA,
Ryder et al. (1987) identified six to eight CHS
genes in common bean, some of them tightly
clustered, which represented different loci, not
allelic variation. The soybean CHS gene family
consists of nine members (CHS1 to CHS9), some
of which are clustered (Akada and Dube 1995;
Yi et al. 2010a). They share a high degree of
sequence similarity and play different roles in
plant development and interactions with envi-
ronment. Matsumura et al. (2005) mapped eight
CHS genes on five linkage groups (A1, A2, B1,
DIa, and K) in soybean. Duplicated CHS1 gene
was associated with the suppressed seed coat
pigmentation in yellow soybean (Senda et al.
2002).

Gene families arise from interspecific
hybridization, polyploidization, and local dupli-
cation. Genome duplication results in biased
gene content (Freeling 2009) and non-random
divergence in gene expression (Casneuf et al.
2006; Wang et al. 2012, 2013). After a duplica-
tion event, the new gene copy (or the original
copy) can retain the same function (subfunc-
tionalization), undergo neo-functionalization, or
become non-functional (loss of function) (Lynch
and Conery 2000; Hanada et al. 2011; Barker
et al. 2012). Gene clusters formed by gene
duplication have been frequently found in
multigene families, including plant specialized
metabolism (Nutzmann and Osbourn 2014,
2015). For example, clusters encoding enzymes
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of all steps in lignin biosynthesis have been
identified in the Eucalyptus grandis EST libraries
(Harakava 2005). The authors also predicted
co-localization of several phenylpropanoid path-
way enzymes including PAL, C4H, 4CL, C3H,
and F5H on the endoplasmic reticulum
(ER) membrane. This may suggest the existence
of metabolons involving P450 multienzyme
complexes and channeling of pathway interme-
diates without their release into the general
metabolic pool (Hrazdina and Wagner 1985;
Winkel-Shirley 1999; Ralston and Yu 2006;
Bassard et al. 2012).

The availability of complete genome sequen-
ces enabled genome-wide analyses of the
phenylpropanoid pathway genes in several spe-
cies (Naoumkina et al. 2010). Shi et al. (2010)
identified 95 genes (ten gene families) associated
with phenylpropanoid pathway in Populus tri-
chocarpa and identified functional redundancy at
the transcript level for six lignin biosynthetic
genes [PAL, C4H, 4CL, HCT, CCoAOMT,
CAld5H (F5H)]. Using an in silico approach,
Costa et al. (2003) analyzed the organization and
function of phenylpropanoid pathway gene net-
work in Arabidopsis, while Lucheta et al. (2007)
focused on genes encoding key enzymes in the
flavonoid pathway in Citrus sinensis. Hamberger
et al. (2007) conducted genome-wide analysis of
phenylpropanoid pathway gene families in
poplar and compared them to homologs in Ara-
bidopsis and rice. The focus of these studies was
on the genes of the core pathway and the lignin
branch. To explore the evolution of phenyl-
propanoid pathway diversity, Tohge et al. (2013)
compared 65 gene families involved in the
pathway among 23 species, including Ara-
bidopsis and soybean. Another evolutionary
study was focusing on the isoflavonoid pathway
(Chu et al. 2014). The research examined nine
major isoflavonoid genes in seven plant species,
including Arabidopsis, soybean, and common
bean. Genes coding for PAL, C4H, 4CL, CHS,
and CHI were identified in all analyzed species,
while for CHR, IFS, IOMT (isoflavonoid O-
methyltransferase), and IFR (isoflavonoid
reductase) were confirmed to be legume-specific.
Divergent evolutionary patterns were observed

among different gene copies of centrally located
branch-point enzymes (4CL, CHS, and CHI)
regardless of the level of polymorphism or the
evolutionary rate.

However, information about this important
pathway in common bean is still fragmentary. In
our previous study (Reinprecht et al. 2013), 35
phenylpropanoid pathway genes were cloned and
mapped in silico in common bean genome (an-
notation Phaseolus vulgaris v1.0). The work also
identified syntenic regions containing phenyl-
propanoid pathway genes in common bean and
soybean (annotation Glycine max v1.1) (Rein-
precht et al. 2013). In another study, 22
phenylpropanoid pathway genes have been
mapped in the Bat93 � Jalo EEP558 (a core
mapping resource for P. vulgaris) and OAC
Rex � SVM Taylor recombinant inbred line
(RIL) populations (Yadegari 2013). Currently,
work on identifying an association between these
genes and different seed phenolics in common
bean using an association mapping approach is
underway. Cytochrome P450 gene family
encodes several key enzymes in the phenyl-
propanoid pathway. Alber and Ehlting (2012)
reviewed P450s involved in lignin biosynthesis.
The availability of the complete common bean
genome sequence allowed Kumar et al. (2015) to
identify members of this gene family. The focus
of our work was to study gene families encoding
enzymes of phenylpropanoid pathway in com-
mon bean, using an in silico approach.

11.2 Gene Families Encoding
Enzymes of Phenylpropanoid
Pathway in Common Bean

Currently, complete genome sequences for 55
plant species, including common bean (Schmutz
et al. 2014; current annotation P. vulgaris v1.0),
are deposited in Phytozome 10.3 (a comparative
genomic database, available at http://phytozome.
jgi.doe.gov/pz/portal.html; accessed 16 Nov
2015; Goodstein et al. 2012). This allowed us to
study the complete gene families encoding
enzymes of phenylpropanoid pathway in com-
mon bean, thus extending our previous work
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(Reinprecht et al. 2013). In particular, we
examined their conservation and diversification
through comparative analyses with previously
sequenced soybean (Schmutz et al. 2010; current
annotation G. max Wm82.a2.v1) and Arabidop-
sis (The Arabidopsis Genome Initiative 2000;
Lamesch et al. 2012; current annotation Ara-
bidopsis thaliana TAIR10) genomes. The basic
information for the sequenced Arabidopsis, soy-
bean, and common bean genomes is presented in
Table 11.1.

Genome annotations for common bean (Sch-
mutz et al. 2014), soybean (Schmutz et al. 2010),
and Arabidopsis (The Arabidopsis Genome Ini-
tiative 2000) were obtained from Phytozome
10.2 (Goodstein et al. 2012). For each gene,
identifiers and descriptions for all Pfam (Protein
families), KEGG (Kyoto Encyclopedia of Genes
and Genomes), GO (Gene Ontology), PAN-
THER (Protein ANalysis THrough Evolutionary
Relationships), and KOG (EuKaryotic Ortholo-
gous Groups) classifications assigned to this
gene can be found.

Table 11.2 contains the list and the number of
putative genes in each of the major gene families
encoding enzymes of the phenylpropanoid path-
way in common bean, soybean, and Arabidopsis
in the current annotations of their complete
genome sequences (P. vulgaris v1.0, G. max
Wm82.a2.v1, and A. thaliana TAIR10) depos-
ited in Phytozome. For each of the 21 enzyme
classes, their functional annotations were based
on the Pfam and KOG databases (commonly

used), while the number of genes in each family
was based on Phytozome and KEGG databases.
For example, with the KOG0222 search, four
phenylalanine ammonia-lyase (PAL,
EC:4.3.1.24) genes were identified in Arabidop-
sis, eight PAL genes were identified in soybean,
and six PAL genes were found in common bean
(Table 11.2). Several large gene families are
involved in phenylpropanoid pathway, including
the cytochrome P450 family.

11.3 The Role of Cytochrome P450
Superfamily
in Phenylpropanoid Pathway

11.3.1 Cytochrome P450

Cytochromes P450 (CYPs) are ubiquitous
monooxygenase enzymes involved in the oxida-
tion of various substrates using oxygen and
NADPH. Plant P450s play vital roles in meta-
bolism and detoxification (Mizutani and Ohta
2010; Hamberger and Back 2013). They catalyze
reactions in both primary metabolism and sec-
ondary metabolism and are involved in the
biosynthesis of various metabolites, including
fatty acids, sterols, hormones, phenylpropanoids,
terpenoids, and signaling molecules. Chemical
diversity across plant species is well correlated
with the heterogeneity of the P450s (Mizutani
and Sato 2011; Mizutani 2012; Sezutsu et al.
2013). They contain a heme cofactor, which

Table 11.1 Basic information for the sequenced genomes of A. thaliana, G. max, and P. vulgaris

Species Genome

Version Size (Mb)/
chromosomes

Protein coding
loci

Data
retrieval

Reference

Arabidopsis thaliana
(Arabidopsis or thale
cress)

TAIR10 135/5 27,416 TAIRa The Arabidopsis
Genome
Initiative (2000)

Glycine max (soybean) Wm82.a2.
v1

978/20 56,044 JGIb Schmutz et al. (2010)

Phaseolus vulgaris
(common bean)

v1.0 521/11 27,197 JGI Schmutz et al. (2014)

aTAIR, The Arabidopsis Information Resource [available at ftp://ftp.arabidopsis.org/home/tair/Genes/ (accessed 15
June 2015)]
bJGI, DOE Joint Genome Institute [available at http://phytozome.jgi.doe.gov/pz/portal.html (accessed 15 June 2015)]
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absorbs light at 450 nm, and are named for this
trait (Pigment absorbing at 450 nm), as well as
their cellular localization. Plant P450s are typi-
cally membrane-bound to the cytoplasmic sur-
face of the endoplasmic reticulum (ER) by a
short N-terminal segment.

The P450s are one of the largest families of
enzymes in plants and, in most of plant species,
exist as a superfamily. The number of P450
genes is highly variable among plants (Nelson
2006) and represents 0.57–1.07% of the protein
coding genes in various plant species [1.07% in
Arabidopsis (246/23,000) (Nelson et al. 2004),
0.71% in soybean (332/46,500) (Guttikonda
et al. 2010), and 0.78% in common bean
(247/31,638) (Kumar et al. 2015)]. The large
number of P450s in higher plants is due to gene
duplication and diversification (Werck-Reichhart
and Feyereisen 2000).

The P450 gene superfamily is characterized
by enormous structural and functional diversity
(Nelson et al. 2008; Nelson and
Werck-Reinchhart 2011; Nagano 2014).
Homology and phylogeny were used to group
P450s into families (>40% amino acid sequence
identity) and subfamilies (>55% amino acid
sequence identity) (Nelson et al. 1996). Plant
P450 proteins are numbered as CYP51, CYP71
to CYP99, and CYP701 to CYP772. They
belong to ten clans (group of genes originated
from a single ancestor), which are named by their
lowest numbered member [six single-family
clans (CYP51, CYP74, CYP97, CP710,
CYP711, and CYP727) and four multiple-family
clans (CYP71, CYP72, CYP85, and CYP86)]
(Werck-Reichhart and Feyereisen 2000; Nelson
et al. 2004; Schuler and Werck-Reinchhart 2003;
Schuler et al. 2006). Following recommendations
of a nomenclature committee (Nelson et al.
1996), the name of P450s consists of a CYP
italicized root symbol, followed by a number of
the family, a letter of the subfamily and ending
by a number of the gene (e.g., CYP71D9—
family 71, subfamily D, gene 9), which is
determined by the order of identification
regardless of the origin.

Initially, P450s were divided into a large
A-type clade, which included members that areTa
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involved in secondary metabolism (clan CYP71)
and several smaller, non-A-type clades, involved
in primary metabolism (such as fatty acids and
sterols) (Nelson 2006). The occurrence of large
numbers of A-type P450s, compared to the
non-A-type, suggests a rapid expansion of
A-type P450 gene families in plants (Bak et al.
2011).

11.3.2 Clan CYP71—P450s Involved
in the Phenylpropanoid
Pathway

Based on the current genome annotations
[Pfam:00067 (cytochrome P450) functional
annotation at Phytozome 10.2; http://phytozome.
jgi.doe.gov/pz/portal.html—accessed 26 June
2015], there are 249 P450 genes in A. thaliana
TAIR10, 443 P450 genes in G. max Wm82.a.v1,
and 264 P450 genes in P. vulgaris v1.0. How-
ever, the number of published P450s in these
species is slightly different, 272 genes (including
28 pseudogenes) in Arabidopsis (Bak et al. 2011)
and 247 genes (including 15 pseudogenes) in
common bean (Kumar et al. 2015). P450s in
common bean were classified into ten clans that
contain 47 families. The largest CYP71 clan
(A-type) consists of 19 families with 144 genes.
The majority of the genes (>70%) contain a
single intron, but more than 20% of the genes
have two introns and only a small number of
genes (4%) are intronless. In addition, over 80%
of the introns are of the zero phase (intron
sequence inserted between two successive
codons).

It was reported that over 16 P450s are
involved in the synthesis and metabolism of
phenylpropanoids (Werck-Reichhart 1995). They
are placed at the several key positions in the
phenylpropanoid pathway, and their roles in
phenylpropanoid metabolism were extensively
reviewed. For example, Ehlting et al. (2006) and
Alber and Ehlting (2012) focused on P450s
involved in the core phenylpropanoid pathway
and lignin branch, Ayabe and Akashi (2006) in
flavonoid metabolism, while Tanaka (2006) and

Tanaka and Brugliera (2013) reviewed the role of
P450s in flower color.

Seven gene families that encode P450
enzymes involved in phenylpropanoid pathway,
as identified in the current genome annotations in
common bean, soybean, and Arabidopsis, are
listed in Table 11.3. It should be noted, however,
that the number of genes in analyzed genomes
may change as more work on annotations is
done. For example, the CYP71D family in soy-
bean had 81 genes (including 39 pseudogenes) in
G. max v1.0 (Nelson 2009) and 52 genes (in-
cluding 16 pseudogenes) in G. maxWm82.a2.v1.
Eleven gene sequences did not correspond
between the two genome annotations.

We used the standard nomenclature of
chromosome-based locus (gene model) identi-
fiers in plant genome annotations and assemblies
(Phytozome), which consists of four segments:

• species [AT or At (A. thaliana), Glyma.
(G. max), Phvul. (P. vulgaris)],

• chromosome number [1 to 5 (A. thaliana), 01
to 20 (G. max), 001 to 011 (P. vulgaris)],

• gene (G or g), and
• five-digit code [A. thaliana—At2g37040 for

phenylalanine ammonia-lyase 1 (PAL1)] or
six-digit code [G. max (Glyma.03g181700,
PAL1) and P. vulgaris (Phvul.001g177800,
PAL1)], numbered from top to bottom of
chromosome.

These gene families encode enzymes that cat-
alyze various reactions in different branches of the
phenylpropanoid pathway (Fig. 11.1), including

1. core phenylpropanoid pathway: cinnamate
4-hydroxylase (C4H, CYP73A),

2. lignin/lignan branch: coumarate
3-hydroxylase (C3H, CYP98A) and ferulic
acid 5-hydroxylase (F5H, CYP84A),

3. anthocyanin/condensed tannin branch: flavo-
noid 3′-hydroxylase (F3′H, CYP75B), flavo-
noid 3′,5′-hydroxylase (F3′,5′H, CYP75A),
and flavone synthase (FNS, CYP93B), and

4. isoflavonoid branch: isoflavone synthase
(IFS, CYP93C), isoflavone 2′-hydroxylase
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(I2′H, CYP81E), flavonoid 6-hydroxylase
(F6H, CYP71D), and 3,9-dihydroxy
pterocarpan 6a-monooxygenase (D6aH,
CYP93A).

11.3.3 Gene Structure, Conserved
Domains, and Motifs
of P450s Involved
in the Phenylpropanoid
Pathway

Seven P450s families (clan CYP71) that encode
enzymes in the phenylpropanoid pathway in
common bean, soybean, and Arabidopsis contain
135 members, with one to 36 genes per family
(Table 11.3). Most of these genes contain introns.
Only one gene is intronless (Phvul.009g244000,
CYP81E51). The number of introns ranges from
one to four. The majority of the genes contain one
(63%) or two introns (32%). The proteins that
they encode range in size from 408 amino acids
(Phvul.001g139500, CYP93A57) to 543 amino
acids (Phvul.002g014800, CYP81E44). The pro-
tein sequences were aligned using Clustal Omega
at EMBL-EBI (http://www.ebi.ac.uk/Tools/msa/
clustalo/), and conserved regions were displayed
with a sequence logo generated from the align-
ment using a Web-based WebLogo 3.4 (Crooks
et al. 2004; available at http://weblogo.
threeplusone.com/). All of the P450 sequences
included the following domains: a heme-binding
region (FxxGxRxCxG), a PERF motif (PERF/W),
a K-helix region (KETRL) involved in defining
the heme pockets and stabilizing the protein
structure, and an I-helix region (AGxDT) involved
in oxygen binding (Fig. 11.2).

11.3.4 Phylogenetic Analysis
of P450s Involved
in the Phenylpropanoid
Pathway

The alignment and tree construction of 135
protein sequences (Table 11.3) from seven P450
gene families (clan CYP71) involved in the

phenylpropanoid pathway were performed in
MEGA6 (Tamura et al. 2013). These analyses
were based on the full-length genes from the
three genomes, with one nearly intact soybean
C4H pseudogene included (indicated by P at the
end of the CYP name—CYP73A88P). A member
from the soybean CYP81E family
(CYP81E220de1b, Glyma.16g149200) is trun-
cated (101 amino acids) and was not included in
the tree construction.

The phylogenetic tree (Fig. 11.3) separates
P450 protein sequences (clan 71) from the two
species into seven families:

• CYP71—CYP71D is a legume-specific clus-
ter and contains 36 genes in soybean (and 16
pseudogenes, not included) and 21 genes in
common bean (and four pseudogenes, not
included). A single flavonoid 6-hydroylase
(F6H) in common bean was clustered with
three F6H proteins in soybean.

• CYP73—CYP73A family contains four genes
for cinnamic acid 4-hydroxylase (C4H) in
soybean (including one pseudogene), three
genes in common bean, and a single gene in
Arabidopsis. The C4H cluster splits into class
I and class II enzymes.

• CYP75 family is split into two subfamilies.
CYP75A consists of two genes for flavonoid
3′,5′-hydroxylase (F3′5′H) (and one pseudo-
gene, not included) in soybean and two genes
in common bean. There are no genes for F3′5′
H in Arabidopsis. Subfamily CYP75B con-
tains five genes for flavonoid 3′-hydroxylase
(F3′H) (and one pseudogene, not included) in
soybean, two genes in common bean, and a
single gene for F3′H in Arabidopsis.

