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Abstract

Relatively few studies have extensively analysed the genetic diversity of the runner bean through molecular markers. Here,
we used six chloroplast microsatellites (cpSSRs) to investigate the cytoplasmic diversity of 331 European domesticated
accessions of the scarlet runner bean (Phaseolus coccineus L.), including the botanical varieties albiflorus, bicolor and
coccineus, and a sample of 49 domesticated and wild accessions from Mesoamerica. We further explored the pattern of
diversity of the European landraces using 12 phenotypic traits on 262 individuals. For 158 European accessions, we studied
the relationships between cpSSR polymorphisms and phenotypic traits. Additionally, to gain insights into the role of gene
flow and migration, for a subset of 115 accessions, we compared and contrasted the results obtained by cpSSRs and
phenotypic traits with those obtained in a previous study with 12 nuclear microsatellites (nuSSRs). Our results suggest that
both demographic and selective factors have roles in the shaping of the population genetic structure of the European
runner bean. In particular, we infer the existence of a moderate-to-strong cytoplasmic bottleneck that followed the
expansion of the crop into Europe, and we deduce multiple domestication events for this species. We also observe an
adaptive population differentiation in the phenology across a latitudinal gradient, which suggests that selection led to the
diversification of the runner bean in Europe. The botanical varieties albiflorus, bicolor and coccineus, which are based solely
on flower colour, cannot be distinguished based on these cpSSRs and nuSSRs, nor according to the 12 quantitative traits.
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Introduction Based on phenotypic traits, early taxonomists described three
botanical varieties of P. coccineus: the white-flowered type of the
runner bean, known as P. coccineus var. albiflorus (DC.) Bailey; the
red-flowered type, known as P. coccineus var. coccineus; and the type

that has flowers of both colours (white and red), known as P.
that can live up to 10 years, although outside Central America and coccineus var. bicolor (Velloso) Van Eselt [8,9]. Var. albiflorus has
Mexico it is usually cultivated as an annual, as it cannot survive
frost [2,3]. Phaseolus coccineus is native to Mexico, Guatemala and
Honduras [4], and the wild forms are probably not all ancestral to
the cultivated form. The area(s) where the domestication took
place is still not known [5]. Escalante et al. [6] indicated that the
domestication process did not erode the levels of genetic variation
and that the similar levels of genetic variation among the wild and
cultivated materials were mainly due to the high gene flow
between the two forms. Angioi e/ al. [7] analysed a small set of P.
coccineus accessions (wild and domesticated) using chloroplast

The scarlet runner bean (Phaseolus coccineus L., 2n = 2x = 22)is
the third-most important Phaseolus species worldwide, after P.
vulgaris and P. lunatus [1]. Phaseolus coccineus is a perennial species

been cultivated mainly for its white seeds, while the coloured
flowers of var. coccineus and var. bicolor have also led to these being
grown for ornamental purposes. As a “diagnostic morphological
classification” of infra-species variation [10], these three botanical
varieties do not necessarily represent well-defined phylogenetic
taxa.

P. coccineus was introduced as a crop into Europe by the
Spaniards after the discovery of the Americas, probably along with
the common bean, P. vulgaris [8]. Spain is believed to be the
i - ) ° country of introduction of these beans into Europe, as indicated by
microsatellites (cpSSRs), and they proposed two different wild the Italian name ‘fagiolo di Spagna’ (Spanish beans). After that, P.
genetic groups. This division paralleled the differentiation between coccineus spread from Spain to Italy and to the other parts of the
two groups of the domesticated accessions, which suggested Old World [1,11]. Its diffusion was mainly due to its ability to

multiple domestication events of P. coccineus in Mesoamerica [7]. grow at low temperatures (down to 5 °C) [2,3], although it is
) ) C
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adapted to more restricted environmental conditions than P.
vulgaris. The United Kingdom, The Netherlands, Italy and Spain
appear to be the European countries where P. coccineus is more
widespread [1]. In particular, in the United Kingdom, the runner
bean has often substituted for the common bean, because it is
more adapted than other Phaseolus species to the cold temperatures
and cool summers [2,3]. Although P. coccineus and P. vulgaris have
two different mating systems (allogamous and autogamous,
respectively), they are cross-fertile when P. vulgaris is the maternal
parent [6,12]. This incomplete reproductive isolation between P.
coccineus and P. vulgaris might have allowed hybridisation between
these two species in Europe, where they are often grown in
sympatry [13,14]. For this reason, the runner bean might also be a
useful source of diversity for P. vulgaris breeding.

