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Abstract

Progress in common bean breeding requires the exploitation of genetic variation among
market classes, races and gene pools. The present study was conducted to determine the
amount of genetic variation and the degree of relatedness among 192 selected common
bean advanced cultivars using 58 simple-sequence-repeat markers (SSR) evenly distrib-
uted along the 11 linkage groups of the Phaseolus reference map. All the lines belonged

to commercial seed type classes that are widely grown in the USA and include both dry
bean and snap beans for the fresh and processing markets. Through population structure,
principal components analyses, cluster analysis, and discriminant analysis of principal
components (DAPC), Andean and Mesoamerican genotypes as well as most American
commercial type classes could be distinguished. The genetic relationship among the com-
mercial cultivars revealed by the SSR markers was generally in agreement with known pedi-
gree data. The Mesoamerican cultivars were separated into three major groups—>black,
small white, and navy accessions clustered together in a distinct group, while great northern
and pinto clustered in another group, showing mixed origin. The Andean cultivars were dis-
tributed in two different groups. The kidney market classes formed a single group, while the
green bean accessions were distributed between the Andean and Mesoamerican groups,
showing inter-gene pool genetic admixture. For a subset of 24 SSR markers, we compared
and contrasted the genetic diversity of the commercial cultivars with those of wild and
domesticated landrace accessions of common bean. An overall reduction in genetic diver-
sity was observed in both gene pools, Andean and Mesoamerican, from wild to landraces to
advanced cultivars. The limited diversity in the commercial cultivars suggests that an impor-
tant goal of bean breeding programs should be to broaden the cultivated gene pool, particu-
larly the genetic diversity of specific commercial classes, using the genetic variability
present in common bean landraces.
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1. Introduction

Common bean (Phaseolus vulgaris L.) is a crop plant cultivated worldwide and one of the most
important grain legumes in terms of total yield and cultivated area (Food and Agriculture
Organization of the United Nations (FAO) http://www.fao.org). It is grown for its green pods
and immature and/or dry seeds and is a primary source of protein in the human diet in both
developing and developed countries. According to FAO data (http://www.fao.org/faostat/en/
#home), common bean world production in 2016 was estimated at 27 million metric t for dry
bean production, and at 23.5 million t for green bean. In the United States, dry bean is grown
on about 630,743 ha with a total annual production of 1,269,916 t and an average yield of 2.01
tha™, while green bean is grown on about 11,330 ha with a total annual production of 41,640 t
and an average yield of 3.67 t ha™ (http://www.fao.org/faostat/en/#home).

Domestication of P. vulgaris took place twice, once in the Mesoamerican area and once in
the southern Andes [1], following long-distance dispersal and divergence of wild ancestral
beans in the Mesoamerican area and the southern Andes [2,3]. As a consequence, two highly
differentiated domesticated gene pools were established that are characterized by geographical
and partial reproductive barriers (for a review, see [4]). In common bean collections, these two
gene pools are strongly differentiated both for morphological and biochemical characters [5]
and by different kinds of molecular markers [1,6-9]. Compared to the Andean gene pool, the
Mesoamerican gene pool is characterized by either small (<25 g 100 seed weight ) or medium
(25-40 g 100 seed weight ™) seeds, with phaseolin patterns as either the “S” or “B” types; these
characteristics are different from those of the of the large seeds (>40 g 100 seed weight ') of
the Andean gene pool with “T”, “C”, “H” and “A” phaseolin types [10,11]. Moreover, the
Mesoamerican gene pool has greater genetic diversity compared to the Andean gene pool
[12,13].

Following domestication, evolution within each of the two major domesticated gene pools
resulted in several distinct eco-geographic races: Durango, Jalisco, Mesoamerica, and Guate-
mala in the Mesoamerican gene pool; and Chile, Nueva Granada, and Peru in the Andean
gene pool [5,14]. Each race has distinctive physiological, agronomic, biochemical and molecu-
lar characteristics and differs from other races for allelic frequencies at specific isoenzyme or
microsatellite loci [5,15,16].

In the USA, common bean varieties are classified according to market classes that are
mostly characterized by distinctive seed traits (size, color, and pattern) and plant type, which
are controlled by many genes [17]. USA breeders focus on dry bean classes and snap beans for
the fresh and processing market both from the Andean and the Mesoamerican races. In the
Andean gene pool, race Nueva Granada includes large-seeded light and dark red kidney, white
kidney, bush cranberry, most green beans, and yellow beans (Mayocoba and Canario). Race
Chile includes the vine cranberry beans and an array of types unique to Chile (Coscorron and
Tortola). Race Peru is not well represented outside the center of origin, especially at higher lati-
tudes. Within the Mesoamerican gene pool, race Mesoamerica includes the small-seeded
black, white and navy beans; race Jalisco includes the Flor de Mayo and Flor de Junio beans
(usually not represented outside the Mesoamerican area). Race Durango includes the
medium-seeded pinto, great northern, small red, and pink beans. A fourth race unique to Gua-
temala includes only climbing beans types and is also rare outside the tropics. Presently, pinto
is by far the most predominant market class in the USA, whereas other market classes are
grown more commonly in specific production region [18]. To maintain the established market
class phenotype, common bean breeders have traditionally developed new cultivars from
crosses within each market class, thus, narrowing the genetic base for common bean improve-
ment as evidenced by the low sequence variability within each market class [6,19,20]. The
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choice of the parents to be used in breeding programs is based first on the degree of relation-
ships among elite materials and second on the available diversity within landraces. Common
bean landraces are resources for contemporary agriculture to increase the genetic diversity of
modern cultivated varieties and to meet current and new challenges of changing climate and
changing market demands.

Knowledge of germplasm diversity and estimates of inter- and intra-market class genetic
diversity can help common bean breeders to define new selection strategies and develop new
cultivars with a broader genetic base [21]. Although several types of markers have been used in
the last few decades for genetic studies, molecular markers based on microsatellite repeats
(SSR—simple sequence repeat) have been used frequently in common bean because of their
abundant and fairly evenly distribution in the genome, their codominant inheritance, their
high levels of polymorphism and reproducibility, and their simplicity of analysis and compari-
sons between studies and germplasm sets. SSR markers have been confirmed as an efficient
genetic tool for assessing the genetic diversity and subpopulation structure in common bean
germplasm collections [22-25].

In this study, genotyping data for 58 SSR loci distributed over all 11 chromosomes were
obtained to investigate the genetic structure of a collection of 192 common bean commercial
USA advanced cultivars released over the last ca. 50 years and grown widely in North America.
The objectives of this study were to: 1) assess the amount of genetic diversity and to describe
the genetic structure of the collection; and 2) compare the analysis of modern advanced culti-
vars described here with the previous analysis of wild types and domesticated landraces
described by Kwak and Gepts [7] for a subset of 24 SSRs. The results of this study describe the
level of SSR diversity from wild types to advanced cultivars in the Andean and Mesoamerican
domestications of common bean. Understanding genetic variation and relationships within
and among varieties and landraces, and relationships between the many traditional races of
common bean are all critical for fundamental research, conservation, and potential utilization
of these genetic resources for common bean breeding.

2. Materials and methods
2.1. Plant material

A total of 192 common bean advanced cultivars representing the most popular commercial
industrial seed types classes in the USA and released in the last ca. 50 years were included in
this study. These genotypes were obtained from 20 American public and private breeding pro-
grams and have all been extensively used by breeders and geneticists in the USA and around
the world. More specifically, the sample included 21 black, 29 navy and two small-white culti-
vars with small seeds (<25 g 100 seed weight '), belonging to race Mesoamerica; 61 pinto and
27 great northern cultivars with medium -seeds (25-40 g 100 seed weight '), belonging to the
race Durango; 18 light red kidney, 11 dark red kidney, 3 white kidney, and 20 green beans
with large-seeds (>40 g 100 seed weight ™), belonging to the Andean race Nueva Granada.

As standard genotypes, three common bean accessions were also included in the analysis:
Midas, a typical Andean green bean type; BAT93, a typical Mesoamerican breeding line with
multiple disease resistance [(Veranic 2 x Tlalnepantla 64) x (Jamapa x Tara)], which is also the
source of the Mesoamerican genome reference sequence [2]; and Jalo EEP558, a typical
Andean cultivar, which was released by a breeding program in Brazil (EPAMIG, Patos de
Minas, Minas Gerais). BAT93 and Jalo EEP558 were also used as parents to obtain a recombi-
nant inbred population that was used to develop a consensus molecular linkage map of com-
mon bean [26], in which over 170 SSR markers have been mapped [27]. A complete list of the
lines, including information on pedigree, market class, and/or origin can be found in S1 Table
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(also freely available online at UC Davis Library Dash database at https://doi.org/10.25338/
BSG30V).

Seeds were grown in a greenhouse at the University of California in Davis. After 15 days,
the primary leaves were harvested and stored overnight at- 80°C.

2.2. Genomic DNA extraction, PCR and SSR genotyping

The frozen leaf tissue samples were lyophilized for around 48 hours using VirTis Sentry 2.0.
and ground to a fine powder. Genomic DNA was then extracted from the young leaf tissue
using the Qiagen DNeasy Plant Kit (Qiagen, Valencia, CA), and following the protocols pro-
vided by the manufacturer. DNA was quantified with a DyNA Quant 200 fluorometer (Hoefer
Pharmacia Biotech, San Francisco, CA) and diluted to a concentration of approximately 10
ng uL~" for polymerase chain reaction (PCR) amplification. The amount of genetic diversity in
the 192 samples was then assessed with molecular marker analysis. A set of 58 SSR markers
were selected based on their wide distribution over the Phaseolus genome and their high poly-
morphism information content (PIC) values [27-29]. More information about the SSR loci
used, including the primer pair sequences, the repeat motif, and the chromosomal locations,
can be found in S2 Table.

