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Abstract

Background: Expressed sequence tags (ESTs) are an important source of gene-based markers
such as those based on insertion-deletions (Indels) or single-nucleotide polymorphisms (SNPs).
Several gel based methods have been reported for the detection of sequence variants, however
they have not been widely exploited in common bean, an important legume crop of the developing
world. The objectives of this project were to develop and map EST based markers using analysis
of single strand conformation polymorphisms (SSCPs), to create a transcript map for common bean
and to compare synteny of the common bean map with sequenced chromosomes of other legumes.

Results: A set of 418 EST based amplicons were evaluated for parental polymorphisms using the
SSCP technique and 26% of these presented a clear conformational or size polymorphism between
Andean and Mesoamerican genotypes. The amplicon based markers were then used for genetic
mapping with segregation analysis performed in the DOR364 x G19833 recombinant inbred line
(RIL) population. A total of | 18 new marker loci were placed into an integrated molecular map for
common bean consisting of 288 markers. Of these, 218 were used for synteny analysis and 186
presented homology with segments of the soybean genome with an e-value lower than 7 x 10-12,
The synteny analysis with soybean showed a mosaic pattern of syntenic blocks with most segments
of any one common bean linkage group associated with two soybean chromosomes. The analysis
with Medicago truncatula and Lotus japonicus presented fewer syntenic regions consistent with the
more distant phylogenetic relationship between the galegoid and phaseoloid legumes.

Conclusion: The SSCP technique is a useful and inexpensive alternative to other SNP or Indel
detection techniques for saturating the common bean genetic map with functional markers that
may be useful in marker assisted selection. In addition, the genetic markers based on ESTs allowed
the construction of a transcript map and given their high conservation between species allowed
synteny comparisons to be made to sequenced genomes. This synteny analysis may support
positional cloning of target genes in common bean through the use of genomic information from
these other legumes.
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Background

Single nucleotide polymorphisms (SNPs) and insertion/
deletion events (Indels) represent the most frequent poly-
morphisms found in eukaryotic genomes. For example, in
humans the frequency of SNP polymorphisms is one per
kilobase and given the large size of the human genome
the total number of SNPs has been estimated to be over of
3.1 million [1,2]. Similarly, high SNP frequencies have
been reported in plant genomes, especially in out-crossing
species, but the discovery process has been slower despite
the small genomes of some species. Examples include
grapevine (Vitis vinifera L.), an out-crossing species, where
one SNP occurs every 78 bp [3] or maize (Zea mays L.)
where the average frequency of SNPs was one every 43
bases in 1,088 maize gene sequences and where Indels
were also common [4]. In a self pollinated species such as
soybean (Glycine max (L.) Merr), the SNP frequency was
reported as one SNP every 191 bp in non-coding regions
and one SNP every two kilobases in coding regions based
on 15 genotypes and 35 genomic or gene fragments [5].
Rice (Oryza sativa L.), another inbreeding species, had one
SNP every 300 bp in coding regions and one SNP every 37
bp in transposable elements when comparing indica and
japonica subspecies [6] and recently 159,478 high-quality,
non-redundant SNPs were found across the entire rice
genome [7]. In this study, our interest was to develop SNP
and Indel based markers for common bean (Phaseolus vul-
garis L.), an important legume in terms of food security
but one that has been less well studied as it is found
mostly in developing countries.

Expressed sequence tag (EST) libraries offer important
information for species that have not been sequenced and
are a central source of gene-based markers and SNP or
Indel polymorphisms. Discovery of these polymorphisms
usually involves alignment of sequences obtained from
the sequencing of EST libraries from different genotypes
of the same species [8] or from re-sequencing of PCR frag-
ments [9]. EST-based markers are valuable because they
represent sequences that are transcribed and therefore can
potentially be associated with phenotypic differences.
Furthermore, EST based markers are often highly con-
served between species allowing the construction of tran-
script maps and synteny comparisons between genomes.

EST analysis in common bean shows that SNP frequency
appears to be similar or higher than in other self-pollinat-
ing species although fairly few studies have analyzed their
relative abundance across different regions of the genome
or across the wide diversity of common bean accessions.
In a pioneering study for the crop, Ramirez et al. [10]
found that SNP frequency in EST sequences from two gen-
otypes of common bean (the Andean G19833 versus the
Mesoamerican Negro Jamapa) was 529 SNPs in 214 kb of
SNP-containing contigs, with a frequency of one SNP
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every 387 bp in this inter-genepool comparison. Recently,
Gaitan-Solis et al. [11] reported 239 SNPs and 133 Indels
in 45 gene-coding and non-coding fragments analyzed in
10 cultivated and wild bean genotypes belonging to the
Mesoamerican and Andean gene pools finding an average
frequency of one SNP every 88 bp and one Indel every 157
bp. The high frequency of SNPs and overall genotype
diversity in common bean makes this species amenable to
SNP marker development.

EST conversion to SNP based molecular markers and their
use in saturation or comparative mapping has been an
important recent area of research and several techniques
for SNP analysis have been reported [12]. For example, in
common bean three methods have been used for EST
marker conversion based on SNP polymorphisms. In the
first, cleaved amplified PCR fragment techniques (CAPS
and dCAPS) were used to convert EST based polymor-
phisms into genetic markers [13]. A second attempt
involved a high-throughput system named Luminex-100
which was used to confirm SNP calls in DNA from 10
common bean genotypes, finding 2.5% of SNPs were mis-
called and 1% had no signal as compared with direct
sequencing [11]. In an effort to simplify SNP analysis,
Galeano et al. [14] used CEL I mismatch digestions to ana-
lyze and map SNP-based, EST-derived markers, finding
that the method worked well with SNPs located in the
middle of amplification fragments and that digestion
products could be visualized on agarose gels.

Some of these techniques require specialized equipment
or ingredients, which some molecular marker laboratories
may not have. Therefore, a recent goal in our laboratory
has been to identify a gel-based alternative that does not
require restriction enzyme digestion. In this regard, we
have found single strand conformational polymorphism
(SSCP) analysis to be a good alternative. The SSCP tech-
nique is based on conformational differences of single
stranded DNA fragments that can be detected as mobility
shifts in non-denaturing polyacryilamide gel electro-
phoresis [15]. This technique is easy and inexpensive to
implement as we show in this study and has been used to
analyzing gene or EST derived SNP markers in various
plant species such as wheat (Triticum aestivum L.)[16,17],
barley (Hordeum vulgare 1.)[18], grapevine (Vitis vinifera
L.)[3], cassava (Manihot esculenta Crantz)[19], pear] millet
[Pennisetum glaucum (L.) R.Br.][20] and Pinus species [21].

In this study, our objective was to develop and map SSCP
markers on an integrated genetic map for common bean
using EST or gene-based markers from various sources.
The molecular mapping of genic SNPs and Indels through
this technique also provided the basis to analyze synteny
of homologous loci across the legumes. In relation to this,
the genetic map information and the marker sequences
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were used for an analysis of macro-synteny between the
genome of common bean and the genomes of Glycine
max, Lotus japonicus (Lotus) and Medicago truncatula (Med-
icago).