Relatively few studies have analysed the genetic diversity of
European runner-bean landraces using molecular markers. Most
of these have analysed a comparatively low number of local
accessions from relatively restricted geographical areas, or have
focused on the comparison of P.vulgaris versus P. coccineus [15-19],
while a broader analysis was presented using nuclear microsatel-
lites (nuSSRs) [20].

Alvarez et al. [21] compared Spanish and Mexican accessions of
P. vulgaris and P. coccineus, and they suggested that the runner bean
maintained a high level of diversity after its introduction into
Europe. Other studies have suggested changes in the structure of
the genetic variation, probably due to selection, to rapid
adaptation to the new growing conditions, or to demographic
processes, such as bottleneck and founder effects [17,18,20].

To gain insight into the evolutionary processes that have shaped
the diversity pattern of the European runner bean, and to test for
the occurrence of cytoplasmic bottlenecks following the introduc-
tion of P. coccineus into the Old World, we analysed an American
collection and a European collection of P. coccineus through
cpSSRs, which explore highly polymorphic sequences [7,17]. The
cpSSRs are uniparentally inherited and non-recombinant, and
therefore the genotyping directly results in haplotypes determined
by the combination of alleles at several cpSSR loci. Moreover, due
to their haploid genome, cpSSRs are particularly efficient for the
detection of bottleneck effects, and have been successtully used to
analyse the phylogenetic relationships in Phaseolus spp., and the
diversity within species [7,17,22,23].

We additionally complemented these cpSSR data with a
previously unpublished phenotypic characterisation that was
carried out at the Leibniz Institute of Plant Genetics and Crop
Plant Research (IPK) in Germany. By comparing these data, we
have been able to investigate the associations between cpSSR
groups and phenotypes, and also the geographical clinal variations
in phenology for putative adaptive traits, such as flowering time.
These results are used to infer the role that migration, drift and
selection have had in the shaping of the genetic structure of the
European runner bean.

For a subset of 158 individuals, we have compared and
contrasted the cpSSR and phenotypic data obtained in the present
study with those obtained in another study that used 12 nuSSRs
[20]. This comparison has allowed the investigation of the role of
gene flow, migration and recombination, based on the different
inheritance modes of these two marker systems. The phenotypic
traits and genetic data are finally integrated to investigate the
relationships among the botanical varieties of albiflorus, bicolor and
coceineus.
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Materials and Methods

Plant materials

We analysed 37 American and 331 European domesticated
accessions of P. coccineus, each of which represented a single plant
(Table 1 and Table 2). Additionally, 12 wild accessions of P.
coccineus were investigated (Table 1). The list of the accessions
analysed is given in Table S1. The European landraces were from
17 different countries, although for 21 of the accessions, the origins
were not known (Table 2).

Our collection partially overlaps with that analysed by nuSSRs
in [20], with 158 accessions shared between the two studies (43
from America, 115 from Europe). The botanical classification into
the three botanical varieties of P. coccineus, w.e., var. albiflorus, var.
bicolor, and var. coccineus was available for 260 of the European
accessions (with nuSSR data also available for 62 of these), and for
13 out of the 17 countries (Table 2). The five qualitative traits
upon which the classification of these three varieties was based are
given in Table 3 (data and botanical classification provided by
IPK, Gatersleben, Germany).

For these 260 European accessions, the IPK provided the
geographic coordinates, when available, plus additional quantita-
tive phenotypic traits. The seed multiplication and characterisa-
tion of the different P. coccineus accessions started at the IPK in
1945 to 1946, in small-plot experiments in the field or in
greenhouses. These took place every two to three years until 1976,
when a cold-storage facility was established. Afterwards, the
average frequency of seed multiplication dropped to once every 10
years to 30 years, when either the germination rate or the amount
of seed available (e.g., due to seed distribution) dropped below a
critical threshold. Phenotypic observations were recorded, to
document the traits of the individual accessions, and to be able to
compare plants of the same accession over different years. Each
accession was characterised across a different number of years,
with an average of data across three years. The phenotypic traits
used in the present study include phenological traits, such as the
sowing, emergence and flowering (onset and end) dates, and
morphological traits, such as the pod length, width and depth, the
number of seeds per pod, seed length, width and depth, and
thousand-seed weight. From these data, we calculated the intervals
of the days from sowing to flowering, from emergence to
flowering, and from onset to the end of flowering (ie., the
flowering interval). Seed volumes were also calculated from the
seed sizes provided. A list of the mean values of all of the 12
phenotypic traits used for the present analysis is given in Table S2.

