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Abstract The common bean, an important source of pro-
tein and minerals for humans, complements cereals both
nutritionally and as a rotation crop, supplying nitrogen
and reducing soil pathogens. The aim of this study was
to develop an operational SNP-based panel for common
bean in order to facilitate SSR employment in genetic
diversity and population structure analyses, and its use
in breeding programs. A set of 88 diverse and important
common bean cultivars/lines (53), landraces (33) and wild
accessions (2) were genotyped. Overall, the 58 SSRs per-
formed better at evaluating genetic diversity (Ā=7.38;

He=58.7 %; PI=1.20E−45) than the 345 SNPs, of which
the SSRs dinucleotides (SSR-di) were more informative
(Ā=9.92; He=72.5 %; PI=3.40E−26) and a selected set
of 13 SSRs (Ā=15.31/locus; He=84.5 %; PI=1.03E−19)
allowed for the discrimination of all individuals. For the
345 high-quality scored SNPs a low combined PI (4.70E
−119) and high PE (100 %) was obtained for the assess-
ment of parentage and identity. The SNPs were very use-
ful for linkage mapping in inter- (78.2 %) and intra-gene
pool (17.7 %) crosses. Both markers afforded high reso-
lution detection of inter-gene pool structure, with greater
differentiation based on SNPs (K=2, FST=0.759). The
SSRs-di differentiated cultivars/lines and landraces (K=
3) of Mesoamerican origin. A set of 16 SSRs was selected
to establish a routine and operational analysis of Genbank
accessions allowing an efficient origin-based discrimina-
tion of common bean accessions. Operational genotyping
panels based on SSRs and SNPs were derived, contribut-
ing to the growing integration of genomics with molecular
breeding programs of the common bean.
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Introduction

Phaseolus vulgaris (common bean) is the most widely grown
species of the genus Phaseolus and is also the most important
grain legume in human diets in all continents (Broughton et al.
2003). The bean is a nutritional and cost-effective food source
for more than 300 million people in the tropics, and for small-
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scale farmers it represents an important source of household
income (Wortmann et al. 1998). The American continent con-
sumes 43 % of the total bean production worldwide, followed
by Asia (34.5 %), Africa (18.5 %), Europe (3.7 %), and
Oceania (0.1 %). Developing countries account for ∼87 %
of world consumption (Vieira et al. 2010). Brazil is the largest
producer of the common bean, with production oscillating
from 3.2 to 3.3 million tons/year in the last decade and con-
sumption estimated to be 18.4 kg/inhabitant in 2013. Net
Brazilian imports were approximately 100 thousand tons/
year until 2006/2007 and increased to 200 thousand tons/
year (2012/2013), despite an enormous potential for expan-
sion of domestic production (Silva andWander 2013). The use
of biotechnological tools may contribute to facilitating the
development of superior and more competitive genotypes in
terms of nutritional and agronomic quality and production costs.

In the initial stages of the pre-breeding process, the use of
molecular tools assists in quantification and qualification of
genetic diversity. This approach enables the generation of
strategies for efficient conservation and use of these genetic
resources with a goal of identifying genetically divergent ac-
cessions with good agronomic traits that diminish the effects
of a narrowing genetic base (Buso et al. 2006). In breeding
programs, molecular marker-assisted backcrossing reduces
the number of generations required to recover the recurrent
parent, thus accelerating the introgression of genomic regions
of interest (Oliveira et al. 2008). This backcrossing also facil-
itates the pyramiding of disease resistance alleles in elite cul-
tivars (Alzate-Marin et al. 2005). In the final stage of breeding
programs, molecular markers are useful for the quantification
of genetic variability of value for cultivation and use (VCU)
lines, determination of genetic identity for registration pur-
poses and cultivar protection, and certification tests of com-
mercial seed lots (Cardoso et al. 2013, 2014).

The common bean (2n=22, ∼587 Mb) (Schmutz et al.
2014) has a small genome compared to other crop legumes,
close to the size of the cowpea bean (Vigna unguiculata) ge-
nome, approximately half the size of the soybean (Glycine
max), and ∼21 times smaller than the faba bean (Vicia faba)
(Ellwood et al. 2008). Over the last 20 years, significant ef-
forts have been made to establish a robust genetic map of the
common bean and to use molecular markers for genetic anal-
ysis. The first such effort was the development of a genetic
map based on RFLP and RAPD markers (Freyre et al. 1998).
Steady progress was made in integrating a growing and di-
verse number of molecular markers using unique biparental
populations (Yu et al. 2000; Grisi et al. 2007; Blair et al.
2013a). More recently, a genetic map integrating more than
1000markers was generated, providing a broad analysis of the
entire genome with potential for synteny studies and QTL
mapping (Hougaard et al. 2008; Galeano et al. 2011, 2012).
Obtaining robust markers with high powers of discrimination
that amplify satisfactorily in a diverse genetic background is a

continuous process and is dependent on an adequate selection
of markers.

Microsatellite or simple sequence repeats (SSRs) markers
are widely available for molecular genotyping of the common
bean (Gaitán-Solís et al. 2002; Grisi et al. 2007; Garcia et al.
2011). Various studies have developed SSRs from enriched
genomic libraries, with emphasis on regions rich in dinucleo-
tides (SSR-di) (Buso et al. 2006). SSRs-di represents the most
abundant class of repetitive DNA, enabling the exploitation of
molecular polymorphism. A battery of markers currently ex-
ists for desired operational characteristics. Recent advances in
whole or partial genome sequencing and expressed sequence
tags have enabled the identification of a growing number of
SSR regions (Hanai et al. 2007). As shown in the study of
Müller et al. (2014), it is possible to identify SSRs based on
repetitions of polymorphic tetra-, penta-, and hexanucleotides.
The use of SSR markers has advanced with the development
of simultaneous amplification systems of various loci allied
with a semi-automated detection system (Cardoso et al. 2013),
enabling their use in more robust genotyping systems. The
PhaseolusGenes database includes a comprehensive collec-
tion of SSR markers as well as sequences containing micro-
satellite motifs [http://phaseolusgenes.bioinformatics.ucdavis.
edu/].

