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Abstract Molecular linkage maps are an important tool
for gene discovery and cloning, crop improvement, further
genetic studies, studies on diversity and evolutionary his-
tory, and cross-species comparisons. Linkage maps diVer in
both the type of marker and type of population used. In this
study, gene-based markers were used for mapping in a
recombinant inbred (RI) population of Phaseolus vulgaris
L. P. vulgaris, common dry bean, is an important food
source, economic product, and model organism for the
legumes. Gene-based markers were developed that corre-
sponded to genes controlling mutant phenotypes in Arabid-
opsis thaliana, genes undergoing selection during
domestication in maize, and genes that function in a bio-
chemical pathway in A. thaliana. Sequence information,
including introns and 3� UTR, was generated for over 550
genes in the two genotypes of P. vulgaris. Over 1,800 single

nucleotide polymorphisms and indels were found, 300 of
which were screened in the RI population. The resulting
LOD 2.0 map is 1,545 cM in length and consists of 275
gene-based and previously mapped core markers. An addi-
tional 153 markers that mapped at LOD <1.0 were placed
in genetic bins. By screening the parents of other mapping
populations, it was determined that the markers were useful
for other common Mesoamerican £ Andean mapping pop-
ulations. The location of the mapped genes relative to their
homologs in Arabidopsis thaliana (At), Medicago trunca-
tula (Mt), and Lotus japonicus (Lj) were determine by
using a tblastx analysis with the current pseduochromo-
some builds for each of the species. While only short
blocks of synteny were observed with At, large-scale mac-
rosyntenic blocks were observed with Mt and Lj. By using
Mt and Lj as bridging species, the syntenic relationship
between the common bean and peanut was inferred.

Introduction

Common bean, Phaseolus vulgaris L. (Pv), is an important
food source, not only as staple food and major source of
calories and proteins in many developing countries, but
also as a healthy addition to any diet. It is a major source of
calories and protein in many developing countries through-
out the world (FAO: http://faostat.fao.org/faostat). For
countries such as Burundi and Rwanda, common bean pro-
vides about 15% of the total daily calories and 30% of the
daily protein intake. Common bean is a rich source of zinc
and iron, two micronutrients depleted in individuals with
AIDS (Savarino et al. 1999; Buys et al. 2002). Diets con-
taining foods rich in these micronutrients are suggested to
beneWt the health status of HIV-infected patients by reduc-
ing malnutrition (American Dietetic Association 2004;
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Kruzich et al. 2004), and beans are speciWcally recom-
mended for these patients (South Africa Department of
Health 2001). The immediate beneWt is that improved
nutrition will reduce the food security risk (Gillespie and
Kadiyala 2005). When placed in this context, the value of
common bean is best seen through its role as a societal
crop, and its improvement is of continual concern (Singh
2001).

P. vulgaris originated in the Americas, and a variety
of studies over many years indicate that there are two
major gene pools that diverged prior to domestication
(Gepts 1998). These are generally referred to as the Mes-
oamerican and Andean gene pools. The Mesoamerican
gene pool generally refers to beans found in Colombia,
Venezuela, Central America, and Mexico, while the
Andean gene pool principally refers to beans found in
Peru, Bolivia, and Argentina. These two groups can be
distinguished on the basis of morphology (Gepts and
Debouck 1991), as well as using molecular markers (e.g.
Becerra-Velasquez and Gepts 1994; Tohme et al. 1996;
Kwak and Gepts 2009; Rossi et al. 2009). This organiza-
tion is detected at both the wild and landrace levels
(Gepts 1998; Becerra-Velasquez and Gepts 1994).
Domestication also appears to have occurred indepen-
dently in the two gene pools, with the Andean domestica-
tion at 4,000 years ago predating the Middle American
by 2,000 years (Kaplan and Lynch 1999; Piperno and
Dilehay 2008). Sequence diversity among the two gene
pools is evident, while diversity is greater among Middle
American than Andean genotypes (McClean et al. 2004;
McClean and Lee 2007). This diversity has been exploited
for mapping purposes.

As with any species, common bean beneWts from the
availability of molecular linkage maps. These maps are
important for discovering genes of agronomic or economic
importance, breeding, and studies on diversity and evolu-
tionary history. They have applications in marker-assisted
selection and candidate gene cloning. Fine mapping can be
performed near genes of interest to allow further and more
detailed genetic studies. Candidate genes can be discov-
ered for breeding purposes and for cloning and gene
analysis. Linkage maps can also be used to compare the
macro- and microsynteny of diVerent species. Molecular
maps diVer in the number and type of markers used. RFLP,
AFLP, and RAPD markers are often used to create molec-
ular maps, and recently, simple sequence repeat (SSR)
markers have also become a prominently used type of
molecular marker.

A collection of over 25 linkage maps have been devel-
oped from crosses both within and between the two com-
mon bean gene pools (reviewed in Kelly et al. 2003).
Freyre et al. (1998) developed a recombinant inbred (RI)
population based on a cross between BAT93, a Middle

American cultivar, and Jalo EEP558, an Andean landrace
(hereafter referred to as the BJ population) and used it to
extend an RFLP map originally based on this same cross
(Nodari et al. 1993a). This BJ map was subsequently used
to integrate other linkage maps (Freyre et al. 1998). The BJ
population is generally considered to be a community-wide
mapping population that is used by multiple research
groups (Nodari et al. 1993b; Miklas et al. 2000, 2001,
2003; Park et al. 2001; Schneider et al. 2001; Tar’an et al.
2001; McClean et al. 2002; Kelly et al. 2003; Kolkman and
Kelly 2003; López et al. 2003; Kelly and Vallejos 2004;
Murray et al. 2004; Papa et al. 2005; Román-Avilés and
Kelly 2005; Papa et al. 2007).