Phenotypic data were not available for samples from Hungary,
Portugal, Slovenia and Spain.

Table 1. Distribution and type of the American accessions of
P. coccineus used in the present study.

Country No. of accessions

All Domesticated wild
Costa Rica 3 3 -
Guatemala 6 1 5
Honduras 2 2 -
Mexico 38 31 7
Total America 49 37 12

doi:10.1371/journal.pone.0057337.t001
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Table 2. Distribution and type of the European accessions of
P. coccineus used in the present study.
Country No. of accessions

All albiflorus bicolor  coccineus
Albania 2 2 - -
Austria 79 16 27 32
Bulgaria 10 8 - 2
Croatia 3 3 = =
Georgia 23 5 - 18
Germany 14 3 - 11
Hungary 7 - - -
Italy 29 15 3 8
Moldova 2 2 - -
The Netherlands 18 6 - 12
Poland 10 7 - 3
Portugal 8 - - -
Romania 23 8 3 7
Slovakia 35 5 14 16
Slovenia 9 - - -
Spain 33 - - -
Ukraine 5 2 2 1
No information 21 6 3 1
Total Europe 331 88 52 121
doi:10.1371/journal.pone.0057337.t002

The European accessions were provided by the following
Institutes: IPK, Germany; Banco Portugués de Germoplasma
Vegetal (BPGV), Portugal; Instituto de Investigaciones Agrope-
cuarias (INIA), Chile; Consejo Superior de Investigaciones
Cientificas (GSIC), Spain; and Dipartimento di Biologia Applicata
(DBA), University of Perugia, Italy. The American accessions were
provided by the United States Department of Agriculture (USDA),
USA (Table S1).

DNA extraction and cpSSR analysis

Young leaves were harvested for DNA extraction, which was
carried out on a single plant basis, using DNeasy 96 plant kits and
an MM300 Mixer Mill (Qiagen GmbH, Hilden, Germany).

The European and American accessions were analysed for the
six cpSSRs used in [22,23] to study the European landraces of the
common bean (ccSSR2, ccSSRY, ccSSR11, ccSSR16, ccSSR19,
ccSSR20), and also using information and protocols described by
Angioi [7]. The nuSSR data were provided by the University of
Perugia; for these methods, see [20].

European Phaseolus coccineus landraces

Statistical analyses

Correlations among phenotypic traits and between traits and
geographic variables (i.e, longitude, latitude, altitude) were
calculated as Pearson’s r coeflicients. Differences among botanical
varieties or among genetic groups (cpSSRs, nuSSRs) for the
different traits were tested by one-way ANOVA. Multivariate
analysis was also carried out on the phenotypic data, through
principal component analysis (PCA). The principal components
were derived from eigenvalue decomposition of the correlation
matrix, and the principal component points were derived from the
eigenvector linear combination of the standardised variables. All of
these analyses were performed using Jump, version 7.0 [24].

The cpSSR gene diversity was estimated using Net’s unbiased
gene diversity [25]. Multilocus diversity was estimated using the
normalised Shannon diversity index for haplotype frequencies
(L) [26]. To compare the number of alleles for samples of
different sizes, we calculated the allelic richness (R,), using the
rarefaction method of [27], and implemented in the FSTAT
software, version 2.9.3.2 [28].

The genetic divergence between the groups of accessions
(continents, regions within the European continent) was estimated
using the Fygstatistic [29], using FSTAT [28]. The significance of
Fgrwas assessed by randomising the genotypes among the samples
(10,000 randomisations), while not assuming random mating
within samples, and using the log-likelihood G [30].

The existence of a bottleneck between America and Europe was
determined by the method defined by [31] for Zea mays, and as
already used with P. vulgaris [22,23]. In more detail, we calculated
the relative deficit of given statistics in Europe versus America (e.g.,
number of rare alleles, number of alleles, allele richness, gene
diversity, multilocus diversity). For example, to detect the deficit
for gene diversity (GD) we used the parameter AGD = 1 - (Hg/
H,), where Hy and H, indicate the genetic diversity in Europe and
America, respectively, and where Hy > Hy It Hy < Hp, we
calculated this parameter as AGD = -[1-(Ha/Hg)]. These
statistics vary between -1 and 1: when AGD is positive, the
diversity is higher in America, and when AGD is negative, the
diversity is higher in Europe.