Single nucleotide polymorphisms (SNPs) comprise the
most frequent form of genetic variation, occurring in abun-
dance along the entire genome (Ching et al. 2002). SNPs are
biallelically polymorphic. Tri- or tetrallelic polymorphisms
may occur, but at a lesser frequency (Brown 2002).
Estimates of SNP density in plants vary according to the re-
productive habit of the species and the regions they occupy
across the genome (Kaczorowski et al. 2008). In soybean, for
instance, an estimated 1 SNP occurs for every 2038 and
191 bp in coding and non-coding regions, respectively (Van
et al. 2005). The minimum number of SNPs required to suc-
cessfully determine the most common haplotype groups in
soybean varies from 9600 to 13,600 SNPs in cultivars/lines
and landraces, respectively (Hyten et al. 2007). The high fre-
quency of SNPs across the genome allows for the develop-
ment of dense genetic maps and robust association studies that
identify genes of interest and more precise genomic ap-
proaches (Galeano et al. 2012). In addition, as a result of the
reduced mutation rate compared to the SSR markers, as well
as the availability of automated detection systems (Thomson
et al. 2012; Yu et al. 2011), SNPs are increasingly used as
molecular markers in a number of genetic applications in le-
guminous plant (Loridon et al. 2012; Saxena et al. 2012;
Chang et al. 2013; Song et al. 2013). A growing number of
SNPs are being reported in the common bean (Hyten et al.
2010; Cortés et al. 2011; Souza et al. 2012; Blair et al. 2013a),
thus expanding the possibilities for immediate use of this tool
in breeding programs and advancing the knowledge of the
genetics of agronomically important traits.
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While diverse genetic approaches of SSR marker-based
molecular tools are well established for broad use in breeding
of the common bean, routine use of the SNP markers remains
incipient for this crop. The aim of this study was to evaluate
and develop an operational SNP-based panel to be used in
complementation with SSR marker analysis to uncover the
diversity, genetic structure and for application in breeding of
the common bean. In this study, while SSRs performed better
at evaluating genetic diversity, the SNPs were more adequate
for inter- and intra-gene pool linkage analysis mapping, and
presented a greater resolution in the detection of inter-gene
pool structure. For the assessment of parentage and individual
identification, SNPs allowed a low combined PI (probability
of identity) and high PE (probability of exclusion), compared
to SSRs, due to the high number of markers used. Focusing on
the use for breeding programs worldwide, genotyping panels
based on SSR and SNP markers were developed, which pro-
vide the means to characterize diverse sets of common bean
germplasm and address a wide range of biological questions.

Materials and Methods

Plant Material and DNA Extraction

A total of 88 genotypes of common bean, including 42 com-
mercial cultivars and 11 breeding lines introduced by research
institutions from Brazil and abroad, 33 Brazilian landraces
and two wild genotypes were characterized by SSR and
SNP markers. The genotypes evaluated represent 14 types of
grain (Large White, Small White, Carioca, Cranberry, Dark
Red Kidney, Jalo, Mulatinho, Pinto, Black, Rajado, Red,
Rosinha, Roxo and others) belonging to the Mesoamerican
(67 genotypes) and Andean (21 genotypes) gene pools
(Supplementary Material 1). Total genomic leaf DNA was
isolated as described by Grattapaglia and Sederoff (1994)
and quantified by a Qubit spectrophotometer (Invitrogen,
Carlsbad, CA, USA). Concentrations were adjusted to 5 and
50 ng/μL for SSR and SNP analyses, respectively.

SSR Genotyping

Genotyping was performed on 58 SSR markers subdivided
into two groups: 24 SSRs-di (Supplementary Material 2) and
34 tri- (3), tetra- (9), penta- (8), and hexanucleotide (7) motifs
and compound SSRs (7) (Supplementary Material 3). Thirty-
four SSRs were derived from BAC-end sequences (BES) de-
veloped by Müller et al. (2014) (BES-SSRs). The SSR
primers were fluorescently labeled and analyzed in multiplex
co-amplification systems composed of three to six loci based
on the Standard Dye Set DS-30 for the 24 SSRs-di, and DS-33
for the 34 BES-SSRs (Applied Biosystems, Foster City, CA,
USA). SSR amplification was performed with Qiagen

Multiplex PCR 2X (Qiagen, Hilden, NRW, Germany) in a
GeneAmp Thermal Cycler 9700 (Applied Biosystems), fol-
lowing the parameters established by Müller et al. (2014).
Amplified BES-SSR and SSRs-di products were subjected
to electrophoresis in the automated DNA analyzers ABI3500
and ABI3100 (Applied Biosystems), respectively. The data
were genotyped using the DataCollection 2.0 and
GeneMapper 4.1 programs (Applied Biosystems).

Identification of SNPs

A pool of 3487 SNPs was derived from contrasting sequences
of the cultivars BAT 93 and Jalo EEP 558 (Hyten et al. 2010).
Initial filtering was performed, eliminating the redundant
SNPs. To identify repeats, SNPs were aligned against the ref-
erence genomes of G. max (Schmutz et al. 2010) obtained
from the site Phytozome [http://www.phytozome.net/
soybean.php], and P. vulgaris obtained via CYTED (Ibero-
American Programme for Science, Technology and
Development) [http://www.cyted.org/]. A second step
consisted of selection of SNPs for the GGGT (Golden Gate
Genotyping Technology) assay design, as described by
Grattapaglia et al. (2011). Next, a series of parameters was
defined to design oligonucleotides flanking the SNPs,
beginning with identification of at least 60 bp upstream and
downstream. This process allowed the design of three
oligonucleotides, two of which were allele-specific (ASO)
for each variant of the SNP, and one of which was locus-
specific (LSO) and linked to the 3′ region of the DNA frag-
ment containing the target SNP. Finally, various steps of in
silico filtering were performed (Grattapaglia et al. 2011) with a
gradual increase of restrictions, such that the SNP pools se-
lected in each filtering (∼300–600 SNPs) were subjected to
the Assay Design Tool (ADT, Illumina, San Diego, CA, USA)
to obtain a validation score reflecting the probability of
genotyping success. The 384 SNPs with the highest scores
were recommended for synthesis using the Oligo Pool
Assay (OPA VC0013574) on the BeadXpress platform
(Illumina). The sequence list of one set of SNPASO primers
and their positions (BLASTN: E value≤1.0E−10) in the ref-
erence genome of the common bean, Andean variety
(G19833, Schmutz et al. 2014), is shown in Supplementary
Material 4. The SNP nomenclature BBARC-PV-000XXXX^
from the study of Hyten et al. (2010) was reduced to BPV-
XXXX^ in this study, with BX^ referring to the SNP number.

Genotyping of SNPs

The 384 SNPs were genotyped through the Illumina
BeadXpress platform (Kim and Misra 2007), based on the
VeraCodeTM technology (Illumina, Inc., CA, USA), using
the manufacturer’s protocol. These procedures were conducted
in the Biotechnology Laboratory of Embrapa Rice and Beans
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(CNPAF, Santo Antônio de Goiás, GO, Brazil). Genotyping
was performed using GenomeStudio version 1.8.4 (Illumina,
Inc., CA, USA) with Gen Call Threshold of 0.25; Call Rate
values ranging from 0.6463 to 1.00 and GenTrain ≥0.2535.
Clustering of the representative homozygote (AA/BB) and het-
erozygote (AB) allelic groups for each SNP was conducted in
automated fashion a priori, followed by manual adjustment.
BAT 93 and Jalo EEP 558 profiles were used as references.