Gene-based molecular markers are emerging as impor-
tant tools for molecular mapping. First, maps based on SSR
markers found within EST sequences have been con-
structed for maize (Vigoroux et al. 2002), bread wheat (Gao
et al. 2004), and soybean (Glyciine max, Gm; Song et al.
2004). More recently, EST data were used to develop gene-
based maps exhibiting single nucleotide polymorphisms
(SNPs) in sunXower (Lai et al. 2005) and pea (Aubert et al.
2006). These functional maps are important for candidate
gene analysis, marker-assisted selection, and synteny stud-
ies (Choi et al. 2004).

DNA sequences are available for many crops, includ-
ing the recently Wnished full genome sequences of Arabid-
opsis thaliana (At; Arabidopsis Genome Initiative 2000)
and rice (International Rice Genome Sequencing Project
2005). However, apart from the ongoing model genome
projects for Medicago truncatula (Mt) and Lotus japoni-
cus (Lj; Young et al. 2005), and the recently completed
soybean genome (Schmutz et al. 2010), there is compara-
tively little sequence data for other legumes, including
common bean. Given it phylogenetic position in the
Phaseoloids, common bean is also considered a model
organism for legume comparative genomics (McClean
et al. 2008). Over 2,000 EST contig sequences and more
than 5,000 singleton sequences were described from EST
sequences generated for common bean (Ramirez et al.
2005). These sequences are a critical tool used here to
discover and map polymorphic genes in common bean.
SpeciWcally, we harnessed this information to generate
sequence information for over 550 genes in P. vulgaris,
300 of which were mapped in the BJ population. The
utility of these polymorphisms with other common bean
mapping populations was also investigated. A genetic-based
estimate of linkage disequilibrium was also calculated
using data from the parents of those mapping populations.
Finally, the map was used to investigate macrosynteny
between common bean and A. thaliana, M. truncatula,
and L. japonicus. This new gene-based map greatly adds
to the genomic resources available for P. vulgaris
and other legumes.
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Materials and methods

Selection of genes for mapping

P. vulgaris genes were chosen based on their homology to
A. thaliana genes controlling mutant phenotypes (Meinke
et al. 2003), biochemical pathway genes, genes found to
be under selection during maize domestication (Wright
et al. 2005), possible legume microsynteny genes (Mudge
et al. 2005), and random A. thaliana genes. Contig EST
sequences, developed by Ramirez et al. (2005), were used
as a query in a blastx (Altschul et al. 1997) analysis of a
database consisting of Release 5.0 of the A. thaliana gene
models (http://www.tigr.org; 10 June 2004). Alignments
were examined to determine the extent of the 3� UTR in
each contig, and only those contig sequences with a 3�

UTR estimated to be greater than about 150 nucleotides
(nt) were selected. The rationale for this decision is that the
3� UTR may contain higher diversity, which will not only
increase the chance of Wnding polymorphisms, but also
ensure that only one member of a gene family is ampliWed
and mapped. The 5� primer was designed to a region about
550 nt upstream of the 3� primer. Sequences with homol-
ogy to genes encoding ribosomal RNAs and histones,
along with those having 100% identity with the top hit,
were discarded. Some “high e value” genes were also cho-
sen, which had only a poor or no match in the A. thaliana
genome.

Primer design, plant materials, PCR ampliWcation, 
and sequence analysis

Primers were designed using the on-line version of the
Primer 3 software (Rozen and Skaletsky 2000; http://
frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi) and
purchased from Integrated DNA Technologies (http://
www.idtdna.com). All primer sequences are available on
request. The primers were used to amplify fragments from
genotypes BAT93 and Jalo EEP558 DNA. These genotypes
were chosen because they were the parents of an important
mapping population in common bean used for linkage map-
ping here. DNA for the reaction was isolated from green-
house-grown common bean plants by a CTAB extraction
followed by isopropanol precipitation (Doyle and Doyle
1987; as modiWed by Brady et al. 1998). PCR ampliWcation
was performed using a Wnal DNA concentration of
»1.2 ng/�l, 0.5 �M each of the forward and reverse primer,
0.25 mM of each dNTP, and a 1£ PCR buVer with 1.5 mM
MgCl2 in a volume of 30 �l. One unit of Taq polymerase
was added to the reaction. The cycling conditions were 45
cycles with the following parameters: 94°C for 20 s, the
primer annealing temperature for 20 s, and 72°C for 2 min.
This was preceded by an initial denaturation at 94°C for

3 min and a Wnal extension at 72°C for 7 min. The anneal-
ing temperature varied between 52 and 58°C depending on
previous results and the calculated Tm of the primer. Ampli-
Wcation success was determined by agarose gel electropho-
resis, and the remainder of the amplicon was puriWed for
successful ampliWcations. The samples were quantiWed via
agarose gel electrophoresis and then sequenced in both
directions using the Beckman Coulter CEQ™ DTCS Quick
Start kit. Following the sequencing reaction, the fragments
were puriWed using ethanol precipitation per manufac-
turer’s recommendation. The sequences were read by capil-
lary electrophoresis in a Beckman CEQ 8000 genetic
analysis system. The sequences were manually edited, and
a consensus sequence was developed from the forward and
reverse sequence data using the Staden package (Staden
1996). The BAT93 and Jalo EEP558 sequences were
compared with each other and with the contig sequences to
discover SNP and indel polymorphisms. These were
conWrmed by checking the original trace Wles, and then the
sequence location and type of each polymorphism was
recorded. All sequences are available in GenBank (acces-
sion numbers DX823090-DX824144 and ED510083-
ED544198).