The population structure was determined by applying a non-
spatial genetic mixture analysis to the cpSSRs, using the linked loci
option and assuming independent loci, as implemented in the
BAPS software, version 5.1 [32,33]. We carried out genetic
mixture analysis at the individual level, by performing 20 iterations
of K (from 1 to 20), to determine the most probable number of
populations (K). The nuSSR data were also analysed with BAPS
according to [32], to allow direct comparisons with the cpSSR
data. Under its default settings, BAPS identified the best partition
of the data as that with the highest marginal log-likelihood (21
groups for cpSSRs, 24 groups for nuSSRs). As also observed in
previous studies, e.g., [34], we observed a tendency of BAPS to
overestimate the most likely number of Ks, as the majority of

Table 3. Phenotypic differences among the three varieties of P. coccineus used in the present study.

Variety Flower colour Seed Stem colour
Colour Pattern colour Hilum colour

albiflorus white white none none green

bicolor red and white beige brown none/beige green/red

coccineus red purple black black red

doi:10.1371/journal.pone.0057337.t003
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individuals were assigned to a small number of large clusters
(Figure S1). Therefore, we also ran the data using the fixed K
option (from two to six), to only retain the groups that represent
the uppermost hierarchical levels of the genetic structure. The
UPGMA trees constructed with the Kullback—Leibler divergence
matrix provided as an output of the BAPS software are also
illustrated.

The significance of the correlations between distance matrices
(cpSSRs, nuSSRs, phenotypic, geographic) were calculated using
the Mantel’s test [35], with GenAlEx, version 6 [36].

Results

Chloroplast genetic diversity in America and Europe

Opverall, the cpSSR analysis identified 22 alleles across the 380
accessions, ranging from two (ccSSR2) to five (ccSSR19) (Table
S3). In America, the wild gene pool diversity was higher than the
domesticated gene pool diversity for allelic richness, gene diversity
and haplotype diversity (Table 4).

Also, within the domesticated gene pool, there was a total of 22
alleles (American and European). We detected 16 alleles in the
American sample, and 19 in the European sample; 13 were shared
between these continents, three were unique to America, and six
were unique to Europe. The allelic richness was higher in the
domesticated American accessions (Rg = 16.00) than in the
European accessions (Rg = 14.98), leading to a ARg of 0.06 (Table
4). Accordingly, the gene and genotypic diversity were higher in the
American domesticated accessions (Hy = 0.33; 1,,, = 0.64) than in
the European accessions (Hg = 0.29; 1, = 0.47), with a AHy of
0.13 and a AL, of 0.26 (Table 4). This provides evidence of a
moderate bottleneck effect between America and Europe.

In the European accessions, there was a high percentage of
unique haplotypes (26/29, 89.7%) (Table 4). The three haplotypes
shared between the continents only accounted for 16.6% (55/331)
of the European accessions, and 10.2% (5/49) of the American
accessions. This suggests a strong population structure between
these two continents.

Indeed, the genetic differentiation between the American and
European continents that was detected by cpSSRs was high (Fgr
= 0.369), and highly significant (P <0.0001).

Population structure in America and Europe
Two main genetic groups were detected using BAPS (groups A
and E; Figure 1). Group A includes all except two of the American

European Phaseolus coccineus landraces

accessions (47/49) and 92 of the 331 European accessions. These
latter 92 accessions are present in all of the European countries.
Group E includes the majority of the European accessions and
only two accessions from America (one domesticated accession
and one wild accession, both from Mexico).

At K5, we detected groups Al, A2, E1, E2 and E3 (Figure 1).
Four of these groups were from both America and Europe,
although they showed very different frequencies across these
continents: groups Al and A2 were highly represented in America,
and groups E2 and E3 were mostly represented in Europe. Group
E1, which is close to group E2 based on genetic divergence (Figure
2C), is exclusive to Europe (Figure 1).

Group Al mainly includes accessions from Mexico (27), as both
wild (3) and domesticated (24), and four further domesticated
accessions, two from Honduras and two from Costa Rica. Group
A2 includes all of the accessions from Guatemala (five wild and
one domesticated), nine accessions from Mexico (six domesticated
and three wild), and one domesticated accession from Costa Rica.
In Europe, the Al and A2 groups are not equally represented, with
25 accessions belonging to group Al, and 67 accessions belonging
to group A2.