Results

Parental survey

After the standardization process, a total of 418 amplicons
were successfully amplified on the four genotypes evalu-
ated. Of these, 93 amplicons were derived from SNP con-
taining EST sequences of Ramirez et al. [10] and
corresponded to BSNP markers either newly developed
here or from Galeano et al. [14], 300 amplicons were from
the "g" series developed by NDSU and 25 amplicons were
from the SNP containing fragments reported by Gaitdn-
Solis et al. [11]. Figure 1a shows examples of polymorphic
and monomorphic PCR products evaluated on agarose
gels for indel type size polymorphisms. In that figure,
amplicons for g755 and g762 presented clear size poly-

g755

g762

9774

9776
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morphisms between Andean genotypes (G19833 and Jalo
EEP508) and Mesoamerican genotypes (DOR364 and
BAT93), while the amplicons for g774 and g776 showed
monomorphism in product size. The amplicons for
BSNP68, BSNP69 and BSNP70 (Figure 1b) were also
monomorphic in size (no indel) but as described in Addi-
tional File 1 were designed to cover the SNPs in contig
2624 from Ramirez et al. [10]. All of these amplicons are
examples of the quality and specificity of the amplicon
required to initiate the SSCP technique. In total, 11 ampli-
cons showed size polymorphisms showing that indels are
not frequent in the marker set used in this study.

SSCP polymorphism, meanwhile, was found in 106 out
of the 418 amplicons tested in the parental survey for
mapping parents used in this study. This included screen-
ing on MDE gels of all the amplicons that did not contain
indel polymorphisms from the agarose gel screening. The
overall SSCP polymorphism rate was similar for the par-

BSNP68 BSNP69 BSNP70

1kb

BSNP46

g696 BSNP12 g1107

1234

Group A
C.

Figure |

g1148

19213 4 FlR28384 1 2 3 4

BSNP5

91989 92316 BSNP89

12838 4 Fl2R3! 4 1 2 3 4

Group C

Gel images for SNP and Indel based markers. Evaluations of the PCR products representing SNP markers developed in
this study: a) gene based amplicons on agarose showing length polymorphisms (g755 and g762) or monomorphisms (g774 and
g776) when comparing genotypes DOR364, G19833, BAT93 and JaloEEP558 (lanes | to 4, respectively). b) EST based ampli-
cons for BNSP68, BNSP69 and BNSP70 on an agarose gel with the same four genotypes (lanes | to 4). c) gene based amplicons
evaluated in a silver-stained SSCP gel showing three examples of polymorphisms with the same genotypes (lanes | to 4) for
groups A, B and C, corresponding to molecular weights of 50-200 bp, 200-600 and 600 -1000 bp, respectively.
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ents of the populations DOR364 x G19833 (25.6%) and
BAT93 x Jalo EEP558 (22%) with the former cross
selected for genetic mapping. Figure 1c show examples of
amplicons with clear conformational polymorphisms
between the Andean and Mesoamerican genotypes using
the SSCP technique. Among the polymorphic amplicons
for the mapping population, 34 were for BSNP markers
from Galeano et al. [14], 66 were for 'g' markers and 6
were for markers from Gaitan-Solis et al [11].

PCR product size was not found to affect SSCP detection
in the BSNP markers and this method could be used for
amplicons up to 1 kb in size. For example, Figure 1c shows
the electrophoresis profile of parental genotypes divided
into groups A, B and C consisting in light molecular
weight (50-200 bp), medium molecular weight (200-600
bp) and high molecular weight (600 -1000 bp) products,
respectively, proving the versatility of the MDE technique
to detect SSCPs in amplicons with a wide range of molec-
ular weights. Gel migration was lengthier for the larger
molecular weight fragments than for the smaller molecu-
lar weight fragments with as little as four hours of run
time needed for the first group and 16 hours needed for
the third group. It was notable, that some amplicons for
the BSNP markers presented molecular weights in agarose
gel evaluation that were greater than expected, suggested
the presence of intronic regions, even though primer
design had been based on fragments of 500 bp or less.
PCR products were obtained up to 1000 bp (eg. marker
BSNP869) and the smallest amplicons were as small as
100 bp (marker BSNP5) and both extremes were equally
amenable to SSCP evaluation.

Molecular mapping and linkage analysis

After the parental screening, the polymorphic amplicons
were evaluated as genetic markers for the entire DOR364
x G19833 RILs population. All 106 resulting loci evalu-
ated with the SSCP technique were placed in the linkage
map, along with a further 11 Indel based markers evalu-
ated for segregation with agarose gels. Figure 2 shows
examples of the SSCP based markers evaluated in the pop-
ulation having typical segregation pattern for parental
alleles of 1:1 for a co-dominant marker evaluated in a
recombinant inbred line population. In the case of the
marker g89 a few heterozygous individuals were detected.
Apart from the SSCP detection, one marker was mapped
with CEL I heteroduplex digestion as reported by Galeano
et al. [14] for a total of 118 markers evaluated in the pop-
ulation for the genetic mapping portion of this study. The
11 amplicons/markers evaluated with agarose gel evalua-
tion were g128, g166, g755, g993, g1148, g1341, g1388,
82068, g2510, g2647, gCV542014 while the marker eval-
uated using CEL I heteroduplex digestion was BSNP78.
Segregation of the new marker loci was analyzed along
with the 165 SSR, STS and RFLP markers reported by Blair
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Genetic mapping of SSCP based markers. Segregation
pattern of two BSNP markers and one "g" marker in the

DOR364 x G19833 recombinant inbred line mapping popu-
lation based on SSCP polymorphism and detection on silver

stained gels.

et al. [22,23], Caldas and Blair [24] and Beebe et al. [25]
as well as five CEL I based gene markers reported by
Galeano et al. [14].

The final genetic map which is shown in Figure 3 and
summarized in the Table 1 had 288 marker loci in total
with a full map length of 1,900 cM. Linkage group sizes
ranged from 75 cM (B10) to 268 cM (B09) with an aver-
age of 172 cM per linkage group. The number of marker
loci per linkage group ranged from 15 on B05 to 43 on
B02. The largest number of new marker loci (19) was
placed on linkage group BO1 but an average of 11 new loci
were placed on each linkage group. The average distance
between the EST-based marker loci and the SSR or RFLP
marker loci was 13.5 cM and 10.6 cM, respectively and the
average distance between all loci was 6.8 cM. In general,
the marker loci were well distributed within the linkage
groups; however, some markers clustered in certain
regions of BO1, BO2 and B06. Segregation distortion was
found for 19% of the new marker loci (based on Chi-
square tests at P < 0.05) which is similar to values in Blair
et al. (2003). In general the most highly distorted marker
loci were found on B02 and presented preferential trans-
mission of the G19833 allele. The same distortion was
found in the middle of BO1; while preferential transmis-
sion of the DOR364 alleles was found at the top of the
B09.

Synteny analysis

A total of 218 markers were used for the synteny analysis
based on sequences of EST contigs or singletons corre-
sponding to the assembly of the new SSCP and Indel
based markers or the sequences for SSRs from Blair et al.
[22] and RFLPs from Murray et al. [26] with the EST col-
lection of 83,448 sequences from GenBank. The resulting
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Figure 3

Linkage analysis of SNP and Indel markers in the common bean genome. Common bean linkage map for the
DOR364 x G19833 recombinant inbred line mapping population. Chromosome designations are indicated above the linkage
groups (bO1 to bl I). The |18 newly mapped markers are shown in bold. The markers mapped by Galeano et al. [14] have
asterisks while other genetic marker loci positions are as reported in Blair et al. [22,23].
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Table I: Summary of markers and genetic distances found for each common bean linkage group (LG).