Polymorphism analysis, genotyping, and genetic mapping

The BAT93 £ Jalo EEP558 recombinant inbred population
(BJ population; 75 lines) was chosen for mapping because
of its high degree of polymorphism based on RFLP, SSR,
AFLP, and RAPD segregation data (Freyre et al. 1998;
Papa et al. 2007; Rossi et al. 2009). Polymorphisms were
detected using one of several PCR-based ampliWcation pro-
tocols. These include: insertion/deletion (indel) events;
microsatellite sequence; CAPS markers (Konieczny and
Ausubel 1993; http://pgrc.ipk-gatersleben.de/snp2caps/);
dCAPS (NeV et al. 2002; http://helix.wustl.edu/dcaps/
dcaps.html); and allele-speciWc markers (Drenkard et al.
2000; http://pga.mgh.harvard.edu/cgi-bin/snap3/websnaper3.
cgi). All primers, and where necessary, corresponding
restriction enzymes used for each gene locus are described
in Supplementary Table 1. BAT93 and Jalo EEP558 par-
ents were initially screened to deWne the speciWc polymor-
phism, and subsequently the entire population was
screened. The concentrations of reagents and the cycling
protocol used were the same as those used to amplify the
original fragment. AmpliWcation products were scored
directly, or following restriction digestion using 1 unit of
the appropriate restriction enzyme and a 1£ concentration
of the recommended restriction digestion buVer using aga-
rose gel electrophoresis. MapMaker (Lander et al. 1987)
was used to construct the genetic linkage map. First, the
group command was used, with varying parameters, to
assign the markers to linkage groups. Segregation data from
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previously mapped markers (Freyre et al. 1998) were com-
bined with the current data to correlate linkage groups and
to provide a framework map. Each linkage group was con-
structed using the order command or using the compare and
try commands to build an LOD 2.0 map. These LOD values
were conWrmed using the ripple command with a window
of Wve markers. The orientation of the map is consistent
with the recently established standard (Pedrosa-Harand
et al. 2008).

To determine the utility of each marker locus for other
common bean mapping populations, the parents of seven
other commonly used mapping populations were tested
for polymorphisms. The screening protocols used were
the same as above for screening and genotyping the BJ
RI population. Those parents are: Bunsi, Newport, PC50,
Xan159, Benton, NY 6020-4, Dorado, G19833, Xan176,
A55, G122, Belneb RR-1, Montcalm, and California
DRR 82.

Linkage disequilibrium

Using the polymorphism data for BAT93 and Jalo EEP558
and the parents of the seven other mapping populations, the
decay of intergenic LD with genetic distance was measured
as described in Remington et al. (2001). The estimates of
LD were calculated by using the squared allele frequency
correlations (r2; Weir 1990) between pairs of polymorphic
loci that are on the same chromosome using PowerMarker
(Liu and Muse 2005). The expected decay of LD was mod-
eled using a recombination drift model as described in
Remington et al. (2001). This non-linear regression equa-
tion was Wtted using PROC NLIN in SAS 9.1.3® (SAS
Institute 1999).

Macrosynteny between common bean 
and A. thaliana, M. truncatula, and L. japonicus

The sequence of the contig used for primer design and
mapping was used as a query in a tblastx analysis against
a database consisting of the most recent pseudochromo-
some assembly of A. thaliana (http://www.tigr.org),
M. truncatula (http://www.medicago.org/genome/), and
L. japonicus (http://www.kazusa.or.jp/lotus/). The results
were Wltered by only retaining those hits in which the e
value was less than 1e-20, and the length of region of the
query relative to the hit was 150 nucleotides. Dot blots
comparing the physical location of the three model plant
species and the genetic location of common bean
sequences were developed using Microsoft Excel. Macro-
syntenic blocks were deWned as those in which four genes
in consecutive genetic order in common bean corre-
sponded to four gene models in consecutive physical
order in the model species.

Results

Rate of fragment ampliWcation and sequencing success

A series of culling steps were used to settle on a set of gene-
based fragments for the development of the gene-based
genetic map. Those are outlined in Fig. 1. The analysis
began with 2,686 P. vulgaris contig sequences generated by
Ramirez et al. (2005). BLAST analysis determined that
2,394 (89%) of the contigs had an A. thaliana homolog at
an e value less than 1e-20, while 2,094 (78%) contained a
homolog at an e value less than 1e-30. As much as 61% of
the genes at 1e-20 or less (1,458) had more than 20 bases of
3� UTR according to their alignment with the A. thaliana
sequences (Fig. 1).

From these 1,458 genes, 1,046 were selected for primer
design and analysis. This included 62 genes that exhibit a
mutant A. thaliana phenotype (Meinke et al. 2003), 148
putative biochemical pathway genes, Wve genes that were
determined to be undergoing selection during maize evolu-
tion (Yamasaki et al. 2005), and 801 randomly chosen
genes. Of these, BAT93 and Jalo EEP558 ampliWcation
products were obtained for 730 (70%) of the sequences
(Fig. 1). The average fragment size was about 550 base
pairs, although many fragments were 1,500 base pairs or
longer. Useful sequence data for both BAT93 and Jalo

Fig. 1 Steps of gene selection and percentages of successful gene
selection at each step

2686 bean TC sequences (Ramirez et al. 2005) 

2394 TCs matched Arabidopsis gene at <e-20 

89%

1458 TCs with >20 bases 3’UTR

1046 TC sequences analyzed further
[801 random genes (78%), 148 biochemical pathway genes (14%),

62 Arabdiopsis mutant genes (6%), 19 microsynteny genes,
11 high e-value Pv genes (1%), 5 domestication selected genes in maize (0.5%)]

61%

71%

730 primers amplified BAT93 and Jalo EEP558 fragments

539 BAT93 and Jalo EEP558 fragments sequenced

139 fragments
monomorphic

400 fragments
polymorphic

300 genes mapped
[172 CAPS (57%), 80 dCAPS (27%),

16 indel/SSR (6%), 16 size differences (5%),
13 allele-specific (4%)] 

26% 74%

74%

70%
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EEP558 were obtained for 534 fragments. This represents
51% of the original primer pairs.