The three haplotypes shared between America and Europe
(frequencies, 7.6%, 7.1%, 1.0%) were attributed to three of the five
groups (Al, A2, E2) and are present in most of the European
countries, but not including Portugal, Spain, Moldova, Ukraine
and Albania (Figure 1).

In Europe, groups El, E2 and E3 have relatively high
frequencies and are almost equally represented (23.6%, 23.3%,
26.0%, respectively). No association among the genetic groups and
the European countries was detected. A very low but significant
correlation between the cpSSRs and geographic distances was
observed (r = 0.10, P = 0.01). Only two accessions from America
were attributed to group E2 (one wild accession from Mexico) and
to group E3 (one domesticated accession from Mexico).

Distribution of genetic diversity in Europe

Across the main European areas, we observed a relatively even
distribution of genetic diversity (T'able 5). In the Iberian Peninsula
and in Italy, we detected the highest number of alleles (16), the
highest ratio of haplotypes/ accessions (26.8%), and the highest
gene diversity (0.31). In central-northern Europe, we detected the
lowest diversity (Hr = 0.26, 1,,, = 0.53). The differentiation level
(Fs7) among the European countries (with >10 accessions) was
low, at 0.04 (P <0.0001).

Table 4. CpSSR genetic diversity summary statistics for the American and European samples used in the present study.

continents (4)*

Accession Sample size Allele number Rs Haplotype number Hap/Ind He Ihor
Na Na <01 Total Unique
America 49 19 6 - 22 19 44.90 0.42 0.70
Domesticated 37 16 4 (16.00) [11.8] 15 8 40.54 0.33 0.64
wild 12 17 3 [15.00] 10 4 83.33 0.56 091
Europe 331 19 8 (14.98) 29 26 8.76 0.29 0.47
Total 380 22 13 - 48 - 12.63 0.61 0.52
Diversity of variation between - 0 -0.25 0.06 - - - 0.13 0.26

Weaver index of haplotype diversity.

*when A is negative Europe > America.
doi:10.1371/journal.pone.0057337.t004
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n,= number of alleles, total and rare (n, <0.1); Ry = allelic richness; Hap/Ind = haplotype/accessions ratio; Hg = Nei’s (1978) gene diversity; I,o, = normalized Shannon-

Note: within the R; columns, comparisons should be made between the values enclosed between the same bracket types.
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Figure 1. Cytoplasmic genetic structure. BAPS cluster assignments at K2 and K5 based on the cpSSR data of 331 European and 49 American
accessions of P. coccineus. Beneath the K5 pattern, the three haplotypes shared between continents are indicated by black, grey and white bars.
Abbreviations: W Wild; DO Domesticated; GU Guatemala; MX Mexico; HO Honduras; CR Costa Rica; PT Portugal; ES Spain; IT Italy; NL The Netherlands;
GM Germany; AT Austria; UR Ukraine; PL Poland; SK Slovakia; CR Croatia; HU Hungary; SL Slovenia; RO Romania; MD Moldova; GE Georgia; BG Bulgaria;

AL Albania; No info no information on country of origin.
doi:10.1371/journal.pone.0057337.g001

Comparisons between cpSSRs and nuSSRs in Europe

To allow direct comparisons of the cpSSRs and nuSSRs, we re-
analysed the data from [20] using BAPS. Overall, there was a
significant correlation between the genetic groups detected by
cpSSRs and nuSSRs, both at K2 (Pearson x? = 76.48, df. 1; P
<0.0001; Figure 2A) and at K5 (plastidial subdividion) versus K6
(nuclear subdivision) (Pearson 2 = 97.78, d.f. 20; P <0.0001;
Figure 2B). This was mainly due to the high genetic divergence
between America and Europe (Figure 2C). Indeed, when
comparing the population structure of each continent individually,
we did not find any associations at either K2 or K5 (P >0.05;
Table S4).

Associations between genetic and phenotypic patterns
in Europe

When looking at the phenotypic differences among the 260
accessions for which cpSSR data and phenotypic data are
available, we found that at K2, the European accessions attributed
to the two cpSSR groups (A and E) differ in seed size and weight,
and in pod length and volume (Table 6). Interestingly, the
accessions included in group A always show lower values for all of
these traits.

This pattern is consistent with that observed at K5 (Table 6).
Indeed, the accessions attributed to groups Al and A2 have the
lowest seed size and seed weight. Accessions from group Al also
have the lowest pod length. Additionally, groups Al and A2 also
differ according to their interval of flowering (67.72 days, 77.95
days, respectively), and groups E2 and E3 according to their
thousand-seed weight (1330.93 g, 1410.90 g, respectively).