LG New markers Total markers Distance between new markers Distance betwen all markers Total distance (cM)
(cM) (cM)
BOI 19 33 10.86 6.45 206.29
B02 16 43 10.70 432 181.54
BO3 12 30 17.29 7.15 207.44
B04 I 26 10.18 5.73 143.21
BO5 5 15 9.66 10.79 151.00
B06 I 27 12.32 6.71 174.57
BO7 6 22 17.72 6.94 145.67
BO8 14 25 11.85 6.91 165.86
B09 I 27 18.23 10.29 267.65
BIO 4 15 15.07 5.02 75.36
BII 9 25 20.86 7.57 181.69
Average 10.7 26.27 13.51 6.84 172.75
Total 118 288 1900.30

marker-based sequences were aligned against genomic
sequences of soybean showing 186 significant homolo-
gies based on a first hit E-value average of 10-13. In addi-
tion, a second match was recorded for the blastn
evaluation, because the soybean genome has had at least
two rounds of polyploidization [27], and therefore pre-
sumably has at least two homologous copies of each com-
mon bean gene or EST represented in distinct positions of
its genome. A total of 165 of the markers evaluated were
found to have a significant second match with the soy-
bean genome. The first hit markers from the homology
search against the soybean genome were distributed
across all 11 linkage groups of the common bean genetic
map as shown in Figure 4 where the syntenic relationships
for each marker are indicated with flanking boxes identi-
fying the soybean chromosome where its homolog or
homologs are found. On average 17 such conserved mark-
ers were present in each common bean linkage group with
the most syntenic relationships discovered for B02 (26
markers) and the least for B10 (9 markers).

Comparative mapping and sequence positioning between
common bean and soybean presented a mosaic pattern
where it was possible to identify syntenic regions based on
three or more markers matching from the same chromo-
some of soybean to the same region of a common bean
linkage group. Through this analysis, most common bean
linkage groups could be represented by several re-
arranged soybean chromosomes as seen in Figure 4. For
example, segments of linkage group BO1 presented syn-
teny with three pairs of soybean chromosomes (hereafter
named Gm), namely the top segment of BO1 with Gm18
in first hits and Gm11 in second hits, the middle segment
with Gm19 and Gm3 and the bottom segment with
Gm17 and Gm14. Linkage group B0O2 presented synteny
with Gm5 and Gm§; and at the bottom with Gm1. Link-

age group B03 was syntenic with Gm2 and Gm17 along
most of its entire length; while B04 showed synteny with
Gm?2 at the top of the linkage group, with Gm16 in the
middle and with Gm13 and Gm19 at the bottom. Linkage
group B05 had synteny with Gm15 and Gm13 although
second hits were variable; while BO6 presented a syntenic
block with Gm18 and Gm8 at the top of the linkage
group, with Gm15 and Gm13 in the middle and with
Gm12 at the bottom. BO7 showed a syntenic block with
Gm10 and Gm20 except at the bottom of the linkage
group; while BO8 showed synteny with Gm14 and Gm?2 at
the top, and with Gm18 at the bottom. Linkage group B10
showed a syntenic block with Gm3 and Gm?7; while B11
was syntenic with Gm 11 at the top, and Gm13 in the bot-
tom. Finally, B09 was mostly syntenic with a single pair of
soybean chromosomes, Gm4 and Gm6, along its entire
length except at the very end.

The synteny analysis with M. truncatula and L. japonicus
resulted in totals of 109 and 78 homologous markers
linked to the common bean genome, respectively. These
represented averages of 10 and 7 anchor markers per link-
age group in P. wvulgaris for the two model legume
genomes, respectively. As seen in Figure 5, linkage group
BO1 showed various syntenic blocks with L. japonicus
(hereafter named Lj), or M. truncatula chromosomes
(hereafter named Mt). Linkage group B02 showed syn-
tenic blocks with Lj2 and Lj4, but no clear synteny with
the Medicago chromosomes. Linkage group B03 showed
segmental synteny with Lj4, Mt5 and Mt8. B04 showed
syntenic blocks from Lj1 and Mt6, and interestingly with
Mt0, a "false" chromosome where unanchored sequences
from the Medicago genome project are temporarily
housed. Linkage group B05 showed a syntenic block with
Lj3; while BO6 showed a syntenic block with Lj6 and Mt2.
Linkage group B07 showed a syntenic block with Mt1;
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Figure 4

Synteny relationships between common bean and soybean. Associations between common bean and soybean linkage
groups through sequence based markers. The colored boxes represent the homologies with chromosome segments from the
soybean genome with each chromosome from soybean assigned a given color. The boxes to the right side of the linkage group
are the first similarity matches, while to the left side are the second similarity matches.
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Synteny relationships between common bean and Lotus japonicus and Medicago truncatula. Associations between
common bean, Lotus and Medicago linkage groups through sequence based markers. The number in the right and left hand

boxes indicate the chromosomes numbers of the Medicago and

Lotus hits, respectively. Each chromosome from each legume

was assigned a different color with colors chosen to cover a large spectrum for ease of visualization.

B08 with Mt5 and Mt7 and B11 with Lj3. Meanwhile,
linkage groups B09 and B10 did not have a clear synteny
with the other legume genomes. In summary, the synteny
analysis of common bean with the genomes of Medicago,
Lotus and soybean showed that 50%, 36% and 85% of the
bean anchor markers had similarity with genes from these
species, respectively.

Discussion

Value of the SSCP based markers for map saturation

This study creates a transcript map for common bean
based on markers evaluated with SSCP gels which was
found to be an easy to use marker system to screen for sin-
gle base substitutions and SNP polymorphisms as well as
small insertion-deletion events. In terms of marker devel-
opment and testing, a total of 93 amplicons have now
been developed as part of the BSNP series which we began

the development of for the analysis of CEL I assays as
described in Galeano et al. [14] and which are based on
the 138 doubly-confirmed SNPs detected in Ramirez et al.
[10]. In addition we tested a total of 325 amplicons for
SSCP and Indel polymorphisms based on the gene-
derived markers from Gaitan-Solis et al. [11] and the EST
derived markers from NDSU [28]. Genetic mapping was
shown to be successful with the SNP and Indel detection
techniques used in this study. Out of the full set of 418
amplicons tested, a total of 118 could be located on the
genetic map of common bean using the inter-genepool
population DOR364 x G19833 creating a more saturated
genetic map for common bean.

The new map presents important advantages since it is
based on a combination of cDNA-based and non-gene
markers, integrating the 118 new EST and gene-based
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marker loci into a map that already had 165 SSR, STS or
RFLP markers for this population from Blair et al. [22,23],
Caldas and Blair [24] and Beebe et al. [25]. The result is
one of the most dense as well as most diverse molecular
maps available for common bean to date with a total of
288 single copy markers mapped in this population and a
full set of 451 markers for the population if we include
AFLP, RGA, RAPD and SCAR markers also mapped in this
population as described in those previous publications.
The success rate for the amplicons tested in this study in
terms of mapping with the SSCP detection techniques was
between 47% and 22% depending on the source of the
markers. For example, of the 72 SNP-EST contigs reported
by Ramirez et al [10] we were able to map 34 in this study
building on and improving over the initial mapping con-
ducted in our earlier study (Galeano et al. [14]. Out of the
25 amplicons developed by Gaitan-Solis et al. [11] we
were able to place six markers through the SSCP technique
with the main advantage being that SSCP detection is
technically easier than the multiplex method used by
these authors. Finally, we were able to place 66 other gene
based markers through SSCP detection and 11 through
indel evaluation on the DOR364 x G19833 population
based on marker development at NDSU for the g series of
SNP markers. These latter markers have also been mapped
in the BAT93 x Jalo EEP508 as reported in the Legume
Information System [28] and are on equivalent linkage
groups with highly correlated marker order between both
genetic maps. Therefore, the present genetic map is a fully
integrated, centralized map for common bean given its
high marker saturation.