Of the 534 gene fragments, 395 (74%) were polymor-
phic between BAT93 and Jalo EEP558, and 139 (26%)
were monomorphic. Of the 395 polymorphic genes, 300
were mapped: 16 by size diVerence, 19 with all-speciWc
size polymorphisms, 172 by CAPS, 80 by dCAPS, and 13
with allele-speciWc primers based on SNPs.

Characterization of gene sequence data

Approximately, 593 kb of sequence data was collected for
395 polymorphic gene fragments. The average sequence
length is 527 base pairs. By comparing the genomic
sequence with EST-derived contig sequences, 143 introns
were found. In addition, partial intron data were generated
at the 5� or 3� ends for some of the sequences. The average
length of the internal introns is 137 nucleotides, while the
range is from 37 to 778 nucleotides.

Among the polymorphic genes, 382 SNPs and 95 con-
tained indels. Eighty genes contained one-base indels only,
which were not included in the analysis or mapping
because of the possibility that they may be sequencing
errors. In all, 1,812 polymorphisms were found, which
included 1,580 SNPs and 130 indels. Among the SNP-con-
taining genes, the average number of SNPs was 4.14 per
gene fragment, while among all genes sequenced the aver-
age was 2.9 SNPs per gene. As much as 1.37 indels/gene
were observed for the indel-containing genes, while the
average was 0.24 indels/gene for all sequenced genes; 46%
of all polymorphisms were located in the introns, 37% in
exons, and 17% in the 3� UTR. Among SNPs, there was a
similar distribution with 43% located in introns, 40% in
exons, and 17% in the 3� UTR. Among indels, however,
74% were located in introns, 18% in the 3� UTR, and only
8% in exons (Table 1).

Of the SNPs, 49% were transitions and 51% transver-
sions. Of the SNPs in exons, 54% were transitions and 46%
transversions, while SNPs in the introns and 3� UTR were
47% transitions and 53% transversions. In exons, 341 syn-
onymous (65%) and 183 nonsynonymous SNPs (35%)
were detected. Of the nonsynonymous SNPs, 61% were
transversions, and 62% of the synonymous SNPs were tran-
sitions (Table 1).

Variation among parents of common bean mapping 
populations

Based on the sequence data, forward and reverse primers
were developed for 300 gene-based loci and used to
amplify PCR amplicons. Some of the amplicons showed a
size diVerence between BAT93 and Jalo EEP558 based on
indels in one of the genotypes. Other primers were devel-

oped that also resulted in a size diVerence in the amplicon
because of the presence of an SSR sequence. CAPs poly-
morphisms (Konieczny and Ausubel 1993) were detected
by digesting the amplicon with a restriction enzyme.
dCAPS polymorphisms (NeV et al. 2002) were developed
by introducing a mismatch in one of the primers in a man-
ner that created a scorable restriction enzyme site in the
amplicon. Full information on the primers, enzyme, and
polymorphism for each locus is presented in Supplemental
Table 1.

To determine the applicability of these primers to score
polymorphisms in other common bean mapping popula-
tions, the parents of those populations were screened using
the diagnostic procedures that revealed the BAT93 and Jalo
EEP558 polymorphisms. The degree of polymorphism var-
ied among the parents. The Middle American £ Andean
crosses used were Dorado £ XAN176 (DX), A55 £ G122
(AG), Belneb RR-1 £ A55 (BA), and Dorado £ G19833
(DG) (Table 2). DX was polymorphic for 10% of the genes,
AG for 74%, BA for 38%, and DG for 72%. The parents of
three Andean £ Andean crosses were evaluated: PC50 £
XAN159 (PX), Montcalm £ California DRK 82 (MC), and

Table 1 Statistics on the frequency, location, and type of polymor-
phisms found in all sequenced common bean genes

Polymorphism statistics Value

Number of polymorphisms 1,812

Polymorphism frequency (nucleotides/polymorphism) 163.66

Number of SNPs 1,580

Number of genes containing SNPs 382

SNPs per gene 2.9

SNP frequency (nucleotides/SNP) 375.39

Number of indels 130

Number of genes containing indels (excluding 1 nt indel) 95

Number of indels per gene 0.24

Indel frequency (nucleotides/indel) 2281.23

Percentage of polymorphisms in introns 46.3%

Percentage of polymorphisms in exons 36.6%

Percentage of polymorphisms in UTR 17.2%

Percentage of SNPs in introns 42.9%

Percentage of SNPs in exons 40.3%

Percentage of SNPs in UTR 16.8%

Percentage of indels in introns 73.7%

Percentage of indels in exons 7.9%

Percentage of indels in UTR 18.4%

Percentage of nonsynonymous SNPs 34.9%

Percentage of synonymous SNPs 65.1%

Percentage of nonsynonymous SNPs that are transitions 39.3%

Percentage of nonsynonymous SNPs that are transversions 60.7%

Percentage of synonymous SNPs that are transitions 61.6%

Percentage of synonymous SNPs that are transversions 38.4%
123
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Benton £ NY 6020-4 (BN). PX was polymorphic for 23%
of the genes, MC for 8%, and BN for 26%.
Bunsi £ Newport (BNe), a Middle American £ Middle
American cross, was polymorphic for 20% of the genes
(Table 2). The data for BA was based on only 68 success-
fully screened genes out of the 300, and DG on 120, while
each of the other populations were successfully screened on
216 or more of the polymorphic genes.

Of the BJ mapped genes, 29 were monomorphic or did
not produce data among all of these mapping parents. The
maximum number of parental pairs for which any one gene
was polymorphic was Wve out seven possible pairs. Three
genes were polymorphic in Wve of the sets of parents, 33
were polymorphic in four or more, 41 in three or more, and
93 in two or more. The remaining 111 genes were polymor-
phic in only one set of parents.