The SSRs analysis was conducted using an economical fluorescent tagging method de-
scribed by Schuelke [30] in which an M13 reverse sequence tail (TGTAAAACGACGGCCAG
TATGC) was added to the 5" end of each forward SSR primers. The fluorescent dyes, 6-FAM,
PET, and VIC, were attached to the 5’ end of the complementary (TGTAAAACGACGGCCAGT)
M-13 universal primer sequence. For amplification, PCR reaction consisted of about 30 ng of
genomic DNA, 200 uM dNTP (New England Biolabs), 0.04 uM forward primer with M-13
universal sequence tail, 0.16 uM reverse primer, 0.16 uM M-13 labeled fluorescent dye (Sigma
Life Science), one unit of standard ThermoPol (Taq) reaction buffer with 2 mM MgSO4, and
one unit of Taq polymerase (New England Biolabs). The PCR program consisted of 5 minutes
at 94°C, 30 cycles of 30 seconds at 94°C, 45 seconds at 56°C, and 45 seconds at 72°C followed
by 8 cycles of 30 seconds at 94°C, 45 seconds at 53°C, and 45 seconds at 72°C with a 10 min-
utes final extension period at 72°C. After dilution to a standard concentration, the amplified
DNA samples were separated and sized in multiplex fashion depending on their expected size
variation and were analyzed on Applied Biosystems 3730 DNA automatic analyzers.

Genotypes of markers were determined using the GeneMarker program (versionl1.95; Soft-
Genetics). When markers produced more than one peak, the peaks with clearly separated size
ranges were scored independently as a different locus. This was noticed for three of the SSRs
(PVag004, BM188, and BMd1). For each SSR locus and for the whole set of accessions, the
total number of alleles observed were recorded and reported in a data set. Missing data were
recorded when there was no detectable peak in the target size region for the marker. The data
set was converted into Powermarker [31] and STRUCTURE [32] input format using the pro-
gram Convert [33]. Marker data are available in S1 Table and online from the UC Davis
Library database at https://doi.org/10.25338/B8G30V.

2.3. Statistical analysis

Based on SSRs profiles defined among the 192 studied advanced cultivars, the total number of
observed alleles (N,,), the observed (H,) and the expected (H.) heterozygosity values and PIC
values were calculated across the total sample using Powermarker software version 3.25 [31].
The total number of alleles (N,), the mean effective number of alleles per locus (N.), the total
number of private alleles (Np,), the Shannon’s information index (I), the observed (H,) and
the expected (H,) heterozygosity were also calculated for each different market classes as
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defined according to the pedigree data using the GenAlEx 6 software [34]. As the number of
alleles observed is highly dependent on the sample size, the allelic richness (RS, [35]) was com-
puted using the HP-RARE package [36], a methodology to estimate the number of alleles inde-
pendent of sample size. To minimize the effects of sampling error, the number of private
alleles was additionally calculated using a threshold frequency of 5% [37].

The genetic relationship among all accessions was first analyzed in two dimensions by prin-
cipal coordinates analysis based on an individual-by-individual (N x N) genetic distance
matrix using the program GenAlEx 6 [34] and plotted through JMP program (version 8, SAS
Institute, Carry, NC). The minimum number of markers necessary to uniquely distinguishes
all of the common bean advanced cultivars at one or more loci was selected using Minimal-
Marker software [38].

Using the model-based (Bayesian clustering) method implemented in STRUCTURE 2.3.1
software [32], the degree of population substructure was investigated without a priori informa-
tion other than genotype data. A continuous series of K subgroups were tested from two to ten
in twenty independents runs. The admixture model was adopted with each simulation set to a
5,000 burn-in period and 50,000 Markov chain Monte Carlo (MCMC) repetitions. To deter-
mine the optimal number of clusters [39], STRUCTURE HARVESTER [40], accessible at
http://taylor0.biology.ucla.edu/struct_harvest/, was used to calculate the Delta K statistical test
together with the likelihoods (posterior probabilities) of each K. To assign accessions to each
different population, results from simulations with the highest likelihood among each K simu-
lations were chosen. Potential hybrids accessions were identified if the population membership
coefficient was less than 0.7. All population memberships for K=2,K=3,K=5and K= 8 are
reported in S3 Table. DISTRUCT program was used to generate a STRUCTURE graphical bar
plot of membership coefficients [41].

Genetic distance between accessions were calculated using the Chord distance [42]. This
measure was calculated using Powermarker version 3.25 [31]. A neighbor-joining tree, using
the Chord distance matrix, was then obtained using the MEGA3 software [43].

To estimate the divergence between the different population, pairwise F;; measurements were
calculated according to Weir and Cockerham [44] using GenAlEx 6 [34]. Analysis of molecular
variance (AMOVA) was also performed to assess the genetic structure of the common bean
advanced cultivars using GenAlEx 6 [34]. AMOVA allowed the partition of the total SSR variation
into within and among group variation components, and gave measures of intergroup genetic dis-
tance as the proportion of the total SSR variation exist in between any two groups (Phi statistics;
[45]). Two levels of genetic partition were examined: (a) eco-geographic race (Nueva Granada,
Mesoamerica, Durango), (b) market class subdivisions as inferred by pedigree. The significance of
the resulting variance components was tested with 10,000 random permutations.

To further confirm cluster analysis and genetic structure inferred from Bayesian clustering,
a discriminant analysis of principal components (DAPC), using the R package ADEGENET
v2.0.0 [46] was conducted. According to this method, genetic data are first transformed using
Principal Component Analysis (PCA) into components explaining most of the genetic varia-
tion. These components are then used to perform a linear Discriminant Analysis (DA), which
provides variables describing genetic groups, minimizing the genetic variance within popula-
tions, while maximizing among-population variation. Further, to examine the variable allelic
contributions (or ‘loading’) of each SSR locus, the loadingplot’ command was used.

2.4. Data analysis for comparison of genetic diversity

In addition, we used a dataset published in Kwak and Gepts [7] in order to compare the 192
common bean advanced cultivars with a worldwide germplasm collection and to describe the
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position of the collection in the background of common bean domestication history. Deci-
phering the genetic structure of common bean germplasm is indeed essential for an efficient
utilization of common bean diversity in breeding schemes. This dataset consisted of 349 acces-
sions of wild and domesticated common bean [7] from the Andean and Mesoamerican gene
pools (54 Table). A subset of 24 SSR was used to compare common bean genetic diversity and
correspondence between the alleles from the two different sets was carefully checked. The anal-
yses described for the commercial lines accessions in the previous paragraphs were repeated
using the integrated matrix. Relative loss of diversity in terms of genetic diversity (AH,) and
alleles (AR;) was calculated according to Vigouroux et al. [47]. Wilcoxon’s signed-rank test
was implemented to detect significant differences between populations on the gene diversity
estimates using the software StatistiXL (http://www.statistixl.com).

3. Results
3.1. Overall SSRs diversity and polymorphism

In this study, 58 SSR markers distributed on the 11 genetic linkage groups were genotyped in
192 common bean advanced cultivars. Markers BMd-1, PVag004, and BM188 produced two
very clear peaks in the expected sizes over all the samples. Therefore, they were scored as a
multi-locus marker, BMd-1a, PVag004a, and BM188a and BMd-1b, PVag004b, and BM188b.
According to Blair et al. [27], Yu et al. [28], and Gaitan-Solis et al. [29], BMd-1 and PVag004a
were developed from an Ypr10 and Phytohemagglutinin pseudo-gene sequence, respectively,
while BM188 was developed from a non-coding sequence.

The total number of alleles identified in the entire study was 343 with an average of 5.6
alleles per locus with all the SSR markers analyzed being polymorphic having from two to 22
alleles (S5 Table). The marker BM53 showed the highest number of alleles (N, = 22) while the
next highest allele numbers were found for BM200 (N, = 20) and GATS91 (N,, = 18), respec-
tively. All of them were genomic SSR markers (i.e, SSR markers developed from non-coding
sequences). In contrast, the gene-based SSR markers were less polymorphic; a total of 10 mark-
ers produced only two alleles in the gene-based markers while only 3 did so in the case of the
genomic markers. Hence, the average number of alleles per marker was higher for the genomic
SSR (N, = 7.00) when compared with the gene-based SSR (N, = 3.57).

Expected heterozygosity (H.) of individual markers ranged from 0.046 to 0.860 (mean
0.453) for gene-based SSR and from 0.021 to 0.897 (mean 0.616) for genomic markers. The
SSR markers that presented the highest expected heterozygosity (higher than 0.800) were
BM53, GATS91, BM200, PV-at007, and BM187 located on linkage groups 11, 02, 01, 09, and
06 respectively. The SSR markers, which showed the lowest expected heterozygosity (lower
than 0.300), were PVBR139, BMd26, BMd53, PV-atcc002, PV-atcc003, and BMd44, located on
linkage groups 02, 04, 05, 07, 07, and 08, respectively (S5 Table). Observed heterozygosity (H,)
was low, ranging from 0.000 to 0.099 and averaging 0.006 across all markers. The markers with
higher observed heterozygosity were PV-at007 and BMd20 (gene-based) and PVBR107 and
BM188b (genomic) (S5 Table). The observed heterozygosity could be explained by out-cross-
ing, heterozygous genotypes, and by residual heterozygosity in breeding lines.