Several advantages of our SSCP technique as an option for
SNP and Indel discovery and genetic analysis were noted.
First, this technique did not require the special inputs
used by other SNP detection techniques [20] except for
the MDE component of SSCP gels and could be under-
taken with standard equipment and PCR setups found in
most labs along with the same infrastructure and proce-
dures used for SSR electrophoresis [22]. Secondly, our
SSCP evaluations were carried out with electrophoresis
conducted at a room temperature of 18 to 20°C rather
than refrigerated at 4°C showing that results are not sen-
sitive to higher temperatures or to small temperature fluc-
tuations. The MDE matrix has been reported previously as
not being sensitive to temperature [20,29]; nevertheless,
some SSCP studies have found temperature effects on
fragment migration and gel resolution when using acryla-
mide gels [15,16]. The reason for this sensitivity could be
explained because higher temperatures might destroy
some semi-stable conformations [15]; however, the MDE
gel appeared to produce a more stable behavior of DNA
conformations.

Polymorphism discovery through SSCP technology offers
avaluable tool for genetic which in the future can be com-
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plemented by targeted approaches that increase the
chances of finding SNP polymorphisms for a given PCR
product and given cross combination. While SNP fre-
quency seems to be high in inter-genepool comparisons
as we showed here for DOR364 and G19833, it appears to
be lower in within genepool comparisons for example
among two Andean genotypes [30]. One alternative is to
design primer pairs surrounding intron sequences that
tend to be more variable than exons as has been reported
by Choi et al. [31] and Bertioli et al. [32]. Another option
is to employ next generation sequencing prior to SSCP
marker design so as to rapidly many SNPs between indi-
viduals [33]. While common bean has not been the sub-
ject of next-generation sequencing yet, the range of EST
sequences found for the crop is a valuable source for fur-
ther SNP discovery. In addition since common bean is
known to be very diverse based on SSR marker analysis of
the two major gene pools [34-36] analysis of sequence
information from multiple genotypes is likely to generate
new sources of SNPs useful for marker conversion and
SSCP analysis.

Utility of the transcript map for synteny analysis

Apart from the development of SSCP markers, our map-
ping of EST-based sequences allowed us to embark on
comparative mapping within the legumes and across the
Papilionoideae subfamily which contains the most
important group of crop legumes within two specific
clades that can benefit from cross-species analysis [37,38].
The galegoid clade, including the tribes Viceae, Trifolieae,
Cicereae and Loteae and the genera Vicia, Medicago, Cicer
and Lotus is made up of temperate species; while the pha-
seoloid clade, which is synonymous with the tribe Phase-
oleae, includes the genera Phaseolus, Vigna and Glycine and
crops such as common bean, lima bean (P. lunatus),
tepary bean (P. acutifolius), cowpea (Vigna unguiculata)
and soybean [39]. In this study, we took advantage of the
nearly full genome sequences now available for soybean,
Medicago truncatula and Lotus japonicus [40,41] to conduct
macrosynteny analysis with common bean based on
homology searches for the sequenced markers on our
genetic map. Similar studies have been conducted using
orthologous markers with or without sequence informa-
tion across various crop and model legumes by Bertioli et
al [32]. Cannon et al. [42], Choi et al. [31,37], Hisano et
al. [43], Hougaard et al. [13] and Tsubokura et al. [44].

The synteny results from our study comparing common
bean linkage groups with soybean chromosomes showed
large macrosyntenic segments between parts of '"homeolo-
gous' chromosome pairs from the ancestrally polyploidy
genome of soybean syntenic and different parts of the dip-
loid common bean genome. This allowed us to align most
of the 20 soybean chromosomes to the 11 individual link-
age groups of common bean in paired segments as shown
in Additional file 2 (dotblot). The syntenic blocks found
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between common bean and soybean Gm10-B07, Gm16-
B03, Gm5-B02, Gm19/Gm15/Gm12-B06, Gm18-B01,
Gm3-B10, Gm12/Gm11-B11 and Gm6-b09 were consist-
ent with the RFLP based comparisons of the linkage maps
of soybean, common bean and Vigna radiata [45]. In addi-
tion, the specific synteny of Gm11/Gm12 with B11 was
corroborated by Lee et al [46] comparing the genome
organization of these same three legumes around the
genes Pal and Pa2 which encode pubescence in soybean.

Our results agree with previous studies suggesting that the
soybean genome has undergone two or more large scale
duplications and is probably an ancient polyploid [47].
Based on the common bean model, we identify some of
the duplicate chromosome regions in soybean. For exam-
ple, linkage group B07 showed synteny with regions of
both Gm10 and Gm20 (corresponding to soybean link-
age groups O and I). Duplication of this chromosome
from soybean was found when mapping BACs containing
paralogous -6 fatty acid desaturase (FAD2) genes [48]. I
n addition, our synteny results for linkage group B09 infer
a duplication of Gm4 and Gm6 (C1 and C2) as was also
found by Schlueter et al. [49] when sequencing homeo-
loguos BACs anchored by mapped duplicate N-hydroxy-
cinnamoyl benzoyltransferase (HCBT) genes. Other
soybean chromosome duplications we detected included
Gm13-Gm 19 (N and L), Gm8-Gm5 (A2 and A1), Gm13-
Gm15 (Fand E), Gm18-Gm8 (G and A2), Gm2-14 (D1b
and B2), Gm4-Gm6, and Gm11-Gm12 (B1 and H). These
results are consistent with the duplication analysis carried
out by Shoemaker et al. [47] using RFLP markers and the
synteny results of Hisano et al [43], and Tsubokura et al.
[44]. Our study, therefore, confirms results of Shoemaker
et al. [50], showing that compared to common bean, the
soybean genome is the result of a duplicated ancestral
genome that was re-arranged to produce 20 non-homolo-
gous chromosomes with many homeologous regions
among chromosome pairs. So far, macro-synteny studies
among other legumes have revealed that the genome
structure is relatively stable within the subfamily Papilio-
noideae albeit with many of these segmental rearrange-
ments [31,42].

The synteny analysis with Medicago and Lotus compared to
the linkage groups in common bean identified many
more rearrangements. Despite this, chromosomes Lj4 and
Lj2 were found to be related to linkage group B02, Lj4 and
Mt8 to B03, Mt2 and Lj6 to BO6, Mt1 to BO7, Mt7 and Mt5
to B08, Mt5 to BO1 and B02, Mt3 to B09, Lj3 to B10 and
Mt4 to B11. Similar results are reported by Hougaard et al.
[13] who analyzed 99 and 75 shared loci, respectively,
between Lotus or Medicago and common bean and by
Choi et al. [37] who compared various galegoid and pha-
seoloid genomes using cross species genetic markers.
Results comparing soybean with Lotus by Hisano et al.
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[43] and Tsubokura et al. [44] found a limited degree of
macrosynteny between these species, perhaps because of
the complex structure of the soybean genome compared
to the simpler structure of the Lotus genome. Interestingly,
in both our study and the one from Hougaard et al. [13],
it was almost impossible to find synteny for linkage
groups B05 and B10 due to few anchor markers in these
regions suggesting that these linkage groups have lower
number of conserved or transcribed sequences.