• CYP81—CYP81E is a legume-specific cluster
and consists of 12 genes coding isoflavone
2′-hydroxylase-like (I2′H) genes (and four
pseudogenes, not included) in soybean and 12
genes (and two pseudogenes, not included) in
common bean.

• CYP84—CYP84A cluster contains three
genes encoding ferulic acid 5-hydroxylase
(F5H) (and one pseudogene, not included) in
soybean, three genes in common bean, and
two genes in Arabidopsis.
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• CYP93—The family is clustered into three
subfamilies. CYP93A is a legume-specific
subfamily. It consists of eight genes for
3,9-dihydropterocarpan 6a-monooxygenase
(D6aH) (and two pseudogenes, not inclu-
ded) in soybean and seven genes (and one
pseudogene, not included) in common bean.
The CYP93B subfamily contains two genes
encoding flavonoid synthase (FNS) in soy-
bean and a single gene in common bean.
There are no FNS genes in Arabidopsis.
CYP93C is a legume-specific branch. It con-
sists of two genes for isoflavone synthase
(IFS) in soybean and three genes in common
bean.

• CYP98—CYP98A cluster consists of two
genes for coumarate 3-hydroxylase (C3H) in
soybean and single genes in common bean
and Arabidopsis genomes, respectively.

There are two additional pollen-specific
CYP98As in Arabidopsis (CYP98A8 and
CYP98A9; Matsuno et al. 2009—not included
in tree construction).

11.3.5 Genome Organization
of the Clan CYP71 Gene
Families Involved
in Phenylpropanoid
Pathway in Common
Bean

A common bean in silico map that contained
genes coding for enzymes of phenylpropanoid
pathway, including nine P450s, was developed
previously (Reinprecht et al. 2013). The map was
created by BLASTing the genomic sequences of
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the phenylpropanoid pathway genes against the
whole common bean genome (P. vulgaris v1.0,
Phytozome) using the starting nucleotide posi-
tions of the resulting alignments with the chro-
mosome as the map positions for each of the
gene sequences.

A similar approach was used to develop a
common bean P450-based in silico map, which
contains 144 P450, clan CYP71 genes. The
mapping was initiated with 134 genes that were
identified at Phytozome by searching for
KOG0156 functional annotations (cytochrome
P450 CYP2 subfamily). Selected gene sequences
were BLASTed against the complete common
bean genome sequence (Phytozome) to identify
their locations. Gene identity was confirmed with
the published common bean P450s (Kumar et al.
2015), and ten new sequences (not annotated as
KOG0156 in Phytozome) were added to the
map. Gene families involved in the phenyl-
propanoid pathway (shown in larger font,
color-coded) were found throughout the common
bean genome, except for chromosome Pv05
(Fig. 11.4).

Within the same family, P450s are usually
grouped into clusters and the structure of the
same P450 family is generally conserved (Nelson
et al. 2004; Paquette et al. 2009). In the common
bean genome, clustering of genes from the same
family was noticed on the chromosomes Pv03 for
family CYP93C (all three IFS genes) and Pv09
for family CYP81E (three I2′H genes). Some of
the CYP71 genes are tandem arranged with at
least four genes from the same subfamily in a
row. Many of these clustered genes are found in
the same orientation on four chromosomes [Pv01
(four CYP712B, all forward), Pv02 (four
CYP71D, all forward), Pv04 (ten CYP82A, all
forward; five CYP71AU, all reverse; five
CYP736A, all reverse) and Pv06 (eight CYP71D,
all reverse; four CYP79D, all forward)] but in a
different orientation on three chromosomes
[Pv03 (four CYP71D), Pv04 (four CYP81E), and
Pv06 (four CYP71D)]. However, members of the
large CYP71D subfamily clustered in the same
orientation on chromosomes Pv02 (four) and
Pv06 (eight) but in a different orientation on the
chromosomes Pv03 (four) and Pv06 (four).

Therefore, the subfamily distribution may not
follow a regular pattern. Due to clustered orga-
nization, the 144 CYP71 P450 genes (Kumar
et al. 2015) were not evenly distributed in the
common bean genome. They ranged from two
genes on the chromosome Pv05 to 25 genes on
the chromosome Pv04 (Fig. 11.4).

11.4 Cinnamate 4-Hydroxylase
(C4H, EC:1.14.13.11, CYP73A)

11.4.1 C4H Catalytic Reaction
and Position
in the Phenylpropanoid
Pathway

Cinnamate 4-hydroxylase (trans-cinnamate
4-monooxygenase, C4H, EC:1.14.13.11,
CYP73A) is the first P450 enzyme in the
phenylpropanoid pathway. It is an ER
membrane-bound P450 and belongs to the family
of oxidoreductases that act on paired donors with
incorporation of molecular oxygen. The enzyme
catalyzes an irreversible (and rate-limiting)
region-specific hydroxylation of the aromatic
ring of trans-cinnamic acid (only at the
4-position or para position) to produce p-cou-
maric (hydroxycinnamic) acid (Fig. 11.5), a
precursor for many phenylpropanoids including
flavonoids, phytoallexins, and monolignols
(Hahlbrock and Scheel 1989; Anterola and Lewis
2002; Lu et al. 2006). For activity, C4H requires
molecular oxygen and a cytochrome P450
reductase (CPR).

Mizutani et al. (1997) isolated a cDNA and a
genomic clone encoding cinnamate
4-hydroxylase from Arabidopsis (CYP73A5) and
found its coordinated expression with PAL and
4CL genes. Mutations in this gene affected
phenylpropanoid metabolism, growth, and
development (Schilmiller et al. 2009). The gene
was mapped to the lower arm of chromosome 2
and was highly expressed in all Arabidopsis tis-
sues, especially in roots and lignifying cells
(Bell-Lelong et al. 1997). Genes targeted by the
same transcription factors tend to show similar
expression patterns, which usually suggest
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Phvul.003G259200.1(CYP84A59-F5H)48735536
Stop52284308

↑
↓
↑

↑
↑
↑
↓

↓
↓

52205532

Start1
Phvul.005G002400.1(CYP71A52)181683

Pv05

↓

Start1
Phvul.004G021100.1(CYP82A39)2184867
Phvul.004G021200.1(CYP82A30)2190804
Phvul.004G021300.1(CYP82A31)2198800
Phvul.004G021400.1(CYP82A32)2203479
Phvul.004G021500.1(CYP82A33)2212109
Phvul.004G021600.1(CYP82A34)2218869
Phvul.004G021700.1(CYP82A35)2226980
Phvul.004G021800.1(CYP82A36)2235083
Phvul.004G021900.1(CYP82A37)2239486
Phvul.004G022000.1(CYP82A38)2252226
Phvul.004g068000.1(CYP81E55P*)9892153

Phvul.004G068200.1(CYP81E56P*)9938483

Phvul 004G068300 1(CYP81E47)10038744

Pv04
↓
↓
↓
↓
↓
↓
↓
↓
↓
↓
↓

↑
↑

Start1
Phvul.006G002300.1(CYP79D34)531164
Phvul.006G015400.1(CYP75A55-F3'5'H)7374889

Phvul.006G018800.1(CYP75A56-F3'5'H)9243136

Phvul.006G028100.1(CYP71D394)12039276
Phvul.006G039800.1(CYP83G5)14961988
Phvul.006G054100.1(CYP71D395)16963140

Phvul.006G054200.1(CYP71D396-F6H)16967792

Phvul.006G054300.1(CYP71D397)16978660

Phvul.006G054500.1(CYP71D398)17005828

Phvul.006G054600.1(CYP71D408)17013048

Pv06
↑
↑
↑
↓
↓
↑
↑
↑
↑
↑

Phvul.005G183600.1(CYP701A39)40437580
Stop40819288

↓

Start1

Pv08

Phvul.004G068300.1(CYP81E47)10038744

Phvul.004G068400.1(CYP81E48)10165726
Phvul.004G085000.1(CYP82A40)16145044

phvul.004G118700.1(CYP71AU48P*)38581856
Phvul.004G118800.1(CYP71AU45)38608920
Phvul.004G118900.1(CYP71AU49P*)38636544
Phvul.004G119200.1(CYP71AU46)38684312
Phvul.004G119300.1(CYP71AU47)38692860
Phvul.004G159300.1(CYP736A112)44110920
Phvul.004G159500.1(CYP736A113)44122272
Phvul.004G159600.1(CYP736A114)44134260
Phvul.004G159800.1(CYP736A115)44148348
Phvul.004G159900.1(CYP736A116)44157708
Stop45960020

↑
↑

↓

↑
↑
↑
↑
↑
↑
↑
↑
↑
↑

( )
Phvul.006G054700.1(CYP71D399)17031890

Phvul.006G054900.1(CYP71D400)17092060

Phvul.006G055000.1(CYP71D407P*)17102260
Phvul.006G078800.1(CYP79D35)19739042
Phvul.006G078900.1(CYP79D36)19751512
Phvul.006G079100.1(CYP79D37)19775392
Phvul.006G079200.1(CYP79D38)19787296
Phvul.006G079700.1(CYP73A118-C4H)19856836

Phvul.006G138100.1(CYP71D401)25265514

Phvul.006G209500.1(CYP71D404)31114290

Phvul.006G209600.1(CYP71D403)31122204

Phvul.006G209700.1(CYP71D404)31137992
Stop31977256

↑
↑
↑
↓
↓
↓
↓
↑

↑
↑
↑

↓

Phvul.008G128700.1(CYP93E9)19434782 ↓

↓

Start1

Phvul.009G061400.1(CYP82D65)10846042
Phvul.009G061500.1(CYP82D66)10858515
Phvul.009G061600.1(CYP82D67)10862931

Phvul.009G172000.1(CYP71A53)25074352
Phvul.009G172100.1(CYP71A54)25090096

Pv09

↑

↓
↓

↑
↑

Start1
Phvul.007G003100.1(CYP76G15)206212
Phvul.007G026000.1(CYP73A15-C4H)1889412

Phvul.007G086200.1(CYP76Y13)8559819

Phvul.007G104800.1(CYP77A26)11981749
Phvul.007G106300.1(CYP76X12)12394168

Pv07

↑
↑

↓
↑
↑

Phvul.008G155000.1(CYP83E32)34637664

Phvul.008G247400.1(CYP73A2-C4H)56220048

Phvul.008G248600.1(CYP71D405P*)56332088

Phvul.008G277500.1(CYP71D406P*)58538732
Stop59662532

↓

↓
↓
↑

P 11

( )
Phvul.009G172200.1(CYP71A55)25105116
Phvul.009G192400.1(CYP75B78-F3'H)28477572

Phvul.009G244000.1(CYP81E51-I2'H)35714172

Phvul.009G244100.1(CYP81E49-I2'H)35735560

Phvul.009G244200.1(CYP81E50-I2'H)35745200
Stop37469608

↓

↑

↑

↑

↓
↓

Phvul.007G257300.1(CYP93A60)49536120

Phvul.007G257400.1(CYP93A61)49553236

Phvul.007G257500.1(CYP93A62)49561468
Stop51758520

↓
↑
↓

CYP71D 
(F6H, flavonoid 6-hydroxylase)
CYP73A 
(C4H, cinnamic acid 4-hydroxylase)

Cytochrome P450 –Clan CYP71:

1
Phvul.011G016700.1(CYP89A114)1319026

Phvul.011G068100.1(CYP93B24-FNS)5897231

Pv11

↓

↓

Start1
Phvul.010G010900.1(CYP83E33)1698607
Phvul.010G011000.1(CYP83E34)1707950
Phvul.010G012700.1(CYP76E18)1977918
Phvul.010G012900.1(CYP81E52)2031004

Phvul.010G013000.1(CYP81E53)2041113

Phvul.010G013100.1(CYP81E54)2049089
Phvul.010G022400.1(CYP82J6)3296414
Phvul.010G022600.1(CYP82L8)3324523
Phvul.010G022700.1(CYP82L9)3338383

Phvul.010G076700.1(CYP83E35)24136420

Pv10
↓
↓
↑
↓
↓
↑
↑
↑
↑

↑

CYP75A 
(F3’5’H, flavonoid 3’,5’-hydroxylase)
CYP75B 
(F3’H, flavonoid 3’-hydroxylase)
CYP81E 
(I2’H, isoflavone 2’-hydroxylase)
CYP84A 
(F5H, ferulic acid 5-hydroxylase)
CYP93A 
(D6aH, 3,9-dyhydroxypterocarpan 6a-monooxygenase 
CYP93B

Phvul.011G159600.1(CYP703A18)41934516

Phvul.011G173200.1(CYP82A41)44624028

Phvul.011G213700.1(CYP712D4)49806152
Stop50367376

↑

↑

↑

( )24136420
Phvul.010G076800.1(CYP79D39)24248162
Phvul.010G077000.1(CYP83E36)24570066
Phvul.010G077200.1(CYP83E38)24768312
Phvul.010G079100.1(CYP83E37)29336552

Phvul.010G117100.1(CYP78A111)38413620
Phvul.010G128900.1(CYP92A72)39877332

Stop43275152

↑
↑
↓

↓
↑

↑
↓

CYP93B
(FNS, flavonoid synthase)
CYP93C 
(IFS, isoflavone synthase)
CYP98A 
(C3H, coumarate 3-hydroxylase)
a forward (↓) or reverse (↑) orientation along  
the chromosome
pseudogene

↓ ↑

P

Fig. 11.4 Distribution of cytochrome P450—clanCYP71
genes [locus (gene model) identifiers—Phytozome] in the
common bean genome (identified on the right on bars).
Genes belonging to families involved in the phenyl-
propanoid pathway are color-coded; P at the end of CYP

name indicates a pseudogene; the orientation along the
chromosome is indicated by a forward or reverse arrow. The
starting nucleotide position of the resulting alignment with
the chromosome was used as the map position for each
P450 gene sequence (indicated on the left on bars)
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relationships among the genes. Down-regulation
of genes coding for PAL and C4H was associ-
ated with reduced lignin content and altered lig-
nin composition in transgenic tobacco (Sewalt
et al. 1997). The position of C4H in the
phenylpropanoid pathway protein network is
shown in Fig. 11.6a. Highly connected proteins
have a stable steady-state distribution of gene
expression (Fig. 11.6b).

Separation of three common beans, four soy-
beans, and single Arabidopsis sequences into two
groups (Fig. 11.7) confirmed earlier groupings of
C4H into class I and class II proteins (Ehlting
et al. 2006). This diversification occurred early in
the evolution of vascular plants through gene
duplication. Common bean and soybean have
both classes of C4Hs, while Arabidopsis (Bras-
sicaceae) contains only one gene encoding class I
C4H. The alignment of C4H protein sequences
(ClustalW2 at EMBL-EBI, available at http://
www.ebi.ac.uk/Tools/msa/clustalw2/) revealed
high conservation (60–98% identity) among the
proteins (85–98% within five C4H class I pro-
teins and 90% between two class II C4H pro-
teins). However, when both monocots and dicots
were compared, class I C4H was highly con-
served (over 80% protein level), while class II
C4Hs were more divergent (less than 70% pro-
tein level). This suggests that class I C4Hs
“maintained an essential function that does not

allow these genes to be lost or even changed
much, and it is appealing to assume that this
essential function is developmental lignification”
(Alber and Ehlting 2012). Class II C4Hs are only
present in some plant species, and the class
seems to have more specialized functions.

The sequences of eight C4H proteins from
common bean, soybean, and Arabidopsis were
aligned using Clustal Omega (http://www.ebi.ac.
uk/Tools/msa/clustalo/) and BoxShade (http://
www.ch.embnet.org/software/BOX_form.html).
The sequences were most divergent in their
N-terminal membrane anchors. Conserved motifs
found in plant P450s (Fig. 11.8, shown in bold)
were present in all eight proteins, including
proline-rich (PPGP) region, C helix (WrkmR),
oxygen binding and activation I-helix (AAIETT),
K-helix (EtlR), PERF motif (PeeFrPeRF), and
heme-binding region (FgvGrRsCpG) at
C-terminus. The only exception is soybean C4H
(CYP73A88P) encoded by a pseudogene (Gly-
ma.10g275600). It has truncated N-terminal
region, and the generally highly conserved
PERF motif has an arginine (R, Arg) to lysine
(K, Lys) substitution (Fig. 11.8, highlighted).

Secondary structures of C4H proteins were
predicted by programs GOR (Garnier-Osgu-
thorpe-Robson), IV (Garnier et al. 1996; https://
npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=
npsa_gor4.html), and Phyre2 (Protein Homology/

PAL C4H

4CL

Phenylalanine Cinnamic acid p-coumaric acid

4-coumaroyl-CoA

PAL, phenylalanine ammonia lyase
C4H, cinnamate 4-hydroxylase
4CL, 4-coumaroyl-CoA ligase

+ NADPH + H+ + O2 + NADP+ + H2O

LIGNIN & LIGNANS

COUMARINS

STILBENES ANTHOCYANINS &
PROANTHOCYANIDINS

ISOFLAVONOIDS

Fig. 11.5 Core (general) phenylpropanoid pathway and
the catalytic reaction of cinnamate 4-hydroxylase (C4H,
red). The enzyme catalyzes the first oxygenation step of

the core phenylpropanoid pathway leading to synthesis of
lignin, pigments, and phytoalexins
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analogY Recognition Engine V 2.0) (Kelley
et al. 2015; http://www.sbg.bio.ic.ac.uk/phyre2/
html/page.cgi?id=index). Transmembrane heli-
ces were predicted by program TMHMM-2.0
(TransMembrane prediction using Hidden Mar-
kov Models; Krogh et al. 2001; http://www.cbs.
dtu.dk/services/TMHMM-2.0/). All proteins
have secondary structures similar to the previ-
ously published P450s (Graham and Peterson
1999) including alpha helices (blue), beta sheets
(red), and random coils (pink) (Fig. 11.9a). They
consist of 36–45% alpha helices, 14–18%
extended (or beta) strands, and 40–46% random
coils. There is a slight difference between the
classes of common bean and soybean C4H pro-
teins. Class I C4H proteins contain higher per-
centages of alpha helices, while class II C4H

proteins were predicted to have higher percent-
ages of extended (or beta) strands and random
coils. Membrane anchors were predicted for all
proteins except for soybean C4H (CYP73A88P)
encoded by the pseudogene Glyma.10g026000
(Fig. 11.9b). All C4H proteins are globular pro-
teins as predicted by Phyre2 (Fig. 11.9c). Com-
mon bean and soybean C4Hs have tertiary
structures similar to the previously identified
CYP73A5 in Arabidopsis (At2g30490) and also
contain an alpha-domain and a beta-domain
(Rupasinghe et al. 2003).