The PIC values, a reflection of allele diversity and frequency, were 0.496 for all the microsat-
ellites, and ranged from a low 0.020 (BMd44) to a high 0.888 (BM53) (S5 Table).

3.2. Genetic diversity of the commercial types

Genetic diversity parameters were calculated for each of the races and commercial market clas-
ses (the latter based on pedigree data) using both the gene based and the genomic SSR markers
(Table 1). Overall, race Nueva Granada showed greater genetic diversity for all the parameters
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Table 1. Genetic diversity estimates computed for all the 58 SSR loci considering the nine commercial market classes defined according to the pedigree data.

Groups n N. Ne Npa R 1 H, H.
Race Nueva Granada 52 3.75 1.95 41 3.50 0.740 0.002 0.402
White kidney 3 1.34 1.28 2 1.17 0.211 0.005 0.144
Dark red kidney 11 2.54 1.70 9 1.35 0.585 0.001 0.333
Light red kidney 18 2.21 1.42 6 1.24 0.406 0.003 0.232
Green bean 20 2.77 1.81 24 1.35 0.617 0.000 0.343
Race Mesoamerica 52 3.25 1.91 9 3.08 0.637 0.009 0.343
Navy 29 2.74 1.83 0 1.35 0.604 0.007 0.341
Black 21 2.51 1.67 2 1.29 0.511 0.012 0.283
Small white 2 1.28 1.27 7 1.18 0.191 0.008 0.137
Race Durango 88 3.54 1.81 4 3.08 0.602 0.006 0.321
Great Northern 27 2.49 1.69 3 1.31 0.540 0.007 0.308
Pinto 61 3.30 1.72 2 1.29 0.551 0.005 0.292
Total 192 3.51 1.89 - - 0.660 0.005 0.355

n, number of samples; N, total number of alleles; N, mean effective number of alleles per locus; N ,,, total number of private alleles; R, allelic richness; I, Shannon’s

pa
information index; H,, observed heterozygosity; H,, expected heterozygosity.

https://doi.org/10.1371/journal.pone.0211342.t001

calculated compared to the Mesoamerica and the Durango races (Table 1). The total number
of alleles (N,) for each commercial market class varied between 1.28 (small white) and 3.30
(pinto). Dark red kidney, light red kidney, green bean, navy, black and great northern showed
a very similar total number of alleles, while white kidney and small white showed a lower total
number of alleles compare to the other market classes (Wilcoxon signed-rank test, P < 0.001).
Similarly, the mean effective number of alleles per locus was lower for white kidney and small
white (N, = 1.28 and N, = 1.27, respectively) compared to the other market classes, and was
higher for green bean (N, = 1.81) (Wilcoxon signed-rank test, P < 0.001). After size standardi-
zation, the sample of green beans still had the most alleles per locus (R = 1.35). The number of
private alleles was computed considering all the commercial market classes and using an allele
frequency threshold of 5% in order to reduce chances of confounding allele classification with
sampling error [37]. Green beans had the most private alleles (24), followed by dark red kidney
(9) and light red kidney (6) (Table 2). The Shannon’s information index (I) ranged from 0.191

Table 2. Distribution of the 192 commercial market classes into the three SSRs clusters (K = 3) identified by STRUCTURE analysis based on 0.70 membership
probability.

Commercial market classes Total number of accessions STRUCTURE cluster Admixed accessions % of total
K1 K2 K3
Nueva Granada Mesoamerica Durango
White kidney 3 3 - - - -
Dark red kidney 11 10 - 1 - -
Light red kidney 18 18 - - - -
Green bean 20 16 - - 4 20.0
Navy 29 - 28 1 - -
Black 21 - 20 - 1 4.8
Small white 2 - 2 - - -
Great Northern 27 - 1 20 6 22.2
Pinto 61 - - 58 3 4.9
Overall 192 47 51 80 14 7.3

https://doi.org/10.1371/journal.pone.0211342.t1002
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(small white) to 0.617 (green bean), while the expected heterozygosity (H.) varied from 0.137
(small white) to 0.343 (green bean). The observed heterozygosity (H,,) was very similar among
the commercial market classes and ranged from 0.000 (green bean) to 0.012 (black) (Wilcoxon
signed-ranks test, P > 0.05).

3.3. Genetic relationship and population structure among commercial
types

PCoA, Bayesian model-based clustering, and NJ tree based on genetic distance were used to
investigate the genetic relationship among the different commercial advanced cultivars and to
test for population structure. The PCoA approach based on a genetic distance matrix is shown
in Fig 1. The two-dimensional graphical representation allows the evaluation of population
structure and geometric distances between all the genotypes in the study. The most evident
subdivision was that of the two major gene pools of common bean, the Andean and the Meso-
american, which are clearly distinguished as two separate clusters (Fig 1A). The first three axes
of the PCoA explained 83.7% of the variability for the whole collection. The first axis separated
the Andean and Mesoamerican gene pools in the first axis (54.5% of variability explained); the
second axis separated the Mesoamerican commercial cultivars (19.9%). The Andean commer-
cial cultivars were separated in both the third (9.3%) and second axes (Fig 1B).

In Fig 1, different groups are color-coded according to the market classes based on pedigree
data. The Mesoamerican advanced cultivars were separated into three major groups of the
resulting plot. Black, small white, and navy accessions clustered together in a distinct group,
while great northern and pinto clustered in another group, showing mixed origin (see below).
The Andean advanced cultivars were distributed in two different groups. All the kidney market
classes (light red kidney, dark red kidney, and white kidney) were mainly distributed in the
lower left portion of the resulting plot, while the green bean accessions were more widely scat-
tered and were distributed in between the Andean and Mesoamerican groups, possibly show-
ing inter-gene pool genetic admixture.

Population structure of the 192 commercial cultivars was further assessed using a Bayesian
model-based clustering method implemented in STRUCTURE program. The number of sub-
populations (K) was identified according on maximum likelihood and Delta K values [39].
The Delta K test suggested that our sample was made up of three main genetic groups (K = 3),
with the next largest peak found at five clusters (K = 5) and at eight (K = 8) (S1 Fig). Separation
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Fig 1. Two-dimensional principal coordinate analysis (PCoA) of SSR diversity in 192 U.S. commercial lines of
common bean. A. PCoAl vs. PCoA2. B. PCoA1 vs. PCoA3. The position of control genotypes for each gene pool is
shown. The distribution of major market classes (LRK light red kidney, DRK dark red kidney, WK white kidney, GB
green bean, Black, SW small white, Navy, GN great northern, and Pinto) based on pedigree data is also shown.

https://doi.org/10.1371/journal.pone.0211342.9001
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Fig 2. Population structure analysis for 192 advanced cultivars of Andean and Mesoamerican common bean races
based on SSRs analysis. K-values of subpopulations are shown to right and naming of common bean commercial
market class given below. Each individual is represented by a vertical line, and cluster assignments are indicated by
color. Bar graphs were developed with the program DISTRUCT.

https://doi.org/10.1371/journal.pone.0211342.g002

of the subpopulations at each K value is presented in Fig 2. With K = 2, it was possible to dis-
tinguish the Andean and the Mesoamerican gene pools. Based on posterior assignment proba-
bilities of P > 0.50, 50 accessions belonging to the kidney and the green beans market classes
fell in the Andean group, while 142 accessions belonging to the pinto, great northern, navy,
black and small white beans market classes were assigned to the Mesoamerican group.

For K = 3, a finer subgrouping corresponding to the three major eco-geographic races used
in common bean breeding programs in the USA was obtained: the Nueva Granada race, made
up of large-seeded kidney and green beans; the Mesoamerican race including the small seeded
navy, black and small white; and the Durango race including the medium-seeded pinto and
great northern. At K = 5, five clusters that correspond to the broad commercial seed classes
that are grown in the USA were clearly separated. The first cluster (K1; blue color in Fig 2) was
composed of 32 genotypes all belonging to the kidney market class (white, light and dark red
kidney beans) plus one green bean. The second cluster (K2, green color in Fig 2) included 17
green bean accessions. The third cluster (K3; orange color in Fig 2) was composed by 52 acces-
sions belonging to the small seeded navy (28), black (21), small white beans (2), and great
northern (1). The fourth cluster (K4; pink color in Fig 2) included a total of 63 accessions of
pinto (42), great northern (19), dark red kidney (1), and green bean (1). The fifth cluster (K5;
yellow color in Fig 2) included 27 accessions belonging to the pinto class (19), great northern
(7), and navy (1). An additional peak was also found at K = 8; for K = 8 an extra division was
found for navy and black beans and two more division for pinto and great northern commer-
cial market classes.

The STRUCTURE bar graphic (Fig 2) provides in addition data on the extent of admixture
within the study sample. At K = 3, 178 accessions out of 192 (93%) were assigned to one or
another group with more than 70% posterior probability (Table 2 and Fig 2). The remaining
14 non-assigned accessions (7%) were assumed to have a mixed ancestry. The admixture was
clearly observed in the great northern class (6 accessions; 22%), green bean class (4 accessions;
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Table 3. Analysis of molecular variance (AMOVA) for the 192 common bean advanced cultivars for two models of genetic structure based on 58 SSR markers.

