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Abstract. The present study describes a new set of 61 polymor-
phic microsatellite markers for beans and the construction of a genetic 
map using the BAT93 x Jalo EEP558 (BJ) population for the purpose 
of developing a reference linkage map for common bean (Phaseolus 
vulgaris). The main objectives were to integrate new microsatellites on 
the existing framework map of the BJ population, and to develop the 
first linkage map for the BJ population based exclusively on microsat-
ellites. Of the total of 264 microsatellites evaluated for polymorphism, 
42.8% showed polymorphism between the genitors. An integrated map 
was created totaling 199 mapped markers in 13 linkage groups, with 
an observed length of 1358 cM and a mean distance between markers 
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of 7.23 cM. For the map constructed exclusively with microsatellites, 
106 markers were placed in 12 groups with a total length of 606.8 cM 
and average distance of 6.8 cM. Linkage group designation and marker 
order for BM microsatellites generally agreed with previous mapping, 
while the new microsatellites were well distributed across the genome, 
corroborating the utility of the BJ population for a reference map. The 
extensive use of the microsatellites and the availability of a reference 
map can help in the development of other genetic maps for common 
bean through the transfer of information of marker order and linkage, 
which will allow comparative analysis and map integration, especially 
for future quantitative trait loci and association mapping studies. 
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Introduction

Legumes (Leguminosae or Fabaceae) are the third largest family of higher plants 
(Gepts et al., 2005) with around 643 genera (18,000 species) that are grouped in 40 tribes 
(Broughton et al., 2003). Leguminous plants, after cereals, include the most important spe-
cies of agricultural interest, considering area cultivated and total production (Gepts et al., 
2005). The Leguminosae family is subdivided into three subfamilies, of which the subfam-
ily Papilionoideae comprises most of the economically important legumes including the 
genus Phaseolus. Of the 50 described Phaseolus species, five (P. vulgaris, P. lunatus, P. 
coccineus, P. acutifolius, and P. polyanthus) are grown for human consumption; of these, 
the species P. vulgaris is the most cultivated worldwide, accounting for 75% of the food 
legumes traded in the world (Broughton et al., 2003). The areas of natural occurrence of 
P. vulgaris range from Mexico to Argentina, across tropical and subtropical regions of the 
Americas (Debouck et al., 1987). According to Food and Agriculture Organization data 
(FAO, 2006), the global production of common bean (P. vulgaris L.) was approximately 
19 million tons in 2005, of which around 6 million tons were produced in Latin America 
and in the Caribbean. Brazil is worldwide the second producer of Phaseolus species and is 
ranked first in the production of P. vulgaris L. (Embrapa, 2004). In 2005, around 3 mil-
lion tons of common bean were grown in an area of approximately 4 million hectares, with 
an annual increase estimated at 58.3 thousand tons of grains per year (Ribeiro et al., 2003). 
The common bean is a primary protein source in the diet of the low-income population in 
developing countries; aside from the high protein content, it contains large quantities of 
complex carbohydrates, fiber, oligosaccharides, and phytochemicals, such as polyphenols 
and isoflavones (Anderson et al., 1999). The common bean is also an important source of 
iron, phosphorus, magnesium, and manganese, and on a lower scale it provides zinc, cop-
per and calcium (Broughton et al., 2003). 

The common bean (P. vulgaris L.) genome has an estimated size of 650 million 
base pairs (Mb) per haploid genome, distributed among 11 chromosomes (Arumuganatham 
and Earle, 1991). Genetic maps for common bean have been available since the 1990s and 
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are based on the combination of different molecular marker classes, with a predominance 
of co-dominant restriction fragment length polymorphism (RFLP) markers (Chase et al., 
1991; Vallejos et al., 1992; Nodari et al., 1993a,b; Vallejos, 1994), followed by the develop-
ment of maps containing a large number of dominant random amplified polymorphic DNA 
(RAPD) markers (Adam-Blondon et al., 1994). A central genetic map for common bean 
integrated the mapped marker information from different populations in a common popula-
tion (BAT93 x Jalo EEP558), where segregation data of 563 markers were combined into a 
single reference map covering a total genetic distance of 1226 cM (Freyre et al., 1998). An 
increasing number of genetic maps are being developed in common bean for the identifica-
tion of quantitative trait loci (QTLs) or genes controlling important traits of economic inter-
est; nevertheless, the information tends to be restricted to the mapped populations since the 
transferability of the molecular markers in use is low. This is a constraint for the realization 
of comparative genome studies and, consequently information exchange across different 
maps. Consequently, the establishment of reference maps could provide an important tool to 
integrate the information obtained across various genetic studies.

