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Abstract Evolutionary studies in plant and animal breed-
ing are aimed at understanding the structure and organiza-
tion of genetic variations of species. We have identified and
characterized a genomic sequence in Phaseolus vulgaris of
1,200 bp (PvSHPI) that is homologous to SHATTER-
PROOF-1 (SHPI), a gene involved in control of fruit shat-
tering in Arabidopsis thaliana. The PvSHPI fragment was
mapped to chromosome Pv06 in P. vulgaris and is linked to
the flower and seed color gene V. Amplification of the
PvSHP1 sequence from the most agronomically important
legume species showed a high degree of interspecies diver-
sity in the introns within the Phaseoleae, while the coding
region was conserved across distant taxa. Sequencing of the
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PvSHPI sequence in a sample of 91 wild and domesticated
genotypes that span the geographic distribution of this spe-
cies in the centers of origin showed that PvSHP] is highly
polymorphic and, therefore, particularly useful to further
investigate the origin and domestication history of P. vul-
garis. Our data confirm the gene pool structure seen in
P. vulgaris along with independent domestication processes
in the Andes and Mesoamerica; they provide additional evi-
dence for a single domestication event in Mesoamerica.
Moreover, our results support the Mesoamerican origin of
this species. Finally, we have developed three indel-span-
ning markers that will be very useful for bean germplasm
characterization, and particularly to trace the distribution of
the domesticated Andean and Mesoamerican gene pools.

Introduction

The Phaseolus genus comprises about 70 species, and
according to their geographic distribution, it is considered to
be of Mesoamerican origin (Delgado-Salinas et al. 1999,
2006; Freytag and Debouck 1996, 2002). Five Phaseolus
species have been domesticated, and among these, P. vulga-
ris is the most extensively distributed and consumed grain
legume for direct human consumption (Freytag and Debouck
2002). Wild common bean, P. vulgaris, is widely distributed
from northern Mexico to northern Argentina (Toro etal.
1990). P. vulgaris is characterized by two major geographic
gene pools, one in Mesoamerica and the second in the south-
ern Andes, with parallel geographic variation in the wild and
domesticated beans. A third wild gene pool from Ecuador
and northern Peru has been described (Debouck et al. 1993);
phaseolin seed protein diversity suggests that the Ecuador
and northern Peru populations are the ancestral population of
P. vulgaris and consequently that this species may have
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originated in this region (Kami et al. 1995). Recently, Rossi
etal. (2009) used amplified fragment length polymorphism
(AFLP) of wild and domesticated populations of P. vulgaris
to present new data arguing in favor of a Mesoamerican ori-
gin of P. vulgaris.

Two independent domestication events have been docu-
mented for the common bean in the Americas (Gepts et al.
1986): one in Mesoamerica and one in the Andes, giving ori-
gin to two major gene pools that show partial reproductive
barriers and marked phenotypic differences, according to
morphology, seed-storage protein variation, and differences
in nuclear and chloroplast markers (see Acosta-Gallegos
et al. 2007; Angioi et al. 2009; Papa et al. 2006, for reviews).
One topic of discussion is whether multiple domestications
have occurred within each gene pool. Multilocus molecular
marker analyses have provided evidence for the single
domestication in Mesoamerica (Gepts et al. 1986; Kwak and
Gepts 2009; Kwak et al. 2009; Papa and Gepts 2003; Rossi
etal. 2009). However, cpDNA restriction fragment length
polymorphism (RFLP) data also suggest the occurrence of
multiple domestications in Mesoamerica (Chacén et al.
2005). In any case, as suggested by Allaby et al. (2008), the
interpretation of results from multilocus nuclear molecular
markers can be problematic when distinguishing between
single versus multiple domestication. Indeed, in general,
models of phylogenetic reconstruction assume no recombina-
tion, which can hardly be assumed for multilocus data,
although this is more realistic within a single locus (Allaby
et al. 2008). In the Andes, the situation is less clear, because
of the lack of geographic structure of the genetic diversity,
which reduces the resolution power of molecular studies.
However, both single and multiple domestications have been
suggested within the Andean gene pool (Beebe et al. 2001;
Chacon et al. 2005; Rossi et al. 2009; Santalla et al. 2004).

Nearly, all of the evidence regarding genetic diversity in
the common bean is based on multilocus molecular markers
(see Acosta-Gallegos etal. 2007; Papa etal. 2006, for
reviews). Only a few studies have investigated nucleotide
diversity in this important crop species, particularly for
wild populations; these have included sequence diversity in
wild accessions at the phaseolin locus (Kami et al. 1995)
and in landraces and modern cultivars in three noncoding
regions of the dihydroflavonol 4-reductase and chalcone
isomerase genes (McClean et al. 2004; McClean and Lee
2007). A larger amount of sequence data (over 500 genes)
was obtained in a study by McConnell et al. (2010) for the
two parents of one of the major mapping populations of
P. vulgaris, ‘BAT93* x ‘JaloEPP558’ (Freyre et al. 1998),
in order to enrich this genetic map and to investigate mac-
rosynteny between the common bean and the A. thaliana,
M. truncatula and L. japonicus species.

In the present study, nucleotide polymorphism in a gene
fragment was analyzed for the first time in a representative
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panel containing both wild and domesticated P. vulgaris.
We have characterized a fragment of a gene homologous to
SHATTERPROOF-1 of A. thaliana (PvSHPI). SHATTER-
PROOF (SHP) belongs to the family of MADS-box genes,
which have a wide range of functions in flowering plants,
such as in the formation of flowers (including development
of reproductive structures) and control of flowering time and
vegetative development. SHP is a member of the AGA-
MOUS clade [AG/SHP1/SHP2/SEEDSTICK (STK)], which
are expressed mainly in carpels/ovules and contribute to
aspects of carpel and ovule identity and development in Ara-
bidopsis (Pinyopich etal. 2003). SHP is involved in fruit
shattering in Arabidopsis (Liljegren et al. 2000). The loss of
fruit shattering has been under selection in most seed crops,
to facilitate seed harvesting (Purugganan and Fuller 2009),
while in wild plants, fruit shattering is a fundamental trait
that helps to assure seed dispersal. Thus, we have selected
SHP as a candidate gene of one of the key traits of the
domestication syndrome. Expressed sequences correspond-
ing to SHPI have also been identified in other species.
Vrebalov et al. (2009) showed that Tomato AGAMOUS-
LIKEI (TAGLI), which is the tomato ortholog of the dupli-
cated SHP MADS-box genes of Arabidopsis, has an important
role in the regulation of both fleshy fruit expansion and the
ripening process, which are together necessary to promote
seed dispersal of fleshy fruit. In legumes, orthologous
sequences to Arabidopsis SHPI have been identified in Medi-
cago, pea and soybean (Hecht et al. 2005), but there has been
only a limited number of molecular analyses of SHPI-related
sequences, despite the importance of flowering time and shat-
tering in legume domestication and crop improvement.

We analyzed the nucleotide polymorphism of the
PvSHP1 gene fragment in a sample of the most agronomi-
cally important Phaseoleae species and of 91 wild and
domesticated genotypes spanning the geographic distribu-
tion of the centers of origin of this species, and we com-
pared these results with those of AFLP markers. The main
objectives of this study were: (1) to analyze the variation of
PvSHPI in different Phaseoleae species; (2) to investigate
the possible implications of PvSHP] in fruit shattering; and
(3) to use nucleotide data for the first time to better define
the domestication and evolution of P. vulgaris.