The correspondence of our results with the synteny blocks
(SB) of Cannon et al. [42] appear to be most robust on
B0O1 and B07 for sequences from SB1 and SB2 (Lj5/Mt1),
on BO6 for SB3 (Lj6/Mt2), and on B08 and B02 for SB9
and SB10 (Lj2/Mt5), respectively. Synteny blocks were
also evident in the studies of Young et al. [41] and Hou-
gaard et al. [13]. Meanwhile, Bertioli et al. [32] identified
differences in syntenic blocks between peanut (Arachis
spp.) and Medicago or Lotus, finding that retrotransposon-
rich regions are distributed in alternating blocks across
these legume genomes and that these are interspersed
between syntenic blocks and correspond to the variable
regions which do not show synteny.

Similar results in comparative mapping using ESTs and
gene based markers have allowed the identification of
homologous linkage groups in studies of related Pinus
species [51], or across M. truncatula and M. sativa [31].
Comparative mapping across distantly related species is
also possible with conserved markers used to compare the
sugar beet transcript map with the Arabidopsis genome
[52] or sequence comparisons of Arabidopsis and rice [53]
with a few syntenic blocks always found, suggesting lim-
ited co-linearity between distant dicotyledonous or
angiosperm genomes. The long time of divergence (50
Mya) between galegoid and phaseoloid clades [54] would
explain the less frequent homologies between common
bean markers and Lotus or Medicago genomes compared to
hits with the soybean genome. Our results confirm the
reduced level of conservation between galegoid (Medi-
cago, Lotus) and phaseoloid (common bean, soybean) leg-
umes as reported Choi et al. [55] concluding that synteny
is high among closely related species, and that the degree
of synteny declines with increasing phylogenetic distance.

Conclusions

In summary, the SSCP technique in common bean was
found to be a useful alternative marker system for the
genetic analysis of EST-based amplicons and SNP or Indel
based polymorphisms. We reported the versatility of this
technique given its capacity to analyze a wide range of
PCR fragment sizes using simple equipment and standard
conditions. The SSCP technique was especially useful for
saturating the common bean map with gene derived
marker loci, and the resulting transcript map was then
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used for macrosynteny analysis with soybean, Lotus and
Medicago genomes. We expect that the EST and gene based
map will be useful for positional cloning and for dissec-
tion of quantitative traits, and the identification of the
genes underlying these. In this regard the enhanced map
for DOR364 x G19833 may provide us with the tools for
map-based cloning of QTL for low phosphorus tolerance,
high nutritional quality and other high priority traits dis-
covered by our laboratory for this population
[23,25,56,57]. In addition, the markers will be useful as
tools for marker assisted selection in common bean and
for the further analysis of phylogenetic relationships and
conserved regions between the genome of this crop and
those of model legumes [58]. Furthermore, these results
offer a valuable framework for utilizing sequence infor-
mation from soybean and model legumes for further
marker development and gene characterization in com-
mon bean.

Methods

Plant materials

A parental survey was conducted with the Andean genotypes
(landraces) G19833 and Jalo EEP558 and Mesoamerican
genotypes (varieties) DOR364, BAT93. The Mesoamerican
genotypes DOR364 and BAT93 are both improved lines
from the International Center for Tropical Agriculture
(CIAT) while the Andean genotypes G19833 and Jalo
EEP558 are a landrace from Peru and a released variety from
Brazil, respectively. The molecular mapping was then con-
ducted with the 87 recombinant inbred line (RIL) progeny
from the cross DOR364 x G19833 whose development and
origins are described in Blair et al. [22,35], or Beebe et al.
[25] and which is in the F,.;, generation. The DNAs of the
parents and the RILs were extracted using a CTAB extraction
procedure described in Afanador and Hadley [59].

Marker sources

A total of 418 amplicons were tested for SSCP or Indel poly-
morphisms, including 56 from primer pairs newly designed
for this study (Additional file 1) based on SNP polymor-
phisms between Negro Jamapa and G19833 leaf ESTs librar-
ies reported by Ramirez et al. [10], 37 amplicons developed
by our laboratory for EST derived SNPs as described previ-
ously [14], 25 SNP based markers from Gaitdn-Solis et al.
[11] and 300 "g" markers from North Dakota State Univer-
sity (NDSU) that have been described in the Legume Infor-
mation System [28]. The development of the new bean SNP
markers (BSNP) was based on conditions for marker design
as given in Galeano et al. [ 14] with the design of BSNP mark-
ers targeting amplification products with an average size of
200 bp that were all smaller than 500 bp based on original
EST contigs from Ramirez et al. [10].

PCR amplification and agarose gel evaluation
All PCR reactions were carried out in 15 pl reaction vol-
umes containing 25 ng of genomic DNA, 0.2 uM each of
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forward and reverse primers, 20 mM of total dNTPs, 1x
PCR buffer [10 mM of Tris-HCI (pH 7.2), 50 mM of KCl],
2.5 mM MgCl, and 1 unit of Taq polymerase. The ampli-
fication protocol consisted of 34 cycles of 30 s at 94°C, 40
s at 50 to 60°C (depending on the annealing temperature
of each primer as given in Additional file 1), and 2 min-
utes at 72°C, followed by 5 minutes extension at 72°C.
The PCR products combined 3:1 with loading buffer
(30% glycerol and 0.25% bromophenol blue) were then
run in 0.5x TBE buffer on 2% agarose gels in HORIZON
20:25 gel electrophoresis system units (Gibco BRL Life
Technology Inc., Gaithersburg, MD). The gels were
stained with ethidium bromide and visualized on an
ultraviolet trans-illuminator with documentation by a
Gel-Doc 2000 photosystem (Bio-Rad Laboratories, Rich-
mond, CA) to confirm amplicon quality, molecular
weights and any observed length polymorphisms.

SSCP marker assay

The PCR products were denatured and separated on SSCP
gels containing a mutation detection enhancement
(MDE) solution as described by Castelblanco and Fregene
[19]. The gel was made up of 6 mL TBE buffer (5x), 39 mL
deionized water and 15 mL MDE gel solution (Cambrex
Biosciences Rockland, Maryland) which was polymerized
by the addition of 0.3 mL ammonium persulphate (10%)
and 30 pL tetramethylenediamine (TEMED). The PCR
product was mixed with 5 pL of loading dye, denatured at
95°C for 5 min, cooled on ice. The electrophoresis run
times were for 4, 10 and 16 h depending on the molecular
weight of the fragment being analyzed. Constant power of
8 W was used to run the gels at room temperature in
Sequi-Gen GT 38 x 30 cm electrophoresis units (Biorad,
Hercules, Calif., USA). Silver staining was performed as
described by Blair et al. [22].

Linkage analysis

Segregation data was used to place the new markers on the
established genetic map for the DOR364 x G19833 pop-
ulation described in Blair et al. [23]. Linkage analysis was
conducted with the Kosambi mapping function using the
software application Mapmaker 2.0 for Windows [60].
The markers were placed to the most-likely interval with
the 'try' command and a minimum LOD of 3.0. Marker
order was then determined by multipoint analysis and
was confirmed with the 'compare’' command using a min-
imum LOD of 4.0. To generate a more reliable map for the
DOR364 x G19833 population, sequence characterized
amplified region (SCAR) and random amplified polymor-
phic DNA (RAPD) markers were removed from the matrix
and only the simple sequence repeat (SSR), sequence
tagged site (STS) and restriction fragment length polymor-
phism (RFLP) markers were used as frameworks for the
new EST and gene based SSCP markers. The linkage group
were named as reported in Blair et al. [22] whereby the
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naming system from the reference RFLP maps published
by Freyre et al. [61] and Vallejos et al. [62] are combined.

