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Abstract The increasing volume of genomic data on the
Phaseolus vulgaris species have contributed to its impor-
tance as a model genetic species and positively affected
the investigation of other legumes of scientific and eco-
nomic value. To expand and gain a more in-depth knowl-
edge of the common bean genome, the ends of a number
of bacterial artificial chromosome (BAC) were sequenced,
annotated and the presence of repetitive sequences was
determined. In total, 52,270 BESs (BAC-end sequences),
equivalent to 32 Mbp (~6 %) of the genome, were pro-
cessed. In total, 3,789 BES-SSRs were identified, with
a distribution of one SSR (simple sequence repeat) per
8.36 kbp and 2,000 were suitable for the development of
SSRs, of which 194 were evaluated in low-resolution
screening. From 40 BES-SSRs based on long motifs SSRs

Electronic supplementary material The online version of this
article (doi:10.1007/s11103-014-0240-7) contains supplementary
material, which is available to authorized users.

B. S. F. Miiller - E. G. Barros

Laboratoério de Genética Molecular de Plantas, Instituto

de Biotecnologia Aplicada a Agropecudria (BIOAGRO),
Universidade Federal de Vicosa (UFV), Vicosa, MG, Brazil

B. S. F. Miiller - G. S. Prado - C. Brondani - R. P. Vianello (<))
Laboratério de Biotecnologia, Embrapa Arroz e Feijao, Santo
Antdnio de Goias, GO, Brazil

e-mail: rosana.vianello@embrapa.br

T. Sakamoto

Laboratério de Biodados, Instituto de Ciéncias Bioldgicas,
Universidade Federal de Minas Gerais (UFMG), Belo Horizonte,
MG, Brazil

1. P. P. Menezes

Laboratério de Genética e Biologia Molecular, Departamento
de Biologia, Instituto Federal Goiano (IF Goiano), Urutai, GO,
Brazil

(>trinucleotides) analyzed in high-resolution genotyping,
34 showed an equally good amplification for the Andean
and for the Mesoamerican genepools, exhibiting an aver-
age gene diversity (Hg) of 0.490 and 5.59 alleles/locus,
of which six classified as Class I showed a H; > 0.7. The
PCoA and structure analysis allowed to discriminate the
gene pools (K = 2, Fgp = 0.733). From the 52,270 BESs,
2 % corresponded to transcription factors and 3 % to trans-
posable elements. Putative functions for 24,321 BESs were
identified and for 19,363 were assigned functional catego-
ries (gene ontology). This study identified highly polymor-
phic BES-SSRs containing tri- to hexanucleotides motifs
and bringing together relevant genetic characteristics useful
for breeding programs. Additionally, the BESs were incor-
porated into the international genome-sequencing project
for the common bean.
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Introduction

The Leguminosae family is one of the three major families
of the Plantae Kingdom (Doyle and Luckow 2003), com-
prising approximately 18,000 species divided between the
Mimosoideae, Caesalpinoideae, and Papilionoideae sub-
families. The Papilionoideae subfamily is the most numer-
ous and includes species of high economic value, such as
peanut (Arachis hypogaea), soybean (Glycine max), com-
mon bean (Phaseolus vulgaris), and cowpea (Vigna unguic-
ulata) (Choi et al. 2004). P. vulgaris is the most important
of the grain legumes consumed by humans in almost all
tropical and subtropical climate countries. This species is
of great importance in human nutrition because of its bal-
anced chemical composition. The bean is used as a source
of protein, which unlike most cereal proteins has an ade-
quate amount of the essential amino acid lysine. The leg-
ume is also considered an important source of dietary fiber,
exhibiting hypocholesterolemic and hypoglycemic proper-
ties, and it has a high content of complex carbohydrates,
polyunsaturated fatty acids, minerals (Ca, Fe, Cu, Zn, P, K,
and Mg), and B complex vitamins (Martin-Cabrejas et al.
1997). Health benefits associated with the consumption of
beans have been demonstrated, indicating that their inclu-
sion in the diet is associated with lower rates of chronic
diseases, such as cardiovascular disease (mainly because
of the effect on cholesterol), diabetes, and cancer (Mitch-
ell et al. 2009; Zhu et al. 2012). The per capita consump-
tion of this legume (kg/year) varies considerably between
countries, with estimates ranging from 2 to 3.5 kg in the
USA to, approximately, 16 kg in Brazil (FAOSTAT 20009).
Genetic improvement programs for bean, which are essen-
tially public and multidisciplinary undertakings, can now
make use of biotechnological tools to make the process of
developing new cultivars more efficient and competitive in
global agribusiness.

There are several attributes that make the common bean
a suitable experimental organism, such as the small genome
size, which is comparable to that of the model legume spe-
cies Medicago truncatula and Lotus japonicus (Cannon
et al. 2009). Additionally, the bean exhibits a low index of
genome duplication; most loci are single copy (Broughton
et al. 2003). From a phylogenetic viewpoint, P. vulgaris
occupies a privileged position within the group of tropical
climate legumes (subtribe Phaseoleae), in addition to the
demonstrated high degree of homology with the transcribed
genomic regions of the soybean genome (Schmutz et al.
2010). Because of the growing importance of the common
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bean on the world sustainable agriculture scenarios, the
genomes of two representative genotypes (from the Mes-
oamerican and Andean origin) were recently sequenced.
The sequencing of the Mesoamerican variety (BAT93)
was an integrated initiative undertaken by four Ibero-
American countries, Brazil, Mexico, Spain, and Argen-
tina (http://www.cyted.org/), whereas the Andean variety
(G19833, Schmutz et al. 2014) was sequenced in the US
(http://www.phytozome.net/commonbean.php). Free access
to the sequences and data will contribute to increase even
more the use of the common bean as a genetic model spe-
cies and will have a positive impact on the investigation of
soybean and other legumes. Currently, the analysis of the
sequences is in progress; however, the large collection of
genome information has already generated many research
opportunities, such as establishing mining approaches for
repetitive sequences (e.g., simple sequence repeats—SSRs)
(Blair et al. 2012a) and single nucleotide polymorphisms
(SNPs) (Cortés et al. 2011; Galeano et al. 2012; Blair et al.
2013).

Phaseolus vulgaris has been investigated from a
genomic perspective over the past 10 years. The emphasis
of the studies was on the development of genetic maps with
expanded genome coverage (Galeano et al. 2011), the loca-
tion of quantitative trait loci (QTL) (Asfaw et al. 2012), the
generation of expressed sequence tags databases (ESTs)
with an emphasis on biotic and abiotic stresses (Ramirez
et al. 2005; Kalavacharla et al. 2011), and the construc-
tion of BAC (bacterial artificial chromosome) clone librar-
ies to aid the manipulation and assembly of the structural
genome (Kami et al. 2006; Schlueter et al. 2008). Librar-
ies containing large genomic DNA inserts are considered
extremely useful tools for establishing cytogenetic and
physical mapping and are of great importance for genomic
sequencing, positional cloning, characterization of the
genome for gene structure, functional analysis and recently,
transgenic approaches (Schlueter et al. 2008; Ragupa-
thy et al. 2011; Kang and Hérbert 2012). BACs have been
widely used as vectors for cloning of large genomic frag-
ments (100-150 kb), which is demonstrated for several
economically important species in a review by Yu (2012).
Mining approaches for simple sequence repeats (SSRs) or
microsatellites (Tautz 1989) using databases derived from
sequencing the ends of BACs (BES-SSRs) have been suc-
cessfully applied to various plant species, including leg-
umes such as soybean (Shultz et al. 2007), common bean
(Cordoba et al. 2010), pigeon pea (Bohra et al. 2011), and
cultivated peanut (Wang et al. 2012).