Materials and methods

Identification and amplification of a genomic sequence
of Phaseolus spp. similar to SHATTERPROOF (SHP1)
of A. thaliana

We first identified two EST sequences of the runner bean
(Phaseolus coccineus cv. Hammond’s Dwarf Scarlet) in
GenBank that are similar to the SHATTERPROOF-I
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Table 1 Primers used in this study

Primer Primer sequence 5'-3’ Primer location Region amplified Product size
SHP4fw TGACCCTTCTTTGGCTATCCT EST CA902467 PvSHPI- MADS domain ~300
SHP3rev CACGGCTTGAGAAGACAACA EST CA902467

2SHP2fw GGGAAGCACTTGGTTCTCTG EST CA902468 PvSHPI ~1,200 bp
2SHP2rev TGGAGAGCAGTTTGGTCTTG EST CA902468

SHPI-A fw TTGAGGGTAGATTGGAGAAAGG exon | SHP1-A 198-206
SHPI-A rev GGAAAATTTCATCAAAACATATCCA intron I

SHPI-C rev TTGGGTTTATAAGAAAACCTTCCA intron I SHP1-C* 119-127
SHPI-B fw GGAAATTGAGCTGCAAAACC exon III SHP1-B 211-221
SHPI-B rev CACAGTGTTCCCTGCATCAT exon IV

? The forward primer used for amplification of the SHP1-C region was SHPI-A fw

(SHP1I; At3g58780) sequence of A. thaliana. These P. coc-
cineus sequences have sizes of 445 and 558 bp (CA902468,
CA902467, respectively). To perform a similarity search of
the most conserved regions for primer design for the ampli-
fication of the SHPI region in different species of legume,
we performed BLAST searches for both the Arabidopsis
SHP] gene (tBLASTx) and protein (tBLASTn) against
EST databases for Medicago, Glycine, Lotus, and Phaseo-
lus. A pair of primers, 2SHP2fw and 2SHP2rev (Table 1)
was then designed based on the homology of an EST
sequence of the scarlet runner bean (CA902468) and an
EST sequence of P. vulgaris (CV538324) with SHPI. A
single PCR product of about 1,200 bp was obtained
(PvSHPI), which was sequenced in a preliminary sample of
ten individuals: two accessions of P. coccineus and a sam-
ple of P. vulgaris (two accessions each of domesticated and
wild beans from both Mesoamerica and South America).
The parents of the core mapping population of P. vulgaris,
BATO93 and Jalo EEP558 (Freyre et al. 1998), and the par-
ents of the mapping population for the domestication syn-
drome traits, Midas and G12873 (Koinange et al. 1996),
were added to the samples. All of the sequences were
checked manually and edited according to chromatograms.
The sequences were aligned using a combination of meth-
ods implemented in BioEdit, version 7.0 (Hall 1999), and
ClustalW (Thompson etal. 1997), with further manual
refinements. Translation of the DNA sequences obtained
for all six of the reading frames was performed on-line,
using the Translate tool on the ExPASy server (http://
www.expasy.org; accessed on 27 November 2009). After
translation of the amplified DNA sequences, the deduced
62-amino-acid sequence was compared with those in Gen-
Bank. This deduced sequence has a K-box domain that was
less well conserved than the MADS domain, but which is
present in all of the MIKC-type MADS-box transcription
factors. It also has 80% identity with the Lotus corniculatus
var. japonicus MADS-box protein AGL1 and 70% identity

with the Pisum sativum MADS-box protein M8, which was
identified by Hecht et al. (2005) as the product of the Pisum
SHATTERPROOF-like gene (PsSHP).

Another pair of primers was designed based on the EST
sequence CA902467 (SHP4fw, SHP3rev). This primer pair
also led to the amplification of a single PCR product, which
was sequenced in the preliminary sample of ten individuals
described above; no polymorphism was detected. After
translation of the amplified DNA sequence, the comparison of
this deduced amino-acid sequence with those in GenBank
identified the Arabidopsis AGL1 protein (Shatterproof-1), with
90% identity across the 75-amino-acid region of the fragment
obtained. The deduced amino-acid sequence also contained
the conserved MADS-MEF2-like domain, which is highly
conserved among MADS-box proteins.

Plant materials

The PvSHPI regions from several species of legumes were
amplified and sequenced using the primers described
above. The legume species included P. coccineus, P. dumo-
sus (formerly P. polyanthus, P. coccineus subsp. polyan-
thus, or P. coccineus subsp. darwinianus), P. vulgaris,
P. acutifolius, P. lunatus, Vigna unguiculata and Glycine
max. No amplification products were obtained in Pisum,
Anthyllis, Lotus and Cicer, consistent with their more
distant phylogenetic position within the Papilionoideae
(Wojciechowski et al. 2004).

The sequences obtained included five wild accessions of
P. coccineus, two domesticated accessions of P. dumosus,
and 91 accessions representative of the geographic distribu-
tion of P. vulgaris from Mesoamerica and South America.
A complete list of the accessions studied is available as
Supplementary Materials (Table Al). The collection of 91
common bean accessions consisted of 39 domesticated
(mostly landraces) and 52 wild (including two weedy geno-
types) individuals. Based on their geographic distributions,
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the accessions were chosen to be representative of the
different gene pools of P. vulgaris: Mesoamerican (Mexico,
central America and Colombia) and Andean (South
America) for both wild and domesticated forms, and the
wild Ecuador and northern Peru population characterized
by phaseolin type I (Debouck etal. 1993; Kami etal.
1995). Most of the accessions had already been character-
ized using different types of molecular markers in previous
studies (Angioi et al. 2009; Rossi et al. 2009). Moreover,
passport information, (i.e. race type, phaseolin type, seed
color and pattern, seed weight, longitude and latitude) was
available for the entire sample of genotypes.

For the domesticated genotypes, the geographic origin of
the individual accessions is not a reliable indicator of gene-
pool membership, because of exchange between the
Andean and Mesoamerican gene pools after domestication.
Thus, the gene-pool designation was based on passport
data, which included race type, phaseolin type, seed color
and pattern, and seed weight (following the convention of
Singh et al. 1991), previous studies of the molecular diver-
sity of the common bean (Beebe et al. 2000, 2001; Blair
etal. 2006; Diaz and Blair 2006; Duarte etal. 1999;
McClean et al. 2004; McClean and Lee 2007; Pedrosa et al.
2006; Rosales-Serna et al. 2005; Singh et al. 2001), and
recent molecular analyses (Angioi et al. 2009; Rossi et al.
2009). According to this information, we classified 28
domesticated accessions as Mesoamerican and 11 as
Andean.

Most of the seeds were obtained from the International
Centre for Tropical Agriculture (CIAT) in Cali, Colombia,
and the US Department of Agriculture Western Plant Intro-
duction Station in Pullman, WA, USA. The two recombi-
nant inbred line (RIL) populations used to map PvSHPI
have been described before: ‘BAT93” x ‘Jalo EPP558’
(BJ; n=80; Freyre etal. 1998) and ‘Midas’ x ‘G12873’
(MG; n = 58; Koinange et al. 1996). The former population
is the core linkage mapping population of the common bean
(Freyre et al. 1998), whereas the latter was developed by
Koinange et al. (1996) to map genes and quantitative trait
loci (QTLs) that are involved in the domestication process
of the common bean. All of the seeds were planted in a
greenhouse, and each accession was represented by a ran-
domly extracted single individual.

DNA isolation, PCR amplification and sequencing

Total genomic DNA was isolated from young expanding
leaf tissues of single individuals for each sample, using the
Dneasy Plant kit (QIAGEN GmbH, Hilden, Germany), fol-
lowing the protocols provided by the manufacturer. DNA
fragments were amplified using 25 ng DNA and the follow-
ing reagent concentrations: 0.25 pM each forward and
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reverse primer; 200 pM each dNTP, 2.5 mM MgCl,, 1x
Taq polymerase buffer, 1 unit AmpliTaq DNA polymerase,
and sterile double-distilled H,O, to a final volume of 100
ul. The sequencing was carried out on purified PCR-ampli-
fied templates using BigDye cycle sequencing (Applied
Biosystems, Foster City, CA, USA) (performed by Qiagen
Sequencing Service, Hilden, Germany).