Microsatellite markers are useful for genetic studies because they are co-dominant, 
multi-allelic, widely distributed across the genome, polymerase chain reaction (PCR)-based, 
and transferable between different genotypes. Information generated by these markers allows 
comparisons and information exchange between different studies, especially for comparative 
genetic mapping (Grattapaglia, 2000). Recently, several research groups have made advances 
in the development of microsatellite markers for various species of the Leguminosae fam-
ily (Song et al., 2004; Wang, et al., 2004). For common bean, microsatellites have been de-
veloped from GenBank sequences and enriched genomic libraries. The first GenBank-based 
microsatellites were developed by Yu et al. (1999, 2000), who generated a set of 38 simple 
sequence repeat (SSR) markers, followed by Blair et al. (2003) and Guerra-Sanz (2004), who 
developed 57 and 20 additional SSRs, respectively. The first SSRs derived from enriched 
genomic libraries were obtained by Gaitán-Solís et al. (2002), resulting in the development of 
68 markers, and Yaish and Pérez De La Vega (2003), who isolated an additional series of 21 
SSRs. Since then, Caixeta et al. (2005) used size-fractionated bacterial artificial chromosome 
(BAC) libraries to develop SSRs linked to a resistance gene, and more recently, Buso et al. 
(2006) developed a further set of SSRs derived from genomic libraries. Microsatellite markers 
have been useful in genetic mapping in common bean with a set of 15 SSRs integrated into the 
BAT93 x Jalo map by Yu et al. (2000), and 100 more SSRs integrated into a comparative map 
between BAT93 x Jalo EEP558 and DOR364 x G19833 (Blair et al., 2003). Recently, Blair et 
al. (2006b) and Ochoa et al. (2006) used microsatellites from various sources to create genetic 
maps for an advanced backcross population and a recombinant inbred line population with 
over 80 microsatellite markers each. The development of a genetic reference map for com-
mon bean, based on genetically more informative markers with wide genome coverage and 
with transferability to other crosses, would help to establish correlations between maps based 
on independent experiments. Such information could readily be used to guide QTL mapping 
analyses based on the use of markers located in regions of interest in the genetic map. 

In this study, our main objectives were: 1) to screen microsatellite markers and identify 
those polymorphic for the BAT93 x Jalo EEP558 population; 2) to integrate a set of new microsat-
ellite markers into the core map for this population based on RFLP and RAPD markers that were 
previously mapped in the same population, and 3) to compare the integrated map with a genetic 
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map based exclusively on microsatellites. The utility of the information generated by this study in 
the development of a microsatellite-based reference genetic map for common bean is discussed.

Material and methods

Plant material

The P. vulgaris mapping population was derived from a cross of the parents 
BAT93 and Jalo EEP558. The parent BAT93 is an improved line from the breeding 
program of the Centro Internacional de Agricultura, Cali, Colombia, and belongs to the 
Mesoamerican gene pool; while cultivar Jalo EEP558 was released by the Estação Ex-
perimental de Patos de Minas, Brazil, and belongs to the Andean gene pool (Nodari et 
al., 1993a). The cross was made at the University of California for the construction of the 
genetic map of Nodari et al. (1992), and was advanced by single-seed descent through 
successive generations of inbreeding for the establishment of a population of recombi-
nant inbred lines in the F8 generation.

Simple sequence repeat amplification and analysis

Genomic DNA extraction based on the plant material of the parents and 71 
recombinant inbred lines followed the procedure described by Grattapaglia and Sederoff 
(1994). Three hundred and seven SSR markers developed for common bean were used, 
304 being from genomic libraries and three expressed sequence tag (EST)-derived 
SSR markers. The 304 SSRs were obtained from 68 markers of the series AG, GATS 
and BM (Gaitán-Solís et al., 2002), 21 markers of series M (Yaish and Pérez De La 
Vega, 2003) and 215 markers of series PVBR. From this series, 20 (PVBR1-PVBR25) 
have been published (Buso et al., 2006), and the remaining markers (not published 
before) that showed polymorphism in BAT93 x Jalo EEP558 population are available 
at the NCBI web site http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=nucleotide&
cmd=search&term=BUSO according to the GenBank number described in Table 1. 
The three EST-derived SSRs were PV-ag005, BMd33 and BMd41 (Yu et al., 2000; 
Blair et al., 2003). All 307 SSRs were adjusted for PCR amplification conditions and 
tested for parental polymorphism between the parents BAT93 and Jalo EEP558. The 
SSRs that did not amplify at the standard temperature of 56°C were subjected to new 
amplifications, where the annealing temperature was reduced to between 42° to 54°C. 
Meanwhile, the annealing temperature was increased to between 58° and 60°C for the 
SSRs with multiple banding patterns at the standard temperature of 56°C, in order to 
increase the specificity of the amplified product. PCR was performed in a final volume 
of 15 µl, containing 15 ng DNA, 0.3 µM of each primer (forward and reverse), 0.25 
mM of each dNTP, 5% DMSO, 10 µM Tris-HCl, pH 8.3, 50 mM KCl, 1.5 mM MgCl2 
and one unit Taq DNA polymerase. The reactions were carried out in a PT 100 MJ 
Research thermocycler, programmed for one pre-cycle at 94°C for 1 min, followed by 
30 cycles at 94°C for 1 min, specific annealing temperature of the primer for 1 min, 
72°C for 1 min, and a final step at 72°C for 7 min. Segregation analysis of polymorphic 
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Microsatellite	 °C	 Chromosome	 Repeat	 Size (bp)	 PCR producta	 GenBank No.b