A growing number of SSR markers (currently >2,000)
derived from genomic sequences and genes are available
for the common bean (Yu et al. 2000; Blair et al. 2003;
Hanai et al. 2007; Garcia et al. 2011) making it possible to
perform studies using different scientific approaches. The
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main applications include studies to estimate genetic diver-
sity and population structure in the cultivated (Cardoso
et al. 2014), landraces (Burle et al. 2010) and wild germ-
plasm (Kwak and Gepts 2009; Blair et al. 2012b) as well
as genetic mapping experiments (Galeano et al. 2011) with
an emphasis on the identification of QTLs (Hanai et al.
2010; Blair et al. 2011a). Almost all of the SSRs described
in the literature for the common bean are derived from
dinucleotide repeats, followed to a lesser extent by trinu-
cleotide derivatives of gene sequences. With recent efforts
in the genomic sequencing of several species of plants
SSRs based on tetra-, penta- and hexanucleotides have
been reported (Sonah et al. 2011) and showing to be less
abundant in the genome. In Medicago sativa, the estimated
joint proportion of tetra-, penta-, and hexanucleotides in
a 12,371 ESTs was approximately 25.1 %, followed by
48.8 % trinucleotides, and 26.1 % dinucleotides (Wang
et al. 2013). In P. vulgaris, the few SSRs that have been
evaluated based on repetitions >tetra-nucleotides (only
12 markers) were confirmed as monomorphic (Blair et al.
2011b). However, the large volume of genome information
currently available created an opportunity for the develop-
ment of a practically unlimited number of SSRs, expanding
the possibilities for the larger-scale characterization of new
classes of repeats with analytical robustness and a potential
for the detection of polymorphisms.

In this study, the ends from a genomic BAC library
derived from the P. vulgaris genotype BAT93 (Kami et al.
2006) were sequenced, and the sequences informations
were characterized with respect to nucleotide composition,
presence of transcription factors and transposable elements,
gene annotation, genomic similarities with different leg-
ume species, and presence of sequences with long repeti-
tive motifs (>tri- and <hexanucleotides, as well as com-
pound SSRs) aiming to develop useful SSRs for the genetic
improvement of the species.

Materials and methods
Plant material

The genotype BAT93, cloned in a BAC library, used for
sequencing and SSR discovery is a Mesoamerican breeding
line of P. vulgaris developed at the International Center for
Tropical Agriculture (CIAT, Cali, Colombia). A total of 88
common bean (P. vulgaris) genotypes used for SSR char-
acterization comprise 67 Mesoamerican and 21 Andean
genotypes were characterized (Supplementary Table 1).
From the Mesoamerican, 43 were cultivars/lines from Bra-
zil, Colombia, Guatemala, Germany and USA; 22 were all
landraces from Brazil and the two wild were represented
accessions from Mexico. Among the Andean, 10 were

advanced cultivars/lines from Brazil and Colombia and
the 11 remaining were landraces from Brazil. Germplasm
accessions were representatives of diverse classes of grains,
including Black, Carioca, Cranberry, Dark Red Kidney,
Jalo, Mulatinho, Pinto, Purple, Rajado, Red, Rosinha,
White, among others. The genomic DNA was extracted
from leaf tissue samples in accordance with the extraction
procedure based on the CTAB method described by Grat-
tapaglia and Sederoff (1994).

Sequencing and processing of BAC-end sequences (BESs)

The complete genome of P. vulgaris genotype BAT93,
cloned and maintained as long fragments in a genomic
library developed by Kami et al. (2006), was used in this
study. The average size of the inserts in the PVMBBa
library (also known as BAT 93 HindlIll library) was 125
kbp, with a 20X coverage of the genome. In total, 30,000
BAC clones were randomly selected for individual end-
sequencing in the forward and reverse directions using the
3730x1 ABI (Applied Biosystems, CA, USA) automated
sequencing platforms at the Arizona Genome Institute
(AGI, AZ, USA) in accordance with the method described
by Kim et al. (2007). The BESs were processed using the
Phred program (Ewing et al. 1998), and nucleotides cor-
responding to vector sequences were excluded using the
LUCY program (Chou and Holmes 2001). The CAP3 pro-
gram (Huang and Madan 1999) was used to determine con-
sensus (contigs) sequences.

Identification of BES-SSRs and design of primers

The BESs were processed according to the methodology
described by Martins et al. (2006) using the TROLL mod-
ule (Castelo et al. 2002) with the Staden package (Staden
et al. 1999). Specific primers flanking the identified SSRs
were designed using the Primer3 software (Rozen and Ska-
letsky 2000). The TROLL module parameters were set to
identify sequences containing SSRs of perfect and com-
pound types based on di-, tri-, tetra-, penta- and hexanu-
cleotides, with at least four repeats. The significance of
differences among the motif sizes were evaluated using the
Fisher’s exact test computed in the software R (available
at CRAN, http://cran.r-project.org/) at P value <0.05. The
parameters for the design of the primers were similar to
those described by Garcia et al. (2011). The nomenclature
“BES” was added to the nomenclature “SSRs” to indicate
its origin (BES-SSRs).

Genetic analysis of BES-SSRs

To develop functional SSR markers, 194 SSR markers were
evaluated with priority given to tetra-, penta- and hexa-repeats
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and sequences with the highest number of repeats. These
markers were evaluated for amplification pattern and pos-
sible polymorphism against a panel of four common bean
genotypes, one representative of the Andean gene pool (BRS
Executivo) and three of the Mesoamerican gene pool (Ruda,
BRS Esplendor, and BRS Agreste). The markers were ampli-
fied, subjected to electrophoresis on a low-resolution 2 %
agarose gel stained with SYBR® (Applied Biosystems, USA).
Based on the ease of interpretation of the electropho-
resis profile, robustness of the amplified product, and the
potential for polymorphism detection, 40 BES-SSRs were
selected for the synthesis of fluorescently-labeled primers
(Supplementary Table 2) to be genotyped on a high-resolu-
tion capillary electrophoresis. Accounting for the expected
size of the amplified fragment (in bp) and the complemen-
tarity between primers as determined by the AutoDimer
program (Vallone and Butler 2004), the SSRs were grouped
in multilocus genotyping systems (termed multiplex sys-
tems) using four distinct fluorescent dyes, 6-FAMT™,
HEX™, NED™, and PET™ (Applied Biosystems, USA).
For the panel of 40 selected BES-SSRs, the evaluation
was performed on a set of 88 common bean genotypes
(Supplementary Table 1). The genomic DNA was extracted
from leaf tissue samples in accordance with the extraction
procedure based on the CTAB method described by Grat-
tapaglia and Sederoff (1994). The amplification reactions
of the microsatellite DNA, set in tetraplex systems, were
performed using the commercial 2x QIAGEN Multiplex
PCR kit (Qiagen, NRW, Germany) in a GeneAmp 9700
Thermal Cycler (Applied Biosystems, USA) with an ini-
tial denaturation step at 95 °C for 15 min, followed by 40
cycles consisting of a denaturation step (94 °C for 30 s),
an annealing step (ranging from 56 to 60 °C for 90 s), and
an extension step (72 °C for 1.5 min), followed by a final
extension step at 72 °C for 10 min. The electrophoresis was
performed on the ABI3500 platform (Applied Biosystems,
USA). The analysis of the fragments was performed using
GeneScan Analysis 2.1 (Applied Biosystems, USA), and
the size determination of alleles was performed using the
GeneMapper 4.1 program (Applied Biosystems, USA).