Sequence analysis

BLASTn and BLASTp (Altschul et al. 1997) analyses were
carried out against the NCBI/GenBank database (http://
www.ncbi.nlm.nih.gov/entrez/query.fcgi, as accessed on 27
November, 2009), to identify homologies with the nucleo-
tide and peptide sequences, respectively. The searches for
open reading frames (ORFs) in the PvSHPI sequences
were performed using the ORF finder (http://www.ncbi.
nlm.nih.gov/gorf/gorf.html, as accessed on 27 November
2009). The identification of putative splicing sites and
introns was carried out by comparing our sequences with
the ESTs of Phaseolus similar to SHP that were character-
ized and identified during the BLAST searches. Alignment
for the PvSHPI sequences of the different legume species
considered was performed with the webPRANK tool (http:/
www.ebi.ac.uk/goldman-srv/webPRANKY/) (Loytynoja and
Goldman 2005). Indeed, aligning orthologous sequences
from different species using traditional multiple sequence
alignment methods disregards the phylogenetic implica-
tions of gap patterns that they create and infers systemati-
cally biased alignments with excess deletions and
substitutions, too few insertions, and implausible insertion—
deletion event histories. The PRANK tool is based on an
algorithm that prevents these systematic errors by recogniz-
ing insertions and deletions as distinct evolutionary events,
improving the quality of sequence alignments and down-
stream analyses over a wide range of realistic alignment
problems (Ldytynoja and Goldman 2008).

An analysis of the variation of the PvSHPI sequence in
the sequences of the seven different legume species consid-
ered was carried out using DnaSP, version 5.00 software
(Librado and Rozas 2009): for variable sites, parsimony
informative sites and singleton sites for both coding and
noncoding regions; for variable residues; and for synony-
mous and nonsynonymous changes only for coding regions.
Furthermore, the number of nonsynonymous nucleotide
substitutions per nonsynonymous site (dy), and that of syn-
onymous nucleotide substitutions per synonymous site (dy),
were computed using the modified Nei—Gojobori method
(Nei and Gojobori 1986), implemented in the MEGA soft-
ware, version 4 (Tamura et al. 2007; http://www.megasoft-
ware.net/). The significance of the difference between dy
and dy was estimated using the Fisher’s exact test of
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neutrality for sequence pairs. Sequence alignment and edit-
ing of the PvSHPI sequences of P. vulgaris were per-
formed with ClustalW (Thompson et al. 1997) and BioEdit,
version 7.0.5.3 (Hall 1999). Insertions/deletions (indels)
were not included in the analysis. The sequences are acces-
sible as GenBank accession numbers JF411844-JF411934
for P. vulgaris, JF411945-JF411949 for P. coccineus;
JF411943 and JF411950 for P. dumosus, JF411935,
JF411951, JF411952, and JF411953 for P. acutifolius,
G. max, V. unguiculata, and P. lunatus, respectively.

Linkage analysis and molecular mapping of PvSHPI

The preliminary analysis of the PvSHPI sequences of the
initial sample of P. vulgaris showed a polymorphism in
introns that was useful for the development of three indel-
spanning markers: SHPI-A, SHPI-B, and SHPI-C. These
spanning markers were amplified by three pairs of primers
that were designed based on sequences in exons I, III, and
IV, and on conserved motifs of the first intron (Table 1).

The SHPI-A, SHPI-B and SHPI-C amplification prod-
ucts were located on the common bean linkage map using
the BJ and MG RIL populations. The map locations were
evaluated using the markers already mapped on the two
RIL populations as a framework (Freyre etal. 1998;
Koinange et al. 1996; Rossi et al. 2009), and Mapmaker/
EXP software, version 3.0 (Lander et al. 1987), following
standard procedures (Freyre et al. 1998; Papa et al. 2005).
The markers were also placed on the MG linkage map
using the same procedure.

Phylogeography and population structure

The relationships among the 91 P. vulgaris, the two
P. dumosus, and the five P. coccineus sequences were ana-
lyzed by developing an unrooted neighbor-joining (NJ) tree
using the MEGA software, version 4 (Tamura et al. 2007).
For this NJ tree, the Kimura two-parameter model for
nucleotide substitutions was used. A bootstrap analysis of
the inferred NJ tree was performed with 1,000 re-sam-
plings. A synonymous mutation rate of 6.1 x 10~ substitu-
tions per synonymous site per year was reported for the
Solanaceae and Fabaceae (Lynch and Conery 2000; Schlu-
eter et al. 2004). Thus, divergence times of the main clades
were estimated with the assumption of a synonymous muta-
tion rate of 6.1 x 107" substitutions per synonymous site
per year.

To clarify the relationships among individuals, a consen-
sus NJ tree based on genetic distances (Nei 1978) was also
obtained using the AFLP data (available from Rossi et al.
2009) for all of the samples of P. vulgaris considered;
this analysis was carried out with the PHYLIP package
(Felsenstein 1993).

A Bayesian model-based approach, implemented in the
BAPs software, version 5.3 (Corander et al. 2003, 2008;
Corander and Marttinen 2006; Corander and Tang 2007),
was used to infer the hidden genetic population structure of
our sample (91 accessions of P. vulgaris), and thus to
assign the genotypes into genetically structured groups/
populations (K). The software incorporates the possibility
to account for the dependence due to linkage between the
sites within aligned sequences. We carried out a genetic
mixture analysis to determine the most probable number of
populations (K) given the data (Corander and Tang 2007;
Corander et al. 2008). The ‘clustering with linked loci’
analysis was chosen. Ten iterations of K (from 1 to 10)
were conducted to determine the optimal number of geneti-
cally homogeneous groups. The admixture analysis was
then applied, to estimate individual admixture proportions
with regards to the most likely number of K clusters identi-
fied (Corander and Marttinen 2006; Corander et al. 2008).
Admixture inference was based on 100 realizations from
the posterior of the allele frequencies. We repeated the
admixture five times, to confirm the consistency of the
results.

Diversity analyses

Diversity analyses were performed for the 91 P. vulgaris
genotypes. The data were subdivided according to the
different regions (coding vs noncoding) of PvSHPI, the sta-
tus (wild or domesticated), and the gene pool (Andean,
Mesoamerican and phaseolin type I groups) of the different
genotypes. The dataset was also subdivided according to
the phylogenetic reconstruction provided by the NIJ tree, to
take into consideration the population structure. Population
genetics statistics were calculated for each partition of the
data described above.

Estimations were made for the number of polymorphic
sites (S), the number of parsimony informative sites, the
number of singleton variable sites, the number of haplo-
types, and the haplotype diversity (Hd, Nei 1987). Two
measures of diversity were computed: 7 (Tajima 1983), the
direct estimation of per-site heterozygosity derived from
the average number of pairwise sequence differences in the
sample, and the Watterson’s theta estimator (0y,) (Watterson
1975), based on the number of segregating sites in the
sample, as an estimation of the expected per site nucleotide
heterozygosity, which is theoretically equal to the neutral
mutation parameter 4Ne .

To determine whether the sequences deviated from the
mutation—drift model, estimations were made for Tajima’s
D (Tajima 1989) and Fu and Li D* and F* (Fu and Li
1993) parameters. Tajima’s D test compares the differences
between 7 and 0y, (Tajima 1989). Under neutrality, Taj-
ima’s D value is assumed to be zero; under positive selec-
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tion, there is an excess of rare polymorphisms and Tajima’s
D value is negative. Negative D values can also be due to
population expansion. If there is balancing selection, inter-
mediate frequency genetic variants are kept and Tajima’s
D value is positive. The same holds for the Fu and Li’s D*
and F* tests. The minimum number of recombination
events was estimated using the four-gamete test (Hudson
and Kaplan 1985).