Gene ontology (GO) annotations for C4H
proteins (Table 11.4) were predicted using the
protein function prediction (PFP), a sequence
similarity-based protein function prediction ser-
ver at Kihara Bioinformatics Laboratory (http://

(a) (b)

association score

Fig. 11.6 Functional protein association network in
Arabidopsis (action view) visualized on the STRING
Web site (http://string-db.org/; accessed: 25 June 2015).
a C4H is colored red, and modes of action are shown in

different colors. Nodes directly linked to C4H are colored;
b Co-expression of C4H with other phenylpropanoid
pathway genes in Arabidopsis; locus AT1G15950 is a
CCR1 gene
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kiharalab.org/; Hawkins et al. 2009). PFP takes
into account weakly similar sequences as well as
GO term associations observed in known
annotations.

11.4.2 CYP73A Gene Family—
Structure and Genome
Location of C4H Genes

C4Hs are encoded by the relatively small
CYP73A gene family. It consists of three genes in
common bean {Phvul.006g079700—
CYP73A118, Phvul.007g026000—CYP73A15,
and Phvul.008g247400—CYP73A [this P450
was incorrectly named as CYP73A2 in common
bean (Kumar et al. 2015); however, CYP73A2
was identified in mung bean (Mizutani et al.
1993), Vigna radiata (previously Phaseolus
aureus; recently moved from the genus Phaseo-
lus to Vigna)], four genes (including one pseu-
dogene, Glyma.10g275600—CYP73A88P) in
soybean, and a single gene in Arabidopsis
(At2g30490; CYP73A5; REF3).

The gene is well conserved in plants, includ-
ing soybean and common bean. It contains the
Pfam domain (PF00067), found as a

“duplication-resistant” gene (Paterson et al.
2006). The first C4Hs were identified in Jer-
usalem artichoke (Helianthus tuberosus—
CYP73A1, GenBank accession Z17369; Teutsch
et al. 1993) and mung bean (V. radiata—
CYP73A2, GenBank accession L07634; Mizu-
tani et al. 1993). Soybean C4H (CYP73A11), a
class I C4H enzyme, was identified as an
elicitor-induced cytochrome P450, using differ-
ential display of mRNA (Schopfer and Ebel
1998). In contrast, common bean C4H
(CYP73A15) was identified as a class II C4H
enzyme, whose expression was associated with
differentiation (Nedelkina et al. 1999).

The genes coding for C4H in common bean,
soybean, and Arabidopsis differ in their
exon/intron structures. The exons are conserved,
while introns are more variable. Genes encoding
class II proteins in common bean and soybean
consist of two exons separated by an intron of
moderate size (354 and 463 bp, respectively).
Both exons are split, resulting in four exons, in
the two genes encoding class I C4Hs in soybean.
These genes are characterized by a long intron 3
(1499 and 1272 bp, respectively). The class I
C4H gene in Arabidopsis and the two genes in
common bean all have three exons (Fig. 11.10).

0.1

AT2G30490
(CYP73A5) 

Phvul.006G079700
(CYP73A118) 

Phvul.007G026000 
(CYP73A15) 

Glyma.20G114200 
(CYP73A87) 

Glyma.10G275600 
(CYP73A88P) 

Class II C4H

Class I C4H

Fig. 11.7 Phylogenetic tree of class I and class II C4H proteins. Common bean sequences are labeled in blue, soybean
in red, and Arabidopsis in black
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N terminal region Membrane anchor
""""""""""""""""""""""eeeejjjjjj//////////////////jjjjjjjjjjjjjjjjjeeeeeeeeeeeegggeeee
AT2G30490           1 ////////////////OFNNNNGMUN//////////////////KCXHXCXKNCVXKUMNTIMMNMNRRIRKRKRKHIPY
Phvul.006G079700    1 ////////////////OFNNHNGMXN//////////////////VCNHHCCXKCXVCCMNTIMTHTNRRIRNUXRKHIPY
Phvul.008G247400    1 ////////////////OFNNNNGMVN//////////////////NINHNUCXXCKCXUMNTIMTHMNRRIRNRXRXHIPY
Glyma.02G236500     1 ////////////////OFNNNNGMVN//////////////////KINHNCCXXCKCXUVNTITMHMNRRIRNRXRKHIPY
Glyma.14G205200     1 ////////////////OFNNNNGMVN//////////////////KINHNCCXXCKCXUVNTITMHMNRRIRNRXRKHIPY
Phvul.007G026000    1 OUEHJPMMRKHUUNXVNUNKUOVMNNJU[HUKRHURH[XUKRKCVXNHXNKK[PHHNCUMPJU//UVRRIRNUXRKHIPY
Glyma.20G114200     1 /OINSKMGRNNHVNXVKUNKUKVMNNJU[HUKRHURUPNUKCKCVNKHXNKU[MHUUUUKMJUUVVNRRIRNUXRKHIPY
Glyma.10G275600     1 //////////////////////////////////////////////////////////////////ORRIRNUXRKHIPY

""RRIR Proline-rich region

""""""""""""""""""""""gggeeeeeejjjjjjjjeeejjjjjjjeeeeggggeeeeeejjjjjjeeeeeeeeeeeggggggeeeeeeggggggeeee
AT2G30490          47 NSXIFFNPJTPNXF[CMMHIFNHNNTOISTPNXXXUURFNVMGXNNVSIXGHIUTVTPXXHFKHVIMISFOXHVX[IGJY
Phvul.006G079700   47 NSXIFFNPJNPNCIKCTTHIFKHNNTOISTPNXXXUURGNCMGXNJVSIXGHIUTVTPXXHFKHVIGISFOXHVX[IGJY
Phvul.008G247400   47 NSXIFFNPJTPNVINCMTHIFKHNNTOISTPNXXXUURFNCMGXNJVSIXGHIUTVTPXXHFKHVIGISFOXHVX[IGJY
Glyma.02G236500    47 NSXIFFNPJTPNVFNCMMHIFKHNNTOISTPNXXXUURGNCMGXNJVSIXGHIUTVTPXXHFKHVIMISFOXHVX[IGJY
Glyma.14G205200    47 NSXIFFNPJTPNVFNCMMHIFKHNNTOISTPNXXXUURGNCMGXNJVSIXGHIUTVTPXXHFKHVIMISFOXHVX[IGJY
Phvul.007G026000   79 NMXIPFNPJTXNCUOUSV[IRXHNNMNIUMPNXXXUFRGNCVSXNJUSIXGHIUTRTPXXHFKHVIPISFOXHVX[IGJY
Glyma.20G114200    80 NSXIPFNPJTNNCUOUSV[IRXHNNMNIUMPNXXXUFRGNCVSXNJCSIXGHIUTRTPXXHFKHVIPISFOXHVX[IFJY
Glyma.10G275600    15 NSXIPPNPJTNNCUOUSV[IRXHNNMNIUMPNXXXUFRGRCVSXNJCSIXGHIUTRTPXXHFKHCIPISFOKHVX[IFJY

""""""""""""""""""""""jjjjgggggeeeeegggggeeeeejjjjjjjjjjjjeeeeeeejjjjjjjjjjjjjjjegggggggeeeeeeeejjjjjj
AT2G30490         127 TMOTTKOVXRHHVPMXXSSPTGIYGHGCCUXXGFXMMPRFUCVMIKXNTMTNSNOO[PPOHTKOHFTTHGUGFFRNHNTN
Phvul.006G079700  127 TMOTTKOVXRHHVPMXXSS[TXIYGFGCCTXXGFXTEURFCCUIIKXNTTTNSNOO[PKO[TKOHFTTHGPGFFRNHSMN
Phvul.008G247400  127 TMOTTKOVXRHHVPMXXSS[TJIYGCGCICXXFFXTMPRFCCXUIXXKTTTNSNOO[PPO[TKOHFTTHGUGGFRNHSTN
Glyma.02G236500   127 TMOTTKOVXRHHVPMXXSS[TJIYGUGCCCXXGFXMMPRFCCXUIVXKTTTNSNOO[PPO[TKOHFTTHGUGGFRKHSTN
Glyma.14G205200   127 TMOTTKOVXRHHVPMXXSS[TJIYGUGCCCXXGFXMPPRFCCXUIVXKTTTNSNOO[PPO[TKOHFTTHGUGGFRKHSTN
Phvul.007G026000  159 TTOTTKOVNRHHVPMXXJP[UUOYGGGOGNXXTFNMXPGUXTUGIKXKTMTNSNON[PKO[TOOHFCMHGUSGFRNHKSC
Glyma.20G114200   160 TMOTTKOVNRHHVPMXXJP[UPOYGGGOFNXXTFNPXPGTXTUGIKXKTTTNSNON[PKO[TOOHFCMHGUSGFRNHKSC
Glyma.10G275600    95 TMOTTKOVNRHHVPMXXJP[UPOYGGGOFNOXTFNPOPFTXTUGIKXKTTTNSNON[PKO[TOOHFCMHGUSGFRNHKSC

YzzzT C-helix

""""""""""""""""""""""jjjeeejjjjjjjjjeeeeeeeeeejjjjjeggeeeeeeejjjjjjjjjjjjjjjjjjjeeeee/eeeeeeejjjjjjjj
AT2G30490         207 MCNPIGTUTNCSUHG[P[IFHKRKNTRHNTI[NMKESFXMFTTKCNHMM[HXFGTMSKCUUMRV/IUGINMECKFJKNGC
Phvul.006G079700  207 TXNPIGTUTNCSUHG[P[IFHKRXNTRHNTI[NMKEMGKMFVTHMNHMF[HNGGTMPNGUVMTT/FPIINMECKFJKNFC
Phvul.008G247400  207 TCNPIGTUTNCSUHG[P[IFHKRKNTRHNMI[NMKEMGXMGVTNMNHMF[HXFGTMPKIUVMUVP/PGINMECKFJKNFC
Glyma.02G236500   207 TCNPIGTUTNCSUHG[P[IFHKRKNTRHNMI[NMKEMGXMGVTNMNHMF[HXFGTMMNIUVMUVPPPPGNMECKFJKNFC
Glyma.14G205200   207 TCNPIGTUTNCSUHG[P[IFHKRKNTRHNMI[NMKEMGXMGVTNMNHMF[HXFGTMMNIUKMUUP/PPGNMECKFJKNFC
Phvul.007G026000  239 VTHPUGTUTNCSUHG[P[IFHKRNNTRHNTI[NPMEMFNSUTTNCHHPVJ[XSMTTSKOCCP//IGMJMKUECKFJKKFC
Glyma.20G114200   240 VTHPUGTUTNCSUHG[P[IFHKRNNTRHNTI[NPMEMFNSUTTNCHHPVJ[XGMTTSKOCCP//IGMJMKUECOFJKKFC
Glyma.10G275600   175 VTHPUGTUTNCSUHG[P[IFHKRNNTRHNTI[NPMEMPNSUTTNCHHPVJ[XGMTTSKOKCP//IGMJMKIECKFJKKFC

""""""""""""""""""""""jjjeeeeeeejjjjjjeeeggggggggjjjjjjjjjeeeeejjjjjjjjeeeggeeeeeggeeeeeeeejjjjjjjjjjj
AT2G30490         286 GSMIGKPGFPXN[KXGPKPXCCKGVVNYUKGYIKCGNXPJRGKSUMNTPGNFVXNIRIXSXVGRFNJMNR[NSCXXMGVN
Phvul.006G079700  286 SMMIGKUGFPXN[KXGPKPXCCKGVVNYVKGYIKCGNXPJRGKSMMXTGGKFTXXIRIPSXVGRFVJMNR[NSCXKMGVN
Phvul.008G247400  286 SMMIGKPGFPXN[KXGPKPXCCKGVVNYUKGYIKCGNXPJRGKSSMCTGGOFTXNICIJSXVGRFKSMNR[NSCXXMGVN
Glyma.02G236500   287 STMIGKPGFPXN[KXGPKPXCCKGVVNYUKGYIKCGNXPJRGKSSMNTFGKFTXNICIJSXVGRFKSMNR[NSCXXMGVN
Glyma.14G205200   286 STMIGKPGFPXN[KXGPKPXCCKGVVNYUKGYIKCGNXPJRGKSSMXTFGKFTXNGCIJSXVGRFKSMNR[NSCXXMGVN
Phvul.007G026000  317 SOMIGKUGGPXK[KXGPKPXCCKGVVNYUOGYCKCGNXPJRUXSUMKTFGKUGXN/MIGRXVGUPNJGNR[NSCVXMGVN
Glyma.20G114200   318 SOMIGKUGGPXK[KXGPKPXACKGVVNYUKGYCXCGNXPJRVXSUMKTFGKUMXN/MIGRXVGUPNJGNR[NSCVXMGVN
Glyma.10G275600   253 SOMIGKUGGPIK[KXGPKPXCCKGVVNYUOGYCKCGNXPJRVKSUMKTFGKUMXN/MIGRXVGUPNJGNR[NSCVXMGVN

C1IIzG1FVV1U"I-helix (Oxygen binding and activation)

""""""""""""""""""""""jjjjjjegggjjjjjjjjjjeeeeeeeeeggggggggggeeeeeeeeeeeeeejjjjjjjjjjj///eeeeeegggggge
AT2G30490         366 TNTOCKRNNXRJOPNJFCMNCI[FKRCGUMKNXPCYYNCPPRPUYMMRGGHTRGTHHGGGUJXG///CPIPFHT[XRHIX
Phvul.006G079700  366 TNTOCKRNNXRJOPNSJCMNII[FKRCGUMXNXPCYYNCPPRCJYMMRGGHTRGTHNGGGUMXG///CPIPFHTHNRHIX
Phvul.008G247400  366 TNTOCKRNNXRJOPNJFCMNIIHFKRCGUMKNXPCYYNCPPRCJYMMRGGHTRGTHHGGGCJXG///CPIPFHT[NRHIX
Glyma.02G236500   367 TNTOCKRNNXRJOPNJFCMNII[FKRCGUMKNXPCYYNCPPRCJYMMRGGHTRGTHHGGGUNXG///CPIPFHT[NRHIX
Glyma.14G205200   366 TNTOCKRNNXRJOPNJFCMNII[FKRCGUMKNXPCYYNCPPRCJYMMRGGHTRGTHNGGGNJXG///CPIPFHT[NRHIX
Phvul.007G026000  396 TNJVRKRNNXRJOPNGGCMNII[VXRMGUMXXXPCYYNCPPRUYYMPRGGHTRGTHNGGGECVFCXCIIMXFHTHXRHIX
Glyma.20G114200   397 TNJVRKRNNXRJOPNGGCMNIIJVXRMGUMXXXPCYYNCPPRUYYMPRGGHTRGTHNGGGECVFCXCIIMXFHTHXRHIX
Glyma.10G275600   332 TNJVRKRNNXRJOPNGGCMNIIJVKRMGUTXXXPCYYNCPFRUYYMPRGGHTRGMHNGGGECVFCXCIIMXFHTHXRHIX

GzzT K-helix RzzHzRzTH P(E)R(F) motif

""""""""""""""""""""""eeeeeeegggggeeeggggejjjjjjjjeeeeeeeeeeeeeeeeeggggggeggggggggeee
AT2G30490         443 ITTUERIKKNCNRKNIKVKITOXSPHGNNRRRISUMXFVUGMIISHUNJKNPJUKKXOMRTPE,/
Phvul.006G079700  443 ITTUERIKKNCNRKNIKVNITNXSPHGNNRRRISFMNFVVGMIISHUNJKNMJUVKXCMRTUE,/
Phvul.008G247400  443 ITTUERIKKNCNRKNIKVNITNKSPHGNNRRRISUSKFVUGMIISHUNJKNMJUVKXCMRTUH,/
Glyma.02G236500   444 ITTUERIKKNCNRKNIKVNITNXSPHGNNRRRISUSKFVUGMIISHUNJKNMJUVKXCMRTUH,/
Glyma.14G205200   443 ITTUERIKKNCNRKNCKVNITNXSPHGNNRRRISUSKFVUGMIISHUNJKNMJUVKXCMRTUH,/
Phvul.007G026000  476 ITTUERIKKNCNRKNINXKCMOXUPHGNUCRSI/VMKFXPGMIISHUNJKCP[UVXNHJRKTVS,
Glyma.20G114200   477 ITTUERIKKNCNRKNINXKCMNXMUHSOUCRCI/VMKFXUGMIISHUNJKCPJUVXNHJRKMVN,
Glyma.10G275600   412 ITTUERIKKNCNRKNING/////////////VI/VMKFXUGMIISHUNJKCPJUKXNHJRKMVN,

HzzIzTzEzI Heme-binding region C terminal region

Fig. 11.8 Comparison of C4H protein sequences from
common bean, soybean, and Arabidopsis. Conserved
motifs and sequences are shown in bold. Secondary
structures predicted for Arabidopsis C4H gene

(At2g30490) are color-coded [shown at the top of
sequences alignment, where H (blue) indicates alpha
helices, E (red) represents extended (beta) strands, and C
(pink) indicates random coils]
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11.4.3 Tissue-Specific Expression
of Genes Encoding C4Hs

Using publicly available microarray data, Ehlting
et al. (2008) created a tool for co-expression
analysis of P450s in Arabidopsis. RNA
sequencing (RNA-seq) atlases were developed
for both soybean (Severin et al. 2010) and
common bean (O’Rurke et al. 2014). Based on
RNA-seq data (Phytozome 10), genes encoding
C4H are differentially expressed in six common
bean and soybean tissues (Fig. 11.11). In gen-
eral, the expression of the genes encoding class I
C4H enzymes [Phvul.008g247400 (CYP73A),
Glyma.02g236500 (CYP73A11), and Glyma.