Genetic diversity and structure analysis

The genetic parameters were analyzed using the GenAlEx
v6.5 program (Peakall and Smouse 2012) by estimating the
allele frequency, number of alleles per locus (A), expected
heterozygosity (Hg), observed heterozygosity (Hg), prob-
ability of identity (PI), private alleles (Ap) and Wright’s fixa-
tion index (Fig) based on a 95 % statistical confidence inter-
val using 10,000 bootstrap replicates. Standard errors (SE)
over loci were calculated between genepools and among the
groups of accessions. All statistical analyses (overall signifi-
cances) were performed using the non-parametric Wilcoxon
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test implemented by the Real Statistics program (Zaiontz
2013). The Principal Coordinates Analysis (PCoA) based
on the genetic distances estimated by the Rogers’ coef-
ficient modified by Wright and the genetic differentiation
(Fgp) were calculated (95 % statistical confidence interval
using 10,000 bootstrap replicates) using the GenAlEx v6.5
program (Peakall and Smouse 2012). Population structure
based on the Bayesian clustering method was determined by
STRUCTURE v2.2.4 program (Pritchard et al. 2000) to infer
the number of populations (k) without prior information on
the number of groups of accessions. The membership of each
genotype was run for the range of genetic cluster (K) from 1
to 20, with 30 interactions each. The runs were implemented
with a burn-in period of 500,000 steps followed by 1,000,000
Monte Carlo Markov Chain (MCMC) replicate. The most
probable K was determined as proposed by Evanno et al.
(2005) using the Structure Harvester v0.6.93 (Earl and von-
Holdt 2012). The software CLUMPP v1.1.2 (Jakobsson and
Rosenberg 2007) was used to find consensus among the 10
most probable K interactions, and the results were displayed
by DISTRUCT v1.1 (Rosenberg 2004).

Functional annotation of BESs

The BLASTN (Altschul et al. 1990) algorithm was used
to annotate the BESs against the GenBank GSS (genomic
sequences) database with a minimum reliability value (E
value) <1E—06, whereas the BLASTX (Altschul et al.
1997) algorithm was used against the non-redundant pro-
tein database at the default settings. BLAST2GO was used
for the functional analysis of the sequences using the terms
of the gene ontology (GO) from the BLASTX hits (Conesa
et al. 2005) at default settings (E value of 1E—06 and
annotation cutoff of 55). The BESs were aligned against
the transcriptome database of common bean (BLASTN;
E value <1E—06), Andean variety (G19833) available at
(http://www.phytozome.com/commonbean.php). Using
BLASTN, the BESs were also compared against the
Andean P. vulgaris (G19833) genome database with an
E value <1E—05. The IDs generated were subjected to
automatic comparison with the transcription factors (TFs)
database of plants (PInTFDB, Plant Transcription Factor
(http://plntfdb.bio.uni-potsdam.de/v3.0/), Pérez-Rodriguez
et al. 2010), selecting only the TFs described for the com-
mon bean, and with the soybean transposable elements
(TEs) database (SoyTEdb, SoyBase and the Soybean
Breeder’s Toolbox (http://soybase.org/soytedb/), Du et al.
2010) at a cutoff E value <1E—05.

Comparative genomic analysis

The total BESs, as well as the BES-SSRs TFs, and TEs
were aligned separately with the genome of M. truncatula
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(Young et al. 2011), G. max (Schmutz et al. 2010) and
P. vulgaris Andean variety (G19833, Schmutz et al. 2014)
(http://www.phytozome.com/commonbean.php). The align-
ments were performed using the BLASTN algorithm at
an E value <1E—05 and a minimum alignment length of
50 bp. The best hits determined from each BES were used
to develop maps for synteny visualization using the Circos
program (Krzywinski et al. 2009).

Results
Sequencing of BES

The sequencing of 30,000 BAC clones was sufficient to
obtain an overview of the common bean genome and to
derive useful information that can potentially increase the
knowledge and improve the genetics of this species. In
total, 60,000 genomic sequences from BAC clones were
sequenced, comprising approximately 36 Mbp and corre-
sponding to an estimated 6.5 % of the P. vulgaris genome.
The sequencing of the BAC ends generated 52,270 BES
reads of high quality (87.12 %) with an average size of
690 bp. The total length analyzed was 31,702,945 bp with
an estimated GC content of 38.83 %.

Identification and characterization of BES-SSRs

A preliminary search for SSRs in the 52,270 BESs resulted
in the identification of 3,789 SSRs, with a frequency of one
SSR per 8.36 kb. For a more stringent analysis to identify
complete SSR regions useful for the development of molec-
ular markers, short and redundant sequences were removed
from the BESs, resulting in 47,698 useful sequences, which
were pooled into 1,028 contigs and 42,082 singlets (total
43,110). From the contigs and singlets, 2,472 SSRs were
identified, with some of BES containing more than one
SSR. Considering only 1 SSR per BES, 2,000 SSRs were
identified and made available to the scientific community
by NCBI (BES-SSRs) (Supplementary Table 3).

Among the common bean BES-SSRs, the perfect type
trinucleotide (45.75 %) and dinucleotide (27.95 %) repeats
were the most frequent, followed by the compound repeats
(19.4 %), which are formed by the contiguous or adja-
cent repetition of different motifs. The SSRs with tetra-
(3.85 %), penta- (0.95 %) and hexanucleotide repeats
(2.1 %) were less abundant (Table 1). Trinucleotides with
AAG motifs occurred more frequently (17.12 %), fol-
lowed by AAT (9.83 %) and ATG (6.04 %). Regarding
the 559 dinucleotides, the AT (16.57 %), AG (7.09 %) and
AC (4.29 %) motifs were the most frequent, and the GC
motif was represented by only 1 sequence. The most com-
mon motifs for the tetra-, penta-, and hexanucleotides were

Table 1 Characterization of identified BES-SSRs including the total
number of markers classified by the types of repeat motifs, frequency
estimation of the motifs in relation to the total number of identified
SSRs, and classification based on the lengths (in base pairs) of the
repeats in Class I (SSRs > 20 bp) and Class II (SSRs < 19 bp)

Repeat motif Number of SSRs Frequency (%) ClassI Class II

Dinucleotide 559 27.95 167 392%
Trinucleotide 915 45.75 37 878*
Tetranucleotide 77 3.85 17 60*
Pentanucleotide 19 0.95 19* 0
Hexanucleotide 42 2.10 42*% 0
Compound 388 19.40 362* 26
Total SSRs 2000 100 644 1,356%*

* Significant difference (95 % IC, P < 0.05)

AAAT (2.4 %), AAAAT (0.8 %), and GGGCTT (0.65 %),
respectively (Table 2).