Synteny analysis

Sequences of the SSR, RFLP and new SNP markers were
downloaded in FASTA format from NCBI. The sequences
of the BSNP and g markers were assembled with all avail-
able ESTs for common bean (83,448) as of July 2009
using EGassembler [63] to use longer sequences from the
resulting contigs in homology searches. SSR sequences
were masked for simple repeats and low complexity
regions with RepeatMasker, an on-line tool from Institute
for Systems Biology [64]. The sequences were aligned with
an E-value threshold of 1 x 10-10 against the chromosome-
based assembly of soybean, Glymal.0, developed by the
Department of Energy's Joint Genome Institute and the
Center for Integrative Genomics [65] using local blastn
that had been downloaded from NCBI. The same process
was used to align markers to the Medicago genome release
version 2.0 [66]. Meanwhile, for Lotus versus common
bean comparisons markers were aligned against the
genome structure reported by Sato et al. [40]. Graphics
were drawn with an in-house software created with Visual
Basic Script programming language in a Microsoft Excel™
environment based on the following information: marker
name, linkage group in common bean and cumulative
distance (in cM) on that linkage group, GenBank acces-
sion number or contig name, chromosome in the model
legumes and position (in bp) on that chromosome. Dot-
plots of marker positions on the genomes of common
bean versus the three other legumes were obtained with
drawing formulas as described by Bertioli et al. [32].

Authors' contributions

CHG participated in the conception of the study, carried
out the genotyping and map construction and drafted the
paper. ACF did all programming and design of computa-
tional experiments. MG participated in marker develop-
ment from SNP-containing contigs. MWB conceived of
and coordinated the study, interpreted results and co-
wrote the paper. All authors read and approved the final
manuscript.

Additional material

Additional file 1

EST-based amplicons designed for SNP containing contigs reported by
Ramirez et al. [10], their primer sequences and melting (Tm) and
annealing (Ta) temperatures and whether polymorphism (P) by SSCP
was detected in the DOR364 x G19833 mapping population as well as
the best hit to the Uniref protein database.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-10-629-S1.DOC]

http://www.biomedcentral.com/1471-2164/10/629

Additional file 2

Dotplot of homologies between common bean markers from linkage groups
B1 through B11 and sequences from soybean chromosomes Gm01
through Gm20.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-10-629-S2.PPT|

Acknowledgements

Funding from the Bill and Melinda Gates Foundation and the Generation
Challenge Program to MVVB as well as access to EST based markers from
NDSU/Phil McClean and assistance of the UNAM and Univ. of Minnesota
bean EST projects as described in Ramirez et al. (2005) are acknowledged.
CHG is supported by a doctoral research fellowship from IRO (Interfaculty
Council for Development Co-operation of the Catholic University of Leu-
ven).

References

I. Wang DG, Fan J-B, Siao C-J, Berno A, Young P, Sapolsky R, Ghandour
G, Perkins N, Winchester E, Spencer ], Kruglyak L, Stein L, Hsie L,
Topaloglou T, Hubbell E, Robinson E, Mittmann M, Morris MS, Shen
N, Kilburn D, Rioux J, Nusbaum C, Rozen S, Hudson TJ, Lipshutz R,
Chee M, Lander ES: Large-scale identification, mapping, and
genotyping of single-nucleotide polymorphisms in the
human genome. Science 1998, 280(5366):1077-1082.

2. Consortium TIH: A second generation human haplotype map
of over 3.1 million SNPs. Nature 2007, 449(7164):851-861.

3.  Salmaso M, Faes G, Segala C, Stefanini M, Salakhutdinov |, Zyprian E,
Toepfer R, Grando MS, Velasco R: Genome diversity and gene
haplotypes in the grapevine (Vitis vinifera L.), as revealed by
single nucleotide polymorphisms. Molecular Breeding 2004,
14(4):385-395.

4.  Jones E, Chu W-C, Ayele M, Ho J, Bruggeman E, Yourstone K, Rafalski
A, Smith O, McMullen M, Bezawada C, Warren |, Babayev |, Basu S,
Smith S: Development of single nucleotide polymorphism
(SNP) markers for use in commercial maize (Zea mays L.)
germplasm. Molecular Breeding 2009, 24(2):165-176.

5. Van K, Hwang EY, Kim MY, Park HJ, Lee SH, Cregan PB: Discovery
of SNPs in soybean genotypes frequently used as the parents
of mapping populations in the United States and Korea. |
Hered 2005, 96(5):529-535.

6.  Yu),Wang], Lin W, Li§, Li H, Zhou J, Ni P, Dong W, Hu S, Zeng C,
et al.: The genomes of Oryza sativa: A history of duplications.
PLoS Biol 2005, 3(2):e38.

7. McNally KL, Childs KL, Bohnert R, Davidson RM, Zhao K, Ulat V],
Zeller G, Clark RM, Hoen DR, Bureau TE, et al.: Genomewide SNP
variation reveals relationships among landraces and modern
varieties of rice. Proc  Natl Acad Sci USA 2009,
106(30):12273-12278.

8.  Yamanaka S, Nakamura |, Watanabe K, Sato Y-I: Identification of
SNPs in the waxy gene among glutinous rice cultivars and
their evolutionary significance during the domestication
process of rice. Theor Appl Genet 2004, 108(7):1200-1204.

9.  Zhu YL, Song QJ, Hyten DL, Van Tassell CP, Matukumalli LK, Grimm
DR, Hyatt SM, Fickus EW, Young ND, Cregan PB: Single-nucle-
otide polymorphisms in soybean. Genetics 2003,
163(3):1123-1134.

10. Ramirez M, Graham MA, Blanco-Lopez L, Silvente S, Medrano-Soto A,
Blair MW, Hernandez G, Vance CP, Lara M: Sequencing and anal-
ysis of common bean ESTs. Building a foundation for func-
tional genomics. Plant physiol 2005, 137(4):1211-1227.

I'l.  Gaitan-Solis E, Choi Y, Quigley C, Cregan P, Tohme J: Single nucle-
otide polymorphisms in common bean: their discovery and
genotyping using a multiplex detection system. The Plant
Genome 2008, 1(2):125-134.

12.  Gupta PK, Roy JK, Prasad M: Single nucleotide polymorphisms:
A new paradigm for molecular marker technology and DNA

Page 12 of 14

(page number not for citation purposes)


http://www.biomedcentral.com/content/supplementary/1471-2164-10-629-S1.DOC
http://www.biomedcentral.com/content/supplementary/1471-2164-10-629-S2.PPT
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9582121
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9582121
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9582121
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17943122
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17943122
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15994422
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15994422
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15994422
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15685292
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19597147
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19597147
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19597147
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14740088
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14740088
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14740088
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12663549
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12663549
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15824284
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15824284
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15824284

BMC Genomics 2009, 10:629

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

polymorphism detection with emphasis on their use in
plants. Curr Science 2001, 80(4):524-536.

Hougaard BK, Madsen LH, Sandal N, Moretzsohn MC, Fredslund J,
Schauser L, Nielsen AM, Rohde T, Sato S, Tabata S, Bertioli D), Stou-
gaard | Legume anchor markers link syntenic regions
between Phaseolus vulgaris, Lotus japonicus, Medicago trunca-
tula and Arachis. Genetics 2008, 179:2299-2312.

Galeano CH, Gomez M, Rodriguez LM, Blair MW: CEL I nuclease
digestion for SNP discovery and marker development in
common bean (Phaseolus vulgaris L.). Crop Sci 2009,
49(2):381-394.