14g205200 (CYP73A90)] compared to the class
II enzymes [Phvul.007g026000 (CYP73A15) and
Glyma.20g114200 (CYP73A87)] was higher in
all tissues (flowers, pods, leaves, stems, roots,
and nodules). Both common bean and soybean
have two copies of genes encoding class I C4H
enzymes. In both species, one of the genes
(Phvul.008g247400 and Glyma.02g236500) is
highly expressed in all tissues. The second copy
of the genes (Glyma.14g205200 and Phvul.
006g079700) is expressed at lower level. In
soybean, Glyma.14g205200 had approximately
half of the expression of Glyma.02g236500 in
stems, roots, and nodules but very low expres-
sion in leaves, pods, and flowers. However,

Glyma.02g236500
(CYP73A11)

At2g30490
(CYP73A5)

Phvul.008g247400
(CYP73A)

Phvul.007g026000
(CYP73A15)

Phvul.006g079700
(CYP73A118)

Glyma.10g026000
(CYP73A88P)

Glyma.14g205200
(CYP73A90)

Glyma.20g114200
(CYP73A87)

Class I C4H

Class II C4H

(a) (b) (c)
H = 39.01% / E = 18.81%  /C = 42.18%

H = 41.98 / E = 16.24% / C = 41.78%

H = 43.37% / E = 15.05% / C = 41.58%

H = 43.87% / E = 15.02% / C = 41.11%

H = 45.15% / E = 14.46% / C = 40.40%

H = 36.06% / E = 17.10% / C = 46.84%

H = 36.73% / E = 18.37% / C = 44.90%

H = 34.71% / E = 19.96% / C = 45.34%

H α (alpha) helix E            Extended or β (beta) strand C            Coil
transmembrane inside outside

Fig. 11.9 Predicted structure of C4H class I and class II
proteins in Arabidopsis, soybean, and common bean.
a Secondary structures of C4H proteins (predicted by

GOR IV); b Transmembrane helices of C4H proteins
(predicted by TMHMM); c Tertiary structure of C4H
proteins (predicted by Phyre2)
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Phvul.006g079700 had very low expression in
all common bean tissues compared to
Phvul.008g247400 (Fig. 11.11).

Common bean C4H (CYP73A15) was char-
acterized as a class II C4H enzyme, whose
expression was more related to differentiation
than the responses to stress (Nedelkina et al.
1999). Antisense and sense expression of cDNA
coding for a truncated CYP73A15 gene from

French bean led to a reduced and delayed pro-
duction of lignin in tobacco (Blee et al. 2001).
Three C4H genes were identified in the P. tri-
chocarpa genome. Two of them (PtrC4H1 and
PtrC4H2) were abundant in differentiating
xylem, suggesting their importance in monolig-
nol biosynthesis. Transcripts of PtrC4H3 had
little or no expression in all examined tissues (Lu
et al. 2006).

Table 11.4 Protein function prediction (PFP) GO terms predicted for common bean, soybean, and Arabidopsis C4H
proteins

Function GO terms Description

Molecular function GO:0005506 Iron ion binding

GO:0016705 Oxidoreductase activity, acting on paired donors,
with incorporation or reduction of molecular oxygen

GO:0009055 Electron carrier activity

GO:0020037 Heme binding

Biological process GO:0055114 Oxidation-reduction process

Cellular component GO:0005789 Endoplasmic reticulum membrane

At2g30490
(CYP73A5)

Phvul.006g079700
(CYP73A118)

Phvul.008g247400
(CYP73A)

Glyma.02g236500
(CYP73A11)

Glyma.14g205200
(CYP73A90)

Phvul.007g026000
(CYP73A15)

Glyma.20g114200
(CYP73A87)C

4H
 c

la
ss

 II
C

4H
 c

la
ss

 I

Fig. 11.10 Exon/intron structures of C4H genes in
common bean, soybean, and Arabidopsis. Exons are
represented by rectangles (common bean—blue, soybean

—red, and Arabidopsis—black), and introns are shown as
full lines. Conserved exon sequences are connected by
dashed lines
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11.4.4 Cis-Regulatory Regions in
5′UTRs of C4H Genes

In order to understand the functions of individual
members of the C4H multigene families, pro-
moters of the common bean and soybean genes
were analyzed and compared to Arabidopsis
gene (At2g30490) promoter, which have known
functions. Promoter sequences [1 kb of 5′ regu-
latory sequence upstream of the coding region
(1 kb 5′UTR flanking region)] of C4H genes
were retrieved from Phytozome (10.2) and
aligned in Clustal Omega at EMBL-EBI (http://
www.ebi.ac.uk/Tools/msa/clustalo/) to search for
possible sequence similarities among these
sequences in the two C4H classes. The analysis
of the 5′ regulatory regions of C4H genes in
Arabidopsis, soybean, and common bean C4H
genes revealed a moderate degree of divergence
in these regions (39–60% identity). Multiple
sequence alignment was sent to ClustalW2_
Phylogeny to produce a phylogenetic tree, which

was visualized in TreeView. Based on the 5′UTR
sequences, eight C4Hs were split into two clus-
ters: a three-gene class I C4Hs (Phvul.008g
247400, Glyma.02g236500, and Glyma.14g205
200) and a two-gene class II C4Hs
(Phvul.007g026000 and Glyma.20g114200)
clusters. However, Arabidopsis (class I
At2g30490), common bean (class I Phvul.006g
079700), and soybean (class II pseudogene
Glyma.10g275600) were not clearly included in
any class (Fig. 11.12).

The 5′UTR sequence of C4H genes was
analyzed for potential cis-acting regulatory ele-
ments using PlantCARE database (http://
bioinformatics.psb.ugent.be/webtools/plantcare/
html; Lescot et al. 2002). In total, 69 potential
regulatory elements were identified in 5′UTR
sequences of eight C4H genes (Fig. 11.13;
Table 11.5). Twenty-six (38%) elements were
present in four or more genes (Fig. 11.13,
color-coded). In addition to the core TATA box
and CAAT box (present in all genes), the list
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Glyma.14G205200 
(CYP73A90)
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(CYP73A118)
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(CYP73A11)

Phvul.008G247400 
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Fig. 11.11 Expression of common bean and soybean
genes encoding cinnamic acid 4-hydroxylase (C4H) in six
different tissues. FPKM (Fragments Per Kilobase of
transcript per Million fragments mapped) data for

expression levels of the genes were calculated from the
RNA-seq data deposited at Phytozome 10.2 (available at
http://phytozome.jgi.doe.gov/pz/portal.html)
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included a large number of light-responsive ele-
ments (27), as well as elements associated with
tissue-specific expression (5), defense and stress
responses (6), or hormonal responsiveness (9).
A considerable number (14) of predicted regu-
latory elements were categorized as unknown
function (Table 11.5), and two of these (AC II
and unnamed_4) were present in all eight C4H
genes.

A fraction of identified regulatory elements
was specific only to class I or class II C4H genes
(Fig. 11.13; Table 11.5). Twenty-six elements
(37.7%) were present only in class I C4H genes.
Four of these elements were identified in all five
class I C4H genes. The CGTCA-motif and the
TGACG-motif are cis-acting elements involved
in the MeJA responsiveness, while the functions
of the unnamed_1 and unnamed_3 are unknown.

0.1

Glyma.10G275600 
(CYP73A88P)

Phvul.008G247400
(CYP73A)

Glyma.02G236500
(CYP73A11)

Glyma.14G205200
(CYP73A90)

AT2G30490
(CYP73A5)

Phvul.006G079700
(CYP73A118)

Glyma.20G114200 
(CYP73A87)

Phvul.007G026000 
(CYP73A15)

C4H class II

C4H class I

**
**

*

Fig. 11.12 Phylogenetic tree of 5′ upstream region (5′
UTR) sequences of the class I and class II C4H genes in
Arabidopsis, common bean, and soybean. Arabidopsis
sequences are labeled in black, soybean in red, and

common bean are in blue; P at the end of the CYP name
indicates pseudogene. Class II C4Hs are shown in boxes.
* identifies the mostly highly expressed genes, and the
number of asterisks indicates the relative levels
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Fig. 11.13 Distribution of the putative cis-regulatory
elements in the 5′ upstream regions (5′UTRs) in common
bean, soybean, and Arabidopsis C4H genes, identified

using PlantCARE database. The elements found in four or
more genes are color-coded. Sequences and functions of
elements are presented in Table 11.5
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In addition, MBS (a MYB binding site involved
in drought inducibility) and O2 site (cis-acting
regulatory element involved in regulation of zein
metabolism) were identified in the 5′UTRs of all
four legume class I C4H genes. Eleven elements
(15.9%) were unique to the class II C4H genes.
Three of these elements were identified in both
soybean (Glyma.20g114200) and common bean
(Phvul.007g026000) C4H genes. The MNF1 and
CG motifs are light-responsive elements, while
the function of the TATCCAT/C-motif is
unknown. Lu et al. (2006) reported that four
divergent C4H isoforms play distinct roles in
P. trichocarpa. The divergent upstream sequen-
ces among the two group PtreC4H genes sug-
gested that the mechanisms of gene regulation
might be different.

The identification of the cis-acting sequences
regulating differential expression of C4H genes
and transcription factors that interact with these
sequences in common bean, soybean, and Ara-
bidopsis could lead to an understanding of the
mechanism(s) of differential regulation of these
highly similar genes in these plant species.

11.4.5 Syntenic Regions Containing
Common Bean C4H
Genes

The availability of the complete genome
sequences for numerous plant species, including
soybean (Schmutz et al. 2010) and common bean
(Schmutz et al. 2014), allows the organization of
the individual genomes to be studied, as well as
enables comparison of the genomes at the
nucleotide level. The size of the common bean
genome (521 Mb) is approximately half of the
size of the soybean genome (978 Mb). As a
result of at least two rounds of polyploidization
[*59 MYA (million years ago) and

*13 MYA], the soybean genome contains sig-
nificant gene duplications and redundancy (Sch-
mutz et al. 2010). In general, for any gene in
common bean, two corresponding homologous
genes could potentially be found in soybean.
Moreover, because of the shared synteny
between the two genomes, regions homologous
to regions in two soybean chromosomes were
found for all 11 common bean chromosomes,
with a minor marker rearrangement and/or
sequence orientation (Galeano et al. 2009;
McClean et al. 2010; Reinprecht et al. 2013).

Synteny analysis was performed in Plant
Genome Duplication Database (PGDD, available
at http://chibba.agtec.uga.edu/duplication; Lee
et al. 2013) against complete genome sequences
available for 47 flowering plant species.
Numerous syntenic regions (26–44) with other
plant species were found for common bean,
soybean, and Arabidopsis class I C4Hs. The
blocks were of various sizes, ranging from 14 to
884 gene anchors. For example, common bean
C4H on the chromosome Pv06, CYP73A118
(Phvul.006g079700), was syntenic to 44 regions
in 31 different plant species including two
regions in soybean, poplar, pear, watermelon,
rice, kale, sacred lotus, and chickpea, three
regions in Chinese cabbage, and four regions in
kiwifruit (data not shown). In contrast, only five
syntenic blocks were identified for common bean
and soybean class II C4Hs. They were syntenic
to each other and to another three legumes
(Medicago truncatula, Cicer arietinum, and
Cajanus cajan).

Several syntenic blocks containing C4H loci
were identified among commonbean, soybean, and
Arabidopsis genomes (Table 11.6; Fig. 11.14). For
example, Phvul.006g079700 (encoding common
bean class I C4H) was syntenic to other four class I
C4Hs: common bean Phvul.008g247400, soybean
Glyma.02g236500 and Glyma.14g205200, and
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Arabidopsis At2g30490. Similarly, common bean
class II C4H Phvul.007g026000 was syntenic to
two soybean class IIC4Hs:Glyma20g.114200 and
Glyma.10g275600. They were contained in large
syntenic blocks anchored by 641 and 561 genes,
respectively (Table 11.6; Fig. 11.14, ). Synteny

was also analyzed with SyMap v4.0 (Synteny
Mapping andAnalysisProgram; available at http://
www.symapdb.org; Soderlund et al. 2011) to pro-
duce circular alignments of multiple
common bean and soybean chromosomes
(Fig. 11.14, right).

Table 11.6 Syntenic blocks containing C4H loci in genomes of common bean, soybean, and Arabidopsis

C4H locus (gene model) identifiera Syntenic blockb Position
within a block

Kac Ksd

Query Synteny Score E-value Anchors (# genes)

Phvul.006G079700 At2g30490 894 6e−112 24 21 0.0 0.0

Glyma.02g236500 1862 2e−83 51 38 0.10 1.22

Phvul.008g247400 1537 0.0 40 20 0.08 1.05

1789 8e−82 48 35 0.09 1.11

539 9e−53 14 13 0.0 0.0

Glyma.02g236500 8130 0.0 209 81 0.04 0.38

Phvul.006g079700 1537 0.0 40 20 0.08 1.05

Phvul.007g026000 Glyma.10g275600 24,980 0.0 641 487 0.04 0.42

Glyma.20g114200 21,836 2e−137 561 99 0.05 0.36

Glyma.02g236500 Phvul.008g247400 8130 0.0 209 81 0.04 0.38

Phvul.006g079700 1862 2e−83 51 38 0.10 1.22

At2g30490 1183 5e−66 31 29 0.12 0.0

Glyma.14g205200 Phvul.006g079700 1789 8e−82 48 35 0.09 1.11

Glyma.10g275600 Phvul.007g026000 24,980 0.0 641 487 0.04 0.42

Glyma.20g114200 35,199 0.0 884 779 0.02 0.22

Glyma.20g114200 Phvul.007g026000 21,836 2e−137 561 99 0.05 0.36

Glyma.10g275600 35,199 0.0 884 779 0.02 0.22

At2g30490 Phvul.008g247400 539 9e−53 14 13 0.0 0.0

Phvul.006g079700 894 6e−115 24 21 0.0 0.0

Glyma.02g236500 1183 5e−66 31 29 0.12 0.0
aPhytozome (https://phytozome.jgi.doe.gov/pz/portal.html)
bRelated syntenic regions in multiple species by locus identifier were obtained from the Plant Genome Duplication
Database (PGDD, available at http://chibba.agtec.uga.edu/duplication/index/locus; accessed 26 June 2015). All intra-
and cross-species blocks for the query locus, graphs, and tables displayed ±200 kb region
cThe number of non-synonymous substitutions per site (Ka)
dThe number of synonymous substitutions per site (Ks)
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11.4.6 Sequence Polymorphisms
in C4H Genes
in Common Bean

Nucleotide polymorphisms for a number of
phenylpropanoid pathway genes in various plant
species have been described, including Ara-
bidopsis (Savolainen et al. 2000; Aguade 2001;

Wright et al. 2003) and maize (Brenner et al.
2010). In the current work, sequences of three
C4H genes in the common bean landrace
G19833 (Phytozome) were BLASTed against
genome sequence of cultivar OAC Rex. The
structure of C4H genes identified in OAC Rex
was predicted with the HMM-based Fgenesh
gene finder (Solovyev et al. 2006; available at

Class I C4H(a)

1. Phvul.006g064900

18.33

1. Gyma.02g224200

41.18

1. Phvul.006g064900

18.33

38. Glyma.02g236500 (CYP73A11)

38. Phvul.006g079700 (CYP73A118)

35. Phvul.006g079700 (CYP73A118)

35. Glyma.14g205200 (CYP73A90)

1. Glyma.14g1909000

45.57

1. Phvul.008g222700

52.52

81. Phvul.008g247400 (CYP73A)

81. Glyma.02g236500 (CYP73A11)

1. Glyma.02g223900

41.16

Class II C4H(b)
487. Phvul.007g026000 (CYP73A15)

1. Phvul.007g000500

0.03

1. Glyma.10g200800

43.18

1. Phvul.007g010700

0.76

1. Glyma.20g098500

34.18

99. Phvul.007g026000 (CYP73A15)

487. Glyma.10g275600 (CYP73A88P)

99. Glyma.20g114200 (CYP73A87)

1. Phvul.006g074000

19.34

20. Phvul.006g079700 (CYP73A118)

20. Phvul.008g247400 (CYP73A)

1. Phvul.008g239600

55.39

Pv07

Gm20
561. Glyma.20g189600

42.83

561. Phvul.007g106300

12.40

641. Phvul.007g106300

12.39

641. Glyma.10g298800

51.53

Pv07

Gm10

209. Phvul.008g264000

57.59

209. Glyma.02g258300

44.53

Pv08

Gm02

40. Phvul.006g087000

20.65

40. Phvul.008g252800

56.69
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Fig. 11.14 Syntenic regions containing C4H loci in
genomes of common bean and soybean. a. Class I C4H—
Phvul.006g079700 (CYP73A118) and Phvul.008g247400
(CYP73A); b Class II C4H—Phvul.007g026000
(CYP73A15). Left—synteny identified in Plant Genome

Duplication Database. Query locus is represented by a red
arrow; blue arrows are other anchor genes in the region.
Right—circular alignment of common bean and soybean
chromosomes containing C4H loci
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http://linux1.softberry.com/berry.phtml?topic=
fgenesh&group=programs&subgroup=gfind;
accessed: 7 July 2015).

The C4H proteins in the two genotypes were
very similar. The proteins encoded by the
Phvul.006g079700 gene in G19833 and OAC
Rex were identical. A single amino acid differ-
ence was identified at position 42 between OAC
Rex (I) and G19833 (V) C4H proteins encoded
by the Phvul.008g247400 gene (99.8% identity).
OAC Rex and G19833 C4H proteins encoded by
the Phvul.007g026000 gene were 99.1% identi-
cal. Differences were found in five amino acids at
positions 4 (V in OAC Rex, F in G19833), 7 (N
in OAC Rex, K in G19833), 18 (L in OAC Rex,
S in G19833), 54 (K in OAC Rex, N in G19833),

and 420 (I in OAC Rex, V in G19833) (data not
shown).

The CH4 genomic sequences were also very
similar between two common bean genotypes
(97.2% identity for Phvul.006g079700, 98.5%
identity for Phvul.008g247400, and 98.9%
identity for Phvul.007g026000). However, by
aligning the CH4 encoding sequences in the two
bean genomes (G19833 and OAC Rex), poly-
morphism (SNPs, insertions, and deletions) was
identified for all three C4H genes (Table 11.7;
Fig. 11.15).