Based on the length of the DNA sequences contain-
ing repetitions, the SSRs were categorized into Class I
(SSRs > 20 bp) and Class II (SSRs < 19 bp), as proposed
by Temnykh et al. (2001). Of the 2,000 BES-SSRs, 644
(32.2 %) were representative of Class I and were predomi-
nantly compound repeats (56 %), whereas 1,356 (67.8 %)
were Class II with a predominance of trinucleotides (65 %)
followed by dinucleotides (29 %). Penta- and hexanucleo-
tide repeats were identified only as representatives of Class
I (Table 1).

Genetic diversity and structure analysis of BES-SSRs

Longer SSRs tend to be more variable, and together with
the tetra-, penta-, and hexanucleotide repeats they are prior-
itized for use as molecular markers. Primers were designed
for the 194 SSRs derived from the 2,000 BES-SSRs.
From them, 164 SSRs have perfect repeats (18 di-, 8 tri-,
77 tetra-, 19 penta-, and 42 hexanucleotides) and 30 were
compound SSRs. Of these, 31 % were representatives of
Class II (60 tetra-nucleotide repeats) and 69 % were Class
I, which included all the remaining SSR motifs identified
in this study. In the first stage of the screening, 64 % of loci
products were successfully amplified in at least one sample
tested, of which the highest rates of successful amplifica-
tion were for pentanucleotide (79 %) and tetranucleotide
(78 %) repeats, whereas the rate for hexanucleotides was
only 48 %. Among the SSRs SSRs that were amplified,
24 9% were polymorphic. Of the total markers evaluated, 40
BES-SSRs were selected for fluorescence synthesis.

From 40 BES-SSRs, 33 showed perfect repeats (4 tri-,
10 tetra-, 10 penta-, and 9 hexanucleotides) and seven com-
pound repeats. In order to evaluate the BES-SSRs ampli-
fication in multiplexes, 10 tetraplex systems were tested,
and in eight multiplexes, all SSR markers amplified. The
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Table 2 Frequency of each

. Repeat motif Number Frequency
BES-SSR r.notl‘f type most of SSRs (%)
representative in the common
bean genome categorized Dinucleotide
sing o be ol s
AGIGAICTITC 141 7.09
ACICAITGIGT 85 4.29
GCICG 1 0.05
Trinucleotide
AAGIAGAIGAAICTTITTCITCT 343 17.12
AATIATAITAAIATTITTAITAT 197 9.83
ATGITGAIGATICATIATCITCA 121 6.04
AACIACAICAAIGTTITTGITGT 95 4.74
AGGIGGAIGAGICCTICTCITCC 58 2.89
AGCIGCAICAGIGCTICTGITGC 55 2.74
ACCICCAICACIGGTIGTGITGG 35 1.75
GGCIGCGICGGIGCCICCGICGC 5 0.25
Tetranucleotide
AAATIAATAIATAAITAAAITTTAITTATITATTIATTT 48 2.40
Pentanucleotide
AAAATIAAATAIAATAAIATAAAITAAAAITTTTAI TTTATIT 16 0.80
TATTITATTTIATTTT
Hexanucleotide
GGCTTGIGCTTGGICTTGGGITTGGGCITGGGCTI GGG 13 0.65

CTTICCGAACICGAACCIGAACCCIAACCCGI

ACCCGAICCCGAA

five markers that did not amplify in multiplex were indi-
vidually analyzed (PvPenta 5, PvComp8, PvPenta8 and
PvPental0). From the analysis of 88 genotypes, 34 (85 %)
polymorphic and six monomorphic (PvTetra7, PvPentals8,
PvTri4, PvPenta9, PvHexa26, and PvHexa28) BES-SSRs
were identified showing an equally good amplification for
the Andean and for the Mesoamerican genepools. Con-
sidering the polymorphism of 34 BES-SSRs, the aver-
age number of alleles per locus was 5.59, ranging from
two (PvHexal2, PvTetra32, PvPenta8, PvPental4, and
PvTetra76) to 19 (PvComp10). The average H was 0.490,
ranging from the minimum of 0.135 in the PvPenta5 locus
to the maximum of 0.930 in the PvComp10 locus. The Ho
was 0.004, corroborating with the high level of inbreeding
(F;g = 99.3) estimated for the common bean genotypes,
so the correction for null alleles was not considered. The
number of alleles per locus (A) was 4.76 for Mesoameri-
can genotypes and 2.73 for Andean, at P = 0.007, while the
Hp was 0.396 and 0.286, at P = 0.027 (as obtained from
a nonparametric test considering 67 and 21 accessions,
respectively). The average number of alleles per marker
locus (A) was significantly different among cultivars/lines
(4.56), landraces (3.44) and wild (1.55), at P < 0.05 (non-
parametric test with 53, 33 and 2 accessions, respectively),
whereas the average estimates of Hp were not significantly
different (P > 0.05) with values of 0.480, 0.455 and 0.338,
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respectively. In relation to the private alleles (Ap) (Table 3)
in the BES-SSRs, 55 alleles where identified in cultivars/
line, 20 in landraces and 12 in wild accessions. In rela-
tion to the classes of motifs, trinucleotides (represented by
three markers) showed the highest average estimate of H
(0.733), followed by the compound SSRs (0.659) (repre-
sented by seven markers). The Hy for the tetranucleotides
was 0.512, whereas the values for the penta- and hexanu-
cleotides were lower but similar, with indices of 0.351 and
0.332, respectively (Table 4). Of the 34 markers, six (with
a repeat length > 40 bp) showed a Hg > 0.7; in descend-
ing order, the Hp estimates were 0.918 (PvCompl0),
0.821 (PvTri8), 0.816 (PvComp4), 0.743 (PvTri6), 0.741
(PvTetra25), and 0.703 (PvComp9). For Hy > 0.5, the
number increased to 16 loci, which corresponded to 47 %
of the SSRs characterized. A high standard of amplification
profiles was observed with rare occurrences of nonspecific
products and stuttering (Supplementary Figure 1).

PCoA revealed two distinct cluster from the entire pop-
ulation which is related to their germplasm Mesoameri-
can and Andean origin (Fig. 1). The first axis explained
29 % of the molecular variation and separated the acces-
sions by origin, while the second explained 10 %. The two
wild accessions were placed in an intermediate position
between the Andean and Mesoamerica germplasm. A high
estimate of Fgp (0,733, P < 0.05) between the Andean and
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Table 3 Descriptive 1
N A A Ap Hy(S H, (SE Fis (S
statistics of the 34 BES-SSRs ©B P £ 5B 0 SE) s OF)
characterized in 88 genotypes of Gene pool
common bean Andean 21 93 273(032) 28 0.286 (0.042)  0.001 (0.001)  0.995 (0.004)
Mesoamerican 67 162 4.76 (0.54) 97 0396 (0.036)  0.005 (0.002) 0.990 (0.003)

Sample size (N), number of Group
alleles (A), number of alleles . .