Gene-based linkage map

The 300 gene-based markers were mapped using a core
marker set from the BJ map (Freyre et al. 1998) as a guide
for the assignment of linkage group number and orienta-
tion. The genetic linkage map (LOD 2.0) is displayed in
Fig. 2 and is 1545.5 cM in length. A total of 275 markers
were mapped at LOD 2.0. These consisted of 199 gene-
based markers, 59 core markers, and 17 other markers. Sup-
plemental Table 2 provides full details for all mapped loci.
That table also includes the bin location for 153 marker loci
that did not meet the LOD 2.0 criteria. All totaled 428
markers could be placed on the genetic map. This includes
300 gene-based markers, 103 core markers, and 24 other
markers. Supplementary Table 2 also identiWes the Arabid-
opsis homolog and annotation for each marker and the
other bean populations in which they are polymorphic.

Linkage group Pv1 is the longest linkage group at
231.6 cM, while Pv10 is the shortest at 69.6 cM. The num-
ber of markers on each linkage group ranges from 15 on
Pv9 to 33 on Pv1 and Pv3. The average number of markers
on each linkage group is 25, and the average number of
gene-based markers on each linkage group is 18. Linkage
group Pv1 has the greatest number of gene-based markers,
28, while Pv4 has the least with 7.

For rapid mapping of genes to a linkage group, we
selected a core set of Wve markers for each linkage group.
These were chosen because of their relatively even distribu-
tion and ease of use and low cost (i.e. inexpensive restric-
tion enzyme or variation in the initial PCR fragment).
These markers are shown in Table 3 and full details are
provided in Supplemental Tables 1 and 2.

Linkage disequilibrium

An important consideration for the application of associa-
tion mapping with any species is the decay in linkage dis-
equilibrium (LD) over a speciWc genetic or physical
distance. We used data from the polymorphism analysis to
evaluate the genome-wide intrachromosomal LD decay.
The r2 value was calculated among all loci within each link-
age group. This statistic was chosen because it allows us to
determine the degree to which a marker is correlated with a
trait of interest (Flint-Garcia et al. 2003). The r2 value was
regressed onto the genetic distance based on the linkage
map. Only those gene-based loci on the LOD 2.0 map were
included. A non-linear regression model was then Wt to the
data. Typically, the genetic distance at which r2 decays to
0.1–0.2 is considered to be the extent of LD in a species
(Zhu et al. 2008). From the non-linear regression line in
Fig. 3, we calculated the following distances for various r2

values: r2 = 0.20, 6 cM, r2 = 0.10, 12 cM, r2 = 0.05, 27 cM,
and r2 = 0.025, 45 cM.

Macrosynteny with model species

We employed a stringent cutoV to ensure any syntenic
blocks between common bean and three model organisms,
At, Lj, and Mt, were based on homologous sequences of
high similarity. Therefore, we only considered those tblastx
hits with an e value <1e-20 and a sequence overlap of
150 nt. In addition, we required four matches, in consecu-
tive physical and genetic order (excluding duplicated loci
found on other chromosomes). No syntenic blocks were
observed between Arabidopsis and common bean with our
criteria (Fig. 4a). Yet, close examination revealed several
instances of microsynteny where common bean loci coseg-
regated or were colocalized in the same mapping bin with
At loci that were in a physical linear order. For example,
g985, g2596, g292, and g2507 are all localized to a bin

Table 2 Proportion of the genes used for mapping that are polymor-
phic among parents of several common bean mapping populations

BNe Bunsi/Newport (Mesoamerican £ Mesoamerican), PX PC50/
Xan159 (Andean £ Andean), BN Benton/NY 6020-4 (Andean £
Andean), MC Montcalm/California DRK 82 (Andean £ Andean), DG
Dorado/G19833 (Mesoamerican £ Andean), DX Dorado/Xan176
(Mesoamerican £ Mesoamerican), AG A55/G122 G19833
(Mesoamerican £ Andean), BA Belneb RR-1/A55 (Mesoamerican £
Mesoamerican)

Population

BNe PX BN MC DG DX AG BA

Number that are 
monomorphic

212 166 197 225 34 248 69 42

Number that are 
polymorphic

52 50 68 20 86 28 197 26

Total number 264 216 265 245 120 276 266 68

Percentage of 
polymorphic

19.7 23.2 25.7 8.2 71.7 10.1 74.1 38.2
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region between 23.8 and 33.3 cM on Pv5. The best At hits
for these loci were found consecutively between 8,838,118
and 13,663,794 on At 4.

Common bean, Lj, and Mt exhibited distinct syntenic
blocks that suggested evolutionary relationships between
the three legume species. Syntenic blocks were observed
between common bean and each of the Lj chromosomes
(Fig. 4b). Conversely, common bean syntenic blocks from
all linkage groups, except Pv4, were observed in Lj. Dis-
tinct evolutionary relationships were observed. The struc-
ture of Pv3 is represented in its near entirety by blocks of
Lj2 and Lj4, while a large portion of Pv8 consists of blocks
from Lj1 and Lj2. Conversely, Lj2 is deWned by syntenic

blocks from Pv3 and Pv8, Lj4 can be deWned by Pv3 and
Pv5 blocks, and Lj5 structure is evolutionarily related
mostly to Pv 5 and a short block of Pv9.

From the perspective of common bean and Mt, common
bean shares syntenic blocks with all Mt chromosomes
except Mt6, whereas Mt shares synteny with all common
bean chromosomes except Pv4 (Fig. 4c). Of the common
bean chromosomes, Pv1 is deWned by Mt3 and Mt7 blocks,
Pv2 by Mt4 and Mt5 blocks, Pv3 by two Mt5 blocks as well
as a Mt8 block, and Pv6 by Mt2 and Mt5 blocks. The stron-
gest signals of chromosome structure for Mt were observed
for Mt2 (based on Pv5 and Pv6 blocks) and Mt5 (based on
Pv2 and Pv8).