Although polymorphisms were detected in both
the coding (one to 11 SNPs, shown in bold) and
non-coding regions, the majority of the sequence
differences that were identified occurred in the

Table 11.7 C4H gene polymorphism between common beans cultivar OAC Rex and landrace G19833

Class C4H locus (gene
model) identifiera

Polymorphism (bp difference)

Typeb 5′
UTR

Exon
1

Intron
1

Exon
2

Intron
2

Exon
3

3′
UTR

I Phvul.006g079700
(CYP73A118)

SNP 1 4 18 0 13 1 49

Del 0 0 1 0 146 0 173

Ins 0 0 0 0 3 0 18

Phvul.008g247400
(CYP73A)

SNP 27 3 6 0 5 5 11

Del 55 0 0 0 22 0 16

Ins 2 0 0 0 0 0 1

II Phvul.007g026000
(CYP73A15)

SNP 9 11 8 3 NAc NA 8

Del 5 0 1 0 NA NA 0

Ins 1 0 2 0 NA NA 0
aPhytozome (http://phytozome.jgi.doe.gov/pz/portal.html)
bPolymorphism (SNP, single nucleotide polymorphism; del, deletion; ins, insertion) detected in OAC Rex C4H gene
sequences [GenBank accessions: KU308554 (Phvul.006g079700), KU308555 (Phvul.007g026000), KU308556
(Phvul.008g247400)] compared to G19833 gene sequences
cNA—Not applicable
‘Bold values’ indicate polymorphism identified in coding (exonic) regions of the genes
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introns and UTRs. For example, the size difference
of the Phvul.006g079700 gene (encoding class I
C4H, CYP73A118) intron 2 (143 bp) in OAC Rex
(272 bp) and G19833 (415 bp) can be used to
develop gene-based marker(s). However, the

usefulness of these polymorphisms as C4H
gene-specific marker needs to be evaluated in
additional germplasm from two commonbean gene
pools.
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Fig. 11.15 C4H gene sequence polymorphisms between
common bean cultivar OAC Rex (UofG) and landrace
G19833 (Phytozome v10.2). a Class I C4H—CYP73A118
(Phvul.006G079700; OAC Rex accession KU308554); in
an alignment, E indicates exons (shown in capital letters)
and I represents introns (shown in small letters); the

sequence polymorphism in intron 2 (I2) is highlighted
(shown in gray); b Class I C4H—CYP73A
(Phvul.008G247400; OAC Rex accession KU308556);
c Class II C4H—CYP73A15 (Phvul.007G026000; OAC
Rex accession KU308555)
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11.5 Conclusions

The availability of the whole genome sequences
allowed us to identify gene families encoding
major enzymes of the phenylpropanoid pathway
in common bean, soybean, and Arabidopsis. The
work focused on C4H, a cytochrome P450 that
occupies an entry position in the pathway. Three
genes encoding C4H proteins were identified in
common bean genome compared to the four
genes in soybean. The next step would be to
functionally characterize these genes. The avail-
ability of the common bean genome sequence
also makes it possible to identify and characterize
the members of each gene family that are
involved in the specific branches of the phenyl-
propanoid pathway. Furthermore, the identifica-
tion of transcription factors that activate
phenylpropanoid biosynthetic gene families
could provide tools to potentially manipulate the
amount of different phenylpropanoids in com-
mon bean.
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12Phylogenomics: The Evolution
of Common Bean as Seen
from the Perspective of All of Its
Genes

Salvador Capella-Gutiérrez, Anna Vlasova
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Abstract
Phaseolus vulgaris is the most important legume species for human
nourishment. However, until very recently genomics resources for this
plant have been scarce, which preventing fully understanding the parallel
domestications occurred at two geographical regions: Mesoamerica and
Andes. The first reference genome for P. vulgaris, the Andean landrace
G19833, was published in 2014, followed in 2016 by the Mesoamerican
reference genome, the breeding line BAT93. These resources have
allowed elucidating the evolutionary trajectory of P. vulgaris as species,
and of both gene pools. First, it has been possible to confirm that the
common bean has not undergone a specific whole genome duplication
event similarly to the one of Glycine max around *12 million years ago.
Second, there is a high degree of concordance between both gene pools in
terms of gene content and evolutionary profiles. This includes also the
pattern of specialization of gene expression profiles across different
relative evolutionary ages. We confirmed the trend observed for the
Mesoamerican genome: retained duplicated genes tend to specialize their
expression profiles overtime. New analyses using available transcriptomic
data gene co-expression networks for both gene pools have been generated
and compared for this review in order to look for commonalities and
differences. Genes associated to photosynthesis and to response to
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different stresses account for the largest modules of these networks,
although some differences were detected which may have roles in the
domestication syndrome of both gene pools. However, more sequencing
data are needed to a better understanding of common bean genome
function and to deepen on the domestication processes of both gene pools.
It is expected that third generation sequencing technologies will play an
important role in those efforts, leading to better genome assemblies and
gene-sets. This will focus further efforts on improving breeding lines
while keeping genetic diversity of landraces and wild accessions of
P. vulgaris.

Keywords
Common bean � BAT93 � G19833 � Legumes � Gene duplication �
Phylogenomics � Transcriptome

12.1 Introduction

Legumes are the third largest family of flowering
plants, comprising over 670 genera and about
20,000 described species, of which approxi-
mately 25 are domesticated (Klitgaard and Bru-
neau 2003). One of the distinctive features of
legumes is their ability to fix atmospheric nitro-
gen (N2). Nitrogen fixation is achieved by
establishing symbiotic relationships with benefi-
cial bacteria, which are collectively known as
rhizobia (Sprent 2001). This process takes place
at specific root structures called nodules.
Although neither nitrogen fixation nor nodules
are exclusive of legumes, this system confers
them a clear advantage to outcompete other
plants (Doyle 1998; Sprent 2001). Many legume
species have been successfully domesticated for
human and animal nourishment, including,
among many other species, Phaseolus vulgaris
(common bean), Cicer arietinum (chickpea),
Pisum sativum (pea), and Lens culinaris (lentil)
(Kislev and Bar-Yosef 1988; Fuller 2007; Can-
non et al. 2009). Legumes are also used as
nitrogen fixers, providing up to 30% of needed
nitrogen for the next crop season (O’Rourke et al.
2014b). One of the main reasons for legume
domestication lies in the high protein and nitro-
gen content of their seeds, which currently make

up to 60% of the human dietary requirements in
developing countries (Vance 2001). Moreover,
up to 40% of worldwide cooking oils come
mainly from the legumes Glycine max (soybean)
and Arachis hypogaea (peanut) (Vance 2001). In
this review, we focus on common bean, for
which genome sequences for two different vari-
eties have recently become available (Schmutz
et al. 2014; Vlasova et al. 2016).

Common beans are an important dietary
component for more than 500 million people in
developing countries (Graham 2003). Originally
domesticated in the Americas, common beans are
nowadays cultivated in all continents with an
annual production reaching 23 million metric
tons according to the 2015 report by the Food
and Agriculture Organization of the United
Nations (FAO). However, the origin of common
bean as species and its posterior domestication
has been the subject of intense debate (Kami
et al. 1995; Gepts 1998; Kwak and Gepts 2009).
Current consensus sets the origin of the species
in Mesoamerica (Bitocchi et al. 2012) while the
domestication is proposed to have occurred at
least two times independently, in two different
geographical regions and from two differentiated
gene pools—one in Mesoamerica and another
one in the Andeans (Mamidi et al. 2011, 2013).
The origin of the extant P. vulgaris group, which
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includes four of the five domesticated species,
P. vulgaris, P. coccineus, P. polyanthus, and
P. acutifolius (the fifth cultivated species,
P. lunatus, is part of a separate clade) can be
traced back to about 2 million years ago (Mya).
While the origin of the new world beans, the
so-called Phaseolus stem clade, has been esti-
mated between 6 and 8 Mya (Delgado-Salinas
et al. 2006). The initial split of the current gene
pools has been estimated to occur between
146,000 and 184,000 years ago (Schmutz et al.
2014) followed up by independent bottleneck
processes with different degrees of severity
which lasted about 40,000 years (Rossi et al.
2009; Bitocchi et al. 2012). Following these
bottlenecks, both gene pools expanded to give
rise to different landraces. Between 8,500 and
6,200 years ago, two independent and partially
overlapping in time domestication processes
occurred; giving rise to the two still differentiated
extant varieties of common bean (Kaplan et al.
1999; Mamidi et al. 2011, 2013). While the
temporal estimation of the extant gene pools split
has been estimated using genomics data (Sch-
mutz et al. 2014), the timing of both domesti-
cation processes was initially estimated using
only limited loci (Mamidi et al. 2011, 2013) and
archeological records (Kaplan et al. 1999). This
estimation was later confirmed by genomics
studies (Schmutz et al. 2014).

The constant improvement of sequencing
technologies over the last two decades has pro-
vided an unprecedented availability of genomics
data for almost any domain of life [http://www.
genome.gov/sequencingcosts/]. Fast and afford-
able technologies have made it possible to fully
sequence a species representative in order to get
an initial reference genome. Then, RNA from
different tissues and/or developmental stages are
re-sequenced using alternative technologies to
improve the initial reference data leading to a
better understanding of the species (Bentley
2006). It is also becoming a standard approach to
sequence RNA under different stress conditions
in order to gain a better understanding about
how organisms react to such disturbances.
Finally, re-sequencing of different individuals
representing different genetic backgrounds

and/or populations can shed light on the recent
evolution of a species at unprecedented levels of
resolution and accuracy. Altogether, genomics
data open the door to a multitude of studies such
as the variation between and within species
including the effects of species domestication,
the evolution of organs and pathways, and
the epigenetic modifications, among others
(O’Rourke et al. 2014b). However, this genomics
explosion has not fully reached the flowering
plants (Fig. 12.1). The gigantic size of some
plant genomes together with the high content of
repetitive sequence elements has severely limited
the number of fully sequenced species and indi-
viduals in plants as compared to other groups
(Michael and Scott 2013). Despite vast efforts to
produce high-quality reference plant genomes,
including the use of different sequencing tech-
nologies, many of these genomes are still highly
fragmented with Arabidopsis thaliana as one of
the few species with a complete genome (Sch-
neeberger et al. 2011).

Legumes are not an exception to this trend
with only nine crop species with fully sequenced
genomes and released for public use
(Table 12.1). In some cases, wild relatives to
these crops species have also been sequenced to
provide a better understanding of the domesti-
cation process (Kim et al. 2010; Varshney et al.
2013a; Branca et al. 2011). Using these data, it
has been possible to confirm an ancient Whole
Genome Duplication event (WGD) shared by all
extant legumes from the Papilionoideae sub-
family which occurred approximately 56 Mya
(Lavin et al. 2005). Furthermore, it has also been
possible to detect a more recent WGD event
occurring approximately 10 Mya in the lineage
leading to Glycine max (Schmutz et al. 2010),
assess the loss of genetic diversity among
domesticated crops as compared to their wild
relatives (Valliyodan et al. 2016; Zhou et al.
2015), as well as associate phenotypic traits with
specific loci, making them potential candidates
to drive further improvements for these crops
(Varshney et al. 2013b; Li et al. 2016b; Zhang
et al. 2016). However, much more data are
needed to understand the complex history of
these species. In the case of common bean,

12 Phylogenomics: The Evolution of Common Bean … 265

http://www.genome.gov/sequencingcosts/
http://www.genome.gov/sequencingcosts/


despite the recent publication of reference gen-
omes for the two main domesticated varieties
(Schmutz et al. 2014; Vlasova et al. 2016),
genomics data from the wild relatives of both
gene pools are still needed to disentangle the
genotypic and phenotypic changes derived from
the split and isolation of these gene pools from
the parallel domestication events. Commonali-
ties between both processes will, therefore,
allow identifying common genetic signatures
and making them perfect candidates for
improving current crops.

12.2 Resources for Legume
Genomics

In order to achieve a better understanding of
common bean evolution, it is necessary to take
into account the genomic context of the species.
Comparison with other legumes species will
allow us to understand which traits were already
present in the common ancestor of legumes, and
which ones are specific to each lineage and/or
species. Currently, there are nine reference

Fig. 12.1 Number of fully
sequenced plant genomes.
Cumulative number of plant
genomes sequenced since
2000 (light green line) and
cumulative number of legume
genomes (dark green line).
Number of sequenced plant
genomes is approximately
doubling each year
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sequenced genomes for legume species, with
some of them with more than one accession
and/or wild relatives, e.g., Glycine soja, the wild
relative for soybean [http://legumeinfo.org/
genomes] (Dash et al. 2016). Moreover, at the
time of writing this chapter, there are at least
twelve more genomics projects at different stages
of completion, as listed in the Genomes Online
database [https://gold.jgi.doe.gov] (Reddy et al.
2015). Despite the low number of fully
sequenced legume species and the slow pace of
data generation, it is impossible to have a stable
vision of available resources as data from
re-sequencing projects of different accessions
and/or conditions are constantly becoming
available. Table 12.1 offers an updated version
of data gathered by O’Rourke and colleagues in
2014 (O’Rourke et al. 2014b).

All this data are available through resources
with different objectives and scopes. For
instance, the Legume Information System
(LIS) [http://legumeinfo.org/] (Dash et al. 2016)
is the web server for the Legume Federation
Project. During more than 15 years, LIS has
integrated data from crop and model legume
species available at specialized sites. On this web
server is possible to localize orthologous and
paralogous sequences, navigate synteny maps
among all sequenced legumes species, look for
specific biomarkers and query for quantitative
trait loci (QTL) data. It also provides information
for other legumes species for which there is no
available genome data. LegumeIP is another
legume-specific web server [http://plantgrn.
noble.org/LegumeIP] (Li et al. 2016a) which
provides a platform for comparative genomics

Table 12.1 Overview of the reference legume genomes

Species Chromosomes
(2n)

Sequenced
Genome
Size
(Mbp)

Number
scaffolds

Number
genes

GC
(%)

%
Repeats

Ref

Lotus japonicus
v.3.0

12 394 132 39,734 36.64 34.28 Sato et al. (2008)

Cicer arietinum
v.1.0

16 738 7,163 28,269 31.04 NA* Varshney et al.
(2013a)

Medicago
truncatula v.4.0

16 412 *1,000 43,205 33.08 32.6 Young et al.
(2011)

Cajanus cajan v.1.0 22 605.78 137,542 40,071 32.82 51.67 Varshney et al.
(2012)

Glycine soja v.1.0 40 813–985 NA 56,655–
62,048

NA NA Li et al. (2014)

Glycine max v.2.0 40 978.5 1190 56,044 34.76 57 Schmutz et al.
(2010)

Trifolium pratense
v.2.1

14 309 39,904 40,868 32.31 41.82 De Vega et al.
(2015)

Vigna angularis
v.1.0

22 450 3883 34,183 34.13 43.1 Yang et al.
(2015)

Vigna radiata v.1.0 22 431 2748 22,427 33.16 50.1 Kang et al.
(2014)

Phaseolus vulgaris
G19833 v.1.0

22 472.5 708 27,197 34.96 45.42 Schmutz et al.
(2014)

Phaseolus vulgaris
BAT93 v.1.0

22 549.6 9,047 30,491 34.86 35 Vlasova et al.
(2016)

GC content was calculated on the corresponding sequence as proportion of GC nucleotides over the entire length,
excluding ‘N’ characters. NA: Not analyzed
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studies across legumes. It includes information
for six out of the nine fully sequenced legumes
species with the aim to study their evolution and
assign biological function to legume genes.
Importantly, it includes two outgroup species,
e.g., Arabidopsis thaliana and Populus tri-
chocarpa, which allows to differentiate common
traits in legumes from other plants.

Generalist web servers such as Phytozome
[https://phytozome.jgi.doe.gov] (Goodstein et al.
2012), Plaza 3.0 [http://bioinformatics.psb.ugent.
be/plaza/] (Proost et al. 2014), and Ensembl
Plants [http://plants.ensembl.org/] (Kersey et al.
2016) host genomics resources associated to
leguminous and non-leguminous species. The
general focus of these resources on plant geno-
mics offers an unique opportunity to perform
comparative genomics studies to understand
which traits are specific to a given species or/and
group of species, i.e., leguminous species, and
which ones are more general. Data hosted at
these web servers complement and extend the
ones stored at specific resources such as LIS and
LegumeIP. In addition, they allow comparing
legume genome characteristic with those of other
plant species, allowing identification of unique
and shared features.

PhylomeDB [http://phylomedb.org] (Huerta-
Cepas et al. 2014) is the largest public repository of
phylomes, i.e., the complete collection of
single-genes trees from a species in a given evo-
lutionary context. There are more than 5,500,000
alignments and phylogenetic trees at this database
withmore than 250,000 of them associated to bean
proteins either from the fully sequenced
Mesoamerican accession BAT93 (Vlasova et al.
2016) or the Andean accession G19833 (Schmutz
et al. 2014). Bean phylomes are focusedmainly on
legumes species with up to eight different species
studied. For a better understanding about which
genetic traits are legume-specific and which ones
are more widespread, outgroup species such as A.
thaliana and S. lycopersicum have been included.
The main difference between PhylomeDB and
other resources is that PhylomeDB is a
gene-centric repository while others are
family-centric. In a gene-centric approach, a
phylogenetic tree is reconstructed for each

protein-coding gene (PCGs) present in a genome
in the evolutionary context set by other species of
interest. In the case of family-centric approach,
sequences are first clustered according to certain
strategies, i.e., Best-Bidirectional Blast Hits
(BBHs), and then evolutionary relationships are
derived using phylogenetic trees and/or other
sequences clustering methods.