] . Cultivar/line 53 155 456 (0.53) 55 0.480 (0.036)  0.002 (0.001)  0.966 (0.002)
per locus (A), number of private
alleles (Ap), senetic diversity Landrace 33 117 344(047) 20 0.455 (0.043)  0.007 (0.003)  0.989 (0.004)
(Hy), observed heterozygosity wild 2 51 15501 12 0.338 (0.059)  0.015 (0.015) 0.953 (0.033)
(Hp), endogamy index (Fig) and ) 88 190  5.59(0.72) - 0.490 (0.036)  0.004 (0.001) 0.993 (0.002)

standard error (SE)

Mesoamerican groups was observed for the 34 BES-SSRs
analyzed indicating a genetic differentiation by origin. The
structure analysis, through the results of AK, indicates that
K = 2 was the most probable cluster for BES-SSRs, cor-
responding to the Mesoamerican and Andean genepools
(Supplementary Figure 2). A total of 66 genotypes, con-
stitute of 42 cultivars/lines and 22 landraces, plus the two
wild genotypes were grouped as the Mesoamerican origin,
while the Andean cluster constitute of 11 cultivars/lines and
11 landraces. The accession BRSMG Talisma was previ-
ously identified as of Mesoamerican origin and, a posteri-
ori, placed in the Andean cluster.

Annotation of BES

The annotation of 52,270 sequences (BLASTN against
the GenBank GSS database) produced 47,194 alignments
(90.3 %) of which 31,564 (60.4 %) aligned with a high
similarity (E value = 0) to the genomic sequences of P.
vulgaris available in NCBI. Of the 2,000 BES-SSRs, 1,611
(80.5 %) demonstrated high similarity with sequences from
GSS database. A total of 14.165 BESs (27.1 %) showed
similarity with the common beans transcriptome sequence
data, of which 11.200 (79 %) were annotated represent-
ing 2.032 different transcripts. Based on BLASTX, puta-
tive functions were identified for 24,321 (46.53 %) BESs,
of which 609 (30.45 %) were BES-SSRs, and 13 (32.5 %)
belonged to the 40 BES-SSRs genotyped in 88 accessions
(Supplementary Table 1). The reliability estimates (E val-
ues) of the sequences submitted for the mapping and anno-
tation process using BLAST2GO ranged from 1E—06
to 1IE—175. A higher similarity (BLAST “Top-Hits”) to
sequences from P. vulgaris (17 %), followed by G. max
(13.5 %), Vitis vinifera (6 %), M. truncatula (4 %), and
Oryza sativa (1 %), was observed. Considering only the
BES-SSRs, a high proportion of alignment with the G. max
(12 %) genome was observed, whereas the alignment esti-
mate was only 8.65 % for P. vulgaris.

Of the 24,321 BESs associated with genes, 19,363
(80 %) were assigned to functional categories in accord-
ance with the GO database (Fig. 2). Within the biological

processes category (10,130 gene products or sequences in
total), which describes the processes in which genes are
placed, the most representative were metabolic (9,521),
cellular (9,204), and DNA metabolic (6,837) process. In
the molecular functions category (13,632 gene products
or sequences), the most represented gene activities were
binding (12,555), organic cyclic compound binding (8,692)
and nucleic acid binding (7,478). In the cellular compo-
nents category (4,225 gene products or sequences), which
describes the cellular structure in which the gene product
is located, the most abundant were cell part (3,936), intra-
cellular part (3,500), and organelle (3,285). Among the
609 BES-SSRs corresponding to genes, 416 (68 %) were
assigned in accordance with the GO terms, with representa-
tion from the three functional categories, including genes
predominating in metabolic process (196) in the biological
processes category, binding (256) in the molecular function
category, and the cell part (119) in the cellular component
category.

The analysis for the presence of TFs demonstrated that
2 % of the BESs (1,039 sequences) were represented by
65 families previously described in the literature by Pérez-
Rodriguez et al. (2010). Among the 65 families identified,
four predominated, comprising 57 % of the total (Fig. 3a);
the largest representation was the transcription factor
mTERF (37 %), followed by DDT (9 %), Tify (6 %), and
ARR-B-MYB (5 %). Of the 2,000 BES-SSRs, 58 (2.9 %)
were associated with TFs, representing 30 different fami-
lies of which the bHLH and NAC families were the most
abundant.

Of the BESs, 3 % (1,643) were associated with transpos-
able elements (TEs), assigned to two classes according to
their mechanism of transposition, which can be described
as either copy and paste (class 1 TEs) or cut and paste
(class I TEs) (Wicker et al. 2007). In the present study,
Class I retroelements were predominant (98 %), and only
2 % were Class II, consisting of DNA transposons. Among
the retroelements, the LTR retrotransposons (corresponding
to long terminal repeats) were represented predominantly
by the Gypsy (81 %) and Copia (17 %) families. For the
Class II TEs, although much less abundant, the families
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Table 4 Genetic descriptors related to 34 BES-SSRs of the ana-
lyzed common bean, including the number of alleles per locus (A),
observed heterozygosity (Ho), genetic diversity (Hy), and probability
of identity (PI)

Marker A H, Hg PI
Compound
PvComp10 19 0.013 0.918 1E-02
PvComp4 17 0.000 0.816 SE—02
PvComp9 9 0.023 0.703 1E—01
PvComp2 5 0.024 0.674 2E—-01
PvComp8 9 0.012 0.605 2E—-01
PvComp21 5 0.000 0.508 3E-01
PvComp27 3 0.000 0.388 4E—01
Mean 9.57 0.010 0.659 3.2E-07*
Standard error 2.34 0.004 0.068 -
Hexanucleotide
PvHexa20 3 0.000 0.503 3.6E-01
PvHexalO 3 0.012 0.453 3.9E-01
PvHexal9 3 0.000 0.416 4.2E-01
PvHexal2 2 0.000 0.334 5.0E-01
PvHexa36 4 0.000 0.229 6.1E—01
PvHexa39 3 0.000 0.208 6.4E—01
PvHexal5 9 0.000 0.184 6.7E—01
Mean 3.86 0.002 0.332 7.6E—03*
Standard error 0.88 0.002 0.049 -
Pentanucleotide
PvPental3 3 0.000 0.611 2.3E-01
PvPenta4 3 0.000 0.555 2.8E—-01
PvPental0 6 0.012 0.435 3.4E—-01
PvPental4 2 0.000 0.334 5.0E-01
PvPental9 4 0.000 0.312 4.9E-01
PvPenta8 2 0.000 0.263 5.8E-01
PvPental6 3 0.000 0.167 7.0E-01
PvPenta5 3 0.000 0.134 7.5E—-01
Mean 3.25 0.001 0.351 1.6E—03*
Standard error 0.450 0.001 0.061 -
Tetranucleotide
PvTetra25 12 0.012 0.741 9.8E—02
PvTetra65 5 0.012 0.653 1.8E—01
PvTetra73 4 0.000 0.618 2.0E-01
PvTetra57 6 0.000 0.588 2.1E-01
PvTetra49 3 0.014 0.475 3.5E-01
PvTetra32 2 0.012 0.456 4.0E—01
PvTetra50 4 0.000 0.450 3.3E-01
PvTetra47 4 0.000 0.428 3.9E-01
PvTetra76 2 0.000 0.198 6.6E—01
Mean 4.67 0.006 0.512 9.2E—06"
Standard error 1.01 0.002 0.054 -
Trinucleotide
PvTri8 11 0.000 0.821 5.2E-02
PvTri6 7 0.000 0.743 1.1IE-01
PvTri5 10 0.000 0.635 1.8E-01
Mean 9.33 0.000 0.733 1.0E—03*
Standard error 1.20 0.000 0.054 -

& PI for all locus combinations
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identified were Mutator (1.7 %), followed by PIF/Harbin-
ger (0.25 %) and Helitron (0.05 %). Among the 2,000 BES-
SSRs, only 38 (2 %) were identified as associated with TEs
of which 33 were from the Gypsy family (87 %), four from
Copia (10 %), and one from Mutator (3 %) (Fig. 3b).