Analysis of Genetic Diversity and Neighbor-Joining
Clustering

Genetic diversity of the 88 individuals was analyzed using
estimates of allelic frequency, number of alleles (A), number
of alleles per locus (Ā), number of private alleles (Ap), expect-
ed heterozygosity or gene diversity (HE), observed heterozy-
gosity (HO) and the fixation index (FIS) using the program
GenAlex v6.5 (Peakall and Smouse 2012). Genetic probabil-
ity of identity (PI) and genetic probability of exclusion (PE)
for each locus and multiple loci were obtained using the same
program. Detection of identical genotypes using SSR markers
was analyzed by the software Identity v4 (Sefc et al. 1997).
Neighbor-joining cluster analysis (Saitou and Nei 1987) based
on the simple matching dissimilarity matrix, was implemented
in the program DARwin v5.0.158 (Perrier and Jacquemoud-
Collet 2006), with 1000 bootstrap replicates.

Analysis of Population Structure

The genetic structure of the common bean genotypes was
analyzed by principal component analysis (PCA) calculated
by the program PAST v2.17c (Hammer et al. 2001) based on a
simple matching dissimilarity matrix. Genetic differentiation
(FST) in the whole sample was estimated, with a confidence
interval of 95 % for 9999 permutations, using GenAlex v6.5
(Peakall and Smouse 2012). The program STRUCTURE
v2.3.4 (Pritchard et al. 2000) was used to infer the genotypic
structure using Bayesian-based clustering. The individual
structures were classified in BK^ clusters according to genetic
similarity. The admixture model was applied, with correlated
allelic frequencies, using no previous population information.
The number of tested clusters (K) ranged from 1 to 10, with 10
interactions each. The burn-in period and the number of
Markov chain Monte Carlo (MCMC) replications were 500,
000 and 1,000,000, respectively. The number of genetic
groups was determined (most probableK) based on the criteria
proposed by Evanno et al. (2005) using the program STRU
CTURE HARVESTER v0.6.93 (Earl and vonHoldt 2012).
The software CLUMPP v1.1.2 (Jakobsson and Rosenberg
2007) was used to find consensus among the 10most probable
K interactions, and the output was used directly as input in the
display program DISTRUCT v1.1 (Rosenberg 2004).
Analysis of molecular variance (AMOVA) was performed to

test the structure of genetic diversity based on the different
classes of markers, using the program Arlequin v3.5
(Excoffier and Lischer 2010) with 10,000 permutations.

Analysis of Linkage Disequilibrium

Analysis of linkage disequilibrium (LD) was conducted using
the program Tassel v.2.1 (Bradbury et al. 2007), with 1000
permutations. The heterozygote genotypes were considered to
be missing data, and the molecular marker data were later
transformed into haplotype data. To evaluate linkage disequi-
librium, the standardized disequilibrium coefficient r2 was
calculated for all the SSR and SNP markers. The loci were
considered to be in significant LD if p<0.001 and r2>0.10.
These LD parameters were calculated for the whole sample
and, separately, for the Andean and Mesoamerican gene
pools. In a second step in LD analysis, the SNP loci with
minor allele frequency (MAF)<0.10 were discarded from
the analysis.

Alignment of SSRs and SNPs in the P. vulgaris Genome

To visualize the distribution of SSRs and SNPs, the flanking
sequences of SNPs and repetitive sequences of SSRs were
aligned against the genome of P. vulgaris, Andean variety
(G19833) (Schmutz et al. 2014), [https://www.phytozome.
com/commonbean.php] using the BLASTN (Altschul et al.
1990) with E value ≤1.0E−25. The minimum length of align-
ment required to be included in the result was 70 and 120 bp
for SSRs and SNPs, respectively. For each SSR and SNP
analyzed, only the hit with the best score was used to develop
a map on the Circos program (Krzywinski et al. 2009) to
display the genomic position of P. vulgaris that aligned with
the flanking regions.

Results

Genetic Diversity

The results showed that, in the common bean, SSRs-di were
superior to BES-SSRs at estimating the parameters of mean
numbers of alleles (A) and mean gene diversity (HE), as pre-
sented in Table 1. Of the 24 SSRs-di, a mean of 9.92 alleles
was identified per locus, with HE of 0.725 and HO and FIS of
0.034 and 0.954, respectively, confirming the high homozy-
gosity of the analyzed loci. Of the 34 BES-SSRs, the estimat-
edĀwas 1.8× less when compared to that of the SSRs-di, with
a mean of 5.59 alleles and a mean HE of 0.490. However, the
indices of HO (0.004) and FIS (0.993) were similar to those of
the SSRs-di. Nevertheless, within the two categories of SSRs,
some loci yielded high estimates: the SSR-di PV163 had 23
alleles (HE of 0.879) and the BES-SSR PvComp10 had 19
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alleles (HE of 0.918). In relation to the number of private
alleles (Ap) in 24 SSRs-di, 44 and 118 private alleles (Ap)
were identified in 24 SSRs-di exclusively from the Andean
and Mesoamerican gene pool, respectively, and 18 and 19
private alleles were detected in the loci PV163 and BM154,
respectively. Private alleles were identified in 31 loci of the 34
BES-SSRs, maintaining the same proportion observed for the
SSRs-di. Of these, 28 and 97 alleles were exclusively from the
Andean and Mesoamerican gene pools, respectively. The
PvComp4 and PvComp10 loci were notable, with 15 private
alleles each.

Of the 384 SNPs evaluated in this study, 358 (93 %)
reached the adequate detection level in BeadXpress, of which
345 (96 %) were polymorphic and 13 (4 %) monomorphic,
considering the 88 genotypes of the common bean. Only 26
SNPs were excluded from analyses, seven failed to amplify at
least one allele and 19 did not have well-defined clusters.
Genotypic analysis grouped by gene pool revealed 124
(36 %) polymorphic SNPs within the Andean group and 332
(96 %) in the Mesoamerican group. With the greatest allele
frequency estimated at 0.721, the mean HE calculated for the
SNPs (0.390) was approximately 1.9× less in relation to the

Table 1 Descriptive statistics of the 24 SSRs-di, 34 BES-SSRs, 58
SSRs (24 SSRs-di + 34 BES-SSRs) and 345 SNPs characterized in 88
genotypes of common bean. Abbreviated descriptors: sample size (N),

number of alleles (A), number of alleles per locus (Ā), number of private
alleles (Ap), gene diversity (HE), observed heterozygosity (HO), endoga-
my index (FIS), probability of identity (PI) and standard error (SE)