Fig. 2 Gene-based linkage map of common bean. Marker names,
including both previously mapped core markers and new gene-based
markers, are shown to the right of each linkage group. Cumulative map
length is shown to the left of each marker. Each of the markers was

mapped at LOD >2.0. More information on these markers and other
markers placed in genetic bins deWned by LOD values <2.0 can be
found in Supplementary Table 2
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Discussion

Issues related to gene-based marker development 
and implementation

As much as 71% of the primers successfully ampliWed a
product. This rate is lower than that observed by Lai et al.
(2005); Gao et al. (2004), and Zhu et al. (2003b) for sun-
Xower, wheat, and soybean, respectively. One possible rea-
son for failed ampliWcation is that one of the primers may
have been designed over an intron/exon boundary. Alterna-
tively, the primers may target a large genomic region con-
sisting of multiple or large introns that are diYcult to

amplify using our conditions. The latter is plausible
because, although most of the fragments successfully
ampliWed were 500–600 bases long, many were 1,000–
1,500 bases or longer, and these often experienced intermit-
tent ampliWcation or required multiple attempts to obtain a
successful ampliWcation product. Weak ampliWcation and
poor product recovery were the primary reasons that we
were not able to obtain reliable sequences for 30% of the

Table 3 A core subset of mapped gene-based markers

These 55 markers, 5 from each linkage group, are spaced 15–35 cM
apart, as evenly as possible. Almost all markers are mapped at LOD
>3.0, and all are very easily scored. Where possible, CAPs markers
were chosen because the polymorphism could be detected using com-
mon and inexpensive enzymes, while other markers could be distin-
guished by the size of their PCR product

Chromosome Core markers

Pv1 g683, g499, g1404, g1176, g1410

Pv2 g2127, g693, g1247, g1784, g1515

Pv3 g2218, g1808, g2654, g1805, g2108

Pv4 g118, g755, g2595, g2685, g1375

Pv5 g2308, g1086, g2410, g1395, g136

Pv6 g2480, g1818, g861, g1852, g139

Pv7 g503, g1615, g366, g2416, g1357

Pv8 g135, g131, g1758, g580, g1713

Pv9 g860, g634, g1126, g1107, g544

Pv10 g2521, g1383, g2600, g1341, g1661

Pv11 g785, g1731, g2307, g2527, g188

Fig. 3 Linkage disequilibrium decay within the common bean ge-
nome

Fig. 4 Dot plot displays of syntenic regions between common bean
and A. thaliana (a), L. japonicus (b), and M. truncatula (c) (see Sup-
plementary Tables 3 and 4 for details of the L. japonicus and M. trun-
catula synteny analysis)

A

B

C
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ampliWed fragments. Overall, this method (from gene selec-
tion to polymorphism analysis) was about 35% eVective in
Wnding possible polymorphic gene-based markers to map in
common bean.

The various mapping methods diVer in their utility.
CAPS, dCAPS, size, and SSR primers are codominant
markers, while allele-speciWc markers, whether based on
indels or SNPs, are dominant. SSR, dCAPS, allele-speciWc,
and some of the size diVerence markers required new
primer design, while CAPS and a size diVerence based on
original primers did not. A total of 523 diVerent attempts
were needed to discover the 300 mappable polymorphisms,
because if a polymorphism method failed for a gene, a
diVerent method was tried on the same polymorphism, or a
diVerent polymorphism was selected in the same gene until
the gene was either successfully mapped or it was deter-
mined that it was unlikely to be successfully mapped. For
example, if a CAPS method failed, the same polymorphism
was not tested again. Among the original 505 marker
assays attempts were 23 fragment size diVerences, 255
CAPS, 169 dCAPS, 18 allele-speciWc indels, and 40 allele-
speciWc SNPs. The Wrst attempt for the various methods
was successful for 80% of the genes that were eventually
mapped. This represents 46% of all polymorphism detec-
tion attempts. The most successful were CAPS, where 58%
were successful the Wrst time, and the least successful were
allele-speciWc SNPs, where only 18% were successful.
About 4% of all primers tried succeeded but were not use-
ful for mapping because greater than 11% of the population
(our cutoV value) had missing data. Forty percent (208)
completely failed, either because no product was obtained
(especially in the case of dCAPS) or the two parents were
monomorphic for the ampliWed product.

A small number of the primer pairs ampliWed fragments
only BAT93 or Jalo EEP558 DNA. If this is a consistent
diVerence, perhaps these genes could be mapped in the
future as dominant markers.

BAT93 and Jalo EEP558 polymorphism

Among the genes for which sequence data were available
for both BAT93 and Jalo EEP558, 73% were polymorphic.
This percentage was higher than that found for other
legume species (Choi et al. 2007). One reason for the
higher level of polymorphism could be related to the strong
diVerentiation between the Andean and Mesoamerican
gene pools represented by two parental genotypes assayed.
Indeed, in our case we found a higher polymorphism rate in
bean than with sunXower (64%, Lai et al. 2005), and a
much higher rate than observed in pine (40–52%, Komulai-
nen et al. 2003, cited in Lai et al. 2005), bread wheat (30%,
Gao et al. 2004), and soybean (19%, Zhang et al. 2004,
cited in Lai et al. 2005). The rate of one SNP for every 375

bases on average was more frequent that the one SNP for
every 562 bases Zhu et al. (2003a) discovered in soybean.
However, that study only focused on coding regions and
indels were not included in the analysis.