Comparison of genomes of legumes

The alignment of BESs against the genomes of P. vul-
garis Andean landrace G19833 (PvAnd), M. truncatula
(Mt), and G. max (Gm) is shown in Fig. 4a. Of the 52,270
BESs analyzed, 99.4, 14.4, and 2.7 % exhibited similari-
ties with the genomic sequence of PvAnd, Gm, and Mt,
respectively. Of the 2,000 BES-SSRs, 99.4 % aligned
to the genome of PvAnd, 16.7 % to Gm and only 2.7 %
to Mt. Only 53 BES-SSRs were similar between the Mt
and PvAnd genomes, whereas 331 were similar between
Gm and PvAnd. For the PvAnd and Gm genomes with
10 or more BES-SSRs in common alignment was exhib-
ited. The sequences that mapped to chromosome one of
the common bean aligned primarily with sequences in
soybean chromosome Gm19, whereas the sequences in
chromosomes Pv3, Pv5, Pv7, and Pv11 aligned with chro-
mosomes Gm17, Gm12, Gm10/Gm20, and Gm6/Gm12,
respectively (Fig. 4a).

For the TFs identified in P. vulgaris (1,039 BESs),
100 % of them showed alignment over the PvAnd genome,
whereas 41 and 8.5 % of TFs aligned over the Gm and Mt
genomes, respectively. Considering the chromosomes con-
taining 10 or more TFs found in both the common bean
and soybean genomes, the distribution of sequences over
the genome was quite variable. The TFs located in chro-
mosome one of P. vulgaris (Pvl) were identified on chro-
mosome 19 of soybean (Gm19). Similarly, the sequences
in Pv2, Pv3, Pv4, Pv9, and Pvll corresponded to those
on Gml, Gm7, Gm16, Gm4, and Gm12, respectively. A
broader distribution and dispersion was observed for the
TFs on Pv5, which were identified on Gm1, Gm12, and
Gm13, and the TFs on Pv7 were found on Gml10 and
Gm?20 (Fig. 4b).

For the BESs identified as TEs (1,643 BESs), 99.9 %
aligned to the PvAnd genome, 72.5 % to the Gm genome,
and 7.4 % to the Mt genome. Regarding the distribution of
the TE sequences throughout the genomes, an increased
distribution was observed in the Gm compared with the
PvAnd genome. This was true for the TEs located in Pv5,
Pv8, and Pv11, which were scattered over five (Gm1, Gm®6,
Gml5, Gm18, and Gm19), eight (Gm1, Gm2, Gm4, GmS5,
Gm6, Gml5, Gml8, and Gml19) and six (Gml, GmS5,
Gm10, Gm15, Gm18, and Gm19) soybean chromosomes,
respectively. For the TEs common to the P. vulgaris and
Mt genomes, 35 TEs were located on Pv11 and their cor-
responding location was on Mt3 (Fig. 4c¢).
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The analysis of BESs has been a valuable resource for
the study of plant genomes. In this study, the informa-
tion derived from the BESs was incorporated immediately
into the international project for genome sequencing of
the Mesoamerican common bean variety, assisting in the
investigation and assembly of the whole-genome refer-
ence sequence. Correspondingly, the availability of these
sequences has allowed the analysis of the composition
of the common bean genome and the identification SSRs
based on long repeats, which have been little explored to
date in common bean, providing genome information that
can be used in genetic studies, including germplasm char-
acterization, QTL mapping and associative genetics.

Identification and distribution of SSR

It has been shown that data mining of genomic sequences
derived from BESs is useful for the generation of SSR
markers in various legumes, such as the 3,290 SSRs identi-
fied in soybean (Shoemaker et al. 2008), 18,149 in pigeon
pea (Bohra et al. 2011), 1,424 in peanut (Wang et al.
2012), 6,845 in chickpea (Thudi et al. 2011), and 875 in
the common bean (Cérdoba et al. 2010). The number of
SSR regions identified in P. vulgaris in this study demon-
strated that this type of sequence is fairly abundant; the
number of SSRs (3,789) reported was four times more than
that reported by Cérdoba et al. (2010). The frequency of
SSRs in the genome of the common bean (8.36 Kb/SSR)
was close to the estimates reported for other legumes, such
as soybean (6.82 Kb/SSR), pigeon pea (5.65 Kb/SSR) and
chickpea (4.85 Kb/SSR) (Saini et al. 2008; Bohra et al.
2011; Thudi et al. 2011), whereas for cultivated peanut,
the frequency was estimated at 27.32 Kb/SSR (Wang et al.
2012).

Indeed, the abundance and density of SSRs along the
genome varies because of a number of factors and can be

of each species (Biswas et al. 2012; T6th et al. 2000; Mor-
gante et al. 2002), or indirectly, depending on the strategy
used to identify the SSRs. Features of the different restric-
tion enzymes used for the construction of the BAC libraries
increases the likelihood of incorporating all regions present
in the genome and consequently, increases the chances of
identifying more SSRs (Wang et al. 2012). In addition, the
parameter settings of the softwares used to identify and
quantify the SSRs from the genome sequences contribute
largely to the observed discrepancies (Leclercq et al. 2007).
A recent study conducted by Blair and Hurtado (2013)
showed that three different bioinformatics procedures had
influenced the estimates of the number and types of SSRs
over the same set of 21,000 ESTs. In the present study,
due to the large number of SSRs found in the P. vulgaris
genome, it was possible to identify and select markers tak-
ing into consideration the types and abundance of motifs.

The other important finding of this study was that the
estimates of SSR distribution observed in the non-coding
regions (BES-SSRs: 0.026 %) were close to the SSR fre-
quency found in the coding regions (EST-SSRs: 0.021 %)
by Garcia et al. (2011). According to Victoria et al. (2011),
SSRs in plant genomes follow a random distribution pat-
tern, however, studies in Arabidopsis (Morgante et al. 2002)
and Citrus (Biswas et al. 2012) demonstrated a higher
frequency of SSRs in coding compared to non-coding
regions. From a practical viewpoint, a more homogeneous
distribution of SSRs throughout the genome is interesting
because it allows the direct mapping of the SSRs in P. vul-
garis sequences isolated either from sources of expressed
sequences or from random genomic sequences, ensuring a
broad distribution and sampling of this genome.