Source of variation df | Sum of squares | Variance components | Percentage of total variance | SSR - ¢ PT | P-value
Between races Nueva Granada, Mesoamerica, Durango 2 4731.475 40.471 34 0.342 <0.0001
Between market classes within race 2 950.327 14.978 18 0.280 <0.0001
Among accessions within market class within race 187 7109.318 38.536 47 0.526 <0.0001
Total 191 12791.120 93.985

df: degree of freedomy; significance tests with 10,000 permutations.

https://doi.org/10.1371/journal.pone.0211342.t003

20%), pinto class (11 accessions; 18%) and black class (1 accession; 5%) (Table 3). At higher K
values, more accessions showed admixed ancestry. For K = 5, 28 accessions (15%) were
assumed as having admixed ancestry. The admixture was greater in the green bean market
class (8 accessions; 40%), great northern market class (7 accessions; 26%), and pinto market
class (11 accessions; 18%). The potential green bean hybrids resulted from hybridizations
between different subgroups within the Mesoamerican group and the Andean group, while
the great northern and the pinto hybrids always resulted from hybridizations between different
subgroups within the Mesoamerican group.

An NJ clustering tree corroborates the population assignments inferred by STRUCTURE
and the PCoA (Fig 3). In order to compare the results of the phylogenetic analysis with the

Market class

@ K1: Kidney

@ K2: Green bean

® KB3: Small-seeded (white, black)
K4: Pinto and great northern
K5: Pinto and great northern

Fig 3. Neighbor-joining tree of SSRs diversity for the 192 advanced cultivars based on the C. S. Chord distance.
Each branch is color-coded according to membership into the K = 5 groups identified by STRUCTURE (same colors
as in Fig 2). K1 (Blue): Kidney market class; K2 (Green): Green bean market class; K3 (Orange): Small-seeded (white,
black) market class; K4 (Pink): Pinto and great northern market classes; K5 (Yellow): Pinto and great northern market
classes.

https://doi.org/10.1371/journal.pone.0211342.g003
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assignment of individuals to groups using STRUCTURE software, the branches of the tree
were colored according to STRUCTURE simulations for preset K = 5 (same colors as STRUC-
TURE bar plot of membership coefficients for K = 5 in Fig 2). Two major cluster were
detected. Cluster I consisted of 51 Andean accessions, and cluster II of 141 Mesoamerican
accessions (Fig 3). This finding is consistent with the gene pool subdivision identified with
STRUCTURE at K = 2, with the exception of one green bean accession (Dutch Dubbele Witte
line), which grouped with the Andean accessions but was considered a Mesoamerican acces-
sion by the STRUCTURE analysis. For these accessions STRUCTURE coefficients indicated a
membership lower than 70% in the corresponding population. Furthermore, the Andean clus-
ter I was divided into two main sub-clusters which were equivalent to groups k1 (kidney
beans) and k2 (green beans) identified by STRUCTURE analysis at K = 5 (Fig 3). The Meso-
american cluster II was further divided into two main sub-clusters. These groups were mostly
equivalent to the race Mesoamerica and race Durango (Fig 3).

The great northern advanced cultivar ‘GN#1Sel27” and ‘GN Star’” and the green bean culti-
var ‘Gallatin50” and ‘Tendercrop’ generated the same profiles with all 58 SSR markers. The
minimum marker set for discrimination of all tested common bean advanced cultivars (except
for the four cultivars just mentioned) included the following 18 SSRs: Bmd10, GATS91,
PVBR107, BM210, BMd41, BM188B, BMd47, PVBR54, BM53, BMd20, BMd37, PV-ctt001,
BMd25, BMd28, BM171, BM200, BM114, BM141.

3.4. Population differentiation

AMOVAs were conducted to determinate the variation explained by races (Nueva Granada,
Mesoamerica, and Durango) and market class groups (Table 3). The results indicated that 34%
of the genetic variation (P < 0.0001) resided among races and 18% (P < 0.0001) resided
between market classes within-race. The remaining 47% of the total variation (P < 0.0001) was
explained by accessions within market class within race.

Genetic variation between races and market classes was also tested using the Fgr statistic
estimated from pairwise comparisons as a measure for genetic distance between races and
market classes. Within each race, the degree of genetic differentiation was very large, typical of
inbreeding species (range: Fsr = 0.529-0.291; S6A Table). All pairwise comparisons among the
market classes were significant (S6B Table). The degree of differentiation between any market
classes was moderate to very large (range of Fgr = 0.061-0.738). In general, Fgr values between
subgroups within gene pools were generally low compared to Fsr values of subgroups between
gene pools. Low genetic differentiation was found between pinto and great northern groups
and between navy and black beans. Moreover, in the Andean gene pool green beans were less
differentiated compared to the kidney groups and closer to the Mesoamerican gene pool.

3.5. Cluster analysis using DAPC and validation of STRUCTURE results

We validated maximum likelihood-based clustering results from STRUCTURE analysis using
the Discriminant Analysis of Principal Components (DAPC) method, which is considered free
of Hardy-Weinberg and linkage disequilibrium assumptions [48]. Model selection using the
Bayesian Information Criterion (BIC) revealed the presence of hierarchical structure in the
population, with a steep decline from K = 2 up to around K = 6 followed by a gentler decrease.
The lowest BIC value, which corresponded to an optimal cluster number, was obtained at

K =7 (Fig 4A). DAPC clustering recapitulated the groupings uncovered by both the distance-
based hierarchical clustering topology as well as ancestry estimates achieved by STRUCTURE
(Fig 4B). Comparison of the cluster membership results from the DAPC and STRUCTURE
analyses are summarized in Fig 4B. A major difference between the results of the two
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Fig 4. Results of DAPC applied to the 192 commercial advanced cultivars of common bean. A. Bayesian
Information Criteria (BIC) for increasing values of the number of clusters. The chosen number of clusters was K = 7.
B. Scatterplot of the first two principal components of the DAPC on the common bean collection. Individuals are
represented by symbols according to their market class. Colours and inertia ellipses identify the clusters. C. Loading
plot generated from using all 58 SSR, with the horizontal line representing an arbitrary threshold value of .002.
Iustrates which SSR contributed most to the individual principle component analysis.

https://doi.org/10.1371/journal.pone.0211342.9004

clustering methods was the propensity of the DAPC analysis to assign individuals to a single
cluster compared to STRUCTURE, which was able to assign admixed individuals to multiple
clusters. One interesting feature of the DAPC method is that it allows calculating the

Table 4. Diversity and relative diversity loss between landraces and commercial advanced cultivars of Andean and Mesoamerican common bean races.

Genepool n N. N. AN, R, AR, 1 H, AH, H,
Andean
Wild 31 6.75 4.01 5.93 1.187 0.507 0.015
Landraces 109 7.79 2.80 0.30 5.14 0.13 1.083 0.474 0.07 0.004
Race Nueva Granada 55 4.63 1.89 0.717 0.350 0.003
Race Chile 18 4.04 2.52 0.925 0.465 0.007
Race Peru 36 5.33 2.90 1.064 0.501 0.005
Varieties 52 3.67 1.88 0.33 3.16 0.39 0.730 0.394 0.17 0.000
Race Nueva Granada 52 3.96 1.87 0.01 0.781 0.420 -0.20 0.000
Mesoamerican
Wild 59 8.83 4.97 8.19 1.406 0.588 0.040
Landraces 66 6.63 3.27 0.34 6.04 0.26 1.113 0.500 0.15 0.006
Race Mesoamerica 21 4.50 2.84 0.967 0.462 0.004
Race Jalisco and Durango 45 5.38 2.68 0.948 0.444 0.006
Varieties 140 5.04 2.38 0.27 4.09 0.32 0.830 0418 0.16 0.003
Race Mesoamerica 50 3.58 1.88 0.34 0.673 0.355 0.23 0.007
Race Durango 90 4.25 2.09 0.22 0.689 0.342 0.23 0.001
Total 466 6.02 3.10 - 1.024 0.473 0.014

https://doi.org/10.1371/journal.pone.0211342.t1004
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contributions of alleles to the regions of the genome driving genetic divergence among groups
[48]. Alleles of markers PVBR107, PVBR54, BM143, BM197, BM151, BM114 and BMd42 (on
LG2, LG3, LG8, LG9, LG10) contributed most to the individual principal component analysis
(Fig 4C).

3.6. Estimation of the relative loss of diversity due to domestication and
breeding

For a subset of 24 SSR markers, we compared and contrasted the genetic diversity data
obtained in the present study with those obtained in another study that used wild and domesti-
cated landrace accessions of common bean [7]. To allow direct comparisons of the domesti-
cated landraces and advanced cultivars, we reanalyzed the data from Kwak and Gepts [7]
using the same statistics described previously in order to estimate the relative loss of diversity
due to post-domestication and breeding process and to understand how much genetic diver-
sity is still available for breeding purpose. Table 4 provides an overview of genetic variation
detected by SSR markers within and among the Andean and the Mesoamerican races for both
domesticated landraces and modern commercial cultivars of common bean. Considering the
Andean gene pool, the results obtained showed that the common bean cultivars were charac-
terized by a lower number of alleles (N, = 3.67), number of effective alleles (N, = 1.88), allelic
richness (R = 3.16), Shannon’s information index (I = 0.73), and expected heterozygosity (H.
= 0.394) than the landrace samples (N, = 7.79; N = 2.80; R, = 5.14; I = 1.08; H, = 0.474) (Wil-
coxon signed-rank test, P < 0.001). For the Andean gene pool, the total reduction in diversity
in terms of number of alleles (AN,), allele richness (AR;), and genetic diversity (AH,) attribut-
able to post-domestication was 0.33, 0.39, and 0.17, respectively. This loss of diversity is signifi-
cantly greater than the loss of diversity attributable to domestication (comparisons between
wild and landraces, AN, = 0.30; AR, = 0.13; AH, = 0.07) (Table 4).