Orita M, Iwahana H, Kanazawa H, Hayashi K, Sekiya T: Detection of
polymorphisms of human DNA by gel electrophoresis as sin-
gle-strand conformation polymorphisms. Proc Natl Acad Sci
USA 1989, 86(8):2766-2770.

Yu G, Ma H, Bai G, Tang K: Single-strand conformational poly-
morphism markers associated with a major QTL for fusar-
ium head blight resistance in wheat. Molecular Biology 2008,
42(4):504-513.

Chao S, Zhang W, Akhunov E, Sherman J, Ma Y, Luo M-C, Dubcovsky
J: Analysis of gene-derived SNP marker polymorphism in US
wheat (Triticum aestivum L.) cultivars. Molecular Breeding 2009,
23(1):23-33.

Tondelli A, Francia E, Barabaschi D, Aprile A, Skinner |, Stockinger E,
Stanca A, Pecchioni N: Mapping regulatory genes as candidates
for cold and drought stress tolerance in barley. Theor Appl
Genet 2006, 112(3):445-454.

Castelblanco W, Fregene M: SSCP-SNP-based conserved
ortholog set (COS) markers for comparative genomics in
cassava (Manihot esculenta Crantz). Plant Mol Biol Rep 2006,
24(2):229-236.

Bertin I, Zhu J, Gale M: SSCP-SNP in pearl millet-a new marker
system for comparative genetics. Theor Appl Genet 2005,
110(8):1467-1472.

Plomion C, Hurme P, Frigerio JM, Ridolfi M, Pot D, Pionneau C, Avila
C, Gallardo F, David H, Neutelings G, Campbell M, Canovas FM,
Savolainen O, Bodénés C, Kremer A: Developing SSCP markers
in two Pinus species. Molecular Breeding 1999, 5(1):21-31.

Blair MW, Pedraza F, Buendia HF, Gaitan-Solis E, Beebe SE, Gepts P,
Thome J: Development of a genome-wide anchored microsat-
ellite map for common bean (Phaseolus vulgaris L.). Theor Appl
Genet 2003, 107:1362-1374.

Blair M, Buendia H, Giraldo M, Métais |, Peltier D: Characterization
of AT-rich microsatellites in common bean ( Phaseolus vul-
garis L.). Theor Appl Genet 2008, 118(1):91-103.

Caldas G, Blair MW: Inheritance of seed condensed tannins and
their relationship with seed-coat color and pattern genes in
common bean (Phaseolus vulgaris L.). Theor Appl Genet 2009,
119:131-142.

Beebe SE, Rojas-Pierce M, Yan X, Blair MW, Pedraza F, Munoz F,
Tohme J, Lynch JP: Quantitative Trait Loci for Root Architec-
ture Traits Correlated with Phosphorus Acquisition in Com-
mon Bean. Crop Sci 2006, 46(1):413-423.

Murray J, Larsen J, Michaels TE, Schaafsma A, Vallejos CE, Pauls KP:
Identification of putative genes in bean (Phaseolus vulgaris)
genomic (Bng) RFLP clones and their conversion to STSs.
Genome 2002, 45(6):1013-1024.

Walling JG, Shoemaker R, Young N, Mudge ], Jackson S: Chromo-
some-level homeology in paleopolyploid soybean (Glycine
max) revealed through integration of genetic and chromo-
some maps. Genetics 2006, 172(3):1893-1900.

Gonzales MD, Archuleta E, Farmer A, Gajendran K, Grant D, Shoe-
maker R, Beavis WD, Waugh ME: The Legume Information Sys-
tem (LIS): an integrated information resource for
comparative legume biology. Nucl Acids Res 2005,
33(suppl_1):D660-665.

Martins-Lopes P, Zhang H, Koebner R: Detection of single nucle-
otide mutations in wheat using single strand conformation
polymorphism gels. Plant Mol Biol Rep 2001, 19:159-162.
Thibivilliers S, Joshi T, Campbell K, Scheffler B, Xu D, Cooper B,
Nguyen H, Stacey G: Generation of Phaseolus vulgaris ESTs and
investigation of their regulation upon Uromyces appendicula-
tus infection. BMC Plant Biology 2009, 9(1):46.

Choi H-K, Kim D, Uhm T, Limpens E, Lim H, Mun J-H, Kalo P, Pen-
metsa RV, Seres A, Kulikova O, Roe BA, Bisseling T, Kiss GB, Cook
DR: A sequence-based genetic map of Medicago truncatula

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51,

http://www.biomedcentral.com/1471-2164/10/629

and comparison of marker colinearity with M. sativa. Genetics
2004, 166(3):1463-1502.

Bertioli D, Moretzsohn M, Madsen L, Sandal N, Leal-Bertioli S, Gui-
maraes P, Hougaard B, Fredslund ], Schauser L, Nielsen A, Sato S,
Tabata S, Cannon SB, Stougaard J: An analysis of synteny of Ara-
chis with Lotus and Medicago sheds new light on the struc-
ture, stability and evolution of legume genomes. BMC
Genomics 2009, 10(1):45.

Ganal MW, Altmann T, Réder MS: SNP identification in crop
plants. Curr Opin Plant Biol 2009, 12(2):211-217.

Blair M, Diaz J, Hidalgo R, Diaz L, Duque M: Microsatellite charac-
terization of Andean races of common bean (Phaseolus vul-
garis L.). Theor Appl Genet 2007, 1 16(1):29-43.

Blair M, Giraldo M, Buendia H, Tovar E, Duque M, Beebe S: Micros-
atellite marker diversity in common bean (Phaseolus vulgaris
L.). Theor Appl Genet 2006, 113(1):100-109.

Diaz L, Blair M: Race structure within the Mesoamerican gene
pool of common bean (Phaseolus vulgaris L.) as determined
by microsatellite markers. Theor Appl Genet 2006,
114(1):143-154.

Choi HK, Mun JH, Jin Kim D}, Zhu H, Baek JM, Mudge ], Roe B, Ellis
N, Doyle ], Kiss GB, Young ND, Cook DR: Estimating genome
conservation between crop and model legume species. Proc
Natl Acad Sci USA 2004, 101:15289-15294.

Varshney RK, Close TJ, Singh NK, Hoisington DA, Cook DR:
Orphan legume crops enter the genomics era! Curr Opin Plant
Biol 2009, 12(2):202-210.

Zhu H, Choi H-K, Cook DR, Shoemaker RC: Bridging model and
crop legumes through comparative genomics. Plant Physiol
2005, 137(4):1189-1196.

Sato S, Nakamura Y, Kaneko T, Asamizu E, Kato T, Nakao M, Sas-
amoto S, Watanabe A, Ono A, Kawashima K, et al.: Genome Struc-
ture of the Legume, Lotus japonicus. DNA Res 2008,
15(4):227-239.

Young ND, Cannon SB, Sato S, Kim D, Cook DR, Town CD, Roe BA,
Tabata S: Sequencing the genespaces of Medicago truncatula
and Lotus japonicus. Plant Physiol 2005, 137(4):1174-1181.
Cannon SB, Sterck L, Rombauts S, Sato S, Cheung F, Gouzy ], Wang
X, Mudge ], Vasdewani |, Schiex T, et al.: Legume genome evolu-
tion viewed through the Medicago truncatula and Lotus
japonicus genomes. Proc Natl Acad Sci USA 2006,
103:14959-14964.