On the contrary, with the 62 accessions for which both nuSSRs
and phenotypic data are available, the European nuclear groups
(both at K2 and K6) do not show any significant differences
according to the phenotypic traits (P >0.05, for all of the
comparisons).

Associations of molecular and phenological traits with
geographical data

We did not find any significant associations between the days to
flowering and the geography (neither for sowing, nor for
emergence). On the contrary, we did find a highly significant

PLOS ONE | www.plosone.org

negative correlation between latitude and interval of flowering for
the overall sample (r = -0.55, n =122; P <0.0001; Figure 3) (v.c.,
increased latitude was associated with decreased interval of
flowering). Negative correlations were also found between latitude
and emergence dates, and between latitude and flowering time,
although these did not reach significance (P >0.05). The
accessions from the chloroplast group A had a mean latitude of
48.35 °N, and those belonging to group E, had a mean latitude of
45.56 °N, and the difference in latitude between these two groups
is significant (P <0.03). The association between latitude and
flowering time was also confirmed when we used multiple
regression to factor out the genetic structure, either as chloroplast
or nuclear (Table S5). In particular, the significance of the
correlation was maintained within each of the two cytoplasmic
groups, A (r = -0.75,n = 36, P <0.0001) and E (r = -0.45,n =
86; P <0.0001) (Figure 3).

Divergence among varieties and geographic distribution

of the phenotypic traits

Among all of the 12 quantitative traits investigated, the three
botanical varieties of albiflorus, bicolor and coccineus were significantly
different only according to pod length and seed volume (Table 7).
In particular, var. bicolor showed a greater seed volume, while var.
coccineus showed a longer pod. However, the combination of these
two traits has very low diagnostic capability. Indeed, based on
linear discriminant analysis, considering these three varieties as
categories and the 12 traits as covariates, only 28.6% of the
accessions can be correctly assigned to their variety groups of
origin.

At the molecular level, these three varieties are not significantly
differentiated according to either cpSSRs or nuSSRs (Fgr =
0.007, P = 0.45; Fg7 = 0.002 P = 0.59, respectively); moreover,
the association tests performed among the varieties and the
plastidial and nuclear genetic groups were not significant (Pearson
y? = 11.41,n = 8, P = 0.18; Pearson x> = 7.61,n =8, P =
0.47, respectively).

The geographic distribution of the varieties in Europe is shown
in Figure 4. We observed that var. bicolor tends to be restricted to
central-eastern Europe. The varieties albiflorus and coccineus are
more widespread, with var. albiflorus prevailing in the south and
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doi:10.1371/journal.pone.0057337.9g002

south-east of Europe, and var. coccineus in the centre-north of
Europe.

The PCA performed on 12 quantitative traits showed differen-
tiation of the European accessions from the Italian, southern and
south-eastern regions from those of the northern regions (Figure 5).
The traits that better explain the PCAT are seed volume (r = 0.91,
P <0.0001) and thousand-seed weight (r = 0.82, P <0.0001). The
PCA2 mainly positively correlates with pod length (r = 0.92, P
<<0.0001) and number of seeds per pod (r = 0.90, P <0.0001).
Accordingly, accessions from the south-eastern regions (Figure 5,
bottom left quadrant) mainly show lower pod length, lower
numbers of seeds per pod, and lower seed sizes, than accessions
from the north.

PLOS ONE | www.plosone.org

PCA also confirmed that the geographic distribution of the
varieties is different, with var. albiflorus and var. bicolor showing
higher frequencies in the southern and south-eastern parts of
Europe (Figure 5).

Discussion

As far as we are aware, the present study represents the largest
analysis of cytoplasmic diversity of a European collection of P.
coccineus compared to an American set of the same species. We
used cpSSRs, which have been shown to be a powerful tool to
assess plant genetic diversity, and phenotypic traits, to investigate
possible causes for the patterns of the genetic structure of the
European runner bean.
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Table 5. Diversity across the four regions of the European continent.