In the Mesoamerican gene pool, the common bean advanced cultivars presented a lower
number of alleles (N, = 5.04), number of effective alleles (N, = 2.38), allelic richness (R, =
4.09), Shannon’s information index (I = 0.83), and expected heterozygosity (He = 0.418) than
the domesticated samples (N, = 6.63; N, = 3.27; Ry = 6.04; I = 1.11; H, = 0.500) (Wilcoxon
signed-rank test, P < 0.001). The total reduction in diversity in terms of number of alleles
(AN,), allele richness (ARy), and genetic diversity (AH,) attributable to post-domestication for
the Mesoamerican gene pool was 0.27, 0.32, and 0.16, respectively (Table 4).

Considering only the domesticated landraces and the modern advanced cultivars, we com-
puted the number of private alleles imposing a minimum allele frequency threshold of 5% in
order to reduce chances of confounding allele classification with sampling error [37]. The
number of private alleles in the Andean landraces was 11, while the Andean modern advanced
cultivars showed only five private alleles. In the Mesoamerican gene pool, 15 private alleles
were found in the landraces and four in the advanced cultivars.

If we compare the Andean and Mesoamerican advanced cultivars, there was a clear differ-
ence in the level of genetic diversity: the Andean gene pool showed a substantially lower level
of genetic diversity than the Mesoamerican gene pool for all of the genetic diversity estimates
(Table 4). Compared to the Mesoamerican gene pool, there was a much higher reduction in
diversity associated with the process of post-domestication and breeding in the Andes. This
trend is opposite to what was observed for the domestication process, where the reduction of
diversity was larger for the Mesoamerican gene pool compared to the Andean gene pool
(Table 4). If we look at the race Nueva Granada we can clearly see an increase of diversity from
landraces to vanities (AH, = -0.20). This increase in diversity is because green beans where
included in this group. Indeed, some green beans originated in the Mesoamerican gene pool,
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showing admixture origin. If we analyze the loss of genetic diversity in race Nueva Granada
without including the green bean group the genetic diversity (AH,) attributable to post-domes-
tication was 0.25.

Race Mesoamerica showed a marked reduction in genetic diversity between the landraces
descendants and their respective commercial advance cultivars (AN, = 0.34; AH, = 0.23). The
limited diversity in the commercial cultivars has serious consequences for bean breeding, and
suggest that an important goal of bean breeding programs should be to broaden the cultivated
gene pool.

3.7. Genetic structure of the common bean advanced cultivars and their
relationship with the landraces

Our aim was to describe the position of common bean advanced cultivars in the background
of bean domestication history. For that purpose, we first described the genetic structure of the
common bean collection of wild and landrace accessions using DAPC, then we projected the
common bean advanced cultivars as supplementary individuals on the obtained clustering.
We chose K = 11, a value from which the BIC decreased or increased only by negligible
amounts in many runs of the analysis.

Among the 11 clusters identified (Fig 5A, 54 Table), four corresponded both to a homoge-
neous composition regarding the evolutional position and to a relatively high average mem-
bership probability: a cluster with all wild ancestral accession (C3), two cluster consisting of
wild Mesoamerican individuals (C2 and C10), and a cluster made up of wild Andean acces-
sions (C4). Three more clusters were of race Mesoamerica accessions (C6) and race Jalisco and
Durango accessions (C7 and C9),. Two clusters were of the Andean races Peru and Chile
(C11) and race Nueva Granada (C8). One cluster (C5) was a mixture of the three different
Andean races, race Peru, Chile and Nueva Granada. An isolated cluster (C1) was found that
included only accessions of race Nueva Granada. Interestingly, this homogeneous cluster
made up only of race Nueva Granada accessions included almost exclusively landraces with
yellow colored seeds and coming from Mexico (S4 Table).

The common bean advanced cultivars from the USA projected as supplementary individu-
als are showed in Fig 5B. The Mesoamerican advanced cultivars were mainly assigned to the
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Fig 5. A. Results of DAPC applied to a worldwide germplasm collection of 349 wild and domesticated landraces of
common beans [7]. B. Scatterplot of the projection of the 192 common bean advanced cultivars on the genetic clusters
identified by DAPC on the worldwide germplasm collection. The clusters are represented by their inertia ellipses.

https://doi.org/10.1371/journal.pone.0211342.9005
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two clusters consisting of race Mesoamerican and race Jalisco and Durango (C6 and C9). The
Andean kidney market class (white, light and dark red kidney beans) were distributed in two
cluster (C5 and C8), while the green bean market class was distributed in three clusters (C2,
C8, C9), showing clearly an introgressed origin. Interestingly, most cultivars in the domesti-
cated cluster C1 were the yellow-colored Canario beans.

4. Discussion
4.1. Genetic diversity in common bean advanced cultivars

Progress in common bean breeding program requires the exploitation of genetic variability
among genotypes of different market classes, races and gene pools. A variety of approaches,
from morphological data to molecular markers including phaseolin seed protein [10,49],
RFLPs [50], RAPDs [26], AFLP [51,52], SSR [7,16,53], SNPs [54,55], and DNA sequences
[2,13,56,57] have been applied for assessment of genetic variability among common bean
genotypes. In the present study, we assessed usefulness of SSR markers to investigate genetic
variability and relationships among 192 common bean advanced cultivars. The common bean
accessions used in this study represent the diversity in the most advanced USA breeding stages
of major public and private variety development programs in common bean and encompass
the marketable gene pools available in the country.

Allelic diversity analysis in this study revealed that the total number of alleles amplified at
58 SSR loci in 192 commercial cultivars was 343 (5.62 alleles per locus on average, ranging
from 2 to 22). Although number of alleles may not be the best statistic to compare genetic
diversity of different samples, in general, our sample presented a lower number of alleles than
the sample of 44 genotypes (parents of mapping populations) used in the study of Blair et al.
[58], considering a shared set of 48 SSR markers. Our values were also lower than the previ-
ously reported estimates of SSR marker diversity in a common bean core collection [59]. Allele
numbers ranged from 2 to 76 (mean 18) for the above-mentioned study. The low SSR allele
diversity found in this sample may reflect the impact of plant breeding in common bean.
These comparisons should be considered with caution, because all these values can be altered
depending on both the sample size and the SSRs or other markers, selected for the analysis.

The expected heterozygosity value (H,) was 0.546 (0.601 for genomic SSR markers and
0.466 for gene-based markers), indicating that the common bean advanced cultivars displayed
a substantial genetic diversity. Since estimates of expected heterozygosity are not affected by
differences in sample size [60], direct comparison between different studies but also different
accession pools are possible. Our finding was in accordance with the results of an earlier study
on SSR diversity in common bean (0.527) [58]. However, while for the whole sample genetic
diversity is substantial, genetic diversity within gene pool and more importantly within market
classes variability is more limited. We found similarly low level of expected heterozygosity in
both gene pools as well in the different market classes (values ranged from 0.137 to 0.341).
This was consistent with previous studies based on sequencing experiments [6,20].

4.2. Population structure and genetic diversity among commercial types

As an assessment of the structure of our common bean commercial types, we used a model-
based clustering method. As expected, at K = 2, STRUCTURE analysis showed a significantly
different population structure between Mesoamerican and Andean accessions. The accessions
split almost entirely into two distinct groups by gene pools with accessions falling into the
group from their center of origin, either Mesoamerica or Andes. The results above were also
confirmed by PCoA analysis. The Mesoamerican and Andean gene pools were almost
completely separated by the center of the vertical axis. It has been shown that the resolution of
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PCoA methods and STRUCTURE are quite similar in many cases [61]. At K = 3, advanced
cultivars were clearly separated into three different eco-geographic races: Mesoamerica race,
including the small-seeded Navy and black beans; Durango race, with pinto and great north-
ern beans; Nueva Granada race, including large-seeded kidney beans and most snap beans.

The genetic structure at K = 5, allowed us to distinguish the major market classes in com-
mon bean. Diaz and Blair [16] evaluated the diversity of a common bean sample using micro-
satellites and also observed that microsatellite diversity was correlated with commercial types,
as genotypes were separated fairly accurately according to seed size and color. In our study all
market classes are clearly separated in each cluster, excepted for the great northern beans,
which were mixed with some pinto beans. Although these advanced cultivars can be distin-
guished by their plant and seed morphology, they were not well differentiated at the molecular
level in this study. The closeness of the two advanced cultivars may be due to a differentiation
limited to a few major genes controlling plant and seed morphology (including color and
color pattern), or the advanced cultivars of this group may share a common genetic origin,
potentially originating from a unique lineage extensively used as progenitor. A second obser-
vation was that the green bean cultivars we analyzed belonged to the Andean gene pool rather
than to the Mesoamerican one. Furthermore, the green bean cluster was differentiated from
other Andean populations on coordinate 2 (20%; Fig 1) and was positioned close to the Meso-
american accessions along coordinate 1 (54%) in PCoA plots. Thus, unlike most other com-
mercial classes which originate in a single gene pool (Andean or Mesoamerican), green bean
accessions, as a group, may actually have been derived from both Mesoamerican and Andean
germplasm. Moreover, results of private alleles using 58 SSRs indicated that the green beans
(mean expected heterozygosity: 0.343; private alleles: 24; allelic richness: 1.35) actually had
higher genetic diversity than the other groups. This implied there were more potentially new
alleles in the green bean compared with the other market classes due to introgression between
the two gene pools.