The Fgp statistic (Hudson et al. 1992) permutation test
with 1,000 replicates (Hudson 2000) was computed to
investigate the degree of differentiation between the wild
and domesticated populations of the different gene pools.
All of the calculations were carried out using DnaSP, ver-
sion 5.00 (Librado and Rozas 2009).

Results

In the present study, a large collection of wild and domesti-
cated P. vulgaris genotypes that represents all of the gene
pools of the species was analyzed through DNA sequences
of the PvSHPI gene. This allowed us to identify a number
of indels and single nucleotide polymorphisms (SNPs) that
might be useful for further phylogenetic and population
genetics analyses. The sequence diversity data were also
used to develop allele-specific primers to locate the position
of the PvSHPI gene in the common bean linkage map,
using the BJ and MG RIL populations.

The PCR amplifications using the primers designed in
the present study were successful for the identification of a
sequence homologous to SHPI of A. thaliana in different
species of Phaseoleae. A single SHPI-homologous frag-
ment was amplified from all of the genotypes of G. max,
V. unguiculata, P. lunatus, and from the four species of the
“vulgaris group” (Delgado-Salinas et al. 2006), i.e., P. acu-
tifolius, P. coccineus, P. dumosus and P. vulgaris. In this
last species, the SHPI-homologous sequence obtained pre-
sumably belonged to a single-copy gene, as the three mark-
ers SHPI-A, SHPI-B and SHPI-C co-segregated as a
single locus in the two RIL populations. These data are
consistent with the observation that a number of paralogous
gene pairs in Arabidopsis are only represented by a single
gene in other legumes, such as Medicago and pea. This is
true for several MADS-box genes, including SHPI and
SHP2 (Hecht et al. 2005).

Molecular mapping and diversity of the indel-spanning
markers

Based on the alignments among the different genotypes of

P. vulgaris, three PCR-based markers spanning indels were
developed and used to map the PvSHPI sequence. The size
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ranges of the three indel-spanning amplicons in the whole
sample of the 91 accessions of P. vulgaris were: SHPI1-A
(198-206 bp); SHPI-B (211-221 bp) and SHPI-C (119-
127 bp). Combining the information obtained from each of
these three indel-spanning markers, nine indel-based (Ib)-
haplotypes were found in P. vulgaris (Supplementary
Materials, Table Al). The wild accessions that belonged to
the Mesoamerican gene pool had five Ib-haplotypes, one of
which was shared with the phaseolin type I genotypes and
one of which was shared with wild P. coccineus. The
Mesoamerican domesticated accessions had three Ib-haplo-
types, all in common with the wild accessions from
Mesoamerica. The Andean group of genotypes had four
Ib-haplotypes, two of which were shared between the
domesticated and wild accessions, with one specific of the
domesticated genotypes and one specific of the wild geno-
types. Remarkably, no Ib-haplotypes were shared between
the Mesoamerican and Andean gene pools.

The two RIL populations ‘BAT93’ x ‘Jalo EPP558’
(BJ; Freyre etal. 1998) and ‘Midas’ x ‘G12873" (MG;
Koinange et al. 1996) were used to integrate the PvSHPI
sequence into the common bean molecular linkage map. As
expected, all of the three markers co-segregated as a single
locus in these two RIL populations. As shown in Fig. 1,
PvSHPI is located on chromosome Pv06, between the
D0096 and DROJ9c¢ markers that are common to both
maps, and at 12 cM from two AFLP markers shared by
both maps (Rossi et al. 2009). Thus, PvSHPI is located
close to the Vlocus for flower color (mapped by Nodari
et al. 1993; McClean et al. 2002) and in the same region as
QTLs for days to flowering in the Darién, Colombia, envi-
ronment (DF6.2 and DF6.1) (Blair et al. 2006) and for
resistance to common bacterial blight (Miklas et al. 2006).

Nucleotide variation of PvSHP]I in different Phaseoleae
species

The topology of the NJ dendrogram (data not shown)
obtained with the sequence data is consistent with the
accepted phylogeny of Phaseoleae (Delgado-Salinas et al.
1999, 2006). As described above, the structure of the
sequences obtained (coding and noncoding regions) were
deduced by comparison with the EST sequences of com-
mon bean and scarlet runner bean, and with SHATTER-
PROOF-1 (SHPI) of A. thaliana. From these comparisons,
we determined that the fragment of PvSHPI consists of
four exons and three introns of different lengths.

The sizes of the PvSHPI fragment differed widely
among the species: from 676 bp in V. unguiculata, to
1,481 bp in P. lunatus (Table 2). Among the accessions
belonging to the “vulgaris group” of the Phaseolus
genus, the sizes of the fragment ranged from 1,024 bp for
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Fig. 1 Pv06 linkage group: 0.0 DROD3b  P. coccineus, to 1,054 bp for P. dumosus and P. vulgaris
illustration of the chromosomal (Table 2). The differences in the sizes of the fragments were
position of PvSHPI. DROD3b, mainly due to differences in intron lengths. Indeed, the cod-

H10, H9, D0096, DROJ9c are . . . .
markers already mapped on the ing regions of the Phaseolus species and V. unguiculata all

two RIL populations used (BJ, had a length of 186 bp. The only exception was G. max,
BAT93 x JALOEEPSSS, and with a length of 180 bp, due to a single indel event corre-
MG, Midas x G12873) (Koin- . . . .

i sponding to the loss of two codons (without impacting the
ange et al. 1996; Freyre et al. . o
1998 Rossi et al. 2009) reading frame) (Table 2). There were no substitutions at the

nucleotide level in the coding regions in the four species
that belong to the “vulgaris group”, namely P. coccineus,
P. dumosus, P. acutifolis and P. vulgaris, while there was
one nonsynonymous substitution in P. lunatus (a one-
amino-acid replacement: Gln, Q, for Leu, L). Considering
all the species together, the translated coding region con-
tained nine mutations, due to one synonymous and eight
nonsynonymous substitutions (Table 3). When more geno-
types of P. coccineus and P. dumosus were included, no
additional substitutions were found. However, when the
whole sample of P. vulgaris was considered (91 acces-
sions), there was one synonymous substitution in exon II in
four Mexican wild accessions of P. vulgaris, and a single
indel, corresponding to the loss of a codon (without impact-
36.2 DROJ9¢  ing on the reading frame) in exon IV for 10 wild and four
domesticated Andean accessions; the same codon in

14.3 H10 - H8

24.4 D0096
25.9 PvSHP1

Table 2 Sizes (bp) of the differ- . . . . .
s No. of d s N d s
ent regions of the PvSHP] frag- Species gi; g0 Coding regions oncoding regions

ments in the legume species I I m IV TOT I 11 11 TOT
analyzed in this study

Glycine max 1,409 13 44 44 79 180 289 792 148 1,229
Vigna unguiculata 676 13 44 44 85 186 80 322 88 490
Phaseolus lunatus 1,481 13 44 44 85 186 889 312 94 1,295
Phaseolus acutifolius 1,033 13 44 44 85 186 435 307 105 847
Phaseolus coccineus 1,024 13 44 44 85 186 431 295 112 838
Phaseolus dumosus 1,054 13 44 44 85 186 463 300 105 868
Phaseolus vulgaris 1,054 13 44 44 85 186 461 302 105 868

Table 3 Variation of the coding regions of the PvSHP] traits in the different groups of species

Vulgaris group® Phaseolus spp.® Phaseolus and Vigna® Al
No. of sequences 4 5 6 7
Variable sites / 1 6 11
Parsimony informative sites / / / 2
Singleton variable sites / 1 6 9
Variable sites (residues) / 1 6 9
Synonymous changes / 0 2 1
Total No. of replacement changes / 1 4 8

& P. vulgaris, P. dumosus, P. coccineus, P. acutifolius
® Species included in * plus P. lunatus
¢ Species included in b plus V. unguiculata

4 Species included in © plus Glycine max
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Table 4 Variations in the noncoding regions (total number of sites,
excluding gaps: 406; sites with gaps: 1,561) of the PvSHP] traits in the
different groups of species

Vulgaris Phaseolus All°
group® spp.”
No. of sequences 4 5 7
Polymorphic sites 35 41 136
Singleton variable sites 30 34 113
Parsimony informative sites 5 7 23

& P.vulgaris, P. dumosus, P. coccineus, P. acutifolius
® Species included in * plus P. lunatus

¢ Species included in b plus V. unguiculata and Glycine max

another 13 Andean accessions (seven domesticated and six
wild accessions) showed a synonymous substitution.