Of the polymorphisms, 10% were located in introns,
which were presumably under less selection pressure. A
small percentage of the polymorphisms were located in the
3� UTR, but this may simply reXect the fact that less 3�

UTR sequence was available for each gene. However, it is
interesting that 37% of all polymorphisms were found in
exons, including 183 non-synonymous SNPs and 9 indels.
Four of these nine indels are multiples of three nucleotides,
but the other Wve are not. They include indels 4, 7, 8, and 10
nucleotides long. This may indicate that the selective pres-
sure in these exons is not as strong as to preclude genetic
change in the relatively short time since the two gene pools
diverged. The ratio of synonymous to nonsynonymous
SNPs was about 1.9, while Zhu et al. (2003b) found
approximately equal numbers of synonymous and nonsyn-
onymous SNPs in soybean. Interestingly, Ching et al.
(2002) found a transitions/transversions ratio of 1.53 in
maize, while in this study it was very close to 1.0. Their
data, however, was based on only 18 loci.

A gene-based linkage map of common bean

The core markers (Freyre et al. 1998) aided in the develop-
ment of the gene-based map. Compared to that map, the
gene-based map is longer in length. Not all core markers
were included in the LOD 2.0 map. This may account for
some of the diVerences between the two maps since an
increase in markers usually corresponds to an increase in
linkage distance of the map. Given that core markers were
included in this map, other core markers could be posi-
tioned relative to other loci on the gene-based map.

Pv1 and Pv7 each contain a region of extensive segrega-
tion distortion. For most genes in the distorted region on
Pv1, 64–68% of the mapping population contained the Jalo
EEP558 allele, whereas for genes in the distorted region on
Pv7, 55–88% of the population contained the BAT93 allele.
These two regions of distortion were also discovered by
Freyre et al. (1998), and a region of distortion on Pv1 was
observed by Vallejos et al. (1992), also with an excess of
the Andean allele. These distortions may be due to meiotic
drive or to a translocation event between the two gene
pools.

Duplicate mapped genes (those that have their best
match to the same A. thaliana gene) were noted in the
P. vulgaris genome, including some tandem duplications
located on Pv2, Pv3, Pv6, Pv7, and Pv9, and one group of
three loci that was found on Pv6. These are duplications in
consecutive map order within a few cM of each other. The
sequences available showed 93–99% identity to each other.
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Four pairs of duplicate genes were found on diVerent link-
age groups. These sequences showed 79–88% identity to
each other. Three genes matching the same A. thaliana his-
tone gene were also found in three separate parts of the
genome, on Pv2, Pv3, and Pv6, with 76–83% identity.
In both the duplicate and tandem duplicate categories, some
loci were not reciprocal hits, although their best hit was to
the same A. thaliana gene. This may simply be because the
ampliWed product was from a diVerent region of each
homolog.

Qualitative and QTL gene mapping and subsequent
functional gene identiWcation are goals of all crop improve-
ment programs. Therefore, placing these loci relative to
genes on a gene-based map may identify such functional
genes. A number of QTL have been mapped in the BJ pop-
ulation (Nodari et al. 1993b; Koinange et al. 1996; Yu et al.
1998; Miklas et al. 2000, 2001, 2003; Park et al. 2001;
Schneider et al. 2001; Tar’an et al. 2001; McClean et al.
2002; Kelly et al. 2003; Kolkman and Kelly 2003; López
et al. 2003; Kelly and Vallejos 2004; Murray et al. 2004;
Papa et al. 2005; Román-Avilés and Kelly 2005; Papa et al.
2007). As further analysis is performed, these loci can be
more accurately mapped, and as the common bean genome
sequence becomes available and the gene space better deW-
ned, speciWc functional genes may be discovered. One
example of interest suggests a possible connection exists on
Pv1, where a days to Xowering QTL (Koinange et al. 1996)
is located in approximately the same area as g822.
Although the QTL interval is large, g822 appears to fall
within the interval. That fact that g822 is homologous to the
A. thaliana gene FPF1, a factor involved in regulating Xow-
ering time, is a compelling discovery worth further investi-
gation. In general, the map and corresponding QTL may
assist common bean and other legume researchers with the
discovery of important genes, including genes associated
with known QTL, as well as pursuits such as marker-
assisted selection, diversity studies, and additional compar-
isons of both the sequences and genetic and physical
positions of genes in evolutionarily related species.

Middle American/Andean diversity

Each BAT93 and Jalo EEP558 polymorphism could con-
ceivably be considered a polymorphism between the two
Mesoamerican and Andean subpopulations of P. vulgaris.
By screening parents from other mapping populations, it is
possible to determine if the polymorphisms are in fact Mid-
dle American/Andean polymorphisms or simply speciWc to
the BAT93 and Jalo EEP558 comparison. This screening
was also done to assess the relative levels of polymorphism
in each mapping population. The results did not show that
Middle American £ Andean crosses necessarily have
greater polymorphism, at least among this group of SNPs

and indels. Instead, the inter-gene pool crosses varied
greatly, although the intra-gene pool crosses for the most
part had fewer polymorphisms. This demonstrates that the
variability in P. vulgaris is such that, while many polymor-
phisms may be extrapolated to the subspecies level, many
others may be speciWc to a single smaller lineage.

Linkage disequilibrium

The best marker is the actual gene, which controls a speciWc
phenotype. While the goal of marker-assisted breeding is to
discover such genes, they are diYcult to identify. The alter-
native is to discover a marker that is linked to the functional
gene. Association mapping (AM) is considered in a number
of plant species as a complementary approach to the tradi-
tional biparental linkage mapping method (Zhu et al. 2008).
The extent to which AM protocols will successfully dis-
cover linked loci depends on the degree of linkage disequi-
librium (LD) within the population. While utilizing LD for
these types of analyses, other factors such as population
size and structure and the eVect size of the QTL must also
be considered.