Gene pool Group N A Ā (SE) Ap HE (SE) HO (SE) FIS (SE) PI

SSRs-di (24) Andean Cultivar/line 10 78 3.25 (0.33) 13 0.478 (0.061) 0.000 (0.000) 1.000 (0.000) 1.3E−12
Landrace 11 93 3.87 (0.49) 21 0.495 (0.062) 0.087 (0.027) 0.706 (0.088) 1.1E−14
Total 21 120 5.00 (0.62) 44 0.535 (0.059) 0.046 (0.014) 0.900 (0.028) 4.9E−17

Mesoamerican Cultivar/line 43 157 6.54 (0.66) 39 0.587 (0.053) 0.026 (0.012) 0.947 (0.019) 1.30E−19
Landrace 22 100 4.17 (0.56) 14 0.507 (0.058) 0.038 (0.008) 0.913 (0.020) 3.9E−15
Wild 2 43 1.79 (0.12) 15 0.486 (0.066) 0.042 (0.029) 0.906 (0.054) 1.80E−08
Total 67 194 8.08 (0.94) 118 0.624 (0.050) 0.031 (0.009) 0.948 (0.013) 2.60E−21

Grand Total All 88 238 9.92 (1.11) – 0.725 (0.033) 0.034 (0.008) 0.954 (0.010) 3.40E−26
BES-SSRs (34) Andean Cultivar/line 10 76 2.23 (0.19) 10 0.311 (0.044) 0.003 (0.003) 0.990 (0.008) 1.40E−11

Landrace 11 64 1.88 (0.24) 8 0.193 (0.045) 0.000 (0.000) 1.000 (0.000) 1.10E−07
Total 21 93 2.73 (0.32) 28 0.286 (0.042) 0.001 (0.001) 0.995 (0.004) 5.90E−11

Mesoamerican Cultivar/line 43 132 3.88 (0.40) 37 0.402 (0.037) 0.002 (0.001) 0.996 (0.002) 1.90E−15
Landrace 22 88 2.59 (0.31) 11 0.297 (0.044) 0.010 (0.004) 0.971 (0.011) 2.10E−11
Wild 2 51 1.50 (0.11) 12 0.338 (0.059) 0.015 (0.015) 0.953 (0.033) –a

Total 67 162 4.76 (0.54) 97 0.396 (0.036) 0.005 (0.002) 0.990 (0.003) 1.10E−15
Grand Total All 88 190 5.59 (0.72) – 0.490 (0.036) 0.004 (0.001) 0.993 (0.002) 3.60E−20

SSRs (58) Andean Cultivar/line 10 154 2.65 (0.19) 23 0.392 (0.037) 0.002 (0.002) 0.995 (0.005) 1.90E−24
Landrace 11 157 2.71 (0.28) 29 0.318 (0.047) 0.036 (0.012) 0.837 (0.046) 1.10E−21
Total 21 213 3.67 (0.35) 72 0.389 (0.038) 0.020 (0.007) 0.952 (0.014) 2.90E−27

Mesoamerican Cultivar/line 43 289 4.98 (0.39) 76 0.479 (0.033) 0.012 (0.005) 0.976 (0.009) 2.50E−34
Landrace 22 188 3.24 (0.31) 27 0.384 (0.038) 0.021 (0.004) 0.946 (0.011) 8.30E−26
Wild 2 94 1.62 (0.08) 25 0.399 (0.045) 0.026 (0.015) 0.929 (0.030) –a

Total 67 356 6.14 (0.54) 215 0.491 (0.033) 0.016 (0.004) 0.973 (0.006) 2.80E−36
Grand Total All 88 428 7.38 (0.68) – 0.587 (0.029) 0.017 (0.004) 0.977 (0.005) 1.20E−45

SNPs (345) Andean Cultivar/line 10 442 1.28 (0.02) 0 0.083 (0.008) 0.027 (0.008) 0.712 (0.032) 1.20E−24
Landrace 11 403 1.17 (0.02) 0 0.056 (0.007) 0.023 (0.008) 0.704 (0.036) 7.60E−17
Total 21 469 1.36 (0.03) 13 0.072 (0.007) 0.025 (0.008) 0.777 (0.028) 3.20E−22

Mesoamerican Cultivar/line 43 676 1.96 (0.01) 1 0.148 (0.007) 0.022 (0.007) 0.915 (0.016) 2.60E−45
Landrace 22 453 1.31 (0.02) 0 0.088 (0.008) 0.022 (0.007) 0.791 (0.028) 7.20E−27
Wild 2 428 1.24 (0.02) 1 0.168 (0.015) 0.022 (0.007) 0.798 (0.028) –a

Total 67 677 1.96 (0.01) 221 0.142 (0.008) 0.022 (0.007) 0.914 (0.016) 1.10E−43
Grand Total All 88 690 2 (0.00) – 0.390 (0.004) 0.022 (0.006) 0.937 (0.014) 4.70E−119

a The values of probability of identity (PI) for the two wild genotypes (Wild) were not computed for the 34 BES-SSRs, 58 SSRs and 345 SNPs due to the
large number of homozygotes and missing data, and due to the small sample number (estimates of only two genotypes)
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SSRs-di (0.725) and similar to the BES-SSRs (0.490), ranging
from 0.024 for the PV-4825 locus to 0.506 for the PV-5330
locus. The values from the HO and FIS indices were estimated
at 0.022 and 0.937, respectively (Table 1). Of the 345 poly-
morphic SNPs, a set of 234 differentiated the Andean (13
private alleles) from the Mesoamerican (221 private alleles)
based on allelic pattern.

The power of exclusion estimated for each marker group
was high, reaching 99.9% for SSRs and 100% for SNPs (a set
of 210 SNPs differentiate all genotypes). The PI based on 24
SSRs-di ranged from 0.013 (BM154) to 0.572 (PV251), and a
combined probability of genetic identity was on the order of
3.4E−26. Considering the 34 BES-SSRs, the loci estimates
ranged from 0.013 (PvComp10) to 0.755 (PvPenta5), with a
combined value of 3.6E−20, slightly higher when compared
to the SSRs-di even when using an additional set of 10 SSRs.
For the 345 SNPs, the combined PI was estimated at 4.7E
−119 (Table 1), with individual values ranging from 0.375
(PV-3045, PV-3353, PV-5330, PV-4473, PV-4220, PV-4881,
PV-2954, PV-4496) to 0.954 (PV-4825). As a result of the
reduced informative power per individual gene locus, a great-
er number of SNP markers (biallelic) were required to obtain
the same values as SSRs (multiallelic). Thus, the same value
of PI estimates based on six SSRs-di markers could be obtain-
ed using nine BES-SSRs or 23 SNPs. In general, three times
more SNPs than SSRs were needed to obtain the same PI
estimate. Considering the 58 SSRs evaluated in this study
(24 SSRs-di and 34 BES-SSRs), the combined PI for 13 se-
lected loci with 10 or more alleles and an HE above 0.7 was
estimated at 1.03E−19, represented by nine SSRs-di (BM154,
PV272, PV87, PV163, PV25, BM143, BM187, BM210, and
BM114) and four BES-SSRs (PvComp10, PvComp4, PvTri8,
and PvTetra25). These 13 SSRs, with mean allele number of
15.31 per locus and a mean HE of 0.845, enabled differentia-
tion of all 88 genotypes of the common bean.