BAC end sequences: SSRs

As for the practical goal of developing molecular tools for
the genotyping of the common bean, sequences containing
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Fig. 2 Functional classification of 52,270 BESs (blue bars) and of
2,000 BESs (red bars) with microsatellites (BES-SSRs) derived from
P. vulgaris annotated with GO terms, including attributes based on
biological process, molecular function and cellular component. Num-
bers along the bars represent the total number of BES contained in
each GO terms. Only major categories are presented

tandem repeats of a single nucleotide were excluded from
this study. The most abundant SSRs observed in this study
were the trinucleotide motifs (46 %) and not the dinucle-
otide motifs (26 %) as described in other legumes (Wang
et al. 2012; Thudi et al. 2011; Bohra et al. 2011; Cérdoba
et al. 2010). However, the predominance of trinucleotide
motifs was also found in soybean (Shoemaker et al. 2008)
and Arabidopsis (Lawson and Zhang 2006). Although it is
expected that trinucleotide motifs will be found more fre-
quently in coding regions because of potential negative
selection against mutations that alter the reading frame
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Fig. 3 Association of (a) transcription factor (TFs) families of (b)
transposable elements (TEs) with BESs. Only major families are rep-
resented for TFs

of codons (Morgante et al. 2002), more recent studies
have demonstrated a distinct pattern of motif distribution
between different gene regions (5'UTR, 3’UTR, introns,
and exons) (Lawson and Zhang 2006). Therefore, polymor-
phisms along gene region extensions can be exploited as
efficiently as in the structural genome, ensuring that esti-
mates of genetic diversity are efficiently sampled through-
out the genome.

The identification, characterization and quantification of
a larger number of SSR motifs, as well as the evaluation
of their genome distribution are of fundamental importance
to the development of new markers for the common bean.
Among the dinucleotide repeats, the AT motifs (16.57 %)
were more abundant, which is consistent with previous
studies in beans (Cdrdoba et al. 2010) and other legumes,
such as peanut, pigeon pea, and soybean (Wang et al. 2012;
Bohra et al. 2011; Shultz et al. 2007). Despite the higher
abundance of AT/TA repeats, sampling this motif through
the construction of enriched libraries has not been explored
yet, since the AT repeat is self-complementary and is dif-
ficult to screen for by colony hybridization. In this study,
a single GC motif was identified among the 559 dinucleo-
tide motifs characterized, emphasizing that the (GC)n motif
is extremely rare in eukaryotic genomes as previously
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Fig. 4 Comparative analysis of high-resolution BES from P. vulgaris
(Mesoamerican variety) relative to the genome of P. vulgaris Andean
variety (orange bars), M. truncatula (green bars), and G. max (blue
bars). a Alignment of BES-SSRs in relation to the other 3 genomes
is represented by 3 concentric circles; the most external circle rep-
resents the alignment of 52,270 BESs (gray) against the 3 legume
genomes, the intermediate circle represents the heat map in which
the colored bars indicate the density of the BLAST hits by 2-Mb

reported by Katti et al. (2001). The low frequency of
poly(C) and (G) n repeats was specifically observed in
common beans (Cérdoba et al. 2010; Chen et al. 2014)
and other legume (Mun et al. 2006; Bohra et al. 2011).
According to Eustice et al. (2008), the (CG)n repeats tend
to form secondary structures (hairpins) which are unstable
in the genome thus; negative selection may be involved in
the scarcity of this repeats over DNA sequences. For the
trinucleotide motifs identified in this study, a predomi-
nance of AAG (17.12 %) was observed, which has also
been reported as more abundant in peanuts (Wang et al.
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sequences (2 Mb), and the inner circle represents the haploid chro-
mosomes of the P. vulgaris (Pv1-11), M. truncatula (Mt1-8), and G.
max (Gm1-20) genomes. b, ¢ Represent the alignments of TFs and
TEs, respectively. The lines in the three panels connect the chromo-
some regions of P. vulgaris Andean variety with of G. max (colored
lines) or M. truncatula (gray lines) which showed high similarity
with the same BES

2012). Building libraries for tetra-, penta-, and hexanucleo-
tides is difficult because these motifs are less abundant in
the genome, which restricts their availability for develop-
ing primer pairs and for use in the molecular characteriza-
tion of the common bean. Therefore, the isolation of these
repetitive regions from random genomic fragments was
an attractive strategy, generating significant and important
results for the development of functional SSR markers in
the common bean.

BAC libraries of P. vulgaris are a good source of SSRs,
and although only a fraction of these identified markers
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were investigated in this study, there did not appear to be
a limit to their level of polymorphism or to the use of this
method for large-scale genotyping. In this study, a fraction
of the tri-, tetra-, and hexanucleotides and compound SSRs
were examined, as well the pentanucleotides identified
from the BESs. The initial screen allowed the selection of
markers with consistent amplification profiles and a poten-
tial for polymorphism detection from the initially evalu-
ated genotype group exhibiting an amplification success
rate of 79 %. Similar results for the amplification efficiency
were reported for the common bean (76.5 %) and chickpea
(79 %) in which the SSRs were derived from BESs (Cér-
doba et al. 2010; Thudi et al. 2011). Regarding the propor-
tion of SSRs classified according to motif size using estab-
lished criteria, there was a predominance of compound
SSRs (56 %) categorized as Class I (P < 0.05), compris-
ing repeats with longer DNA sequences. Previous studies
have reported ratios above 30 % for this class of repeats in
the common bean (Hanai et al. 2007; Garcia et al. 2011),
which together with the data from this study, will enable
the investigation of these repeats for potential use in the
genetic analysis of this species. The availability of large
genomic DNA sequences will continuously promote the
identification of class I SSRs, overcoming the limitation
of short-sequence DNA repeat (SSR) loci identified from
cDNA and enriched genomic libraries. Longer repeats in
compound motifs than perfect motifs has been reported and
may result from more complex evolutionary patterns by
assuming that a compound motif may have more chances
to gain a new repeat unit since two or more individual
microsatellites are found directly adjacent to each other (Li
et al. 2003). This explains a higher mean number of repeats
found in compound SSRs, predominantly class I, than per-
fect ones as reported in rice (Temnykh et al. 2001).

Molecular characterization of BES-SSRs

Among the SSRs evaluated in this study, all six with a
Hg > 0.7 were Class I, comprising three compound SSRs
and three perfect SSRs (two tri-and one tetranucleotide),
following the pattern of higher polymorphism for having
more than one type of repeat and/or larger SSR region,
as previously demonstrated (Byrne et al. 1996; Cho et al.
2000). Regarding the nature of the SSR, the average num-
ber of alleles per locus ranged from 9.57 for this compound
SSR to 3.25 for pentanucleotides, and according to Cardoso
et al. (2013), the average number of alleles observed was
7.79 in dinucleotides, indicating that compound SSRs are
extremely interesting and should be prioritized for molecu-
lar characterization. In the tetra-, penta- and hexanucleotide
type loci, the average number of alleles was 4.67, 3.25,
and 3.86, respectively, significantly lower than the values
reported for dinucleotides, which because of the higher
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mutation rates in dinucleotide type repeats, is consistent
with expected values (Renwick et al. 2001). Meanwhile,
seven SSRs (one hexa-, two penta-, and four tetranucleo-
tides) were identified with Hy average value of 0.610 and
5.14 alleles/locus number, predominantly on PvTetra25,
which has 12 alleles and a Hg of 0.741. These results sug-
gested that it is possible to identify a higher number of
SSRs based on repeats >trinucleotides with high levels
of genetic information content, which is comparable or
superior to currently available dinucleotides. For the com-
mon bean, there are no known reports on the development
of SSRs based on large motifs, and the tetra-, penta- and
hexanucleotides identified by Blair et al. (2011b) were not
polymorphic, indicating that the SSRs developed in this
study are the first of this type for P. vulgaris. Furthermore,
the tri-, tetra- and penta- and hexanucleotide microsatellites
exhibited less “stutter” and therefore, allowed for a clearer
identification of alleles, reducing genotyping errors.