Country Sample size n, Haplotype number Hap/Ind He Inor
Total Unique

Iberian peninsula + Italy 70 16 19 5 26.8 0.31 0.61

Central-northern Europe 110 13 19 1 17.0 0.26 0.53

Eastern Europe 51 12 18 0 247 0.28 0.66

Southeastern Europe 79 14 18 2 25.0 0.28 0.68

Mean 78.25 13.75 18.5 - 23.3 0.28 0.62

Hungary, Moldavia, Romania, Slovenia, Hungary.
doi:10.1371/journal.pone.0057337.t005

Comparisons of the cpSSR genetic diversity and structure
in America and Europe

Comparing only the domesticated accessions, in America, the
cpSSR diversity is higher than in Europe, with a loss of diversity
(AHg, 0.13) and a loss of allelic richness (ARg, 0.06). Thus, based
on our data, the expansion of P. coccineus into Europe was
accompanied by a moderate-to-strong cytoplasmic bottleneck.
This shows a striking difference from P. vulgaris, for which no loss
of cytoplasmic diversity has been found [22,23].

Similar results were obtained by [17] after the analysis of 66
Italian genotypes of P. vulgaris and P. coccineus by nuSSRs and
cpSSRs. They concluded that there is higher nuclear and
chloroplast diversity in the common bean compared to the runner
bean, which suggested a stronger founder effect for P. coccineus.

The bottleneck reported in the present study and the difference
in diversity between P. coccineus and P. vulgaris appear to have arisen
because of the introduction of limited genetic diversity into the
Old World for P. coccineus. Consumers who were more attracted by
the various types of seed colour and shape of P. vulgaris might have
favoured the capture of different alleles and genotypes [11].

The occurrence of a nuclear diversity bottleneck in the
European P. coccineus landraces was reported by [20] (AHg =
0.33); compared to what we observe in the present study, here
there is a reduction in the cytoplasmic diversity by nearly three-
fold (AHy 0.13). However, in the American sample of P
coccineus, the cytoplasmic genetic diversity (/4 = 0.33) was lower
than the nuclear genetic diversity (i = 0.55), as is expected due to

n, = alleles number, Hap/Ind = haplotype/accessions ratio; He = genetic diversity; I,o, = normalised Shannon-Weaver index. Iberian Peninsula and Italy; Italy, Portugal,
Spain; Central-northern Europe: Austria, Germany, The Netherlands; Eastern Europe: Georgia, Poland, Slovakia, Ukraine; South-eastern Europe: Albania, Bulgaria, Croatia,

the different ploidy levels and inheritance [37]. It can be
hypothesised also for the runner bean that the ‘sampling’ of P.
coccineus accessions during the last 500 years was sufficient to
capture a greater part of the (lower) plastidial variation, but not
that of the (higher) nuclear variation, as previously suggested for
common bean [22,23].

Moreover, for runner bean, the degree of genetic divergence
between the continents is stronger for cpSSRs (Fs7 = 0.37; P
<<0.0001; present study) than for nuSSRs (Fs7- = 0.19; P <0.0001;
[20]). This lower nuclear Fg is in line with previous results from
different plant species, which have shown how maternally
mherited markers (such as ¢cpSSRs) can be in stark contrast to
biparentally inherited nuclear markers (such as nuSSRs) when
genetic diversity and gene flow are investigated [37]. In particular,
the chloroplast has a haploid genome, and it has 1/2N, compared
to the diploid nucleus. Thus, for a given intensity of bottleneck, a
stronger population subdivision is expected.

However, our data might also suggest that the American sample
studied 1s not fully representative of the American diversity, with a
consequent under-estimation of the bottleneck, and a bias (most
likely as an over-estimation) in the evaluation of divergence (Fsr)
among countries.

Still, and interestingly, a high proportion of the European
sample (72.2%) was assigned to the same cytoplasmic group as two
accessions from Michoacan (Mexico). The European accessions
from groups Al and A2 (27.8%) appear to have a more composite
origin, as these are related to accessions from Costa Rica,
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Table 6. Results of the one-way ANOVA for phenotypic traits among the chloroplast groups.

Cluster assignment Flowering interval Pod length (cm) Seed length (mm) Seed width (mm) Seed volume (cm®) Thousand-seed weight (g)
Group (days)

K2

A 73.78 a 14.12 a 20.92 a 12.67 a 237 a 1232.73 a
E 7442 a 15.27 b 22.02 b 13.37 b 2.70 b 1372.74 b
K5

Al 67.72 bc 14.82 ab 20.92 12.52 C 233 b 1250.56 cd
A2 77.95 a 13.77 b 21.02 12.86 bc 245 b 1233.06 d
E1 67.71 [« 15.80 a 21.47 ab 13.26 ab 252 ab 1358.24 ab
E2 74.82 ab 15.60 a 22.39 a 13.07 abc 2.70 ab 1330.93 bc
E3 78.32 a 14.71 ab 2211 a 13.58 ab 2.80 a 1410.90 a
Different letters indicate means within columns that are significantly different (P <0.05; Student t test) for each K.