The potential for practical application of SNPs in ge-
netic mapping was evaluated through the polymorphism
test on 11 genotypes that compose eight biparental popu-
lations. Of these crosses, five involving parental lines of
the Mesoamerican gene pool (intra-gene pool) (BAT 477
× Pérola, Red Mexican × Pérola, CNFP10132 × BRS
Cometa, BRS Aurora × PI181996, US Pinto 111 ×
PI181996) showed, on average, 61 (17.7 %) polymorphic
SNPs. The mean number of polymorphic SNPs was 270
(78.2 %) for three inter-gene pool crosses (Andean ×
Mesoamerican) (AND 277 × Rudá, Ouro Branco ×
CNFP10132, AND 277 × SEA 5) between genitors. It
was observed that of the 345 SNPs, the number of shared
inter-gene pool polymorphic markers was 212 (61.4 %),
and the intra-gene pool was only one SNP (0.29 %)—the
SNP (PV-4505) being polymorphic and common among
the eight biparental crosses (intra- and inter-gene pool)
(Table 2).

Cluster Analysis

Neighbor-joining trees were separately generated for the three
groups of markers (SSRs-di, BES-SSRs and SNPs) as well as
for the two types of SSR markers jointly, revealing clustering
by germplasm origin (Fig. 1). The upper and lower branches
of the clusters are represented by genotypes of Andean and
Mesoamerican origins, respectively, in which breeding (culti-
var/line) and traditional accessions (landrace) are represented.
The accession BRSMG Talismã, a priori classified as of
Mesoamerican origin, was placed in this a posteriori analysis
together with the Andean group. The SSR and SNP data show
that the lines of US Pinto 111 and RedMexican (derived from
the USA) were clustered together and near the Mesoamerican
genotypes. The wild Mexican accessions (G23554 and PHAS
8328) clustered together with the PI 181996 line (derived from
Guatemala) near the group formed by the North American
lines (Fig. 1).

Population Structure

Principal component analysis of the distinct groups of markers
showed similar results, a clear structuring of the genotypes
based on Mesoamerican and Andean origins. The first axis,
which explained the largest variation of the data, consistently
separated the accessions by origin (Fig. 2), exhibiting extreme
values of 65.51 and 91.42 % for the BES-SSRs and SNPs
markers, respectively (Figs. 2b, d). The second axis explained
from 4.29 to 13.93 % of the molecular variation of SNPs and
BES-SSRs, respectively. The separation between cultivars/

Table 2 Evaluation of SNP polymorphism among the biparental
crosses between the Andean (A) and Mesoamerican (M) inter- (A × M)
and intra- (M × M) gene pool

Parental combination Type of cross Total SNP
(345)

Parental 1 Parental 2 N.
Poly

%
Poly

AND 277 Rudá A × M 272 78.84

Ouro Branco CNFP10132 A × M 255 73.91

AND 277 SEA 5 A × M 282 81.74

BAT 477 Pérola M × M 27 7.82

Pérola Red Mexican M × M 58 16.81

CNFP10132 BRS Cometa M × M 54 15.65

BRS Aurora PI181996 M × M 105 30.43

PI181996 US Pinto 111 M × M 60 17.39

Common polymorphism

Inter-gene pool 3 (A × M) 212 61.45

Intra-gene pool 5 (M × M) 1 0.29

Inter-gene
pool

Intra-gene
pool

3 (A × M) + 5 (M × M) 1 0.29
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lines (red) and landraces (yellow) was observed within the
accessions of Mesoamerican origin only in the PCA based
on SSRs-di (Fig. 2a). High estimates of FST (P<0.05) among
the Andean and Mesoamerican groups were observed for the
classes of markers evaluated in this study (SSRs-di: FST=
0.341, p value=0.001; BES-SSRs: FST=0.410, p value=
0.001; SNPs: FST=0.759, p value=0.001), supporting the dif-
ferentiation between gene pools. Considering the

differentiation between the cultivars/lines and the landraces
(disregarding the twowild genotypes), the FSTcalculated from
the SSRs-di (FST=0.085, p value=0.001) indicated a moder-
ate genetic differentiation, while the BES-SSRs (FST=0.032,
p value=0.001) and SNPs (FST=0.021, p value=0.051)
showed only a small differentiation.

In the STRUCTURE program analysis, the results of ΔK
suggested that K=2 was the most probable clustering type for
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Fig. 1 Neighbor-joining
dendrograms based on a simple
matching dissimilarity matrix
representing the grouping of the
88 genotypes of the common
bean for the following sets of
markers: a 24 SSRs-di, b 34 BES-
SSRs, c 58 microsatellites (34
BES-SSRs + 24 SSRs-di), and d
345 SNPs. The Andean
genotypes are represented in dark
green (cultivar/line) and light
green (landrace) and the
Mesoamerican in red (cultivar/
line), and yellow (landrace). The
wild genotypes are indicated in
light blue. Lines from the USA
are represented in dark blue and
the line from Guatemala in purple
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all groups of markers analyzed individually (SSRs-di, BES-
SSRs, total SSRs and SNPs). Figure 3 illustrates the clear divi-
sion (K=2) between the genotypes of Andean (green) and
Mesoamerican origin (red), with the exception of the accession
BRSMGTalismã (ID: 62). This accession was previously iden-
tified as of Mesoamerican origin (based on small-seed size)
and, a posteriori, placed in the Andean cluster. Through
STRUCTURE analysis, the formation of two groups was ob-
served, a small one composed of 21 Andean genotypes, includ-
ing the BRSMG Talismã of mixed origin, and another
consisting of 66 Mesoamerican genotypes. This is consistent
with the predominance of Mesoamerican gene pool in the
Brazilian landraces and cultivars, as reported in previous studies
(Burle et al. 2010; Blair et al. 2013b and Cardoso et al. 2014).
Analysis based on SSRs-di (K=3) revealed a subdivision with-
in the Mesoamerican gene pool represented by cultivars/lines
(purple) and landraces (red). Successive subdivisions were ob-
served throughout the analyses. The estimates of K=4 (pink)
and K=5 (pink) obtained with SNP and SSR markers, respec-
tively, showed a cluster gathering the wild genotypes of
Mexican origin (G23554 and PHAS 8328), the North
American lines (US Pinto 111 and Red Mexican), and the line