Compared to exons, there was a sharp contrast in the lev-
els of variation found in the introns. Many indels were
found in the first intron (I). Intron I was 889 bp in P. luna-
tus, 289 bp in soybean, and only 80 bp in Vigna (Table 2).
Among the species of the “vulgaris group”, intron I was
around 430 bp in P. coccineus and P. acutifolius, and
around 460 bp in P. dumosus and P. vulgaris. In contrast,
intron II was almost the same size among Phaseolus spp.
and V. unguiculata (295-322 bp), while it was more than
twice this size in G. max (792 bp). Intron III had almost the
same size in the different species, from 88 bp in Vigna to
148 bp in Glycine.

Most of the variation for nucleotide substitutions and
indels was also found in introns. As expected, the variation
in the noncoding regions of PvSHPI decreased among the
more closely related species, with the number of variable
sites, ranging from 136 (considering all seven species) to
41 for the five species of Phaseolus, and 35 for the species
of the “vulgaris group” (Table 4).

No significantly higher d, than d estimates were found
in the 21 pairwise comparisons of the seven legume species
sequences, supporting neutral evolution for the PvSHPI
gene.

Phylogeography and population structure

The relationships among the accessions of P. vulgaris,
P. coccineus and P. dumosus were reconstructed in a NJ
dendrogram inferred from the PvSHPI sequence (Fig. 2).
The five accessions of wild P. coccineus and two of
P. dumosus grouped together and appeared as an outgroup
of the P. vulgaris clade. The P. vulgaris clade itself was
divided into four main, well-supported, groups (bootstrap
values >70%, according to Hillis and Bull 1993): Group 1
(G1), Group 2 (G2), Group 3 (G3) and Group 4 (G4).
Figure 3 shows the geographic positions of the wild geno-
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types of P. vulgaris used for the analysis and their member-
ship in the four groups identified.

Group 1 (G1) (94% bootstrap value) is divided into
two main parts, one comprising only wild genotypes
from Mexico (97% bootstrap value), the other compris-
ing three wild genotypes from Mexico that outgroup
from 25 domesticated and 4 wild genotypes from Mex-
ico (88% bootstrap value). For the three accessions that
were the most closely related to the domesticated
accessions, one from Tecalitlan, in the state of Jalisco,
Mexico, showed a clearly wild seed phenotype (a small
seed of an agouti color). The other two accessions were
classified by the donor as either a weedy type from
Durango or a cream-seeded type with an intermediate
seed weight (0.07 g).

Group 2 (G2) (97% bootstrap value) consists of all of
the wild accessions from Ecuador and northern Peru
that were characterized by the ancestral phaseolin type
I; these accessions are closely related to the Mesoamer-
ican domesticated and wild accessions of G1, with
which they form a clade with a bootstrap value of 59%.
Group 3 (G3) (80% bootstrap value) comprises a set
of wild accessions from Colombia, Guatemala, Mexico
and Costa Rica, and three domesticated accessions, two
from Mexico and one from El Salvador. Furthermore,
G3 is divided into three subgroups (bootstrap
values > 70%). The first of these groups comprises the
three wild accessions from Colombia, together with
two wild accessions from Costa Rica and Guatemala,
and a wild accession from Jalisco. The second G3 sub-
group comprises two wild and one weedy Mexican
accessions, one wild accession from Guatemala, and a
domesticated accession from El Salvador with the
Andean phaseolin type T (Gepts et al. 1988). The third
subgroup consists of three wild accession from differ-
ent states of Mexico (Chihuahua, Jalisco, Oaxaca), and
two Mexican domesticated accessions.

Group 4 (G4) (100% bootstrap value) comprises wild
genotypes from Argentina, Peru and Bolivia, along
with all of the Andean domesticated genotypes from
South America and one genotype from Mexico belong-
ing to the Andean Nueva Granada race.

Age estimates were obtained assuming a molecular clock
(mutation rate u=6.1 x 1072, Lynch and Conery 2000;
Schlueter et al. 2004), with the divergence of the P. vulga-
ris—P. coccineus—P. dumosus crown placed at ca. 3.7 Ma.
The genealogy tree within P. vulgaris obtained here was
based on DNA sequence data. It was compared with that
from a NJ tree based on the AFLP markers of Rossi et al.
(2009), using a set of 73 accessions shared between their
study and the present study. Based on an analyses at a sin-
gle individual level, the NJ phylogram obtained from the
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Fig. 2 Unrooted neighbor-joining bootstrap linearized tree inferred
from the PvSHP1 sequence data of the 91 genotypes of P. vulgaris, five
accessions of wild P. coccineus, and two accessions of P. dumosus.
The four main sub-clusters of the P. vulgaris groups are indicated as
G1, G2, G3, G4. Pd, P. dumosus; Pc, P. coccineus; WA, wild Andean;
DA, domesticated Andean; WM, wild Mesoamerican; DM, domesti-
cated Mesoamerican; Ph_I, Phaseolin type I. For the wild accessions,

AFLP data (Fig. 4) showed that all of the wild Mesoameri-
can genotypes belong to a single clade that forms an out-
group to all of the Mesoamerican domesticated accessions.
A very similar situation was seen in the Andes. The phaseo-
lin type I accessions were intermediate between the Meso-
american and Andean gene pools, as was observed
previously in an allozyme marker analysis (Debouck et al.
1993).

Population structure was also investigated using the
Bayesian model-based clustering method implemented in
the BAPS software, version 5.3 (Corander et al. 2003;
Corander and Marttinen 2006; Corander and Tang 2007;
Corander et al. 2008). This BAPS analysis indicated that
the best partitioning of our sample is represented by six
different genetic clusters (C1, C2, C3, C4, CS5, and C6).
Comparing the BAPS assignment results to the NJ groups,
we observed that the accessions belonging to the NJ group
GI1_D (represented by most of the Mesoamerican domesti-

the codes indicating the country and the Department (region) are given;
country codes: ar Argentina, bl Bolivia, co Colombia, cr Costa Rica,
ec Ecuador, gt Guatemala, mx Mexico, pr Peru. Department codes: ap
Apurimac, az Azuay, ch Chiapas, ¢i Cihuahua, ¢j Cajamarca, cm
Chimborazo, cn Cundinamarca, cqg Chuquisaca, cu Cuzco, du Duran-
go, hi Hidalgo, ja Jalisco, jn Junin, ju Jujuy, mo Morelos, ox Oaxaca,
pu Puebla, sa Salta, sc Sacatepequez, sj San Jose, #j Tarija, fu Tucuman