12.3 Common Bean Genomics

As soon as sequencing became affordable, and
despite the complexity of generating a reference
genome for a plant, the complete genome for
common bean was generated by the scientific
community in 2014. By the time the first refer-
ence genome was released, over 15 mapping
populations and few linkage maps to study the
genealogy and genetic diversity of common bean
were available, including the core map of BAT93
x Jalo EEP558 crossing (Nodari et al. 1993;
Gepts et al. 2008). In 2005, Ramirez and col-
leagues sequenced and analyzed *21,000
expressed sequence tag (ESTs) derived mainly
from the Mesoamerican accession Negro
Jamapa, five different cDNA libraries, and com-
plemented with data from the Andean accession
G19033, and one cDNA library from leaf sam-
ples (Ramírez et al. 2005). Using this dataset, the
authors identified about 8,000 unique genes and
this collection became the reference dataset for
subsequent bean functional genomics studies.
Moreover, different genomic libraries, mainly
Bacterial Artificial Chromosomes (BACs), were
constructed for a number of bean varieties,
including landraces and wild lines (Vanhouten
and MacKenzie 1999; Yu 2000; Yu et al. 2006;
Kami et al. 2006; Grisi et al. 2007; Gepts et al.
2008; Blair et al. 2014). In fact, Schlueter and
colleagues published in 2008 the first
genome-wide physical map of the common bean
based on BAC-end sequencing (Schlueter et al.
2008). BAC libraries were derived from the
G19833 Andean common bean landrace and
completed with sequences from the cultivar line
BAT7. Authors were able to complete around
9.5% of the genome, which was sufficient to
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provide an overview of the overall genome
organization, to estimate the proportion of
repetitive and genic regions, and to perform some
functional analyses based on transferred Gene
Ontology (GO) functional terms. It is important
to highlight that many of the bean accessions
used in these initial analyses were later selected
for full genome sequencing. In this way, it has
been possible to confirm and further explore
previous findings at genome-wide scales.

In 2014, an international team led by the Joint
Genome Institute in US published the first ref-
erence genome for common bean. Scientists
sequenced the Andean landrace G19833 (Sch-
mutz et al. 2014). Additionally, four different
gene pools were sequenced: 60 wild and 100
domesticated accessions from Mesoamerican and
Andean gene pools. Using this data, scientists
could confirm previous findings based on just
few loci (Bitocchi et al. 2013) that suggested
parallel domestication processes of the common
bean in two geographically isolated regions:
Mesoamerica and the Andean. According to their
results, wild gene pools diverged approxi-
mately *165,000 years ago with an asymmetric
gene flow from the Mesoamerican wild relatives
toward the Andean ones (Papa and Gepts 2003;
Papa et al. 2005; Blair et al. 2012). While the
wild Andean population experienced a severe
bottleneck, which lasted for *76,000 years,
there is no evidence of a similar effect for the
wild Mesoamerican population. Then, both wild
populations, in particular the Andean one, have
expanded and diversified until nowadays (Blair
et al. 2012). Approximately 10,000 years ago,
parallel domestication processes started in each
of these two diverged populations, resulting in
what we know today as cultivated populations
and landraces (Gepts 1998; Chacón et al. 2005).
As it is the case in other crops, these domesti-
cation processes have been accompanied with
profound morphological changes together with a
significant genetic diversity reduction.

To detect genomic regions and genes poten-
tially associated to the domestication syndrome,
authors compared four different gene pools: wild
and domesticated Mesoamerican, and wild and
domesticated Andean accessions (Schmutz et al.

2014). Authors compared accessions from the
same geographical origin to detect regions with
decreased genetic diversity, which may be the
result of past selective sweeps. For this, the ratio
of the observed genetic diversity across gene
pools to the expected population differentiation
patterns was assessed in genomic windows. This
analysis identified 930 genomic windows
accounting for *74 Mb in the Mesoamerican
populations and 750 windows, accounting for
roughly 60 Mb, for Andean populations. Fur-
thermore, using the same genetic pools and
principles, they identified 1,835 and 745 genes in
the Mesoamerican and Andean pools that may
have been involved in the domestication process,
as suggested by their patterns of low genetic
diversity and high differentiation. In fact, when
looking at the functional annotation, these genes
were enriched in functions related to seed and
leaf size. Remarkably, only 10% of the genomic
windows and candidate genes are shared by the
two gene pools. This highlights that it is possible
to develop similar domestication-related pheno-
types following different genotypic changes.

In 2016, an international team led by
Iberoamerican researchers published the genome
sequence the Mesoamerican accession BAT93, a
breeding line, which became the Mesoamerican
common bean reference genome and provided a
counterpart for the Andean accession (Vlasova
et al. 2016). While authors working on the
Andean genome focused on an extensive com-
parison with Soybean, the teams working on the
Mesoamerican genome included comparisons
with several leguminous and non-leguminous
plant species, which enable a first global under-
standing of the evolutionary trajectories of
common bean genes. It was confirmed that,
contrary to Soybean (Schmutz et al. 2010), none
of the common bean gene pools have gone
through a specific WGD. Conversely, these
comparisons confirmed the existence of an
ancient WGD shared by all legume species about
56 Mya (Lavin et al. 2005).

Transcriptomics data from various tissues and
developmental stages, including plants under
biotic and abiotic stress conditions, were
taken into account for the analysis of the
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Mesoamerican accession, which allowed authors
to better understand different physiological phe-
nomena. First, it allows to make accurate anno-
tation of different genomic elements such as
protein-coding genes with multiples isoforms,
and long and small non-coding RNAs. Second, it
was possible to understand the transcriptional
changes along the plant developmental stages,
which revealed more changes during the vege-
tative stage as compared to the reproductive one.
Clustering based on the expression patterns
allowed to recapitulate tissue types with a clear
distinction between the root and aerial samples
for PCGs, or between reproductive (seeds, pods)
and the rest of the tissues for long non-coding
RNAs (lncRNAs). Similar to results observed in
animals, PCGs have higher levels of sequence
conservation than lncRNAs across multiple plant
species and higher expression levels. Only few
lncRNAs were conserved in all plant genomes
used for the analysis, and they had higher level of
expression compare to the whole set of lncRNAs.

When studying in more detail the evolution-
ary trajectories of PCGs together with their
expression profiles, authors uncovered interest-
ing patterns. First, they found out that older
genes and genes without paralogs, i.e.,
single-copy genes, tend to have a more wide-
spread expression across a larger number of tis-
sues and developmental stages, and a larger
number of co-expression partners, as compared
to younger and duplicated genes, which, in turn,
tend to have more narrow and specialized
expression patterns. In fact, genes associated to
old duplication events are less correlated and
tend to have a more complementary expression
profiles than those ones associated to more recent
events. Second, the number of paralogs, inde-
pendently of their relative duplication age, is an
important factor driving gene expression speci-
ficity, as gene expression tends to increase with
the number of detected paralogs until a certain
plateau is reached. Third, there are a higher
number of genes identified as legume-specific
among those associated to root development and
flowering activities, as compared to those asso-
ciated to the development of other plant organs.
This is consistent with major innovations in these

two tissues, including the symbiosis with rhizo-
bia, and suggests an involvement of gene dupli-
cation in providing the substrate for the origin of
novel functions in this clade.

When comparing both sequencing efforts from
the technical point of view (Table 12.2), both
genomes were sequenced using a combination of
454-Roche, Illumina, and Sanger platforms. The
Andean accession (G19833) is 521.1 Mb while
its Mesoamerican counterpart (BAT93) is
549.6 Mb long which is closer to the previously
estimated genome size (587 Mb) (Arumu-
ganathan and Earle 1991). Despite the highly
fragmented assembly for the Mesoamerican
accession, 21,600 BAT93 PCGs were mapped to
21,604 PCGs in the G19833 genome which
ensures a high degree of concordance in terms of
the gene space between both resources. Direct
comparison of these two assemblies with the aim
of study structural variations and rearrangements
is very difficult due to the assembly fragmenta-
tion. Therefore, it will be only possible when
newly improved assemblies will be available.

A significant milestone was achieved with the
publication of the Mesoamerican reference gen-
ome for common bean. However, more
sequencing efforts are needed to understand in
greater detail the biology of this important
crop. On the one hand, to fully identify the
genetic bases of the two parallel domestication
processes, reference sequences for the wild rel-
atives of the Mesoamerican and Andean gene
pools are needed. These efforts will allow
researchers to disentangle the genomics land-
scape of the common ancestor from each center
of domestication. It will contribute to identify
genes associated to the observed phenotypic
changes and establish better breeding strategies
and conservation policies. On the other hand,
sequencing wild relatives to common bean will
help to elucidate which genotypic and pheno-
typic features of species at this specific Phaseo-
lus clade made them prone to domestication. In
fact, common bean belongs to one of the two
main clades that include four of the five known
domesticated species (Delgado-Salinas et al.
2006). Finally, a third generation of massive
sequencing technologies, i.e., Pacific
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Biosciences, and Oxford Nanopore sequencers,
promises to bring sequencing efforts to an even
higher level. Long sequencing reads will allow a
better characterization of highly repetitive geno-
mic regions, and, potentially, assemble these
sequences into full chromosomes. Counting with
better assemblies will contribute to a better def-
inition of common bean gene content, i.e., there
is roughly a difference of 2,500 genes between
Andean and Mesoamerican reference genomes,
and therefore, producing refined results, which
will confirm or not previous findings. This
technology will center efforts on understanding
the common bean biology rather than in the
technical differences across studies.

12.4 Common Bean
Transcriptomics Resources
at Public Repositories

The reference genomes for the common bean
have been complemented with the publication
of different transcriptomes (Table 12.3).

Transcriptomes, which comprise quantitative
catalogs of expressed transcripts in a given tissue
(or set of tissues) and physiological conditions,
have broad applications ranging from the iden-
tification of protein-coding genes, exons, introns,
alternative isoforms, and detection of long and
small RNAs, for the development of molecular
markers with different purposes. In addition, they
are instrumental for providing a first approxi-
mation of how tissues and plants respond to
different stimuli, including stress and infection.
This coupled to the affordable prices of the
technology makes transcriptomes the ideal
approach to understand the plant gene regulation
to different environmental conditions and/or
developmental stages. Reference genome
sequences are needed to better understand tran-
scriptome results. When this is not possible,
results should be taken with caution because the
absence of genes is not an indication of gene
losses. In the particular case of common bean, it
is also important to consider which gene set is
used as reference because using different refer-
ences may produce slightly biased results.

Table 12.2 Genome assembly comparison of both common bean reference genomes

Reference Schmutz et al. (2014) Vlasova et al. (2016)

Accession Andean landrace, G19833 Mesoamerican breeding line, BAT93

Data-type Genomics Genomics and transcriptomics atlas

Assembly size 473 Mb 549.6 Mb

Scaffolds total 708 9,047

Contigs total 41,391 59,332

Assembly N50 5 Mb 355 kb

%Ns 9.3 34.96

Chromosomally anchored size (%) 468.2 Mb (98%) 450.8 Mb (81%)

Repeat elements 214.6 Mb (45.4%) 177.2 Mb (32.2%)

Number of protein-coding genes 27,197 30,491

Number of transcripts 31,688 66,634

Number of small RNAs – 2,523

Number of long non-coding RNAs – 1,033

Number of resistance-associated genes 376 genes belonging to
the NBS-LRR class

852 genes with 234 ones belonging
to the NBS-LRR class

Other Annotated centromere regions Functional annotation of
protein-coding genes
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Vlasova et al. (2016) were the first ones to
publish the genomic sequence of a Mesoameri-
can accession for common bean and then gen-
erated an extensive transcriptomics atlas from the
same biological sample (Vlasova et al. 2016).
The atlas comprises 27 samples covering eight
organs at different developmental stages allowing
to identify changes in expression of genes in a
temporal (across developmental stages), and
spatial (in different plant tissues) manner.
Moreover, this data was central to understand
how bean genes tend to specialize their expres-
sion patterns overtime depending on the number
of retained paralogs, and their role as central
hubs in co-expression networks.

A similar effort was done by O’Rourke and
colleagues taking as reference the Andean gen-
ome for the common bean. However, in this case,
the sequencing was done using the Mesoameri-
can accession Negro Jamapa (O’Rourke et al.
2014a). This atlas is composed of 24 samples
covering seven tissues and developmental stages.
Authors focused on how different nitrogen
sources impact the gene expression patterns of
root nodules, and how that influences seed for-
mation overtime.

Bellucci et al. (2014) published another
large-scale transcriptomics study aiming to
understand the differences between wild and
domesticated Mesoamerican accessions using
samples obtained from leaves. Rather than
mapping transcripts to a reference genome,
authors generated a de novo reference transcrip-
tome, using for that purpose the results of four
highly divergent accessions sequenced at much
higher read coverage. Following this strategy,
authors expected to capture all gene expression
variability across Mesoamerican accessions.
Authors found a profound loss of genetic diver-
sity in domesticated accessions as compared to
wild ones. This loss of genetic diversity deeply
affected the gene expression patterns with most
of the changes leading to down-regulation of
transcripts. These changes may be associated to
loss-of-function mutations as previously descri-
bed in other species (Olson 1999).

In contrast to these large-scale efforts, many
of the recent transcriptomics analyses haveTa
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focused on gene expression changes under a
number of stress conditions. One such study has
characterized which transcripts change their
expression between normal and drought condi-
tions (Wu et al. 2014). Identifying genes asso-
ciated to a higher drought-tolerance is crucial
given the current unpredictable weather condi-
tions in a context of climate change. Another
study has characterized gene expression changes
upon exposure to different salinity levels (Hiz
et al. 2014; Wu et al. 2014). Salt is one of the
main abiotic stress factors which limit crop
yields, and, therefore, identifying which genes
can confer a higher tolerance to high salt con-
centrations can be key for breeding programs
aiming to introduce the crop in new environ-
ments. Finally, transcriptomics studies can be
also used to understand differences among close
relative accessions from the same gene pools. For
instance, Astudillo-Reyes et al. (2015) studied
the differences in gene expression patterns of two
Mesoamerican accessions with different Zn
content in seeds. Beans are an important source
of dietary Zn for humans and understanding how
to maximize the seed content of this nutrient is
important for developing countries where access
to non-plant Zn sources is limited.

12.5 Large-Scale Phylogenomics
Analyses of P. Vulgaris

To deepen our understanding of common bean
genome evolution, we reconstructed two addi-
tional phylomes, i.e., the complete collection of
common bean gene phylogenetic trees, using
PCGs derived from both reference genomes.
These two collections of gene trees complement
the ones generated by Vlasova et al (2016). In
this case, we zoomed into the evolution of
common bean genes in the context of an
expanded dataset of fully-sequenced legumes.
We included in our analyses all legumes species
sequenced so far with the sole exception of Tri-
folium pratense (Table 12.1). Specifically, we
have reconstructed 28,124 trees for the BAT93
accession which represents a phylogenetic tree
for 92.5% of the predicted PCGs. In the case of
G19833, 26,377 trees were obtained which cov-
ers 97.2% of the predicted PCGs. We used the
previously described pipeline to generate these
single-gene trees (Vlasova et al. 2016). In fact,
when considering previous efforts, there are
136,866 common bean phylogenetic trees stored
in PhylomeDB [http://phylomedb.org]
(Huerta-Cepas et al. 2014).

Fig. 12.2 Common bean
species phylogeny.
Maximum-likelihood tree
reconstructed using a
concatenation of 271 sets of
widespread one-to-one
orthologous genes. This tree
offers an evolutionary context
centered in legume species to
study the evolution of
common bean
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To provide an evolutionary framework for
downstream analyses, we reconstructed a species
phylogeny using two complementary approa-
ches: (i) a super-matrix reconstruction analysis of
271 sets of widespread one-to-one orthologous
genes present in at least 10 out of the 13 species
used in this work; and (ii) a super-tree recon-
struction using 54,501 single-gene trees from the
two already mentioned phylomes. Both analyses
yielded an identical topology (Fig. 12.2), which
was used to define five relative ages as the lin-
eages predating the divergence of different spe-
cies and/or group of them: (1) Phaseolus-specific
including specific events for each of the studied
accessions; (2) basal to Phaseolus; (3) basal to
legume species which groups all Phaseoleae and
Glycine species; (4) basal to all Rosids species
used in this study. It is important to mention that
some relative ages, e.g., basal to Phaseoleae,
were collapsed into a more ancestral one given
the low number of detected events.

We scanned all gene trees to detect and date
duplication events following the already defined
ages, delineate orthology and paralogy relation-
ships, and assign a relative age to each PCG.
Then, we used this data to perform an extensive
comparison between both common bean acces-
sions to measure how similar results are when
using each accession (Fig. 12.3).

First, we compare the positional conservation,
called synteny, for the 20,617 BAT93 PCGs
uniquely mapping to 20,618 PCGs in the Andean
genome. We used mainly one-to-one orthologs
between both accessions to establish the corre-
spondence between each loci in the two gen-
omes. This was completed by homologous genes
located at the same syntenic blocks. Second, we
projected the number of paralogs detected for
each gene placed at the linkage groups
(Mesoamerican accession) and pseudo-
chromosomes (Andean accession). When look-
ing at the image, it seems that both gene-sets
follow the same distribution for the number of
paralogs. However, there are statistically signif-
icant differences between both distributions
(p-value = 1.3873e−132 for the Kolmogorov-
Smirnov test on two samples) with a clear ten-
dency of the Mesoamerican PCGs for having just

one paralog (Fig. 12.4a). Third, we analyzed the
distribution of relative ages for both gene-sets.
As shown in Fig. 12.4b, there is an enrichment of
Phaseolus-specific genes for the Mesoamerican
accession (BAT93) compared with the Andean
one. This may be caused by two independent
factors: (1) the highly fragmented assembly for
BAT93 might cause over-predicting genes, since
genes may fall into more than one contig.
(2) G19833 ab initio gene-set was filtered to keep
only expressed genes and/or with homologs in
other species; therefore, it is possible than some
of the youngest genes were filtered out. Finally,
when looking at the gene-density distribution for
both reference genomes, it could be appreciated
the following patterns: (1) centromere regions
tend to be depleted of PCGs as expected given
the low recombination rate and the highly
repetitive sequences present there. (2) Con-
versely, pseudo-chromosomes (G19833) and
linkage groups (BAT93) tend to accumulate most
of the genes toward their ends. (3) It is possible
to observe an irregular gene-density distribution
for the Mesoamerican PCGs possibly due to the
highly fragmented assembly of the genome.
Future efforts using long-reads can help to con-
firm this pattern and/or to improve the gene calls
for this genome.