from Guatemala (PI 181996). In clusters K=5 and 6 (yellow),
using SNPs, a fragmentation separating the wild andGuatemala
genotypes from the accessions of North American origin was
observed, corroborating their geographic proximities (Blair
et al. 2012). Furthermore, in cluster K=7 (light blue) and sub-
sequent levels of structure, BES-SSRs showed a separation of
the wild germplasm from the USA and Guatemala lines. A
greater fragmentation of the cluster (K=8 to 9) was observed
only with the SNP markers. The clusters K=8 and 9 (brown)
represent the group comprising cultivars/lines of Carioca grain
type and landraces of Carioca and Mulatinho from the
Mesoamerican gene pool, and the K=4 to 9 (purple bars) rep-
resent cultivars/lines and landraces of Roxo/Rosinha grain
types. Through ANOVA, the SSRs-di showed 36.5 % of with
accession differentiation based on Andean and Mesoamerican
origin, followed by the BES-SSRs (49.6 %) and SNPs
(87.7 %), with a greater differentiation index (Table 3).

Linkage Disequilibrium

Based on segregation of independent loci the estimates of LD
(p<0.001 and r2>0.10, Table 3) differed between the different

Fig. 3 Population structure inferred by the Bayesian approach based on
SSRs-di, BES-SSRs, SSRs-di/BES-SSRs, and SNPs markers with K
values ranging from 2 to 9. Each solid bar represents single genotypes
(samples are ordered as described in Supplementary Material 1). Bars
with different colors represent genotypes belonging to different
subpopulations, and bars of two colors represent genotypes with
admixture. The green and red bars (K=2) represent Andean and
Mesoamerican groups, respectively. Exclusively for the SSRs-di, the

purple bars (K=3) represent cultivars/lines from the Mesoamerican
gene pool. The pink bars (as of K=5 for the SSRs and K=4 for the
SNPs) represent the wild species and lines from USA and Guatemala.
For SNPs, the brown bars (K=8 and 9) represent the group comprising
cultivars/lines of Carioca grain type and landraces of Carioca and
Mulatinho and the purple bars (K=4 to 9) represent cultivars/lines and
landraces of Roxo/Rosinha grain types
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groups of germplasm. For the 24 SSRs-di genotyped in the
whole sample, 17.75 % were in LD, decreasing to 0.72 % in
the Andean group and 1.45 % in the Mesoamerican group.
Similar estimates were obtained for the 34 BES-SSRs, of
which 21.4 % were in LD in the whole sample, followed by
0.53% in the Andean and 4.28% in the Mesoamerican group.
In regard to the 345 SNPs genotyped in all samples, 84.92 %
were in LD, decreasing to 0.25% in the Andean and 4.64% in
theMesoamerican group. In a more stringent analysis of SNPs
with MAF>0.10, a total of 337 markers were analyzed, of
which 88.45 % were in LD based on all accessions. Within
the Andean group, 290 SNPs were removed and, of the 55
remaining, 3.23 % were in LD. In the Mesoamerican group,
204 SNPs with MAF>0.10 were removed and, of the 141
analyzed, 15.35 % were in LD. A similar reduction in LD
between the entire sample Andean and Mesoamerican sub-
samples was observed by Kwak and Gepts (2009).

To establish a routine and operational analysis aimed at
efficient origin-based discrimination of common bean acces-
sions, a set of 16 SSRs was selected (eight SSRs-di and eight
BES-SSRs). These selected SSR markers had one allele with
frequency above 85% in one of the gene pools (highlighted in
the Supplementary Material 2 and 3). The STRUCTURE
analysis carried out with these SSRs (data not shown) revealed
a clear pattern of clustering of the accessions by origin.

Distribution of SSRs and SNPs in the Common Bean Genome

The alignment of 58 SSRs and 345 SNPs against the genome
of P. vulgaris (Pv), an Andean variety, is represented in Fig. 4.
Among the 24 SSRs-di, 87.5 % (21) were aligned against
genome sequences of Pv (except for BM201, BM210, and
PV163) and were distributed in 8 of the 11 chromosomes of
P. vulgaris. The chromosome Pv2 had the largest number of
hits (five SSRs). Of the 34 BES-SSRs, 94.1 % (32) aligned
with the genome of Pv (except for PvComp4 and PvPenta8),
exhibiting wide genomic distribution with two or more BES-
SSRs and at most five markers in Pv10. One hundred percent
of SNPs aligned to the Andean genome. Genomic coverage
was broad, with 23 (Pv5 and Pv9) to 39 SNPs (Pv1 and Pv3)
hits per chromosome. A group of 16 SNPs (highlighted in the

SupplementaryMaterial 4) aligned with more than 99% iden-
tity to the genome of Pv (E value=0) with a length of align-
ment greater than 350 bp.

Discussion

The development of molecular tools for monitoring genetic
variability in plant breeding programs greatly increases the
efficiency of utilization of available genetic resources. In the
face of the diverse classes of currently available markers,
knowledge of their genetic informative potential is

Fig. 4 Distribution of the flanking regions of SSRs and SNPs through
alignment in the genome of Phaseolus vulgaris, Andean variety. The
figure includes four concentric circles. The inner circle represents the
common bean genome (bars in purple), highlighting the haploid
chromosomes (Pv1-11). The histograms represent, from the inside out,
the number of BLAST hits encountered by aligning SNPs (red), SSRs-di
(green), and BES-SSRs (blue) with the common bean genome. Each bar
of the histogram comprises a genomic region of 1 Mb and each thin gray
line is equivalent to 1 hit

Table 3 Estimates of linkage disequilibrium calculated for pairs of loci (p<0.001 and r2>0.1) and analysis of molecular variance (AMOVA) based on
24 SSRs-di, 34 BES-SSRs and 345 SNPs

Pairs of linked loci Total pairs of loci AMOVA (%)