Two loci are said to be in LD if one can infer the geno-
type at a second locus based on the genotype at a Wrst locus.
There are several computational methods that statistically
describe this association. The most relevant LD statistic is
r2 because it allows us to determine the degree to which a
marker is correlated with a trait of interest (Flint-Garcia
et al. 2003). To display the genome-wide level of LD, r2 is
calculated for pairs of mapped loci within a population. The
LD estimate we calculated here was based on a limited
number of genotypes representing the full extent of varia-
tion in common bean, including representatives of both the
Mesoamerican and Andean gene pools as well as races
within each gene pool. Typically, the genetic distance at
which r2 decays to 0.1–0.2 is considered to be the extent of
LD in a species (Zhu et al. 2008). Here, this occurs between
6 cM (r2 = 0.2) and 12 cm (r2 = 0.1). This is similar to the
level of LD detected by Rossi et al. (2009) using AFLP
markers on a population consisting of wild and domesti-
cated common bean genotypes.

So, how does this calculation aVect AM experimental
design in common bean? Using the Illumina GoldenGate
assay, 1,536 SNP marker loci can be screened simulta-
neously. Typically, only loci with minor allele frequencies
>0.1 are used to discover marker/trait associations, because
rarer alleles do not have suYcient phenotypic eVects in an
AM population to be discovered by this technique. For the
populations we used to develop the r2-based LD plot, 85%
of the loci had a minor allele frequency greater than 0.1.
Assuming this value holds for our experiment, »1,300 loci
from the GoldenGate assay will prove useful for AM map-
ping. Given that the genetic distance of the common bean
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genome is »1,500 cM, we will have a marker density of, on
average, one SNP every 1.2 cM. This is clearly less than the
6–12 cM distance at which LD decays to a point of equilib-
rium. Therefore, it seems that a 1,536 GoldenGate assay
will be suYcient to uncover signiWcant associations using
AM methods. However, as shown by Rossi et al. (2009),
LD in common bean is largely aVected by population struc-
ture and may drastically decay within gene pools and even
more within races.

Macrosynteny between common bean and plant species

Whole genome duplications, chromosomal rearrangements,
and gene loss are observed across many taxonomic hierar-
chies in plants. These events tend to break ancestral syn-
tenic relationships as chromosomal changes accumulate
within a lineage. For example, two or three whole genome
duplications and subsequent diploidization events appear to
be part of the At evolutionary history (Vision et al. 2000;
Simillion et al. 2002; Bowers et al. 2003). Of these, one
major duplication event post-dated the divergence of dicots
from monocots, while the most recent event occurred in the
Eurosid II after the At lineage diverged from the Malvaceae
(Bowers et al. 2003). Similarily, a major duplication event
appears to have occurred early in the legume lineage »55
MYA (Mamidi and McClean, unpublished data). Subse-
quently, individual duplication events have occurred in the
Gm, Lj, Mt, and Pv lineages (Blanc and Wolfe 2004;
Schlueter et al. 2004; Mamidi et al. submitted). Given these
duplication, gene rearrangement, and gene loss events
occurring in the At and legume lineages, it is not surprising
that we were only able to detect short syntenic blocks over
centimorgan distances in Pv and a few megabase distances
in At. Others have also observed only short microsyntenic
stretches between At other legumes including Gm, Lj, and
Mt (Grant et al. 2000; Kevei et al. 2005; Zhu et al. 2003a).
In contrast, the physical structure of the At genome exhibits
extensive macrosynteny with the genetic linkage map of a
recent relative, Brassica napus (Parkin et al. 2005). This is
presumably because polyploidization and rearrangements
since the divergence of the two species are limited.

As shown recently by Mamidi et al. (submitted), the
legumes studied here share a common duplication event
early in the history of evolutionary legumes. It was also
observed that each of these species exhibits duplications
that are lineage speciWc. Given the fact that chromosome
breakage and rearrangement appears to be coincident with
duplication events, it is not surprising that fragmented mac-
rosynteny is observed between Pv, Lj, and Mt. For both
species, examples of chromosomes sharing distinct syn-
tenic blocks from diVerent Pv chromosomes were observed.
Some chromosomes, such as Lj5 and Mt1, are syntenic
across nearly a full Pv chromosomes (Pv7). In other cases,

two disparate chromosomal segments of Mt2 and Mt5
account for the near full length of Pv6. These syntenic rela-
tionships are clear evidence of chromosome breakage and
rearrangement in these legume lineages.

Recently, Hougaard et al. (2008) evaluated Pv synteny
with Lj and Mt using a set of legume anchor markers. That
set of markers is limited relative to the number used here
(65 vs. 300), and the cutoV used to declare synteny was less
stringent (1e-7 vs. 1e-20). Even when considering the
diVerences in experimental protocol, the syntenic relations
between Pv, Mt, and Lj uncovered in that research are con-
sistent with what we report here. A similar experiment
comparing a peanut linkage map derived by mapping
legume anchor markers also revealed syntenic relationships
between that species and the two model legumes (Bertioli
et al. 2009). In essence, those results can serve as a control
to determine that the syntenic signals that we observed are
indeed true signals. For example, we observed that fragments
of Lj5 and Mt1 were both syntenic to the same region on
Pv7. Those two chromosomes were also syntenic with pea-
nut chromosome Ar9, a result that supports our observations.
By analogy, those results also strongly suggest that Pv7 and
Ar9 would also share some degree of synteny. Using all of
the reciprocal syntenic regions between Lj, Mt, and Pv, and
peanut reported here and in Bertioli et al. (2009), the follow-
ing Pv and peanut chromosomal relationships can be
inferred: Pv1, Ar6 and Ar8; Pv2 and Ar3; Pv3, Ar5, and Ar7;
Pv6 and Ar4; Pv7 and Ar9; and Pv11, Ar3, and Ar8.

The number of tools for legume genetics and genomics
are increasing. The advent of gene-based markers for other
species will facilitate additional syntenic comparisons
within this important family. As additional full genome
sequences become available for other legume species, more
accurate syntenic relationships can be drawn. Collectively,
we can then generate a more accurate legume species circle
than those currently available (Choi et al. 2004). With that
reWned data set, comparative genomics in legumes will be
more robust in nature.
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