We combined newly generated phylogenetic
information with RNA-seq data to study the
temporal and spatial patterns of expression for
duplicated genes across different evolutionary
periods. Gene expression matrices, raw read
counts and normalized reads per kilobase per
million mapped reads (RPKMs), for accessions
BAT93 and Negro Jamapa were obtained from
previously published studies (O’Rourke et al.
2014a; Vlasova et al. 2016). For downstream
analyses, we only considered genes with at least
1 RPKM in at least one tissue. Applying this
threshold, 21,472 and 25,260 genes were selec-
ted for the BAT93 and G19833/Negro Jamapa
accessions, respectively. Negro Jamapa is a
Mesoamerican accession which was used by
O’Rourke et al. (2014a) to generate the tran-
scriptomic atlas of the Andean reference genome.
Although both accessions belong to the same
species, given the evolutionary history of these
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two geographically distinct gene pools, this
approximation might introduce technical and/or
biological noise in downstream analyses. As it
was previously shown with 18 A. thaliana

natural accessions, about one-third of PCGs have
non-synonymous mutations in at least one
accession. This implies that reference gene
annotation should be used for all cases with

Fig. 12.3 Extensive comparison between the Andean
(left) and Mesoamerican (right) reference gene-sets for
common bean. The first inner track shows the gene
correspondence between genes placed at linkage groups
(BAT93) and pseudo-chromosomes (G19833). The sec-
ond inner track shows the detected number of paralogs for
each gene. There are three possible colors for the
histogram: light green for one paralog, green for two to
five paralogs; and dark green when more than five
paralogs have been detected. Following inner tracks

represent the number of genes of a given age: basal to
rosids (third), basal to legumes (forth), basal to Glycine
and Phaseoleae (fifth), and Phaseolus-specific (sixth). In
this case, basal to Phaseolus vulgaris was collapsed into a
more ancestral age given the few detected cases. Seven
inner tracks represent the gene density across each linkage
group/pseudo-chromosome, and the outer track represents
pseudo-chromosome (Andean) and linkage group
(Mesoamerican) ideograms for both accessions
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caution, and there is a real need to predict de
novo reference gene-set for assemblies coming
from highly variable accessions (Gan et al.
2011). For the RNA-seq data, it is possible that
reads from accessions different of the reference
one could not be aligned correctly, which leads
to wrong estimates of particular gene expression
levels. In addition to difficulties in measuring
true gene expression levels between accessions,
there are many technical factors, i.e., different
software and normalization methods (Wagner
et al. 2012; Engström et al. 2013;
SEQC/MAQC-III Consortium 2014; Teng et al.

2016) which can introduce non-biological dif-
ferences. RNA-seq analyses often use RPKM
measurement (Mortazavi et al. 2008) that is a
normalized value which takes into account gene
lengths and total number of reads generated in
the library. However, as shown by Teng et al.
(2016), the total number of transcripts in the
library depends on the transcripts size distribu-
tion in the sample. It may happen that few long
transcripts capture the majority of reads hence
altering the overall RPKM distribution. Another
important factor is the length of the reads because
it may also influence gene expression

Fig. 12.4 Distributions for number of paralogs and
relative ages for both reference gene-sets. a Both
gene-sets share the same pattern regarding the number
of paralogs counts. However, both distribution are
statistically significant different as the Mesoamerican

(BAT93) gene-set tends to accumulate many PCGs with
just one paralog. b If the youngest relative age is not
considered, both gene-set shown a similar pattern.
However, there is enrichment for Phaseolus-specific
genes in the Mesoamerican (BAT93) PCG set
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quantifications. The shorter the fragments, the
larger the number of multiple mappings which
may lead to counting multiple times the same
fragment (Chhangawala et al. 2015).

As previously reported, Vlasova et al (2016)
measured the level of tissue expression comple-
mentarity when duplications for the BAT93
PCGs were considered. We repeated the mea-
surements for both accessions using a
legume-centered evolutionary framework. As
seen in Fig. 12.5, average Pearson correlation
coefficient (PCC) and tissue expression comple-
mentarity (TEC) scores follow the same trend for
both gene pools. However, TEC variation among
ages is much more prominent than any other
measure for any gene pool. This result can be
partially explained due to the technical differ-
ences between both studies. Data by O’Rourke
et al. (2014a) contains relatively short, 36 bp
Illumina single-end reads sequenced at *25
million reads per library; as compared with data
by Vlasova et al (2016) which are longer, 100 bp
paired-end reads *50 million reads per library.
Thus, same RPKM threshold applied to these
datasets will lead to different representation of
expression levels for the same gene. Moreover,

this approach will either capture only moderate to
highly expressed genes in selected tissue or only
lowly expressed genes. Despite, potential tech-
nical noise, these results confirm previous find-
ings obtained in the Mesoamerican genome
(Vlasova et al. 2016) and other species (Lynch
and Force 2000; Prince and Pickett 2002) where
partitioning of the gene expression in a temporal
and/or spatial manner plays an important role in
the initial retention of duplicated genes. As time
occurs, ancestral gene expression tends to
diversify across duplicated genes rendering them
indispensable. Further events may lead to acquire
novel expression patterns and/or functions which
will contribute to increase the divergence of
expression patterns across duplicated genes.

To complement the gene co-expression net-
work generated for the Mesoamerican gene pool,
we reconstructed the corresponding one for the
Andean accession using the transcriptomics data
from Negro Jamapa samples (Fig. 12.6). As
previously described (Vlasova et al. 2016), this
network was constructed using the Graphical
Lasso algorithm as implemented in R (Friedman
et al. 2008). Initial dataset was filtered out to
remove outlier genes which capture the majority

Fig. 12.5 Gene expression complementary measures.
Andean and Mesoamerican gene pool results are shown
in panels a and b, respectively. The boxplots correspond
to the distributions of Pearson correlation coefficient
(PCC, orange) and tissue expression complementarity
score (TEC, blue) in the group of proteins associated to

particular duplication events. Average PCC and TEC
scores were computed for proteins mapping to duplication
events occurring at five relative ages—Phaseolus-specific,
Phaseolus, Beans-Phaseoleae, Legumes, and Rosids.
Only PCGs with at least one RPKM in at least one
sample were considered for these analyses
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of the expression in one tissue, and not matched
RNA-seq samples between these two studies—
nodules samples from Negro Jamapa and axial
meristems from BAT93. Only the top 10,000
genes with the highest coefficient variation were

considered for this analysis. Table 12.5 compares
the main features of the already published
co-expression gene network in Vlasova et al.
(2016) and the one generated in this review.
Fast-greedy community algorithm (Clauset et al.

Fig. 12.6 Gene
co-expression network for the
Andean gene pool. This
network complements the
previously generated one for
the Mesoamerican gene pool
(Vlasova et al. 2016). To
facilitate the identification of
gene clusters, the ten biggest
clusters have been colored.
Table 12.4 contains their
putative main functions

Table 12.4 Putative main
functions of the biggest
co-expression modules
from the Andean gene pool

Module
ID

Module
color

Module
size

Module main function

1 Red 1,628 Oxidation reduction

2 Orange 1,246 Photosynthesis

3 Yellow 559 Defense response

4 Green 431 Regulation of biosynthesis

5 Cyan 220 Lignin, coumarin metabolism

6 Blue 209 Response to stimulus

7 Purple 143 DNA repair response, cell cycle processes

8 Pink 116 Cell wall organization

9 Brown 110 Translation, methylation

10 Beige 110 Riboflavin metabolism

These functions were assigned based on the results of GO terms enrichment analysis
performed for these modules
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2004) was used to divide this network into
modules. We then analyzed the functional
enrichments, in term of GO terms, for the biggest
modules.

When comparing both gene co-expression
networks (Table 12.5), we observed a larger
number of connected genes for the Andean
accession as compared to the Mesoamerican
one, which implies a much higher number of
connections in the former. In this context, a
connection represents similar gene expression
patterns among several conditions, i.e., tissues
and/or developmental stages, shared by any pair
of genes. However, when looking at relative
metrics like graph density, transitivity, and
modularity, the two networks are largely simi-
lar. Differences are even less evident when
looking at the largest modules in terms of
co-expressing genes, for instance, the largest
module and second largest module for the
Mesoamerican and Andean co-expression net-
works, respectively, are enriched in genes
associated to photosynthesis. Other large mod-
ules are related to the cell cycle and wall
organization. Many of the biggest modules in
both networks are enriched in genes associated
to stress and defense responses, which requires
a coordinated response among the implied
genes. When looking at differences, there is a
large module for the Mesoamerican

co-expression gene network which is associated
to the flavonoids biosynthesis pathway, which
produces one of the most common secondary
metabolite sets in plants (Schijlen et al. 2004).
Besides the importance of this pathway in dif-
ferent biological processes like pigmentation
and/or UV-scavenging, it is attractive for their
potential role in human health for its antioxidant
activity. Regarding the Andean co-expression
network, one of the largest modules is enriched
in genes associated to the riboflavin metabolic
activity which is involved in the synthesis of
tetrapyrrole. It has been shown for A. thaliana
that deficiencies on the riboflavin activity
impacts on the crucial processes such as pho-
tosynthesis and respiration via a decay of tet-
rapyrrole activity (Tanaka and Tanaka 2007;
Hedtke et al. 2012).

Phylogenomics offers the possibility of study
how species evolve overtime at gene and systems
level. Moreover, when evolutionary information
is combined with other data, i.e., transcriptomics
data, it is possible to have a more dynamic view
of the species. In the case of common bean, the
availability of two reference genomes allows to
study whether these two independently domes-
ticated lines have similar evolutionary trajecto-
ries and how similar the gene expression
landscapes are. Despite technical differences,
both accessions have similar evolutionary and

Table 12.5 Gene
co-expression network
main features for both gene
pools

Accession BAT93 G19833/Negro Jamapa

Number of nodes (genes) 4,292 7,479

Number of edges (connections) 50,034 160,882

Number of edges per node.
min–max

1–198 1–247

Number of edges per node.
average ± standard deviation

15 ± 26 26 ± 40

Graph density 0.0054 0.0057

Graph transitivity 0.4616 0.4902

Graph modularity 0.5866 0.6455

Number of modules 372 544

Number of modules
With >100 nodes

9 11

Only modules with at least one connection per gene were considered to compute these
values
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expression patterns as observed when comparing
both PCG sets, gene expression specialization
overtime and gene co-expression modules. We
expect that future sequencing efforts will help to
overcome technical noise allowing a finer study
of similarities and differences between indepen-
dent domestication events. This, in turn, will
accelerate current breeding efforts to improve
current domesticated lines and keep genetic
diversity among wild and landrace accessions.

12.6 Exploring the Evolution
of Common Bean
Protein-Coding Genes
Through PhylomeDB

To provide a glimpse of the usefulness of the
available phylogenetic resources for the common
bean, we describe how a user could obtain evo-
lutionary information on a gene of interest.
Although evolutionary aspects are often neglec-
ted in favor of purely functional ones when
analyzing a gene sequence, we consider that this
negatively impacts the biological understanding
of the gene under consideration. Every gene
sequence is the result of an evolutionary process
which, through the role of natural selection, is
linked to the functional role of that gene. Pro-
cesses such as gene duplication and gene loss,
accelerated the rate of evolution and functional
shift of duplicated genes leave its footprints on
gene sequences and, therefore, the phylogenetic
trees derived from them. In addition, resolving
what the orthology and/or paralogy relationships
are among homologs genes is fundamental.
These relationships allow assessing whether a
function may be conserved across species
(Gabaldón and Koonin 2013). This information
is especially relevant for crop species to support
breeding programs aiming to improve crops.

It is possible to gather information about any
common bean PCG from the Andean (G19833)
and Mesoamerican (BAT93) accessions by
introducing its sequence identifier (ID) at Phy-
lomeDB [http://phylomedb.org] (Huerta-Cepas
et al. 2014). If available, a phylogenetic tree
will be then shown to the user. It is important to

mention that phylogenetic trees are always
associated to a phylome, i.e., the complete col-
lection of gene phylogenies of a given proteome.
A phylome defines the species of interest, which
is used as starting point for any homology search,
and a set of species which defines the evolu-
tionary framework of the study. There are five
publically available common bean phylomes in
PhylomeDB covering different evolutionary
contexts. One of them is focused on the rela-
tionship of BAT93 PCGs with PCGs from 13
legume and non-legume species. Two other
phylomes which include PCGs from both com-
mon bean accessions used the same set of spe-
cies. These phylomes were used to infer
one-to-one orthology relationships between
both common bean gene-sets and establish the
correspondence between them, among other
studies. The two newly generated phylomes, for
this work, are centered in legume species
allowing tune-fine studies regarding evolutionary
relationships for common bean genes.

When a phylogenetic tree is found, the top
panel shows to which phylome is associated the
input ID. It also indicates whether the sequence
has been used as starting point (seed) or not, the
evolutionary models used for reconstructing
maximum-likelihood trees, and whether the input
sequence has been used in other phylogenetic
trees in PhylomeDB (collateral trees). The sec-
ond top panel offers a number of options to
customize displayed tree features, i.e., sequences
identifiers provided by external databases such as
UniProt; to search for additional sequence iden-
tifiers; to download the current image using dif-
ferent formats (PNG or SVG); to download an
OrthoXML file containing the different orthology
and paralogy relationships inferred from the
current tree; to download all data associated to
the tree, i.e., raw and clean alignments, set of
sequences, etc.; and to visualize the multiple
sequence alignment used to generate the visual-
ized tree.

The central panel shows the phylogenetic tree
found for the input sequence identifier. By
default, it shows evolutionary blocks, species
names, branch supports (which is shown if dif-
ferent from 1.0), PFAM domains (if available),
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and leave names with a preference for UniProt,
Ensembl, and Genome project identifiers over
PhylomeDB ones. Any feature can be adjusted
and change using the second top panel. Fig-
ure 12.7 shows the phylogenetic tree for
Phvul.009G040200, a PCG for the Andean ref-
erence genome which is ortholog to BIN4, an A.
thaliana gene involved in cell expansion and
final plant size regulation (Breuer et al. 2007).
The Mesoamerican bean ortholog (V7ASS2) has
been detected as a putative gene involved in
domestication (Schmutz et al. 2014). As seen in
the Fig. 12.7, it is possible to detect speciation
events (blue squares) and duplication events (red
squares) which recapitulate the phylogeny of the
species used for the phylome. This tree also
confirms one-to-one orthology relationships
between the Andean gene and genes at other
legume species. Moreover, it is possible to
visualize that the domain architecture is some-
how conserved across the entire gene family.

However, there are much more complex sce-
narios where the number of sequences included in
the trees is limited to 150. For instance, the
Mesoamerican gene PHASIBEAM10F022389
belongs to a large multigene family with an
intricate evolutionary story (Fig. 12.8). This gene
is also associated to the domestication of the
Mesoamerican accession while its Andean ortho-
log is not (Phvul.01G038800) associated to this
syndrome (Schmutz et al. 2014). Orthologous
genes at A. thaliana have been shown to encode

cytokinin oxidase and dehydrogenase proteins
which regulate a pathway associated to seed size
and weight by degrading active cytokinin (Van
Daele et al. 2012). To have a better insight about
functional annotation at external sources, it is
possible to access directly from the tree. Users can
use this functionality by right-clicking at any
sequence name at the tree as shown in Fig. 12.8
for CKX7 from A. thaliana. Using this menu,
users can also set a new root for the current tree
and collapse part of it (bottom part at Fig. 12.8)
for a better visualization of evolutionary relation-
ships at the tree. Finally, users can get further
orthology and paralogy predictions using Meta-
PhOrs which consider information stored across
several public databases like TreeFAM, eggNOG,
OrthoMCL, among others (Pryszcz et al. 2011).
MetaPhOrs inform users about the reliability of
orthology and paralogy relationships detected at
the current tree which may be crucial to manually
transfer functional information across orthologs
sequences.

PhylomeDB is an invaluable resource to
understand the evolutionary trajectory of com-
mon bean genes from the Mesoamerican and
Andean accessions. Phylogenetic trees are at the
base of accurate functional predictions and can
assist researchers in elucidating which genes
have appeared or duplicated at specific evolu-
tionary ages. Moreover, additional information
such as PFAM domains and links to external
databases can accelerate the characterization of

Fig. 12.7 Single-gene tree for Phvul.009G040200 from
the Andean reference genome. This phylogenetic tree is
stored at PhylomeDB.org where can be queried at any
time using the gene name. This figure shows the
relationship of this gene with its Mesoamerican

counterpart and other legume and non-legume sequences.
Colors located at the right side of each sequence reflect
their amino-acid composition and the presence of specific
PFAM domains
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candidate genes associated to domestication,
stress response, and/or other traits of interest.
Undoubtedly, PhylomeDB can play a role in
breeding programs by aggregating information
from different sources and make it available to
the bean community.

12.7 Conclusions

Common bean is the most important grain legume
for its crucial role in the nourishment of more than
500 million people in developing countries.
Improving this crop in the context of changing
climate conditions requires a deep understanding
of the genetic basis of its domestication and the
plant response to biotic and abiotic stress condi-
tions. The recent release of the Mesoamerican
reference genome (Vlasova et al. 2016) paves the
way to elucidating the evolutionary trajectories of
the species, and of the two domesticated gene
pools. Released data complements the available
one for the Andean gene pool (Schmutz et al.
2014) and will allow studying commonalities and
differences between parallel domestication pro-
cesses. After the initial analyses, it is possible to
suggest that most gene family expansions

predated the split of both domesticated lineages
which may have facilitated later adaptations
leading to domesticated accessions. Together with
reference genomes, there is a plethora of other
genomics resources such as the transcriptomic
atlases which allow deepening the understanding
of gene expression changes across different
developmental stages and/or tissues. Many of
these resources also allow understanding changes
in gene expression under abiotic and biotic stress
conditions assisting in the identification of key
genes related to plant responses to different envi-
ronments. All these studies, made available
through public databases, are fundamental to
develop strategies for preserving and improving
common bean in the context of changing climate
conditions and increase of population sizes in
developing countries.
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13Prospects: The Importance
of Common Bean as a Model Crop
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Abstract
Common bean is the most important grain legume crop for food
consumption worldwide and has a role in sustainable agriculture as a main
source of proteins and nutrients. This book provides insights into some of
the key achievements made in the study of common bean, as well as a
timely overview of topics that are pertinent for future developments in
legume genomics. At the conclusion of this volume, it is as important to
take a look back so as to put a forward view in proper perspective.