Taking advantage of the annotated common bean
genome, 21.43 % of the BES in this study presented simi-
larity with the Andean genome. With minimal effort, the
functional annotation of the BES-SSRs revealed 13 loci that
mapped within genic regions, including genes related to
plant defense (calcium-transporting ATPase) (Frei dit Frey
et al. 2012) and the response to biotic and abiotic stresses
(constans-like zinc finger protein) (Noguero et al. 2013), of
which are important mechanisms that can assist in devel-
oping of higher common bean plants. Among the 13 SSR
markers associated with gene products, 11 were polymor-
phic including one tri- (PvTri6), two tetra- (PvTetra32 and
PvTetra57), one penta- (PvPenta4), five hexa- (PvHexal2,
PvHexal5, PvHexal9, PvHexa20 and PvHexa39) and two
compound (PvComp2 and PvComp21). The identification
of marker loci linked to genomic regions of interest allows
for new study approaches to assess the allelic variability at
loci of interest, identification of potential markers for use
in assisted selection, and development of new and different
common bean cultivars.

Genomic composition of BES

TFs are proteins that bind to DNA in eukaryotes to enable
gene transcription and play a fundamental role in gene reg-
ulation (Pérez-Rodriguez et al. 2010). Therefore, the iden-
tification of TFs (2 %) in the common bean represents a
relevant contribution towards the understanding of the reg-
ulatory networks of genes that may be associated with traits
of interest for plant breeding. Members of the mTERF fam-
ily, represented in 37 % of the TFs identified in this study,
are regulators of mitochondrial transcription and control of
mtDNA replication (Roberti et al. 2009). Although Arabi-
dopsis has a more compact genome compared to P. vul-
garis, a wide variety of mTERF family genes derived from
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genomic duplication processes have been reported in that
species, and appears to play an important role in the expres-
sion of genes in organelles, photosynthesis processes, and
cellular respiration (Kleine 2012).

TEs are the most abundant repetitive components in
higher eukaryote genomes and play important roles in
regulating gene expression and affecting the composition
and structure of genomes. Therefore, the identification and
characterization of TEs in the common bean genome is
important for the study of phylogeny, application of repeti-
tive genetic elements as molecular markers, understand-
ing the genome organization and gene annotations, and the
immediate application of assisting in the assembly of the P.
vulgaris genome (Du et al. 2010). The diversity and abun-
dance of TEs in plant genomes are highly variable among
species (Kriedt et al. 2014) being influenced by several
evolutionary factors, such as life history, population size
and matting system (de la Chaux et al. 2012), making it
difficult to perform a direct inter-species comparisons. In
legumes, a wide variation is evident, and estimates close
to those reported in this study (3 %) have been described
for peanut (5.86 %), whereas those for soybean (17 %) and
chickpea (49 %) are higher (Wang et al. 2012; Schmutz
et al. 2010; Varshney et al. 2013). The predominance of
class I (retroelements) relative to class Il (DNA transpo-
sons) TEs demonstrated that the common bean resembles
several plants with extended variable genomes (Bohra et al.
2011; Wang et al. 2012; Biswas et al. 2012; Wu et al. 2012;
Kim et al. 2013; Dereeper et al. 2013). LTRs were the most
represented among the retroelements, demonstrating a wide
disparity in numbers between the Gypsy (81 %) and Copia
(17 %) families. This same pattern was observed in soy-
bean (Schmutz et al. 2010), which is most likely related to
the differential inclusion of these elements during the evo-
lution of these species.

In this study, the high similarity at the genome level
between the common bean and soybean reflects the phy-
logenetic relationship of these legumes that belong to the
same Phaseoloid clade, whereas limited synteny was pre-
sented with Medicago species that are included to the Hol-
ogalegina clade (Gepts et al. 2005). The BESs and TFs
located on chromosome 7 in the common bean aligned with
chromosomes 10 and 20 in soybean, which is consistent
with a report by Galeano et al. (2011) in which this relation-
ship was first demonstrated. The complete genome sequenc-
ing of soybean demonstrated that Gm20 is highly homolo-
gous to the long arm of Gm10, and a number of parts of the
chromosome 20 are distributed over several other places in
the genome (Schmutz et al. 2010). However, the wide dis-
tribution of most common bean sequences in the genome of
soybean does not exhibit a 1:2 ratio, which is borne out by
chromosomal breakage and union, possibly associated with
a tetraploidization event in the soybean genome (Galeano

et al. 2011); this is consistent with evidence that the soybean
genome was split and reassembled at some point after the
duplication event (McClean et al. 2010).

Common beans genomic resources

The analysis of the P. vulgaris genome by BES sequenc-
ing proved informative, enabling access to some features
of the genome not described to date. This technique was
shown to be an excellent strategy to obtain molecular tools
for analysis of the common bean, a crop of great economic
and social interest. The sequenced crop legume genomes,
including common bean, allowed to evaluate the SSRs as
their broad distribution over the entire genome, and also
corroborated the BES sequencing strategy as adequate to be
used for other species without genome information avail-
able. As a benefit of the common bean genome sequenc-
ing (Schmutz et al. 2014), where a large amounts of qual-
ity DNA sequence data were made available in a public
database, an almost unlimited number of SSR markers are
likely to be developed. As effect, breeders will benefit with
a genome-wide SSRs markers to be applied to many fields
of the molecular breeding. In addition, the deeper under-
standing of the expressed common bean genes from the
reference genome will expand knowledge of the genetic
architecture of complex traits, enabling to determine new
breeding approaches. Major benefits of the presented study
included the generation of a panel of SSRs based on long
motifs (>tetranucleotides) of a satisfactory analytical qual-
ity, the ease of interpretation, and the clear identification
of alleles. Once used by other research groups, the incor-
poration of the data generated herein will create a real
possibility for sharing and comparing molecular profiles
from the international germplasm database of the common
bean, in which the international genotypes BAT93, JALO
EEP558 and G19833 may be used for data integration.
Therefore, from a practical viewpoint, at least four operat-
ing tetraplex systems, including SSRs with high informa-
tive power (average Hy of 0.668) and discrimination (PI
combined of 1.26E—14), were made available as an oper-
ational tools for international use. Additionally, new SSR
markers sequences are available to be evaluated in future
studies, through alignment with the common bean refer-
ence genome, with the possibility of alternative designs for
new primers aimed at increasing the compatibility of co-
amplifications, reducing costs and generating flexibility
in the genotyping process. In practice, both the generated
sequences as well as the data extracted from the analyses
can be used in other large-scale projects.
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