Total (88)a Andean (22)a Mesoamerican (66)a

SSRs-di 49 (17.75 %) 2 (0.72 %) 4 (1.45 %) 276 36.5

BES-SSRs 120 (21.40 %) 3 (0.53 %) 24 (4.28 %) 561 49.6

SNPs 50,393 (84.92 %) 151 (0.25 %) 2751 (4.64 %) 59,340 87.7

a Sample size
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fundamental to exploit the germplasm diversity. Despite the
growing number of SNPs available for P. vulgaris, few studies
have examined the potential of this tool for analyzing genetic
diversity and structure in this species (Cortés et al. 2011; Blair
et al. 2013a). Previously, the most concrete application has
been in the development of genetic maps with broad genomic
coverage (Galeano et al. 2012). In contrast, the use of SSRs to
investigate the genetic diversity and linkage mapping, among
other aspects, has been widely described in the literature
(Kwak and Gepts 2009; Burle et al. 2010; Yang et al. 2011).
Despite the reduced genetic diversity per locus (Cortés et al.
2011; Blair et al. 2013a), the large set of available SNP
markers, coupled with high-throughput genotyping systems,
makes SNPs attractive for operational application in breeding
programs of the common bean (Mammadov et al. 2012). A
growing number of studies comparing the performance of
SSRs and SNPs are currently being conducted (DeFaveri
et al. 2013). For the common bean, the present work is the
first to assess the genetic diversity and structure of P. vulgaris
using SSR and SNP markers through a comparative study,
proposing as a final outcome a set of the most informative
markers to be used in an integrative analysis.

SSRs stood out in this study due to their multiallelism and
high estimates of HE (SSRs-di Ā=9.92 and BES-SSRs Ā=
5.59), especially for the SSRs-di (HE=0.725), which allowed
individual discrimination of each of the 88 genotypes studied.
For the SNPs, there was reduced HE (Ā=2, HE=0.390) and a
significantly greater proportion of private alleles among the
inter-gene pool genotypes, favoring more precise differentia-
tion by origin. With regard to the potential for sampling allelic
diversity within the gene pool, the SSRs-di were more infor-
mative and, in two wild accessions alone, 15 private alleles
were identified in addition to the 14 identified in the 22 land-
races of Mesoamerican origin. Greater estimates of gene di-
versity in wild, as opposed to domesticated, germplasm
(Table 1) have been reported by other authors in autogamous
plants (Kwak and Gepts 2009; Li et al. 2010). The greater
gene diversity found in the wild accessions is an additional
piece of evidence supporting the need for conservation of this
biodiversity. Throughout their existence, these accessions de-
veloped mechanisms to adapt to biotic and abiotic stress con-
ditions, features which may be amply utilized in research
programs.

In this study, the HE of the Mesoamerican gene pool was
slightly greater than that of the Andean, in contrast with the
results obtained by Blair et al. (2006) using SSRs, and Cortés
et al. (2011) and Blair et al. (2013a) using SNPs. It is true that
these greater estimates may be a consequence of the greater
number (3.2 X) of Mesoamerican accessions characterized,
mainly for SNP markers (36 % polymorphic SNP in the
Andean group vs. 96 % in the Mesoamerican) due to the
biallelic nature of this marker. For the genetic diversity esti-
mates obtained with SSR, considering only the landraces,

close values were obtained separately for the gene pools (n=
11; He=0.318 in the Andean and n=22; He=0.384 in the
Mesoamerican), in accordance with Burle et al. (2010) that
also identified close values between the Mesoamerican
(0.33) and the Andean groups (0.30) composed of 221 and
58 accessions of Brazilian landraces, respectively. However,
additional genotyping of a large set of samples would provide
more realistic information about the usefulness of these SNPs
to detect polymorphism in the Andean gene pool. However,
regardless of the sample size or the type of marker used, var-
ious studies have shown greater HE in the Mesoamerican
germplasm (Kwak and Gepts 2009; Mamidi et al. 2011;
Bitocchi et al. 2013). According to Mamidi et al. (2013), the
two wild gene pools originated from a common ancestor ap-
proximately 111,000 years ago, following separate evolution-
ary paths and subjected to distinct bottleneck effects prior to
domestication. Later, during the domestication process, the
Andean population was subjected to a bottleneck equivalent
to 26 % of the effective size of its ancestral population, while
in the Mesoamerican population this bottleneck was 46 %.
Together, these factors contributed to a reduction of genetic
diversity and an increase in the intra-gene pool population
structure. As a consequence of the higher effective size in
the Mesoamerican gene pool arising from the greater number
of migrants in its initial gene constitution, a greater nucleotide
and haplotype diversity was favored (Mamidi et al. 2011;
2013). More recently, a study conducted by Desiderio et al.
(2013) using chloroplast SSRs (cpSSRs) also showed greater
diversity within the Mesoamerican group, corroborating pre-
vious scientific findings and the present study.

The SNP markers, identified between the Andean and
Mesoamerican genotypes, provided a greater number of poly-
morphic markers for purposes of inter- (78.2 %) and intra-
gene pool (17.7 %) mapping analysis in P. vulgaris than pre-
vious technologies. Similar estimates were obtained by Cortés
et al. (2011), who detected a level of inter- and intra-gene pool
polymorphism of 71.7 and 15.4 %, respectively, based on
analysis of 94 SNP markers. Although the microsatellites are
significantly more informative considering individual loci,
lower estimates of polymorphism for crosses involving lines
belonging to the same gene pool, with indices of approximate-
ly 11 %, have been reported using these markers in QTL
studies (Garcia et al. 2012; Blair et al. 2011). Considering
crosses involving common bean parents from distinct centers
of origin, SSRs were less polymorphic when compared to the
current SNPs (78.2 %), with polymorphism estimates ranging
from 7.7 % (Galeano et al. 2011) to 24 % (Garcia et al. 2011).
From a practical perspective, obtaining a large number of
SNPs from genotypes that compose the genetic base of inter-
est to the end of maximizing the polymorphism potential of
the marker proved an adequate strategy. Thus, it is possible to
focus on the development of SNP markers that are genetically
informative for populations developed for specific breeding
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programs that generally belong to the same gene pool (Beebe
et al. 2013), but have contrasting phenotypes. Analysis of
SNPs through eight biparental combinations in this study
identified a significant proportion (61 %) of common poly-
morphic markers in the inter-gene pool. The availability of
these SNPs will facilitate the integration and comparison of
genetic maps with greater resolution, which is required for
QTL identification.