PVBR26	 56              unlinked	 (GA)2GGAA(GA)5	 154	 A	 BV686609
PVBR31	 56	   2	 (GA)11	 204	 C	 BV686603
PVBR35	 56	   4	 (TC)10	 214	 A	 BV686604
PVBR45	 56	   3	 (CA)5	 155	 C	 BV686605
PVBR46	 48	   4	 (GA)19	 188	 A	 BV686606
PVBR53	 56	   3	 (GA)6	 165	 A	 BV686610
PVBR54	 54	   2	 (AC)4(AG)11	 191	 D	 BV686607
PVBR60	 53	 11	 (CT)9	 171	 A	 BV686608
PVBR61	 56	   7	 (AG)32	 212	 D	 BV686482
PVBR67	 56              unlinked	 (TC)19	 152	 A	 BV686483
PVBR69	 53	   7	 (AG)5AA(AG)32	 210	 D	 BV686484
PVBR78	 58	   9	 (CT)14	 167	 C	 BV686485
PVBR82	 56	   7	 (GA)10	 182	 A	 BV686486
PVBR83	 56	   3	 (GA)9	 163	 A	 BV686487
PVBR87	 56	   5	 (GA)16	 163	 A	 BV686488
PVBR92	 46	 10	 (CTT)3(TC)7	 173	 A	 BV686489
PVBR93	 56	   7	 (TC)18	 171	 C	 BV686490
PVBR94	 58	   9	 (GA)14	 165	 C	 BV686491
PVBR101	 58	 11	 (TC)3C(TC)5	 150	 B	 BV686492
PVBR102	 56	   3	 (AG)6	 181	 B	 BV686493
PVBR106	 56	   9	 (CCT)2(CT)5	 209	 A	 BV686494
PVBR107	 53	   2	 (CT)16(GT)4	 150	 C	 BV686495
PVBR109	 58	   5	 (CT)16(GT)4	 150	 A	 BV686496
PVBR112	 58	 10	 (TC)13	 183	 A	 BV686497
PVBR113	 56	   6	 (TC)12	 100	 A	 BV686498
PVBR124	 56	   7	 (AG)10	 162	 A	 BV686601
PVBR125	 56	   9	 (GA)6A(GA)3	 190	 C	 BV686499
PVBR128	 56	 10	 (CT)8	 247	 C	 BV686500
PVBR131	 56	   5	 (TGA)5	 198	 A	 BV686501
PVBR133	 56	   2	 (GA)5	 204	 D	 BV686502
PVBR139	 56	   2	 (AG)7	 206	 A	 BV686503
PVBR149	 56	 11	 (CT)8	 235	 C	 BV686504
PVBR163	 56	   1	 (AG)16	 217	 A	 BV686505
PVBR167	 56	   4	 (AT)7(AG)9	 158	 C	 BV686506
PVBR168	 56	 11	 (GA)7	 190	 B	 BV686507
PVBR169	 56              unlinked	 (GA)4	 205	 A	 BV686508
PVBR172	 53	 11	 (TC)4TT(TC)4	 232	 D	 BV686509
PVBR173	 56	   3	 (GA)21	 219	 C	 BV686510
PVBR181	 56	   8	 (AG)11	 207	 C	 BV686511
PVBR182	 53	 10	 (AG)12	 164	 C	 BV686512
PVBR185	 56	   8	 (TC)11	 153	 A	 BV686513
PVBR188	 56	   9	 (AG)6A(AG)9	 188	 C	 BV686514
PVBR191	 56	 11	 (GA)5	 150	 A	 BV686602
PVBR198	 56	   1	 (AG)10	 222	 A	 BV686515
PVBR199	 56              unlinked	 (CT)4TCT(TC)5	 186	 C	 BV686516
PVBR201	 53              unlinked	 (AG)9	 241	 A	 BV686517
PVBR213	 53	   9	 (TG)7	 163	 C	 BV686518

Table 1. Description of the novel set of 61 Phaseolus vulgaris microsatellite markers, available at the NCBI, polymor-
phic for the parents of the BAT93 x Jalo EEP558 population, including microsatellite denominations, annealing tempera-
tures (°C), repeat motifs, allele size from the sequenced fragments, chromosome map locations, pattern of PCR amplified 
products, and GenBank accession numbers.