To provide an additional, and rather different, type of algorithm against which to compare
our structure, we also analyzed the data using genetic distance for each pair of genotypes. In
our study, the C.S. Chord distance [42] was selected to calculate the genetic distances between
individual samples because it does not require a specific mutation model to account for micro-
satellite evolution [62]. Neighbor-joining tree construction allowed a clear separation between
advanced cultivars from Mesoamerican and Andean South American domestication centers.
These results are in accordance with the STRUCTURE, PCoA and AMOVA analysis.

Significant fixation index Fg also revealed genetic substructure within the common bean
advanced cultivars with the pinto-great northern beans and navy and black beans being the
less different from the other varietal classes. The lower genetic differentiation between pinto
and great northern groups and between navy and black beans is consistent with their member-
ship in races Durango and Mesoamerica, respectively, and may indicate a shared ancestry ped-
igree. Moreover, in the Andean gene pool green beans were less differentiated compared to the
kidney groups and closer to the Mesoamerican gene pool, which may indicate multiple origins
of green beans in the Andean and Mesoamerican gene pools or introgression between these
gene pools.

4.3. Overall reduction in genetic diversity in Andean and Mesoamerican
gene pools, from wild to landraces to advanced varieties
We focused on the comparison between the domesticated landraces and the advanced culti-

vars, to identify and understand possible changes that have occurred during the post-domesti-
cation and breeding process in common bean and to better use the genetic diversity in

PLOS ONE | https://doi.org/10.1371/journal.pone.0211342 January 31, 2019 16/21


https://doi.org/10.1371/journal.pone.0211342

®PLOS | one

Genetic diversity in U.S. advanced common bean cultivars

breeding programs and germplasm collections. An overall reduction in genetic diversity in the
Andean and Mesoamerican gene pools, from wild to landraces to advanced varieties was
observed. This reduction is somewhat tempered by the fact that the markers used—SSRs—are
very variable and that some of the loss of diversity has been compensated by mutations since
the original dispersal, selection, and breeding. This makes it look like both domestication and
current breeding have a similar effect on diversity, whereas other, less variable markers may
show a stronger effect of domestication. A previous analysis by Sonnante et al. [19], using
M13-related RFLP markers, also identified a progressive decrease of genetic diversity from
wild beans to landraces to improved varieties: compared to wild beans and landraces, cultivars
in the USA were devoid of genetic diversity for this type of marker.

4.4. Cluster analysis using DAPC

Based on DAPC analysis the common bean collection made of wild, landraces and advanced
cultivars could be divided into 11 subgroups. The DAPC analysis was a useful tool to investi-
gate the population structure of the common bean collection. The clustering of the advanced
cultivar presented in this study may give interesting cues for increasing diversity in breeding
programs and germplasm collections. For instance, advanced cultivars were included in all
domesticated clusters except for cluster C1, which included Mexican landraces of race Nueva
Granada with yellow seed. Also, most Mesoamerican advanced cultivars were included in one
cluster. These findings are in agreement with the repeated use of a few founder genotypes that
played a relevant role in the creation of the genetic basis of modern genetic pools, becoming in
turn progenitors of new elite varieties and completely replacing traditional landraces. The con-
tinued use of these genotypes made the gene pool smaller for all of the common bean commer-
cial cultivars and resulted in the loss of genetic diversity. Therefore, new variability should be
incorporated into the existing elite germplasm to face the challenges of the modern agriculture;
landraces could be useful for this purpose.

5. Conclusion

This is the first report of the analysis of genetic relationships among a large sample of common
bean advanced cultivars widely grown in North America using SSR markers. SSR markers
used in the present study were appropriate to provide a first overview of the genetic diversity
levels and of the population structure within the common bean cultivars.

The germplasm evaluation highlighted the existence of a broad genetic base in landraces
and a narrowing of diversity in the advanced cultivars due to breeding activities. The investiga-
tion of population structure suggested the genetic potential of landraces for the detection of
new sources of variation, and allowed us to identify groups of accessions differentiated at
molecular level potentially useful in common bean breeding programs.

Supporting information

S1 Table. Seed list of 195 accessions used in this study, STRUCTURE membership coeffi-
cient for K = 2, and genotypic information (alleles) for each SSR locus.
(XLSX)

S2 Table. SSR markers used in this study.
(XLSX)

$3 Table. Seed list of 195 accessions used in this study and structure (K=2,K=3,K=5
and K = 8) and DAPC membership coefficient (K = 7).
(XLSX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0211342 January 31, 2019 17/21


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0211342.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0211342.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0211342.s003
https://doi.org/10.1371/journal.pone.0211342

®PLOS | one

Genetic diversity in U.S. advanced common bean cultivars

S4 Table. Kwak and Gepts [7] dataset with DAPC membership coefficient.
(XLSX)

S5 Table. Membership coefficient of the common bean varieties on the genetic clusters
identified by DAPC on the worldwide germplasm collection.
(XLSX)

S6 Table. 6a) Genetic differentiation based on Fsy (above the diagonal) and Nei Distances
(below the diagonal) values between all pairwise combinations of common bean races. 6b)
Genetic differentiation based on FST (above the diagonal) and Nei Distances (below the diago-
nal) values between all pairwise combinations of common bean market class.

(XLSX)

S1 Fig. STRUCTURE estimation of the number of subpopulations for K ranging from 2 to 12
by mean likelihoods (A) and Delta K values (AK) (B).
(XLSX)

Acknowledgments

We acknowledge the colleagues of the BeanCAP for selecting and providing entries used in
this study. We thank J. Kami (Plant Sciences, UC Davis) for his guidance in the DNA extrac-
tion procedure.

Author Contributions

Conceptualization: Paul Gepts.

Data curation: Tania Gioia.

Formal analysis: Tania Gioia.

Funding acquisition: Paul Gepts.

Investigation: Tania Gioia.

Supervision: Paul Gepts.

Validation: Tania Gioia, Giuseppina Logozzo, Stefania Marzario, Pierluigi Spagnoletti Zeuli.
Writing - original draft: Tania Gioia.

Writing - review & editing: Giuseppina Logozzo, Stefania Marzario, Pierluigi Spagnoletti
Zeuli, Paul Gepts.

References

1. Bitocchi E, Nanni L, Bellucci E, Rossi M, Giardini A, Zeuli PS, et al. Mesoamerican origin of the common
bean (Phaseolus vulgaris L.) is revealed by sequence data. Proc Natl Acad Sci. 2012; 109(14):E788—
E96. https://doi.org/10.1073/pnas.1108973109. PMID: 22393017

2. Renddn-Anaya M, Montero-Vargas JM, Saburido-Alvarez S, Vlasova A, Capella-Gutiérrez S, Ordaz-
Ortiz JJ, et al. Genomic history of the origin and domestications of common bean in the Americas
unveils its closest sister species. Genome Biol. 2017; 18:60. https://doi.org/10.1186/s13059-017-1190-
6. PMID: 28356141

3. Ariani A, Berny Miery Teran J, Gepts P. Spatial and temporal scales of range expansion in wild Phaseo-
lus vulgaris. Molec Biol Evol. 2017; 35(1):119-31. https://doi.org/10.1093/molbev/msx273.

4. Bitocchi E, Rau D, Bellucci E, Rodriguez M, Murgia ML, Gioia T, et al. Beans (Phaseolus ssp.) as a
model for understanding crop evolution. Front Plant Sci. 2017; 8(722). https://doi.org/10.3389/fpls.
2017.00722.

PLOS ONE | https://doi.org/10.1371/journal.pone.0211342 January 31, 2019 18/21


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0211342.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0211342.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0211342.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0211342.s007
https://doi.org/10.1073/pnas.1108973109
http://www.ncbi.nlm.nih.gov/pubmed/22393017
https://doi.org/10.1186/s13059-017-1190-6
https://doi.org/10.1186/s13059-017-1190-6
http://www.ncbi.nlm.nih.gov/pubmed/28356141
https://doi.org/10.1093/molbev/msx273
https://doi.org/10.3389/fpls.2017.00722
https://doi.org/10.3389/fpls.2017.00722
https://doi.org/10.1371/journal.pone.0211342

®PLOS | one

Genetic diversity in U.S. advanced common bean cultivars

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

Singh SP, Gepts P, Debouck DG. Races of common bean (Phaseolus vulgaris L., Fabaceae). Econ
Bot. 1991; 45:379-96.

McClean PE, Lee RK. Genetic architecture of chalcone isomerase non-coding regions in common bean
(Phaseolus vulgaris L.). Genome. 2007; 50(2):203—14. https://doi.org/10.1139/g07-001 PMID:
17546085

Kwak M, Gepts P. Structure of genetic diversity in the two major gene pools of common bean (Phaseo-
lus vulgaris L., Fabaceae). Theor Appl Genet. 2009; 118:979-92. https://doi.org/10.1007/s00122-008-
0955-4. PMID: 19130029

Angioi SA, Rau D, Attene G, Nanni L, Bellucci E, Logozzo G, et al. Beans in Europe: origin and structure
of the European landraces of Phaseolus vulgaris L. Theor Appl Genet. 2010; 121(5):829-43. https:/
doi.org/10.1007/s00122-010-1353-2. PMID: 20490446

Ariani A, Berny JC, Gepts P. Genome-wide identification of SNPs and copy cumber variation in com-
mon bean (Phaseolus vulgaris L.) using genotyping-by-sequencing (GBS). Molec Breed. 2016; 36
((online)):87 (11 pages). https://doi.org/10.1007/s11032-016-0512-9.