In this study, SNPs proved the most adequate to differenti-
ate the Andean and Mesoamerican germplasm (FST=0.759)
compared to SSRs (SSRs-di FST=0.341 and BES-SSRs FST=
0.410). This outcome was a consequence of ascertainment
biases existing in the panel of SNPs developed to explore
the polymorphism between the universal Andean (Jalo EEP
558) and Mesoamerican (BAT 93) genotypes (Hyten et al.
2010). This results in a tendency of clustering the sampled
accessions following the same pattern of differentiation of
the target genotypes used to derive the SNPs, as reported for
barley (Moragues et al. 2010), rice (Thomson et al. 2012), and
the common bean (Blair et al. 2013a). According to Nagasaki
et al. (2010), depending on the intent of the study and the
origin of sample germplasm, different sets of SNPs should
be used. However, the use of common SNP groups is helpful
because it allows the standardization of results and consolida-
tion of an integrated database. Thus, the strategy of increasing
the genome representation of SNPs through the search for
polymorphism in fragments sampled from a great number of
races and types of inter- and intra-gene pool grains represents
the most effective way of exploiting the genetic variability of
P. vulgaris. With regard to the SSRs-di, the greater power of
structuring the Mesoamerican germplasm in cultivars/lines
and landraces is a consequence of systematic selection of use-
ful markers for accessions primarily from the Mesoamerican
gene pool (Grisi et al. 2007; Garcia et al. 2011), which meets
the requirements of genetic breeding programs. Similarly, the
identification of a larger group of SSRs based on repetitions≥
trinucleotides, with the same informative/discriminatory po-
tential of the SSRs-di, depends exclusively on an additional
effort in selection and characterization of new markers to be
incorporated in the genotyping systems.

The structuring of common bean genotypes by origin was
observed using SNPs and SSRs, with the greater inter-gene
pool variation being demonstrated by SNPs via PCA
(91.42 %) and ANOVA (87.7 %). The most likely subdivision
was K=2 according to STRUCTURE, in accordance with
previous studies (Kwak and Gepts 2009; Burle et al. 2010;
Cardoso et al. 2014; Cortés et al. 2011; Blair et al. 2013a, b).
SSRs were more effective at discerning genetic diversity be-
tween genetically related germplasm (cultivars/lines and land-
races, K=3 to 7), while SNPs were better at distinguishing the
association of subpopulations in Brazilian germplasm through
fine-scale structuring (K=9). The polymorphisms of SSRs and
SNPs were generated under different evolutionary

mechanisms, exploiting both the fast (∼10−4) and slow
(∼10−8−10−9) mutation rates of SSRs and SNPs (Brumfield
et al. 2003), respectively, providing unique views of the struc-
ture of a given population. In this context, a targeted selection
of historically recent SNPs of contrasting allelic frequency
among founder lines that contain the diversity encapsulating
agronomic traits will be useful for genomic structure determi-
nation. In the present study, the BRSMG Talismã cultivar,
although considered to be of Mesoamerican origin mainly
due to the small-seed size, was predominantly of Andean ge-
netic composition based on our STRUCTURE analyses. The
dubious classification of this cultivar reflects its process of
development, the recurrent selection, with parental recombi-
nation between gene pools. The SNP panel was useful for
grouping together cultivars with Carioca grain type and
Mulatinho landraces (both Mesoamericans, identified at K=
9), reflecting the process of breeding program crosses. The
bicolor seed trait (beige with brown stripes) is typical of the
Carioca grain type, which has been commercially cultivated
in Brazil since the 1970s. Since then, crosses betweenCarioca
and Mulatinho grain types became frequent, resulting in im-
portant cultivars, such as Pérola, which is the most cultivated
material in Brazil. In contrast, the genealogies of cultivars with
theMulatinho grain type had little or no overlap withCarioca,
which explains their position outside the subgroup described
above. The discovery of sub-races in the Brazilian
Mesoamerican gene pool by SSRs, denominated Carioca-
Jalinho-Mulatinho (M3) and Rosinha-Roxinho (M4) was de-
scribed by Blair et al. (2013b).

The high level of LD detected for the whole set of samples
(p<0.001 and r2>0.10), ranging from 17.75 to 84.92 %, indi-
cated that the structured gene pool was most likely the main
cause of the high LD in the entire sampling. These findings
were previously reported by Rossi et al. (2009) and Burle et al.
(2010), who estimated an LD of 56 to 80 %, respectively, and
also analyzing accessions of both gene pools. Nevertheless,
the LDs individually estimated in the Andean and
Mesoamerican subgroups were lower and variable as a result
of the genetic background of the domesticated accessions.
These results indicate that these estimates should not be ex-
trapolated to other studies. A greater LD in the Mesoamerican
(23 %, p<0.01) compared to the Andean group (8 %) was
found by Burle et al. (2010) for Brazilian landraces, while
Rossi et al. (2009) observed an opposite trend. Breeding ef-
forts in Brazil are predominantly focused on accessions of
Mesoamerican origin, favoring greater LD due to a strong
founder effect and a domestication process in a secondary
center of diversity. This phenomenon is followed by a
bottleneck effect derived from the successive selection
processes imposed by man, reducing the effective population
size. A recent study conducted by Cardoso et al. (2013) found
an absence of structuring (FST=0.01) among Brazilian culti-
vars (mainly Mesoamerican) released in the last 26 years
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(FST=0.01) that would be expected to increase LD throughout
the entire genome. As the LD is variable over the genome, a
general value is not representative and their extensions should
be investigated. While genomic regions with high extension
of linkage will require a smaller number of SNPs for
haplotypic block determination, favoring the association stud-
ies and assisted selection, the mapping resolution will tend to
be lower, hampering precise QTL and recombinant identifica-
tions (Würschum et al. 2011). More detailed information will
allow for inferences of LD dynamics in the genome, with
implications for the planning of crosses between genitors of
common bean breeding programs.

Final Considerations

SSRs have been the markers of choice for genetic studies of
the common bean for many years. They are very effective for
several applications that require the detection of multiallelic
loci and high polymorphism levels. SNP markers genotyped
by a high-throughput system have been recently developed
but have not yet been routinely incorporated in breeding pro-
grams of the common bean. In spite of their lower genetic
information content, a large number of SNPs can be simulta-
neously genotyped, overcoming that limitation. Comparing
the ability of individual discrimination of the 88 the common
bean genotypes, it was observed that over three times more
SNPs were necessary to achieve the same probability of iden-
tity obtained with SSRs. Recent efforts in P. vulgaris genome
sequencing (Schmutz et al. 2014), in addition to approaches of
genotyping-by-sequencing (GbS, Maughan et al. 2010;
Elshire et al. 2011) have enabled the development of a large
set of SNPs. The SNP detection methods available to date are
fast and cost effective with data point per sample around three
times less expensive compared to the SSRs. In this study, a
SNP panel adequate for inter-gene pool differentiation, link-
age and structuring analysis, coupled to accurate calling and
high-throughput genotyping was developed and made avail-
able to the common bean scientific community. The molecular
markers (SSRs and SNPs) made available in this study
reached an excellent profile of amplification useful to estimate
genetic parameter in common bean germplasm, being encour-
aged to get tested in other groups of germplasm, especially for
programs with predominance of Mesoamerican gene pool. To
maintain the integration of genomics as an attractive alterna-
tive for the common bean breeding programs, the most appro-
priate and accessible methods for accurately addressing breed-
ing questions must be utilized.
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