SSRs was carried outon 5% agarose gels stained with ethidium bromide (0.1 µg/µl), or 
on 6% denaturing polyacrylamide gels with silver staining (Creste et al., 2001).

Continued on next page
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PVBR215	 56	   6	 (CT)6	 220	 B	 BV686519
PVBR218	 56	   2	 (AG)9	 185	 C	 BV686520
PVBR228	 56	 11	 (CT)3CCTCTA(TC)6	 188	 C	 BV686521
PVBR229	 56	   7	 (TC)6	 225	 C	 BV686522
PVBR233	 56	   2	 (GA)4(AGAGA)3(AG)5	 220	 A	 BV686523
PVBR235	 56	   5	 (AT)7	 188	 A	 BV686524
PVBR236	 56	   7	 (AG)18	 232	 C	 BV686525
PVBR242	 48	   4	 (TC)5	 117	 A	 BV686526
PVBR243	 56	   9	 (CT)20	 236	 B	 BV686527
PVBR250	 56	   2	 (GA)4	 222	 C	 BV686528
PVBR251	 56	   2	 (CT)7	 204	 A	 BV686529
PVBR255	 56	   5	 (CT)9(CA)6	 177	 C	 BV686530
PVBR259	 56             unlinked	 (AG)6AC(AG)3	 127	 A	 BV686531
PVBR269	 56	   4	 (TC)23	 167	 C	 BV686532

aA: strong band pattern/specific; B: weak band patterns/specific; C: strong band pattern/non-specific; D: weak band pat-
terns/non-specific. bSequences of primer pairs are available at NCBI according to the GenBank number.

Linkage analyses

Chi-square (χ2) tests were performed to test the null hypothesis which states that the seg-
regation ratios fit the expected 1:1 marker segregation, considering P < 0.05. The false discovery 
rate (FDR) statistical method, determined from the observed p value distribution, was used in 
order to correct for multiple comparisons by controlling the chance of a false-positive (Benjamini 
and Hocheberg, 1995). Initially, the polymorphic SSR markers were integrated in a framework 
map composed of 118 markers, including RAPD, RFLP, SCAR (sequence-characterized am-
plified regions), and isozymes (http://agronomy.ucdavis.edu/gepts), previously genotyped in the 
BAT93 x Jalo EEP558 population. For the linkage analysis based exclusively on SSR markers, 10 
additional loci (BM046, BM137, BM158, BM199, BMd12, BMd18, BMd19, BMd40, BMd42, 
and BMd47) previously mapped by Blair et al. (2003) in the BAT93 x Jalo EEP558 population, 
were included in the final SSR data set. Individual linkage analyses were performed using Map-
Maker 2.0 (Lander et al., 1987) for Macintosh. Linked markers were first placed into linkage 
groups using the “group” command with logarithm of odds (LOD) score ranging from 3.0 to 5.0 
and a maximum recombination fraction (theta) of 0.30. The “first-order” and “compare” com-
mands were used to identify the most probable marker order within a linkage group. The “ripple” 
command was used to verify the order and establish a log-likelihood support. Recombination frac-
tions were transformed to estimate map distances by the Kosambi map function. Chromosome 
numbering followed that proposed by Pedrosa et al. (2003). 

Results

Selection of simple sequence repeat loci

After optimization of the PCR conditions for the 307 SSRs examined on polyacrylamide 
gels, a total of 23 (7.5%) of the markers (all from the PVBR series) did not amplify under the 
minimal stringency conditions and 20 SSRs (6.5%) resulted in patterns of non-specific bands, 

Table 1. Continued.

Microsatellite	 °C	 Chromosome	 Repeat	 Size (bp)	 PCR producta	 GenBank No.b
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Figure 1. Segregation at microsatellite loci BM152 (panel A) and BM181 (panel B) in BAT93 x Jalo EEP558 population, 
with detection on agarose and polyacrylamide gels, respectively. The two first lanes are the two parents followed by the 
progeny.