cated accessions) were assigned with very high percentages
of membership to cluster C1 (q¢; > 0.96) (Fig. 5); simi-
larly, the accessions characterized by phaseolin I type (NJ
group G2) were assigned to cluster C3 (q¢; > 0.99), and the
Andean accessions, of both wild (NJ group G4_W) and
domesticated (NJ group G4_D), to cluster C6 (qgq =1.0)
(Fig. 5). We observed a further subdivision for the Meso-
american wild accessions not found by the NJ analysis;
indeed, each of the previously described two Mesoamerican
wild groups was once more split into two subgroups. In
more detail, the G1_W group, which includes only acces-
sions of Mexican origin, was characterized by two clusters:
cluster C1 (seven accessions, one of which was from
Durango, and two each from the Jalisco, Oaxaca and Puebla
states, g, > 0.98) and cluster C2 (nine accessions, six of
which were from Morelos, two from Jalisco, and one from
Puebla; g, > 0.91); G3_W was split into two clusters
too: cluster C4 (seven accessions, six of which were from
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Fig. 3 Map of central and South America, showing the geographic po-
sition of the wild genotypes of P. vulgaris belonging to each of the four
groups identified by the NJ tree
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Fig. 4 Analysis of the relationships among the different PvSHPI
haplogroups investigated in the NJ trees (Phylip, v 3.67) based on the
AFLP data. The NJ analyses were conducted at the single-individual
level. Violet and blue lines genotypes from the Mesoamerican gene
pool, red lines phaseolin type I genotypes, green lines genotypes from
the Andean gene pool. For the wild genotypes, the labels also indicate
the country of origin (see legend of Fig. 2 for country codes)
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Mexico, and one from Guatemala, -, > 0.80) and cluster
C5 (six accessions, three of which were from Colombia,
and one each from Costa Rica, Guatemala and Mexico,
qcs > 0.98). The domesticated Mesoamerican genotypes
belonging to the G3_D NI group were completely assigned
to cluster C4 (q¢4 > 0.99) (Fig. 5).

PvSHPI diversity and recombination in P. vulgaris

The nucleotide diversity was analyzed considering the
major population subdivisions that have already been
described for P. vulgaris, including the three wild gene
pools (Mesoamerican, Andean and phaseolin type I groups)
and the two groups of domesticated genotypes (Mesoamer-
ican and Andean). These subdivisions are based on the geo-
graphic distributions of the samples. Based on nucleotide
variations, the sequences of the 91 genotypes of P. vulgaris
defined 36 different haplotypes; none of these were shared
among the three gene pools (Mesoamerican and Andean for
both wild and domesticated genotypes, and the phaseolin
type I gene pool).

The Mesoamerican gene pool had the greatest number
of haplotypes (24): 17 in the wild accessions, four in the
domesticated accessions, and three shared among the
wild and domesticated accessions; the wild accessions
from Colombia had a unique haplotype that was shared
with one accession from Costa Rica. There were two
PvSHP1 haplotypes in the phaseolin type I accessions
from Ecuador and northern Peru. In the Andean gene
pool, 10 haplotypes were found; seven were specific for
the wild forms, and one for the domesticated form, while
two haplotypes were shared between these forms. For
the entire PvSHPI sequence, for both of the estimators
used, as 7 (Tajima 1983) and 6 (Watterson 1975), the
nucleotide variation among all of the accessions was
15 x 1077 (Table 5).

For the PvSHP1 locus, the Tajima’s D statistic was neg-
ative (D = —0.32), but not significant, as well as for the
other tests.

Among all of the groups, the highest diversity was seen
in the Mesoamerican wild genotypes (7 = 17.34 x 1073).
This was more than one order of magnitude higher than for
the Andean wild pool (7 =1.33 x 1073), and there was an
even lower diversity in the wild genotypes with phaseolin
type I (1 =0.28 x 10~%). The Mesoamerican domesticated
genotypes showed a lower diversity (m=5.43 x 107%)
compared to the Mesoamerican wild genotypes, but higher
than the Andean wild populations and domesticated types
(m=1.33 x 1073 and 0.61 x 1073, respectively). Compar-
ing the diversity in the wild and domesticated accessions,
there was an overall loss of diversity due to domestication
of 34%. Considering the two gene pools separately, the
Andean domesticated gene pool showed a loss of diversity
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Fig. 5 Percentages of membership (q) for each of the six clusters identified for the 91 accessions of P. vulgaris by the BAPS analysis at K =6

Table 5 Population genetics statistics for PvSHP1 in the different gene pools of P. vulgaris (total number of sites, excluding gaps: 1,018; sites

with gaps: 64)

All Domesticated Wild L2 Phaseolin] Mesoamerican Andean
Domesticated Wild L2 Domesticated Wild  L?

Gene pool

No. of sequences 91 39 52 7 28 29 11 16

Polymorphic sites 80 46 66 1 40 52 2 10

Parsimony informative sites 54 33 52 0 22 45 1 1

Singleton variable sites 26 13 14 1 18 7 1 9

Haplotypes 36 10 31 2 7 20 3 9

Haplotype diversity (Hd) 090  0.68 0.96 0.29 0.44 0.97 0.56 0.77
Nucleotide variation

(m x 1073) 14.66 10.64 16.12 34 0.28 5.43 1734 69 0.61 1.33 54

(O x 1073 15.46  10.69 14.35 0.40 10.10 13.01 0.67 2.96
Neutrality tests

Tajima’s D —-0.32 —-0.09 0.26 —1.01 —1.94% 0.98 —0.29 —2.05%

Fuand Li’s D —1.57 —-0.43 0.08 —1.05 —1.31 0.82 —0.33 —2.55%

Fuand Li’s F —-1.27 -0.37 0.17 —1.10 —-1.72 1.03 —0.36 —2.77*
Recombination

No. of pairs of sites with 211 60 209 / / 125 / /

four gametic types
Rm® 9 1 8 / / 5 / /

Significance levels: * P < 0.05

* L, loss of nucleotide diversity during domestication (%), calculated as L, = 1 — 74,/ T 54

® Minimum number of recombination events based on the four-gamete test (Hudson and Kaplan 1985)

of 54%. The loss of diversity estimated for the Mesoameri-
can domesticated gene pool was slightly higher, at 69%
when compared with all of the Mesoamerican wild popula-
tions, and 65% when considering only the wild genotypes
from Mexico.

The differences between the diversities measured as 7 or
0 can be summarized by the analysis of the Tajima’s D.
The wild forms from the Mesoamerican gene pool showed
a positive Tajima’s D (D = 0.98), while in the phaseolin

type I wild accessions, the Tajima’s D was negative
(D = —1.01). However, these values were not statistically
significant in either of these cases. In contrast, the wild
form of the Andean gene pool deviated significantly from
the mutation—drift model, with a statistically significant
negative Tajima’s D value (D = —2.05; P < 0.05).

The domesticated forms of the two gene pools showed
negative Tajima’s D values. For the Andean gene pool,
the value was not significant (D = —0.29), but it was
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Table 6 Fgy; estimates between P. vulgaris groups determined by the
status (wild or domesticated) and the gene pool (Andean, Mesoameri-
can and phaseolin type I)

Table 7 Population genetics statistics for PvSHPI in the different
Mesoamerican groups, determined from the NJ genealogy tree (total
number of sites, excluding gaps: 1,018; sites with gaps: 64)

Phl AD AW MD MW GI_W GI1_D G3_W

PhI - PvSHP1 GROUPS

AD 0.97%%* - No. of sequences 16 25 13

AW 0.95%** 0.03 - Polymorphic sites 17 15 29

MD 0.80%*%* 0.84%*% 0.82%*% Parsimony informative sites 12 2 25

MW 0.48%#%* 0.52%*%* 0.51%*%* 0.23%*% Singleton variable sites 5 13 4

Phl Phaseolin I type, AD Andean domesticated, AW Andean wild, MD Haplotypes 11 5 9

Mesoamerican domesticated, MW Mesoamerican wild Haplotype diversity (Hd) 0.94 0.30 0.94

**k For estimates significantly different from zero P < 0.0001 (1,000 Nucleotide variation

permutations, Hudson 2000) (m x 1073 5.66 1.32 11.60

(Oy x 107 5.03 3.90 9.18

Neutrality tests

significant for the Mesoamerican gene pool (D =—1.94; Tajima’s D 0.50 —231%% 0.97

P <0.05). The estimation of the minimum number of Fuand Li’s D 0.13 —3.28%% 0.84

recombination events tested within regions showed that Fuand Li’s F 0.27 —3.49%% 0.10

there was no evidence of recombination for the four coding ~ Recombination

regions and for intron III of the PvSHPI sequence, while Number of pairs of sites 14 / /

for introns I and II, recombination events were detected with four gametic types

only for the wild genotypes from the Mesoamerican gene Rm* 3 / /

pool.