Gepts P, Bliss FA. Phaseolin variability among wild and cultivated common beans (Phaseolus vulgaris)
from Colombia. Econ Bot. 1986; 40:469-78.

Singh SP, Gutiérrez JA, Molina A, Urrea C, Gepts P. Genetic diversity in cultivated common bean: I1.
Marker-based analysis of morphological and agronomic traits. Crop Sci. 1991; 31:23-9.

Mamidi S, Rossi M, Moghaddam SM, Annam D, Lee R, Papa R, et al. Demographic factors shaped
diversity in the two gene pools of wild common bean Phaseolus vulgaris L. Heredity. 2013; 110:267-76.
https://doi.org/10.1038/hdy.2012.82. PMID: 23169559

Schmutz J, McClean P, Mamidi S, Wu G, Cannon S, Grimwood J, et al. A reference genome for com-
mon bean and genome-wide analysis of dual domestications. Nature Genet. 2014; 46:707—13. https://
doi.org/10.1038/ng.3008. PMID: 24908249

Beebe S, Rengifo J, Gaitan E, Duque MC, Tohme J. Diversity and origin of Andean landraces of com-
mon bean. Crop Sci. 2001; 41(3):854—62.

Blair MW, Diaz JM, Hidalgo R, Diaz LM, Dugue MC. Microsatellite characterization of Andean races of
common bean (Phaseolus vulgaris L.). Theor Appl Genet. 2007; 116(1):29-43. https://doi.org/10.1007/
s00122-007-0644-8. PMID: 17924092

Diaz LM, Blair MW. Race structure within the Mesoamerican gene pool of common bean (Phaseolus
vulgaris L.) as determined by microsatellite markers. Theor Appl Genet. 2006; 114(1):143-54. https://
doi.org/10.1007/s00122-006-0417-9 PMID: 17047911

McClean PE, Lee RK, Otto C, Gepts P, Bassett MJ. Molecular and phenotypic mapping of genes con-
trolling seed coat pattern and color in common bean (Phaseolus vulgaris L.). J Hered. 2002; 93(2):148—
52. PMID: 12140276

Singh P, Teran H, Lema M, Webster DM, Strausbaugh CA, Miklas PN, et al. Seventy-five years of
breeding dry bean of the western USA. Crop Sci. 2007; 47(3):981-9. https://doi.org/10.2135/
cropsci2006.05.0322.

Sonnante G, Stockton T, Nodari RO, Becerra Velasquez VL, Gepts P. Evolution of genetic diversity dur-
ing the domestication of common-bean (Phaseolus vulgaris L.). Theor Appl Genet. 1994; 89:629-35.
https://doi.org/10.1007/BF00222458 PMID: 24177940

McClean PE, Lee RK, Miklas PN. Sequence diversity analysis of dihydroflavonol 4-reductase intron 1 in
common bean. Genome. 2004; 47(2):266—80. https://doi.org/10.1139/g03-103 PMID: 15060579

McClean PE, Myers JR, Hammond JJ. Coefficient of parentage and cluster analysis of North American
dry bean cultivars. Crop Sci. 1993; 33:190—7.

Buso GSC, Amaral ZPS, Brondani RPV, Ferreira ME. Microsatellite markers for the common bean—
Phaseolus vulgaris. Molec Ecol Notes. 2006; 6:252—4.

Grisi MCdM Vianello Brondani RP, Gepts P Blair MW, Arraes Pereira P. Genetic mapping of a new set
of microsatellite markers in a reference common bean (Phaseolus vulgaris) population BAT93 x Jalo
EEP558. Genet Molec Res 2007; 6:691-706.

Benchimol LL, de Campos T, Carbonell SAM, Colombo CA, Chioratto AF, Formighieri EF, et al. Struc-
ture of genetic diversity among common bean (Phaseolus vulgaris L.) varieties of Mesoamerican and
Andean origins using new developed microsatellite markers. Genet Res Crop Evol. 2007; 54:1747-62.
https://doi.org/10.1007/s10722-006-9184-3.

Gioia T, Logozzo G, Attene G, Bellucci E, Benedettelli S, Negri V, et al. Evidence for introduction bottle-
neck and extensive inter-gene pool (Mesoamerica x Andes) hybridization in the European common
bean (Phaseolus vulgaris L.) germplasm. PLoS One. 2013; 8(10):e75974. https://doi.org/10.1371/
journal.pone.0075974. PMID: 24098412

PLOS ONE | https://doi.org/10.1371/journal.pone.0211342 January 31, 2019 19/21


https://doi.org/10.1139/g07-001
http://www.ncbi.nlm.nih.gov/pubmed/17546085
https://doi.org/10.1007/s00122-008-0955-4
https://doi.org/10.1007/s00122-008-0955-4
http://www.ncbi.nlm.nih.gov/pubmed/19130029
https://doi.org/10.1007/s00122-010-1353-2
https://doi.org/10.1007/s00122-010-1353-2
http://www.ncbi.nlm.nih.gov/pubmed/20490446
https://doi.org/10.1007/s11032-016-0512-9
https://doi.org/10.1038/hdy.2012.82
http://www.ncbi.nlm.nih.gov/pubmed/23169559
https://doi.org/10.1038/ng.3008
https://doi.org/10.1038/ng.3008
http://www.ncbi.nlm.nih.gov/pubmed/24908249
https://doi.org/10.1007/s00122-007-0644-8
https://doi.org/10.1007/s00122-007-0644-8
http://www.ncbi.nlm.nih.gov/pubmed/17924092
https://doi.org/10.1007/s00122-006-0417-9
https://doi.org/10.1007/s00122-006-0417-9
http://www.ncbi.nlm.nih.gov/pubmed/17047911
http://www.ncbi.nlm.nih.gov/pubmed/12140276
https://doi.org/10.2135/cropsci2006.05.0322
https://doi.org/10.2135/cropsci2006.05.0322
https://doi.org/10.1007/BF00222458
http://www.ncbi.nlm.nih.gov/pubmed/24177940
https://doi.org/10.1139/g03-103
http://www.ncbi.nlm.nih.gov/pubmed/15060579
https://doi.org/10.1007/s10722-006-9184-3
https://doi.org/10.1371/journal.pone.0075974
https://doi.org/10.1371/journal.pone.0075974
http://www.ncbi.nlm.nih.gov/pubmed/24098412
https://doi.org/10.1371/journal.pone.0211342

®PLOS | one

Genetic diversity in U.S. advanced common bean cultivars

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M.

42,

43.

44.

45.

46.

47.

48.

Freyre R, Skroch P, Geffroy V, Adam-Blondon A-F, Shirmohamadali A, Johnson W, et al. Towards an
integrated linkage map of common bean. 4. Development of a core map and alignment of RFLP maps.
Theor Appl Genet. 1998; 97:847-56.

Blair MW, Pedraza F, Buendia HF, Gaitan-Solis E, Beebe SE, Gepts P, et al. Development of a
genome-wide anchored microsatellite map for common bean (Phaseolus vulgaris L.). Theor Appl
Genet. 2003; 107(8):1362—74. https://doi.org/10.1007/s00122-003-1398-6 PMID: 14504741

YuK, Park S, Poysa V, Gepts P. Integration of simple sequence repeat (SSR) markers into a molecular
linkage map of common bean (Phaseolus vulgarisL.). J Hered. 2000; 91:429-34. PMID: 11218079

Gaitan-Solis E, Duque MC, Edwards KJ, Tohme J. Microsatellite repeats in common bean (Phaseolus
vulgaris): Isolation, characterization, and cross-species amplification in Phaseolus ssp. Crop Sci. 2002;
42(6):2128-36.

Schuelke M. An economic method for the fluorescent labeling of PCR fragments. Nature Biotech. 2000;
18(2):2334.

Liu KJ, Muse SV. PowerMarker: an integrated analysis environment for genetic marker analysis. Bioin-
formatics. 2005; 21(9):2128-9. https://doi.org/10.1093/bioinformatics/bti282 PMID: 15705655

Pritchard J, Stephens M, Donnelly P. Inference of population structure using multilocus genotype data.
Genetics. 2000; 155:945-59. PMID: 10835412

Glaubitz JC. CONVERT: A user-friendly program to reformat diploid genotypic data for commonly used
population genetic software packages. Molec Ecol Notes. 2004; 4(2):309—-10. https://doi.org/doi:10.
1111/j.1471-8286.2004.00597 .x.

Peakall R, Smouse PE. GENALEX 6: genetic analysis in Excel. Population genetic software for teach-
ing and research. Mol Ecol Notes. 2006; 6. https://doi.org/10.1111/j.1471-8286.2005.01155.x.

El Mousadik A, Petit RJ. High level of genetic differentiation for allelic richness among populations of
the argan tree [Argania spinosa (L.) Skeels] endemic to Morocco. Theor Appl Genet. 1996; 92(7):832—
9. https://doi.org/10.1007/bf00221895. PMID: 24166548

Kalinowski ST. HP-RARE 1.0: a computer program for performing rarefaction on measures of allelic
richness. Molec Ecol Notes. 2005; 5(1):187-9. https://doi.org/doi:10.1111/j.1471-8286.2004.00845.x.