Linkage analyses

The integration of the SSRs in the core linkage map resulted in a dataset of 231 poly-
morphic markers including the 113 SSRs and 118 previously mapped markers. Of these, a 
total of 199 (86.1%) markers could be mapped at an LOD score ≥3 (theta = 0.35) and were 

which were not used for additional analysis (11 from the PVBR series, 7 from the M series and 2 
from the BM series). Regarding the quality of the PCR amplification product, 198 SSRs (75%), 
from the 264 useful markers, amplified products with a strong band pattern, of which 76 clearly 
produced a sharp band, and 122 amplified interpretable PCR products, but with some degree of 
stuttering. The remaining 66 (25%) pairs of primers showed weak patterns, but still useful for 
genotyping, with 34 SSRs producing sharp bands and 32 producing some stuttering. A total of 
264 (86%) SSRs amplified clearly interpretable products and were used in the polymorphism 
screening for the parents of the BAT93 x Jalo EEP558 population (181 of series PVBR, 66 of 
series BM, 14 of series M, 2 of series BMd, and 1 from the series PV). From these, 176 (66.7%) 
amplified at an annealing temperature of 56°C.

Simple sequence repeat polymorphism in Bat93 and Jalo EEP558

A total of 113 of the 264 SSRs tested for polymorphism between BAT93 and Jalo were 
polymorphic, of which 39 belonged to the BM series, 69 to the PVBR series, 2 each to the BMd 
and M series and 1 to the PV series. Eight of the 69 PVBR markers have been published (Buso et 
al., 2006) and the remaining 61 are described in Table 1. The information about this new set of 61 
markers is available at the NCBI web site, including primer pair sequences, repeat sequences and 
DNA sequences that were used to design the primers. A set of 24 (21.2%) SSR loci could be eas-
ily interpretable on agarose gels (BM141, BM152, BM153, BM154, BM160, BM167, BM187, 
BM200, BM211, 11M1, 13M1, PVBR6, PVBR25, PVBR31, PVBR87, PVBR94, PVBR113, 
PVBR163, PVBR181, PVBR185, PVBR218, PVBR255, PVBR259, and PVBR269), while the 
remaining 89 (78.8%) were genotyped on polyacrylamide gels (Figure 1). 
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distributed in 13 linkage groups (Figure 2). Nine linkage groups corresponded to an entire 
chromosome of P. vulgaris, while two chromosomes (6 and 10) were represented by partial 
linkage groups. For chromosome 6, one partial linkage group (6b) had no mapped SSRs but 
represented RFLP and RAPD markers placed at the end of the chromosome according to Pe-
drosa et al. (2003), which were mapped at a minimum LOD score of 3.0. The partial linkage 
groups could be merged by the markers BMd33 (chromosome 6) and N9b (chromosome 6b) 
but at a lower LOD score of 2.3. For chromosome 10, the linkage group formed by three mark-
ers BM161, D1174 and RF10b (10b), could be anchored to the marker D1298 (chromosome 
10) at an LOD of 1.6 and BM161 was also mapped to this same chromosome in the compara-
tive map of Blair et al. (2003).

The total number of markers mapped per linkage group varied from three (chromo-
some 10b) to 26 (chromosome 9), and the mean interval between two markers was 7.2 ± 
1.9 cM (standard deviation), with a maximum distance between two markers of 37.5 cM 
(PVBR251 and ROD13, chromosome 2). The size of the linkage groups varied from 11.2 
(chromosome 10b) to 224.3 cM (chromosome 9), with a mean size of 104.5 ± 58.2 and a 
total map distance estimated to be 1358 cM (Table 2).

Figure 2. Common bean linkage map based on the analysis of 231 molecular markers, including 113 microsatellites, 
developed based on the segregation analysis of the population BAT93 x Jalo EEP558. The 104 microsatellite markers 
integrated in the map with a minimum LOD of 3.0 are indicated in bold; microsatellites with segregation deviation are 
starred (*level of significance of 5%) and labeled with (B) or (J), which expresses the predominance of alleles of the 
parental BAT93 or Jalo EEP558, respectively.
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Microsatellite-based map

In addition to mapping the SSRs into the integrated genetic map described above, 
we also performed a linkage analysis based exclusively on SSR markers, totaling 123 
markers (113 polymorphic in the present study and 10 previously mapped). In this analy-
sis, a total of 106 (86.18%) were found to be linked and were distributed across 12 link-
age groups (Figure 3) at the level of statistical stringency adopted. Ten linkage groups 
corresponded to approximately complete chromosomes of P. vulgaris as identified by Pe-
drosa et al. (2003), while chromosome 4 was represented by two partial linkage groups, 
one with seven SSRs and the other with three markers. The number of SSR markers per 
chromosome varied from four (chromosome 6) to 15 (chromosome 9), with a mean of 
8.8 markers per chromosome. The greatest distance between the markers was 22.3 cM 
on chromosome 5, while the overall mean distance between markers was 6.8 ± 2.7 cM. 
Linkage group size varied from 15.1 to 96.5 cM for linkage group 4b and chromosome 9, 
respectively, with a mean size of 50.6 ± 26.60 cM. The total map distance was estimated 
to be 606.8 cM (Table 2). The LOD values between the linked and unlinked markers 
varied from 0.49 to 2.79. 