The Fgp pairwise estimates between the different P. vul-
garis groups showed that there was no differentiation
between Andean wild and domesticated genotypes
(Table 6). All of the other Fg estimates were significantly
different from 0 (Permutation test; Hudson 2000). The Fg
estimate between the Mesoamerican wild and domesticated
genotypes was the lowest significant value (Fgp=0.23).
Interestingly, the Mesoamerican wild group was the least
differentiated with regard to the other groups (Fgp = 0.48,
0.51 and 0.52 with Phaseolin I type, Andean wild, and
Andean domesticated groups, respectively) (Table 6).

On the basis of the relationships among P. vulgaris
accessions reconstructed by the NJ analysis, six different
subgroups were identified: wild accessions of G1, G1_W;
domesticated accessions of G1, G1_D; phaseolin type I
accessions, G2; wild accessions of G3, G3_W; wild acces-
sions of G4, G4_W; domesticated accessions of G4, G4_D.
As the G2 group corresponds to the Phaseolin wild-type
genotypes, and the G4_W and G4_D to the wild and
domesticated Andean genotypes analyzed previously, only
the Mesoamerican NJ groups were used to recalculate the
genetic statistics (Table 7). This analysis was performed to
investigate differences in the levels of genetic diversity of
these subgroups that belong to the same gene pool. The
subgroup that included the domesticated accessions of G3
(G3_D) was not included in this analysis because of the low
sample size (3 genotypes).

The wild genotypes that belong to G3 (from different ori-
gins: Mexico, Colombia, Costa Rica and Guatemala) showed
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The subgroup including the domesticated accessions of G3 (G3_D)
was not considered in this analysis due to the low sample size (3 geno-
types)

Significance levels: * P < 0.05, ** P < 0.02, *** P < (.01

4 Minimum number of recombination events based on the four-gamete
test (Hudson and Kaplan 1985)

the highest level of diversity (G3_W, 7 x 107° = 11.60).
This was almost double that for the nucleotide variation of
the Mesoamerican wild genotypes of G1 (all from Mexico)
(G1_W, 1 x 1073 = 5.66) The domesticated genotypes from
G1 showed a similar level of diversity (G1_D,
T x 1073 = 1.32) as the Andean wild, while their nucleotide
diversity was greater compared with the Andean domesti-
cated genotypes (G4_D/AD, 7t x 1073 = 0.61).

We detected a significant departure from the neutral
equilibrium model of the Tajima’s D test in the domesti-
cated genotypes of G1 (G1_D, D =-2.31; P <0.01). For
this group, the other tests of neutrality, including the Fu and
Li D* and F* values, were also significant (G1_D,
D* =-3.28 and F* = —-3.49, P <0.02 for both). The Taj-
ima’s D values were positive, although without signifi-
cance, only in the wild genotypes of G1 (G1_W, D = 0.50)
and G3 (G3_W, D =0.97), which were all of Mesoameri-
can origin.

Three recombination events (Rm =3, Hudson and
Kaplan 1985) were estimated among the Mexican wild
genotypes of G1, with recombination detected between
sites (388, 393) of intron I, and (404, 464), (513, 553) and
(553, 698) of intron II.
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Discussion
Locus characterization

The polymorphisms of the PvSHPI sequence seen in
P. vulgaris were useful for the development of PCR-based
markers spanning the indels that we used to map the
PvSHPI locus using two different segregating populations.
The PvSHPI locus is located on linkage group Pv06, in
proximity to the V gene for flower color, and in a genomic
region where QTLs for days to flowering and common bac-
terial blight resistance have been located (Blair et al. 2006;
Miklas et al. 2006). The sequence tagged site (STS) mark-
ers developed, as demonstrated by the analysis of the indel-
based haplotypes, should be very useful in diversity studies,
and particularly to trace the distribution of the domesticated
Mesoamerican and Andean gene pools, as also showed by
Angioi et al. (2010).

Since SHP in Arabidopsis is involved in fruit shattering
(Liljegren et al. 2000), we hypothesized that the homolo-
gous PvSHPI in Phaseolus should co-map/be the same
gene as St, which is responsible for the presence or absence
of pod string, and was mapped phenotypically on linkage
group Pv02 using a domesticated (Midas) x wild (G12873)
RIL population (Koinange et al. 1996). The PvSHPI frag-
ment did not map to the gene St, thus our data imply that
the phenotypic variation for the presence/absence of pod
string seen in the segregating population is not due to a
mutation at or near the PvSHP1 locus. However, we cannot
totally exclude that PvSHPI is somewhat involved in
genetic control of fruit shattering in Phaseolus. Our results
indicate that similar phenotypic effects may not be pro-
duced by orthologous loci, even in closely related species,
in agreement to what was found by Doust et al. (2004) from
the analysis in foxtail millet of the teosinte branchedl (tb1)
ortholog, which is the major gene controlling the branching
phenotype in maize. Indeed, they found that the ortholo-
gous gene in foxtail millet has only a minor and variable
effect on the control of branching.

A bottleneck during the formation of the Andean gene pool

Recently, using a comparison between their AFLP data and
the simple sequence repeat (SSR)-based data of Kwak and
Gepts (2009) and Rossi et al. (2009) suggested that P. vul-
garis originated in Mexico or Mesoamerica, rather than in
the Ecuador-northern Peru region, as proposed by Kami
etal. (1995). They indicated that this is the most likely
explanation for the strong reduction in molecular diversity
when comparing Andean versus Mesoamerican populations
for low mutating markers (AFLPs), compared to the very
small reduction in diversity seen using markers with higher
mutation rates (SSRs). Indeed, for a population that experi-

ences a bottleneck, the number of generations needed for
the recovery of the original level of genetic diversity (H) is
expected to be close to the reciprocal of the mutation rate
(Nei et al. 1975). Thus, markers that differ substantially in
their mutation rates can show very different patterns of
molecular diversity, as found by Rossi et al. (2009). Nucle-
otide substitution has a much lower mutation rate (10’9;
Lynch and Conery 2000; Schlueter et al. 2004) compared
with both AFLPs (1076 to 10~>; Gaudeul et al. 2004; Kropf
et al. 2009; Mariette et al. 2001) and SSRs (10‘3 to 1074
Thuillet etal. 2005; Vigouroux etal. 2002; Weber and
Wong 1993). Thus, if the hypothesis of Rossi et al. (2009)
is valid, in comparison with AFLPs, for the nucleotide data
we should expect an even stronger reduction in the level of
diversity in the Andean compared to the Mesoamerican
wild populations. Our data are consistent with this expecta-
tion, and they support the hypothesis of Rossi et al. (2009).
Indeed, for nucleotide variation, there was a much higher
reduction in diversity in the Andes compared to the Meso-
american wild populations, which is about twice that mea-
sured with AFLPs (Rossi etal. 2009) and 13-fold that
measured with SSRs (Kwak and Gepts 2009), when using
very similar samples of accessions. Moreover, the occur-
rence of a bottleneck is also in agreement with the signifi-
cant and negative Tajima’s D values in the Andean wild
population for the PvSHPI locus. As Rossi et al. (2009)
pointed out, this occurrence of a bottleneck during the for-
mation of the Andean wild gene pool supports the Meso-
american origin of the species and rejects the hypothesis of
an Ecuador—northern Peru origin. Our current data provide
additional evidence for the occurrence of a bottleneck in the
Andes prior to domestication; thus, they support the Meso-
american origin of P. vulgaris as a species.