Al-Rabab’ah MA, Williams CG. An ancient bottleneck in the Lost Pines of central Texas. Molec Ecol.
2004; 13(5):1075-84. https://doi.org/doi:10.1111/j.1365-294X.2004.02142.x.

Fujii H. Development of a novel algorithm and the computer program for the identification of minimal
marker sets of discriminating DNA markers for effective cultivar identification. Plant & Animal Genome
XV Conf. 2007; 322. Available: http://ci.nii.ac.jp/naid/10025753453/en/. 2007.

Evanno G, Regnaut S, Goudet J. Detecting the number of clusters of individuals using the software
STRUCTURE: a simulation study. Molec Ecol. 2005; 14:2611-20.

Earl DA, vonHoldt BM. STRUCTURE HARVESTER: a website and program for visualizing STRUC-
TURE output and implementing the Evanno method. Conservation Genet Res. 2012; 4(2):359-61.
https://doi.org/10.1007/s12686-011-9548-7.

Rosenberg NA. DISTRUCT: a program for the graphical display of population structure. Mol Ecol
Notes. 2004; 4. https://doi.org/10.1046/j.1471-8286.2003.00566.x.

Cavalli-Sforza LL, Edwards AWF. Phylogenetic analysis: models and estimation procedures. Amer J
Human Genet. 1967; 19:233-57.

Kumar S, Tamura K, Nei M. MEGAB3: Integrated software for molecular evolutionary genetics analysis
and sequence alignment. Briefings Bioinf. 2004; 5:150-63.

Weir BS, Cockerham C. Estimating F-statistics for the analysis of population structure. Evolution. 1984;
38:1358-70. https://doi.org/10.1111/j.1558-5646.1984.tb05657.x PMID: 28563791

Excoffier L, Smouse P, Quattro J. Analysis of molecular variance inferred from metric distances among
DNA haplotypes: application to human mitochondrial DNA restriction data. Genetics. 1992; 131:479—
91. PMID: 1644282

Jombart T, Ahmed |. adegenet 1.3—1: new tools for the analysis of genome-wide SNP data. Bioinformat-
ics. 2011; 27(21):3070-1. https://doi.org/10.1093/bioinformatics/btr521. PMID: 21926124

Vigouroux Y, McMullen M, Hittinger CT, Houchins K, Schulz L, Kresovich S, et al. Identifying genes of
agronomic importance in maize by screening microsatellites for evidence of selection during domestica-
tion. Proc Natl Acad Sci. 2002; 99(15):9650-5. https://doi.org/10.1073/pnas.112324299 PMID:
12105270

Jombart T, Devillard S, Balloux F. Discriminant analysis of principal components: a new method for the
analysis of genetically structured populations. BMC Genetics. 2010; 11(1):94.

PLOS ONE | https://doi.org/10.1371/journal.pone.0211342 January 31, 2019 20/21


https://doi.org/10.1007/s00122-003-1398-6
http://www.ncbi.nlm.nih.gov/pubmed/14504741
http://www.ncbi.nlm.nih.gov/pubmed/11218079
https://doi.org/10.1093/bioinformatics/bti282
http://www.ncbi.nlm.nih.gov/pubmed/15705655
http://www.ncbi.nlm.nih.gov/pubmed/10835412
https://doi.org/doi:10.1111/j.1471-8286.2004.00597.x
https://doi.org/doi:10.1111/j.1471-8286.2004.00597.x
https://doi.org/10.1111/j.1471-8286.2005.01155.x
https://doi.org/10.1007/bf00221895
http://www.ncbi.nlm.nih.gov/pubmed/24166548
https://doi.org/doi:10.1111/j.1471-8286.2004.00845.x
https://doi.org/doi:10.1111/j.1365-294X.2004.02142.x
http://ci.nii.ac.jp/naid/10025753453/en/
https://doi.org/10.1007/s12686-011-9548-7
https://doi.org/10.1046/j.1471-8286.2003.00566.x
https://doi.org/10.1111/j.1558-5646.1984.tb05657.x
http://www.ncbi.nlm.nih.gov/pubmed/28563791
http://www.ncbi.nlm.nih.gov/pubmed/1644282
https://doi.org/10.1093/bioinformatics/btr521
http://www.ncbi.nlm.nih.gov/pubmed/21926124
https://doi.org/10.1073/pnas.112324299
http://www.ncbi.nlm.nih.gov/pubmed/12105270
https://doi.org/10.1371/journal.pone.0211342

®PLOS | one

Genetic diversity in U.S. advanced common bean cultivars

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

62.

Gepts P, Osborn TC, Rashka K, Bliss FA. Phaseolin-protein variability in wild forms and landraces of
the common bean (Phaseolus vulgaris): evidence for multiple centers of domestication. Econ Bot.
1986; 40:451-68.

Becerra Veldsquez VL, Gepts P. RFLP diversity in common bean (Phaseolus vulgaris L.). Genome.
1994; 37:256-63. PMID: 18470075

Tohme J, Gonzalez DO, Beebe S, Duque MC. AFLP analysis of gene pools of a wild bean core collec-
tion. Crop Sci. 1996; 36:1375-84.

Papa R, Gepts P. Asymmetry of gene flow and differential geographical structure of molecular diversity
in wild and domesticated common bean (Phaseolus vulgaris L.) from Mesoamerica. Theor Appl Genet.
2003; 106:239-50. https://doi.org/10.1007/s00122-002-1085-z PMID: 12582849

Blair MW, Torres MM, Giraldo MC, Pedraza F. Development and diversity of Andean-derived, gene-
based microsatellites for common bean (Phaseolus vulgaris L.). BMC Plant Biology. 2009; 9(1):100.
https://doi.org/10.1186/1471-2229-9-100.

Cortés AJ, Chavarro MC, Blair MW. SNP marker diversity in common bean (Phaseolus vulgaris L.).
Theor Appl Genet. 2011; 123(5):827—45. https://doi.org/10.1007/s00122-011-1630-8. PMID: 21785951

Bitocchi E, Bellucci E, Giardini A, Rau D, Rodriguez M, Biagetti E, et al. Molecular analysis of the paral-
lel domestication of the common bean (Phaseolus vulgaris) in Mesoamerica and the Andes. New Phy-
tol. 2013; 197(1):300—13. https://doi.org/10.1111/j.1469-8137.2012.04377.x. PMID: 23126683

Vlasova A, Capella-Gutiérrez S, Rendén-Anaya M, Hernandez-Ofiate M, Minoche AE, Erb |, et al.
Genome and transcriptome analysis of the Mesoamerican common bean and the role of gene duplica-
tions in establishing tissue and temporal specialization of genes. Genome Biol. 2016; 17(1):1-18.
https://doi.org/10.1186/s13059-016-0883-6.

Lobaton J, Miller T, Gil J, Ariza D, de la Hoz J, Soler A, et al. Re-sequencing of common bean identifies
regions of inter-gene pool introgression and provides comprehensive resources for molecular breeding.
Plant Genome. 2018; 11:170068. https://doi.org/10.3835/plantgenome2017.08.0068.

Blair MW, Giraldo MC, Buendia HF, Tovar E, Duque MC, Beebe SE. Microsatellite marker diversity in
common bean (Phaseolus vulgaris L.). Theor Appl Genet. 2006; 113:100-9. https://doi.org/10.1007/
s00122-006-0276-4 PMID: 16614831

Blair MW, Diaz L, Buendia H, Duque M. Genetic diversity, seed size associations and population struc-
ture of a core collection of common beans (Phaseolus vulgaris L.). Theor Appl Genet. 2009; 119
(6):955—72. https://doi.org/10.1007/s00122-009-1064-8 PMID: 19688198

Weir BS. Genetic data analysis. Sunderland, MA: Sinauer; 1990.

Patterson N, Price AL, Reich D. Population structure and eigenanalysis. PLoS Genet. 2006; 2. https://
doi.org/10.1371/journal.pgen.0020190.

Takezaki N, Nei M. Genetic distances and reconstruction of phylogenetic trees from microsatellite DNA.
Genetics. 1996; 144(1):389-99. PMID: 8878702

PLOS ONE | https://doi.org/10.1371/journal.pone.0211342 January 31, 2019 21/21


http://www.ncbi.nlm.nih.gov/pubmed/18470075
https://doi.org/10.1007/s00122-002-1085-z
http://www.ncbi.nlm.nih.gov/pubmed/12582849
https://doi.org/10.1186/1471-2229-9-100
https://doi.org/10.1007/s00122-011-1630-8
http://www.ncbi.nlm.nih.gov/pubmed/21785951
https://doi.org/10.1111/j.1469-8137.2012.04377.x
http://www.ncbi.nlm.nih.gov/pubmed/23126683
https://doi.org/10.1186/s13059-016-0883-6
https://doi.org/10.3835/plantgenome2017.08.0068
https://doi.org/10.1007/s00122-006-0276-4
https://doi.org/10.1007/s00122-006-0276-4
http://www.ncbi.nlm.nih.gov/pubmed/16614831
https://doi.org/10.1007/s00122-009-1064-8
http://www.ncbi.nlm.nih.gov/pubmed/19688198
https://doi.org/10.1371/journal.pgen.0020190
https://doi.org/10.1371/journal.pgen.0020190
http://www.ncbi.nlm.nih.gov/pubmed/8878702
https://doi.org/10.1371/journal.pone.0211342