Figure 3. Common bean linkage map based on microsatellite markers only, developed on the segregation analysis of the 
population derived from the crossing BAT93 x Jalo EEP558. On the left are the linkage groups that contain only microsatellite 
markers, and on the right (in bold) the groups containing the anchor markers. The microsatellites were mapped with a mini-
mum LOD of 3.0; the markers with deviation of segregation are starred (*level of significance of 5%) and labeled with (B) or 
(J) which expresses the predominance of alleles of the parental BAT93 or Jalo EEP558, respectively.
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Seven markers (6 RFLP and 1 RAPD), previously mapped and dispersed throughout 
the genome in the core linkage map, were used as anchor loci for 6 SSRs in the SSR linkage 
map as shown in Figure 3. The addition of marker D1662 allowed the linkage of the SSRs 
PV139 and PV251 on chromosome 2; markers D0166 and D1287 allowed the linkage of SSR 
BM164 on chromosome 9; marker D1251 allowed the linkage of SSR PV236 on chromosome 
7, and marker D1505 anchored the SSR 13M1 on chromosome 3. In addition, marker RDF1a 
allowed the linkage of SSR BM212 on chromosome 8, which agreed with previous results 
(Blair et al., 2003). On chromosome 4, the addition of marker D1861 allowed the linkage 
between the two groups (chromosome 4 and chromosome 4b), resulting in the expected final 
number of 11 chromosomes. Segregation distortion, as analyzed by FDR statistics, showed 
that for 7 (6.2%) new SSR loci and 11 (9.3%) previously mapped markers (indicated by aster-
isks in Figures 2 and 3), the null hypothesis of segregation 1:1 was rejected at a significance 
level of α = 0.05. In relation to the segregation distortion, 12 markers were skewed toward the 
Andean parent Jalo EEP558, while 6 were skewed toward the Mesoamerican parent, BAT93. 
Among the 22 SSRs mapped by Blair et al. (2003) in this population, only one (BMd40) pre-
sented segregation deviation with χ2 = 36.48. All loci with segregation deviation were main-
tained in our linkage analysis. When analyzing the 18 distorted SSR markers, 13 were mapped 
across three linkage groups of the BAT93 x Jalo EEP558 population map and the majority of 
these loci, all 8 skewed toward Jalo EEP558 alleles, were clustered on chromosome 2. The 
remaining five distorted markers, skewed toward BAT93, were mapped on chromosomes 4 
(four distorted markers) and 8 (one distorted marker). Despite the distortion, all mapped loci 
were placed with a minimum LOD value of 3.06. 

Discussion

This study reveals a novel set of 61 microsatellite markers that showed a good pat-
tern of amplification, most of them under the same PCR amplification conditions, allowing a 
high-throughput genotyping with a broad range of applications for genetic analysis in common 
bean. Together with the previously developed microsatellite markers for beans, an exclusively 
microsatellite-based linkage map was constructed, making their map position available which 
could be used to align existing maps for P. vulgaris.

Using a protocol of PCR optimization, the efficiency of selecting a set of markers that 
showed strong and specific PCR products and that could be potential markers for the devel-
opment of semi-automated genotyping systems for common bean was 25%, of a total of 307 
SSRs tested. As previously reported by Masi et al. (2003), these systems, once developed and 
adjusted, have numerous advantages over conventional microsatellite analysis, allowing the 
simultaneous analysis of a greater number of loci, increasing the precision of data acquisition 
and reducing the time spent for genotyping a large number of plants. 

Estimates of the efficiency of SSR recovery for common beans are available in the 
literature, and similar levels of recovery have been found. Blair et al. (2003) found successful 
amplification in 92.6% of genomic SSRs and 81.1% of gene-derived SSRs, while Yaish and 
Pérez De La Vega (2003) had a success rate of 80.9% for genomic SSRs, and Yu et al. (2000) 
found that 81% of GenBank-derived SSRs amplified satisfactorily. In the present study, based 
on only three EST-derived SSRs, it was not possible to make conclusions about the informa-
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tion content of this type of SSR. In common bean, Blair et al. (2003) estimated a polymor-
phism rate between Andean and Mesoamerican genotypes of around 45% for EST-derived 
markers versus 60% for genomic-derived markers. Despite the lower polymorphism rate of 
EST-SSRs, the 21,000 P. vulgaris EST sequences available in GenBank represent a potential 
source of informative microsatellites (Ramirez et al., 2005), with the additional possibilities of 
electronic search and sampling of expressed gene regions and a greater probability of transfer-
ability of SSR loci among related species (Cho et al., 2000; Thiel et al., 2003).