Additional support of the Mesoamerican origin of P. vul-
garis comes from recent SSR analyses of domesticated
accessions (Blair et al. 2009), which showed, on average, a
pattern similar to that of Kwak and Gepts (2009). More-
over, Blair et al. (2009) compared gene-based vs genomic
SSRs. Using their data, we tested for differences between
gene pools and between the two marker classes for
H (expected heterozygosity) and for Na (number of alleles)
using a Wilcoxon Rank Sums nonparametric test
(P <0.05). In agreement with expected different roles of
purifying selection, while in both gene pools gene-based
SSRs showed less diversity than genomic SSRs, the two
classes showed a contrasting diversity pattern across the
gene pools (for both H and Na). Significantly higher diver-
sity was seen in Mesoamerica for gene-based SSRs com-
pared to the higher diversity of genomic SSRs in Andean
accessions. Thus, although based only on domesticated
samples, our analysis of the data of Blair et al. (2009) pro-
vides additional confirmation of the Rossi etal. (2009)
hypothesis.
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Domestication

The data from the present study offer the first estimates of
the effects of domestication on nucleotide variation in the
common bean. The loss of diversity in the domesticated
accessions in the Andes was 54%. In Mesoamerica, the loss
of diversity in the domesticated accessions ranged from 65
to 69% when compared with only the wild accessions from
Mexico and with all of the Mesoamerican wild populations,
respectively.

These estimations are higher than those obtained using
molecular markers. Indeed, very low reductions were seen
in the Andean gene pool using SSRs (10%) and AFLPs
(7%), while in Mesoamerica, a greater reduction was seen
using AFLPs (34%). These differences might be associated
with the different mutation rates of the various molecular
markers, and after the bottleneck of domestication, with
greater restoration of the molecular diversity for markers
with a higher mutation rate (Glémin and Bataillon 2009).
The reduction in genetic diversity in domesticated species
has been summarized and reviewed (Glémin and Bataillon
2009; Haudry et al. 2007), and in some outbreeding species
the loss of diversity was described: for maize, as 38%
(Tenaillon et al. 2004; Wright et al. 2005), for Medicago, 31%
(Muller et al. 2006), and for Helianthus annus, 55% (Liu
and Burke 2006). Among inbreeding species, in soybean,
Hyten et al. (2006) calculated a loss of diversity of 34%,
while more severe bottlenecks associated with domestica-
tion have been described for barley, as 57% (Caldwell et al.
2006; Kilian et al. 2006), for rice, with a loss of diversity of
58 and 52% for Oryza sativa japonica and indica main vari-
etal groups, respectively (Caicedo et al. 2007), and for tetra-
ploid wheat, 65% (Haudry et al. 2007). However, among
inbreeders, no loss of diversity was found by Kilian et al.
(2007) for Einkorn (Triticum monococcum) when the diver-
sity of the domesticated form was compared with that of the
wild race f from which domestication is considered to have
taken place, or there was relatively low reduction when the
comparison was made with the whole wild gene pool (37%).

Our results indicate that P. vulgaris underwent a severe
reduction in diversity that was similar to most inbreeding
species, even though more loci were needed to obtain a
detailed picture of the overall effect of drift in reducing the
diversity of the domesticated form of the common bean.
Indeed, as only one gene was analyzed in our study, we
cannot estimate the relative role of drift and selection (if
any) in such a large reduction in diversity, which would
resolve this question. The neutrality tests provide no real
help here; even though they indicate a departure from the
mutation—drift equilibrium, they do not resolve whether this
departure is determined just by the occurrence of a bottle-
neck (i.e. domestication), or whether to some extent the
departure from neutrality is due to positive selection. More
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genes will need to be analyzed to obtain estimates of the
bottleneck effects during the domestication of the common
bean, which would then allow full and correct testing for
selection at specific loci.

Our data indicate the occurrence of a single domestica-
tion event in Mesoamerica. Previous studies have also sug-
gested that a single domestication event occurred in
Mesoamerica (Gepts et al. 1986; Kwak and Gepts 2009;
Kwak et al. 2009; Papa and Gepts 2003; Papa et al. 2005;
Rossi et al. 2009), even if multiple domestication was sug-
gested as one possible explanation of the results of a diver-
sity study carried out using cp-RFLP data (Chacén et al.
2005). The present study shows that almost all of the Meso-
american domesticated accessions are included in the sin-
gle, homogeneous and well-supported G1 subclade
(bootstrap value, 88%), along with four wild or weedy
accessions; this group corresponds to the C1 cluster identi-
fied by BAPS analysis. Thus, our study confirms the
hypothesis of a single domestication event in Mesoamerica
using sequence data of a fragment that had little possibility
of recombination, and was thus less subject to the con-
founding effects of hybridization in phylogeny reconstruc-
tion (Avise 1995; Posada et al. 2000).

However, three Mesoamerican domesticated genotypes
fall into G3 (C4 for BAPS). This might be the result of
hybridization after domestication or of an independent
minor domestication event. The AFLP data provide an
answer to this question, indicating that these genotypes are
probably determined by introgression from wild popula-
tions. Indeed the AFLP analysis shows that all of the domes-
ticated G3 genotypes form a group together with all of the
G1 domesticated wild accessions, rather than being closer to
the wild G3, suggesting that the G3 PvSHPI alleles were
introduced in these genotypes by gene flow rather than by
common ancestry. Our data strongly support the occurrence
of a single Mesoamerican domestication event that occurred
in Mexico. Moreover, even if our sampling does not provide
the appropriate power to indicate the domestication area of
the common bean, our data are compatible with those of
Kwak et al. (2009) on the origin of domestication of the
common bean, which they located to the Lerma—Santiago
Basin of Mexico. Indeed, one of the three wild genotypes
that form an outgroup of the domesticated G1 genotypes is
from Jalisco, Mexico, while the other two are more probably
weedy types. For the domestication in the Andes, the lack of
polymorphism does not provide any clues towards an
answer to the analogous questions.

Conclusions

In the present study, we have described the successful iden-
tification and mapping of PvSHPI, a sequence that is
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homologous to SHATTERPROOF-1 (SHP1I) of A. thaliana.
We amplified a SHP-related sequence from the agronomi-
cally most important Phaseoleae species. Within Phaseo-
leae, there was a high degree of intraspecies and
interspecies diversity in the introns, while the coding region
appeared to be conserved across distant taxa. The sizes of
the amplified fragments differed greatly among distant taxa
(eg. Glycine vs. Phaseolus), due to the different sizes of the
noncoding regions, while they were almost the same among
the most closely related species of Phaseolus. Using three
markers that span indels, PvSHPI was mapped to chromo-
some 6 in P. vulgaris, in proximity of the flower color
V gene and in the same region where QTLs for flowering
time and common bacterial blight resistance are located.
However, our data suggest that the phenotypic variation for
the presence or absence of pod string seen in a segregating
population is not due to variations at the PvSHPI locus. A
very interesting point of this study is also seen from the use
of the amplification products for the development of mark-
ers that will be very useful for bean germplasm character-
ization, and particularly to trace the distribution of the
domesticated Andean and Mesoamerican gene pools. This
is shown by our analysis of the diversity of indel-based
haplotypes (Ib-haplotypes) and was confirmed by Angioi
et al. (2010), who used these markers to study the effects of
the introduction of P. vulgaris into and across Europe.

PvSHP1 was also sequenced in a sample of 91 wild and
domesticated genotypes spanning the geographic distribu-
tion of the centers of origin of this species. The analysis of
the nucleotide diversity confirms the hypothesis of Rossi
et al. (2009), of a Mesoamerican origin of P. vulgaris with
a strong bottleneck associated with the colonization of the
Andes.

Our results confirm the gene pool structure seen in
P. vulgaris, along with the independent domestication pro-
cess in the Andes and in Mesoamerica, and they provide
additional evidence for a single domestication event in
Mesoamerica.
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