Keywords
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We would like to open this summary and further
perspectives chapter with details both of the

process to breeding the performance of the com-
mon bean crop and of the outcome of the genome
sequencing effort as an indispensable element for
discovery that will continue to be improved and
that will serve researchers for years to come.

Common bean (Phaseolus vulgaris L.) is an
important grain legume crop at global scale.
According to Singh (1999), common bean is the
third most important food legume after soybean
(Glycine max L. Merr.) and peanut (Arachis
hypogea L.). The principal products derived from
this crop are dry beans, shell beans, and snap
beans. Snap bean includes varieties and cultivars
of common bean selected for succulent immature
pods with reduced fiber. Snap bean is one of the
forms to designate this vegetable, but the term
French bean, green bean, garden bean, or haricot
are also used. While dry bean market classes are
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based primarily on seed characteristics, snap
bean market classes are based on pod character-
istics and plant architecture. Fewer and less dis-
tinct market classes of snap bean exist compared
to dry bean, but given their importance as a
vegetable, breeders have developed many culti-
vars. At small scale and subsistence farming, it is
possible that the same bean variety is consumed
as green pods or dry seeds. This characteristic is
not exceptional among other legume grain crops.
For instance, pea is also consumed as dry seeds,
green seeds, and green pods, and faba bean is
consumed as green or dry seeds too. Likewise,
common bean is also frequently eaten as canned
or frozen products, contributing to a
well-developed food transformation industry in
several countries, although soybean primary and
derived food products are far more numerous.
Canned beans can be found as fully cooked
products, generally as stews with meat and veg-
etables, or semi-cooked to eat in salads. The
consumption of common bean in the form of dry
seeds or green pods is relevant for breeding and
for distinct market classes’ production.

Chapter 1 reviews the economic importance
and relevance to biological research of common
bean. One of the major problems of the world
common bean production is the main source of
data; in fact, the FAO production statistics
include several species under the term “dry
beans” (Singh 1999). FAO data collectors dis-
regard taxonomic data, probably since many
farmers do. For instance, in some areas of Spain,
farmers include as “alubias” (common bean) not
only P. vulgaris but also P. coccineus and even
Vigna spp. Thus, at least six species, some
belonging to entirely different genera and
domesticated in different continents, are consid-
ered “dry beans” (Singh 1999). According to
Singh (1999), the approximate figures for the
world area harvested and world production of
common bean in 1997 were 14.3 million of
hectares and 11.6 million of tons, respectively,
while the corresponding figures in FAOSTAT
data were 25.5 millon of hectares and 26.3 mil-
lion of tons, respectively. America is the largest
producer continent of common bean, and Brazil
is the largest producer and consumer country in

the world (Singh 1999). As for dry bean,
Phaseolus snap beans are confounded with other
immature green pods of other legumes such as
Vigna unguiculata, consumed mainly in some
Asian countries (Myers and Baggett 1999).

The genus Phaseolus is included in the tribe
Phaseoleae (although this tribe does not appear to
be monophyletic) together with more than 20
crop species such as soybean, several Vigna
species (cowpea, mung bean, adzuki bean, etc.),
and pigeon pea (Cajanus cajan), designated as
warm-season food legumes. Close to the Phase-
oleae is placed the numerous genus Lupinus,
containing several fodder crops, and the less
numerous Arachis where the main food crop
peanut is included. More phylogenetically distant
from the Phaseoleae are the tribes where the
cool-season food legumes (pea, lentil, faba bean,
grasspea, chickpea, etc.) and other close-related
cool-season fodder legumes (Trifolium, Med-
icago) are included. These tribes are included in
the inverted repeat loss clade (IRLC) that is
characterized by the lack of the inverted repeat
sequence present in the chloroplast genome of
most plant species.

The genus Phaseolus includes a large and
non-well precise number of species (Debouck
1999; Delgado-Salinas et al. 2006); among these
species, five were domesticated. The domesti-
cated species, all of American origin, are namely
tepary bean (P. acutifolius A. Gray), runner bean
(P. coccineus L.), Lima bean (P. lunatus L.), and
year-long bean (P. dumosus Macfad.) in addition
to common bean (Gepts and Debouck 1991;
Debouck 1999; Singh 1999). Thus, the infor-
mation gained from the common bean genome
will be useful not only to this crop species, but it
will speed the research and breeding of the other
Phaseolus crops. Common bean is largely the
most grown crop within the genus; it occupies
more than 90% of the surface sown to Phaseolus
species in the world. The production of
P. dumosus and P. acutifolius is largely restricted
to some American countries, while the other two
minor species are also sown in Africa, Asia, and
Europe (Singh 1999). The origin and domesti-
cation of snap bean are not as clear as the dry
bean. Bean genetics suggest that snap beans are
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derived from domesticated dry beans because
less genetic changes would be required to derive
snap bean from domesticated beans than from
wild beans, and the first cultivars of snap beans
would be originated from the Andean gene pool
(Myers and Baggett 1999).

Another peculiarity of common bean is that
among crop species it is one of the few well doc-
umented examples of multiple domestications.
Most of the domesticated crop species were
domesticated in a single event, that is, in a rela-
tively small and localized area (Zohary 1999). If
the wild progenitor was taken into cultivation only
once, the crop is a product of a single domestica-
tion event and a monophyletic evolution. Alter-
natively, the wild progenitor could have been
introduced into cultivation several times and in
different places. If this is the case, one is facedwith
multiple events of domestication and with a
polyphyletic evolution of the crop (Zohary 1999).
It is well known that common beans were
domesticated at least in two places, perhaps three;
thus, there are two main gene pools, the Andean
and the Mesoamerican, and that their evolution
was polyphyletic. These two gene pools most
likely evolved independently until Spanish and
Portuguese first introduced both of them in Europe
and in Africa. Then, when the different gene pools
hybridized, a new semi-unconscious or semi-
unintentional selection started outside from the
respective centers of origins. Moreover, since
other species of the genus have also been domes-
ticated, several different processes of domestica-
tion implicating some genes in common among
species and some different genes between species
represent one of the best examples to analyze in
depth the various genetic changes involved in the
process of crop domestication. The importance in
itself of the process of domestication and how this
evolutionary process modeled the genetic struc-
ture of cultigens is indisputable. Chapter 2 pro-
vides a comprehensive up-to-date review of the
evolution of all the domesticated Phaseolus spe-
cies. A different approach to evolutionary pro-
cesses between species is to analyze the relative
position of genes and repetitive sequences in

genomes, synteny. Physical maps of Phaseolus
species have revealed complete macrosynteny
among the investigated species with only a few
breaks in collinearity. However, the variation in
the repetitive fraction of the genome is much
greater than expected. These aspects are reviewed
in Chap. 3.

A reductive thinking, adopted by some
researchers, is that genomics is replacing and dis-
placing genetics. Certainly it is not the case, geno-
mics and genetics are complementary and
genomicsmakes little sense if it is not from the point
of view of genetics. In this context, this sentence
from Dr. Noel Ellis is clearly relevant: “Genetic
maps are notmade redundant by genome sequence:
they describe the distribution of alleles in popula-
tions and this is essential for connecting genotype
and phenotype. In order to exploit mutant popula-
tions and genomic tools we need robust genetic
analysis. The efficient application of genomics to
breeding requires the sharing of both genotypic and
phenotypic data: a lesson to be learnt from the rapid
progress in genomics that was driven by data
sharing. The time is ripe for a re-emphasis on the
use of genetics to dissect and understand traits in
terms of their discrete determinants” (Ellis 2014).

Genetic map setting up, that is, the linear order
of genes in linkage groups that must correspond to
chromosomes of the haploid complement, is one
of the goals of genetics. Moreover, genetic maps
are also essential in breeding crops since fine
genetic mapping allows the identification of
genetic markers linked to qualitative and quanti-
tative genes or QTLs and hence to carry out
marker-assisted selection (MAS). In turn, genomic
and transcriptomic data are nowadays basic in
obtaining thousands and thousands of good qual-
ity genetic markers, such as SNPs or SSRs,
allowingfinemapping and help inMAS.Chapter 4
gives a deep review of the progressive develop-
ment of common bean genetics maps, the
state-of-the-art in the genomic era, and the appli-
cation of these maps in breeding for disease
resistance, yield, precocity, and plant architecture.

A sequenced genome is not the final goal.
Although the amount of relevant information
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gained with the whole sequence is outstanding,
the number of genes, the amount and classes of
mobile genetic elements, transposons and retro-
transposons, the average number and length of
exons and introns, the GO functional distribution
of genes, etc., it is only part of the importance of
this information. The genome is a step in the
development of useful information to breeding in
such amount and quality not reachable by alter-
native ways. After the first high-coverage gen-
ome, genomes from different cultivars,
accessions, or wild relatives are usually
sequenced at a lower coverage. The comparison
between genome sequences or even to nucleotide
sequences in public databases (genomic, ESTs,
TSAs, etc.) affords thousands to millions of
SNPs, SSRs, and other molecular markers useful
in MAS and other breeding techniques. In com-
mon bean, representative genomes from the two
main germplasm sources have been sequenced,
and this knowledge will help in the developing of
breeding programs which include both germ-
plasm sources. Since the current common bean
cultigen is the result of different events of
domestication, and hence original gene pools,
and the cultigen has a large history of introduc-
tions and movements between continents and
countries; a large set of cultivars and varieties
should be included in a program of resequencing.
Snap beans are one of the first instances neces-
sary to complete the genomic information of the
crop. An advantage of the common bean for a
genomic resequencing project is that its genome
size is relatively small, according to the classical
review on plant species genome size by Aru-
muganathan and Earle (1991). Although the 1C
estimations are higher than the assembled gen-
omes (637 Mb versus 521 Mb for common bean,
for instance), the estimations are accurate con-
sidering that many repetitive DNA sequences,
such as retrotransposons, are not included in the
assembled scaffolds. In fact, common bean is
closer to other small-genome crop legumes such
as chickpea (738 Mb) or the tetraploid soya bean
(1115 Mb) than important crop legumes such as
pea and lentil which have genomes close to the
4000 Mb. The importance of uncovering intra-
and inter-species introgression events that could

indicate gene transfer and the relevance of wild
germplam in further breeding process is descri-
bed in Chap. 5. This chapter highlights that
resequencing efforts for both wild and domesti-
cated genotypes will play a major role in the
future of this crop because it will allow the
genetic dissection of the characters involved in
the evolution and adaptation to different envi-
ronments and their further use in breeding
programs.

The review by Michael and Jackson (2013)
revised the first 50 plant genomes published
between 2000 (A. thaliana) and 2014. Actually,
the list included 55 genome sequences, but sev-
eral species were represented by two or three
different genome sources (e.g., O. sativa). The list
included five legume species genomes: the model
species Medicago truncatula and Lotus japoni-
cus, and the crops Glycine max, Cicer arietinum
(Kabuli and Desi varieties), and Cajanus cajan.
Now the two genomes from common bean, two
genomes of Arachis ssp., and one from Trifolium
pratense, Vigna angularis, V. radiata and Lupi-
nus angustifolius have expanded the list of
sequenced legume genomes, and others, such as
Pisum sativum and Lens culinaris, will be added
soon (http://legumeinfo.org/, Oct. 2016).
Although Phaseolus coccineus appears in the list
“Species Access and Data” in the old Legume
Information System homepage (http://
comparative-legumes.org/), to date there is no
available genome data. The available nucleotide
sequence resources in the NCBI (https://www.
ncbi.nlm.nih.gov/) under the heading of P. vul-
garis are 161,691 as genomic and cDNA clones,
563,161 as genome survey sequences (GSSs),
202,679 DNA and RNA sequences, 153,337 as
expressed sequence tags (ESTs), and 35,269
genes (Oct. 2016). The numbers of resources of
P. coccineus are 368 DNA and RNA sequences
and 391,164 ESTs. For P. acutifolius, the
respective figures are 157 and 54,936. For
P. lunatus, the proportion inverts 35 ESTs and
2250 RNA nucleotide sequences. Finally, the
information contained under the headings
P. dumosus or P. polyanthus is limited to a few
nucleotide sequences. The information on the
genus Phaseolus has greatly increased in the last
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months; currently, there is information on two
genome assemblies and six genome sequencing
projects are announced, in addition to 563,161
GSSs, 243,784 nucleotide sequences, 606,191
ESTs, and 77,199 genes. In turn, Chap. 6 is
dedicated to understanding the importance of
genome sequencing in common bean breeding.

Since the ability to genetically engineer plants
was established, researchers have modified a
great number of plant species to satisfy agricul-
tural, horticultural, industrial, medicinal, or vet-
erinary requirements. Almost thirty years after
the first approaches to the genetic modification of
pulse crops, it is possible to transform many
grain legumes. However, Phaseolus vulgaris still
lacks some practical tools for genomic research,
such as routine genetic transformation. Its recal-
citrance toward in vitro regeneration and rooting
significantly hampers the possibilities of using
this technology for genetic improvement. Thus,
an efficient and reproducible system for regen-
eration of a whole plant is desired. Although
noticeable progress has been made, the rate of
recovery of transgenic lines is still low
(Hnatuszko-Konka et al. 2014). Genetic engi-
neering is important since genetic transformation
is a powerful tool to gain valuable information on
gene expression and function and to ascertain the
true role of candidate genes and determining key
genes in a particular process of improvement.
A different dimension is the use of transformed
cultivars of common bean in food production due
to the bans to grow transgenic crops in some
countries (mostly European countries) and the
rejection of these crops by part of the consumers.

Current transformation in plants can be
directed to the nuclear genome and to the plastid
genome. Plastid genome transformation highly
increases the number of the copies of the
allospecific gene in relation to nuclear transfor-
mation. Therefore, a deep knowledge of the
common bean and related species chloroplast
genome and their polymorphisms is a valuable
start point in designing chloroplast transforma-
tion techniques. Chapter 7 affords a complete
review on common bean organelle genomes.

Breeding crops in the twenty-first century face
new, or at least reinforced, challenges such as

organic farming or the harvesting of healthier
and/or biofortified products. In developed coun-
tries the demand of “ecological” crops from
organic farming is increasing, but there is a
global demand of crops with more bioactive
components, with increased amounts of oli-
goelements, vitamins, better composition of
amino acids, etc. This book affords reviews on
“better quality” bean crops, and how genomics
information can help to reach these breeding
objectives. The content of sulfur amino acid is
relatively low in common bean seeds, a general
characteristic of legume seeds. This limiting
amount of methionine and cysteine is a main
constrain in seed nutritional value. Chapter 8
focuses on the genomics on a key component of
the nutritional value of common bean, phytic
acid. Phytic acid is the major form of phosphorus
stored in the seed, but it binds trace elements and
reduces their intestinal absorption, leading, under
certain dietary circumstances, to oligoelement
deficiencies. Thus, phytic acid is a key compo-
nent in the plant phosphorous metabolism and a
limiting factor in iron biofortification of common
bean. In this case, the genomic knowledge of the
genes implicated in the metabolic routes and their
expression in different plant organs and devel-
opmental stages can help in breeding common
bean with phytic acid levels that, without
restraining the phosphorous availability to the
plant development, allows a better iron and zinc
intestinal absorption. A particularly relevant
family of genes is the NB-LRR
(nucleotide-binding leucine rich-repeat) family
because the coded proteins are implicated in the
disease resistance mechanisms. Chapter 9
reviews the current knowledge of this gene
family in common bean and describes some
unusual features in their clustering pattern within
the genome. Likewise, the chapter reviews the
genomic distribution of a particular satellite
DNA, khipu, and its colocation with NB-LRR
sequences. Chapter 10 gives information of the
different families of seed storage proteins, their
relative richness in these sulfur amino acids and
on diverse common bean genotypes with differ-
ent gene copy numbers, and how genomic
information opens a path to breed new cultivars
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with a better seed amino acid composition.
Chapter 11 explores the roles of the phenyl-
propanoid pathway gene families in various
processes such as lignin or anthocyanin
biosynthesis.

Other examples of legume species being mas-
sively sequenced to generate a large number of
user data in plant breeding are chickpea (Cicer
arietinum) and pigeonpea (Cajanus cajan). These
two crops are playing a vital role in ensuring the
nutritional food security in several countries of
Asia and sub-Saharan Africa. With an objective to
“explore this huge genetic diversity available to
address the issue of low productivity and bottle-
necks” associated with narrow genetic diversity,
>1000 pulse genomes including 554 chickpea
(reference set, elite varieties, and parents of sev-
eral mapping populations) and 526 pigeonpea
(reference set, hybrid parental lines, wild species
accessions, and parents of mapping populations)
genomes were sequenced at 5� to 13� coverage.
Detailed analysis provided comprehensive data on
diversity features, gene loss, domestication, and
selection sweep. Multilocation phenotyping data
for high priority traits for breeding is being
assembled to undertake genome-wide association
studies. In brief, this initiative is expected to
identify superior/novel alleles associated with the
traits of interest for enhancing crop productivity of
these pulse crops (Varshney 2014). Another
important dimension is the comparative genomics.
It helps in advancing the information gained from
one species genome to speed the deduced struc-
ture and function of new species genomes, in
particular in phylogenetically related species. The
list of the legume genomes so far sequenced, or
near to be sequenced, indicates that only
cool-season legumes (or Mediterranean) and
warm-season legumes are represented. The com-
parative genomics must afford clues on the genetic
difference which allow the cool-season legumes to
tolerate frost temperatures during the vegetative
period, while the warm-season species are very
susceptible or totally intolerant (opening a possi-
ble way to manipulate this response); the symbi-
otic relationships between the plants and the
corresponding nitrogen-fixing bacteria; and other

biologically important questions. Chapter 12
insists on how the publication of genomes repre-
sentative of both genetic pools, Andean and
Mesoamerican, has not only corroborated the
main hypotheses about the bean domestication
events but has given a finer grained picture of the
process. But as these later authors indicate: “….
more sequencing data are needed for a better
understanding of common bean genome function
and to deepen on the domestication processes of
both gene pools. It is expected that third genera-
tion sequencing technologies will play an impor-
tant role in those efforts, …”. While the genome
efforts will continue to improve this crop, the
work described in this volume represents a turning
point upon which future investigations in common
bean and broader plant genome evolution and
biological inquiry has and will continue to be
built.
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