Hisano H, Sato S, Isobe S, Sasamoto S, Wada T, Matsuno A, Fujishiro
T, Yamada M, Nakayama S, Nakamura Y, et al.: Characterization of
the soybean genome using EST-derived microsatellite mark-
ers. DNA Res 2008, 14:271-281.

Tsubokura Y, Onda R, Sato S, Xia Z, Hayashi M, Fukushima Y, Tabata
S, Harada K: Characterization of soybean genome based on
synteny analysis with Lotus japonicus. Breeding Science 2008,
58(2):157-167.

Boutin SR, Young ND, Olson TC, Yu ZH, Soemaker RC, Vallejos CE:
Genome conservation among three legume genera detected
with DNA markers. Genome 1995:928-937.

Lee JM, Grant D, Vallejos CE, Shoemaker RC: Genome organiza-
tion in dicots. Il. Arabidopsis as a 'bridging species’ to resolve
genome evolution events among legumes. Theor Appl Genet
2001, 103(5):765-773.

Shoemaker RC, Polzin K, Labate ], Specht J, Brummer EC, Olson T,
Young N, Concibido V, Wilcox ], Tamulonis JP, et al: Genome
duplication in soybean (Glycine subgenus soja). Genetics 1996,
144(1):329-338.

Schlueter JA, Vasylenko-Sanders IF, Deshpande S, Yi ], Siegfried M,
Roe BA, Schlueter SD, Scheffler BE, Shoemaker RC: The FAD2
gene family of soybean: insights into the structural and func-
tional divergence of a paleopolyploid genome. Crop Sci 2007,
47(Supplement_1):S-14-26.

Schlueter JA, Scheffler BE, Schlueter SD, Shoemaker RC: Sequence
conservation of homeologous bacterial artificial chromo-
somes and transcription of homeologous genes in soybean
(Glycine max L. Merr.). Genetics 2006, 174(2):1017-1028.
Shoemaker RC, Schlueter ], Doyle JJ: Paleopolyploidy and gene
duplication in soybean and other legumes. Curr Opin Plant Biol
2006, 9(2):104-109.

Komulainen P, Brown GR, Mikkonen M, Karhu A, Garcia-Gil MR,
O'Malley D, Lee B, Neale DB, Savolainen O: Comparing EST-

Page 13 of 14

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18689902
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2565038
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2565038
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2565038
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16315028
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16315028
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15809850
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15809850
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14504741
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18784914
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19363663
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12502245
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12502245
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16361231
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16361231
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15608283
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15608283
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15608283
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19397807
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15082563
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19166586
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19166586
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19166586
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19186095
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19186095
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17924092
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16614831
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16614831
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17047911
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17047911
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15489274
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15489274
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19157958
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19157958
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15824281
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15824281
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18511435
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15824279
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17003129
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18470218
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18470218
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18470218
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8878696
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16888343
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16458041
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16458041

BMC Genomics 2009, 10:629

52.

53.

54.

55.

56.

57.

58.

59.

60.

6l.

62.
63.

64.
65.
66.

based genetic maps between Pinus sylvestris and Pinus taeda.
Theor Appl Genet 2003, 107(4):667-678.

Schneider K, Kulosa D, Soerensen T, M6hring S, Heine M, Durstewitz
G, Polley A, Weber E, Jamsari, Lein |, et al.: Analysis of DNA pol-
ymorphisms in sugar beet (Beta vulgaris L.) and development
of an SNP-based map of expressed genes. Theor Appl Genet
2007, 115(5):601-615.

Salse J, Piegu B, Cooke R, Delseny M: Synteny between Arabidop-
sis thaliana and rice at the genome level: a tool to identify
conservation in the ongoing rice genome sequencing
project. Nucl Acids Res 2002, 30(11):2316-2328.

Lavin M, Herendeen PS, Wojciechowski MF: Evolutionary rates
analysis of leguminosae implicates a rapid diversification of
lineages during the tertiary. Syst Biol 2005, 54(4):575-594.

Choi H-K, Mun J-H, Kim D-}, Zhu H, Baek J-M, Mudge |, Roe B, Ellis
N, Doyle J, Kiss GB, et al: Estimating genome conservation
between crop and model legume species. PNAS 2004,
101(43):15289-15294.

Yan X, Liao H, Beebe SE, Blair MW, Lynch JP: QTL mapping of
root hair and acid exudation traits and their relationship to
phosphorus uptake in common bean. Plant and soil 2004,
265(1):17-29.

Liao H, Yan X, Rubio G, Beebe SE, Blair MW, Lynch |JP: Genetic
mapping of basal root gravitropism and phosphorus acquisi-
tion efficiency in common bean. Funct Plant Biol 2004,
31:953-970.

Cannon SB, May GD, Jackson SA: Three sequenced legume
genomes and many crop species: rich opportunities for
translational genomics. Plant Physiol 2009, 151(3):970-977.
Afanador L, Hadley S: Adoption of a mini-prep DNA extraction
method for RAPD marker analysis in common bean. Bean
Improv Coop 1993, 35:10-11.

Lander E, Green P, Abrahamson J, Barlow A, Daly M, Lincoln S, New-
burg L: MAPMAKER: an interactive computer package for
constructing primary genetic linkage maps of experimental
and natural populations. Genomics 1987, 1:174-181.

Freyre R, Skroch PW, Geffory V, Adam-Blondon AF, Shirmohamadali
A, Johnson WC, Llaca V, Nodari RO, Periera PA, Tsai SM, et al:
Towards an integrated linkage map of common bean. 4
Development of a core linkage map and alignment of RFLP
maps. Theor Appl Genet 1998, 97:847-856.

Vallejos CE, Sakiyama NS, Chase CD: A molecular marker-based
linkage map of Phaseolus vulgaris L. Genetics 1992, 131:733-740.
Masoudi-Nejad A, Tonomura K, Kawashima S, Moriya Y, Suzuki M,
Itoh M, Kanehisa M, Endo T, Goto S: EGassembler: online bioin-
formatics service for large-scale processing, clustering and
assembling ESTs and genomic DNA fragments. Nucl Acids Res
2006, 34(suppl_2):W459-462.

Smit A, Hubley R, Green P: RepeatMasker Open-0.3. 1996.
Soybean Genome Project [http://www.phytozome.net/soybean]
The Medicago Genome Sequence Consortium (MGSC)
[http://www.medicago.org/genome/index.php]

http://www.biomedcentral.com/1471-2164/10/629

Publish with Bio Med Central and every
scientist can read your work free of charge

"BioMed Central will be the most significant development for
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
« available free of charge to the entire biomedical community
« peer reviewed and published immediately upon acceptance
« cited in PubMed and archived on PubMed Central
« yours — you keep the copyright

Submit your manuscript here: O BioMedcentral
http://www.biomedcentral.com/info/publishing_adv.asp

Page 14 of 14

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12827250
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17622508
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17622508
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12034818
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12034818
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12034818
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16085576
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16085576
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16085576
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15489274
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15489274
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19759344
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19759344
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19759344
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3692487
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3692487
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3692487
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1352759
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16845049
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16845049
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16845049
http://www.phytozome.net/soybean
http://www.medicago.org/genome/index.php
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	Parental survey
	Molecular mapping and linkage analysis
	Synteny analysis

	Discussion
	Value of the SSCP based markers for map saturation
	Utility of the transcript map for synteny analysis

	Conclusions
	Methods
	Plant materials
	Marker sources
	PCR amplification and agarose gel evaluation
	SSCP marker assay
	Linkage analysis
	Synteny analysis

	Authors' contributions
	Additional material
	Acknowledgements
	References