The occurrence of null alleles in microsatellites has been observed in different species 
(reviewed by Dakin and Avise, 2004), and can result from mutations (deletions or substitu-
tions) at the primer annealing site and/or large insertions within the amplified sequence. In this 
study, the occurrence of null alleles was inferred in six loci (5.3%), predominantly associated 
with the BAT93 parent (5 loci), and was interpreted as missing data, in order to prevent a mis-
taken genotyping of the population that could lead to the deviation of the expected proportion 
of Mendelian segregation. 

Overall SSR polymorphism in the BAT93 x Jalo cross was relatively high (42.8%) 
but lower than that observed for some other inter-gene pool parental combinations in 
which the polymorphism can average 59.7% (Blair et al., 2006a). Crosses involving par-
ents from different domestication centers are desirable for genetic mapping, since the 
possibility of detecting polymorphism among parents, derived from wild beans which 
had diverged before domestication, is increased, resulting in a higher number of seg-
regating loci. Conversely, the polymorphism level tends to be lower in crosses among 
genotypes from within the same gene pool as reported by Frei et al. (2005) and Blair et 
al. (2006a), where polymorphism can range from 14 to 34% for the Mesoamerican gene 
pool but slightly higher for the Andean gene pool. Inter-racial parental combinations tend 
to be lower than between race combinations, especially with parents from the same com-
mercial seed class (Blair et al., 2006a, and Brondani RPV, unpublished data). Based on 
these findings, low polymorphism can be attributed to the narrow genetic base observed 
in some groups of cultivated common bean as found by Maciel et al. (2003) for AFLP 
markers in commercial cultivars developed by a single-breeding program, where many 
of the genotypes shared common genealogies. Among other legumes, soybean cultivars 
have a narrower genetic base, in which a mapping analysis by Brogin (2005) targeting the 
identification of the rust resistance gene, found only 15% of SSRs polymorphic between 
the parents, which had common ancestors in their genetic background. 

For the linkage map based on a combined dataset of markers using a minimal LOD 
score of 3.0 and theta of 0.40, a total of 199 markers were placed in 13 linkage groups, re-
garding the expected number of 11 chromosomes in P. vulgaris. The two exceeding groups 
represented unlinked portions of chromosomes 6 and 10 previously mapped. Two approaches 
could be used to attain the expected number of chromosomes: either by increasing population 
size, or by including additional markers that would fill the present gaps, bridging linked and 
unlinked genetic markers. 

The availability of some common set of SSR markers mapped among individual 
linkage maps developed for beans allowed the recognition of homologous linkage groups 
among them, and also comparative analysis regarding the linkage conservation of the 
markers in the same linkage groups. The position of the BM series microsatellites agreed 
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well with the same SSRs mapped in either the BAT93 x Jalo EEP558 or DOR364 x 
G19833 population by Blair et al. (2003), with the exception of three markers, BM167, 
BM189 and BM201, which were on chromosomes 3, 5 and 2 in this study but in linkage 
groups b08, b03 and b07, respectively, in their study. Potential clusters of microsatellites 
were identified on chromosomes 1, 2, 3, 5, 7, and 9, as also found by Blair et al. (2003). 
Apart from this clustering, the SSR markers were well distributed among the linkage 
groups, ranging from 4 to 13 SSRs per chromosome. Some intervals over 20 cM remained, 
but were located mainly on chromosome 2. These findings corroborate a previous report 
of low SSR polymorphism in the same regions (Blair et al., 2006b). Alternative strategies 
could help to fill the gaps, such as the use of BAC libraries, already available for common 
bean (Kami et al., 2006), to be used to anchor markers on the physical map, and to identify 
and to develop specific markers for the under-represented genomic region. This strategy 
has been shown to be an effective way to target for low-density marker regions on the 
soybean genome (Song et al., 2004). Another approach to fill the gaps in linkage maps is 
to make an assessment of the correspondence between the physical and genetic distances 
in beans, in order to estimate the sizes of the gaps, helping to elucidate aspects related to 
recombination in the genome, as performed for the entire rice genome (Chen et al., 2002). 
The cross-referencing of genetic information among maps could also help to reduce the 
gaps, especially among populations showing high polymorphism such as those of Blair 
et al. (2006b) and Ochoa et al. (2006). The consolidation of linkage information will also 
provide the possibility to obtain a more consistent genetic map by increasing the num-
ber of markers well distributed along the genome and keeping, from the set of common 
mapped markers, those that are shown to be more robust (conservation of the marker order 
and linkage) in linkage experiments. In this regard, knowing that the distribution of the 
SSRs across the genome is not random and that the SSR frequency, of mostly trinucleotide 
repeats, is higher in transcribed regions, especially non-translated portions (Morgante et 
al., 2002), the use of SSRs derived from expressed sequences could help to reduce the 
large intervals between markers and increase the representation of markers across specific 
regions of the genome. Additionally, the use of a higher number of microsatellites close 
to genes would be, from the point of view of the genetic application of these markers, 
particularly interesting, due to the possibility to map-expressed sequences, resulting in the 
development of a transcriptional map, which would provide a valuable resource for future 
studies of linkage disequilibrium in beans.

Of the 123 polymorphic SSR markers analyzed here, a total of 106 were success-
fully mapped onto the framework maps and distributed throughout the P. vulgaris genome. 
The total SSR map length, previously estimated to be 1226 cM for the same mapping 
population in the core map of Freyre et al. (1998), was decreased by about 50% in the SSR 
map length. Since the sample size and mapping generation was the same, this variation in 
the estimate of genome size is probably due to the higher marker density of the previous 
map, in addition to the use of different classes of markers which could show differences 
in their genomic distributions (Paglia et al., 1998). Some markers were assigned to link-
age groups of the core map with a likelihood support of 100:1, which also may have con-
tributed to the extension of the linkage map and an increase of the observed map length 
differences. Even though a considerable number of the 123 microsatellite markers used in 
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the linkage analysis could be mapped, some RFLP and RAPD markers were required as 
anchor loci for the integration of some lower LOD SSRs and to make the linkage between 
the two groups, resulting in the reduction of the number of linkage groups from 12 to the 
expected final number of 11. This procedure demonstrated the need for incorporation of a 
larger number of SSR markers for the establishment of a map with greater representative-
ness of the common bean genome. The ease of working with PCR-based microsatellite 
markers, the high specificity of the amplified products, the potential of transferability 
across gene pools, and the multi-allelism provided by these markers justify and motivate 
the great effort towards the development of linkage maps based on microsatellite markers. 
Considering a total of 231 segregant markers, only 11.6 were expected to be distorted by 
chance at P ≤ 0.05. However, a total of 7.8% (18 markers) were identified. In relation to 
previous studies in beans where an index of 18% distorted markers was reported for the 
same mapping population (Freyre et al., 1998), the rate of distorted markers was reduced. 
In the present study, the chi-square test performed alone resulted in similar values of 
distorted markers (22%). However, the use of the FDR method allowed the control of the 
FDR based on multiple comparison tests (Benjamini and Yekutieli, 2001). Using the same 
mapping population, an analysis based on previously published results by Freyre et al. 
(1998) indicated agreement in the mapping patterns of the distorted markers for chromo-
somes 2, 4 and 8, as well as the mapping of genes related to the domestication syndrome 
also identified on chromosome 2 (Koinange et al., 1996; Blair et al., 2006b). The majority 
of the distorted loci was clustered mainly in two linkage groups, keeping blocks of skewed 
markers toward the same parental, reinforcing the hypothesis that the distortion had a bio-
logical basis and that these genotypes had some evolutionary advantage and were selected 
for in developmental processes (Xu et al., 1997). 

In conclusion, the development of a useful genetic reference map for P. vulgaris with 
higher resolution, co-dominant, multiallelic, and consequently more informative molecular 
markers, in addition to unified nomenclature through correlation between chromosome and 
linkage groups, will increase the power of comparative analyses between linkage maps and 
gene tagging or QTL mapping studies using populations with varying genetic backgrounds. 
The SSR markers, mapped and integrated in this study along with those from Yu et al. (2000) 
and Blair et al. (2003), may allow further information exchange between maps obtained with 
different segregating populations and the anchoring of the genetic map to physical maps in the 
future, which is the first step in the cloning of important genes for common bean improvement. 
These additional microsatellite markers can be used to increase map saturation, conduct asso-
ciative mapping, anchor BAC clones, and also to conduct precise QTL mapping. Concerning 
the possibility to extrapolate the comparative linkage analyses across legume species, greater 
efforts are being made to integrate markers derived from expressed sequences, since these gene 
sequences are more closely related and are expected to provide valuable anchor points across 
the genomes. In addition, a set of EST-SSR loci from different legume species, mainly soybean, 
has been screened for polymorphism in BAT93 x Jalo EEP558 and other common bean map-
ping populations, aiming to integrate genetic data. Once a map for common bean is available 
integrating linkage information from several legume species, more genomic information will 
be added to the Legume Information System, allowing the expansion of comparative genomic 
analyses. This will provide new insights into legume genome organization studies and into 
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predicting the location of genes related to important traits from one species to another, as suc-
cessfully demonstrated for other model crops (Devos and Gale, 2000).
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