doi:10.1371/journal.pone.0057337.t006

February 2013 | Volume 8 | Issue 2 | 57337



120.0

110.0 - - —r=078

¢ - = r=-0.45"

100.0

Flowering interval (days)

40.0

Latitude (°N)

350 370 390 41.0 43.0 450 47.0 490 51.0 530 550

European Phaseolus coccineus landraces

Figure 3. Correlation between latitude and flowering interval. Different colours indicate accessions from the two cpSSR groups A (orange)
and E (blue) (see Figure 1), for which the regression lines (dashed) are illustrated. The trend line of the overall sample (grey continuous line) is also

indicated. * P <0.0001
doi:10.1371/journal.pone.0057337.g003

Guatemala, Honduras and Mexico. Previous studies indicate
Mexico, Guatemala and Honduras as the countries of origin of P.
coccineus [4]. Angioi et al. [7] proposed that two domestication
events might have taken place for this species, based on the
occurrence of two different wild genetic groups that parallel the
differentiation between two groups of domesticated accessions.
Based on our data, the existence of (at least) two domestication
events is also suggested. Indeed, groups Al and A2 contain both
wild and domesticated accessions of P. coccineus. However, a more
focused study will be needed to fully resolve this question.

Level and structure of cpSSR genetic diversity in Europe

Although the genetic diversity was higher in the Iberian
Peninsula and Italy (Hy = 0.31, I,,, = 0.61) compared to other
regions, similar levels were observed over all of Europe (mean Hg
= 0.28, mean I,, = 0.62). Using nuSSRs, [20] observed higher
diversity levels (Hg = 0.36), while an analysis conducted with
three nuclear markers and morphological traits on Italian
landraces [18] showed genetic diversity estimates similar to our
data (H = 0.25). Results obtained with AFLPs on Polish landraces
showed lower genetic diversity (4 = 0.16; [19]). These differences
are likely to be associated to the different types of molecular
markers used, as shown by [38-40].

The low Fgr values obtained for the cpSSRs among the
countries (0.04) and the widespread distribution of the accessions
belonging to the five BAPS cpSSR genetic groups, suggest relevant

Table 7. Varietal differences among the three varieties of P.
coccineus.

Variety Pod length (cm) Seed volume (cm?)
albiflorus 1458 b 241 b
bicolor 13.80 b 289 a
coccineus 1567 a 260 b

Different letters indicate means within columns that are significantly different (P
<0.05; Student t test).
doi:10.1371/journal.pone.0057337.t007
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gene flow (seed exchange) of P. coccineus in Europe. Indeed, as also
observed by [20] using nuSSRs, we observed a significant and
positive correlation between c¢pSSR  genetic distances and
geographic distances. This might suggest the existence of an
isolation-by-distance mode of dispersal.

Structure of variation for morpho-phenological traits in
Europe

Taxonomists have described three botanical varieties of P.
coccineus, namely var. albiflorus, var. bicolor and var. coccineus, based
on the colour of the flowers, which is correlated to the colour of
stems and seeds, and to the seed colour pattern [9].

Nonetheless, at the molecular level, we did not observe any
significant associations between the botanical varieties and the
genetic groups, neither at the cytoplasmic nor at the nuclear level.
Moreover, among the 12 quantitative traits investigated, the
varieties were different only for pod length and seed volume,
which are traits that have no taxonomic value. In agreement with
this, other studies have shown no significant associations between
flower colour and phenotypic traits, such as number of seeds per
pod and seed yield, size and weight [1,9]. Thus, the botanical
varieties do not correspond to three well-defined phylogenetic
entities, as previously indicated for morphological intra-species
classifications of cultivated plants [10]. Nonetheless, such diag-
nostic systems remain essential for orientation in the morpholog-
ical diversity, even though they might be without phylogenetic
significance [41].

The European geographic distribution of the varieties showed
that var. bicolor accessions are prevalently present in central
Europe, while, except for Georgia, var. albiflorus and var. coccineus
tend to be present more in southern and northern Europe,
respectively. Accordingly, [1] did not find var. biolor on the
Iberian Peninsula, where most of the landraces belong to var.
albiflorus (71%). At the same time, [18] and [41] noted a high
prevalence of white-seeded accessions of runner bean in Italy. A
possible explanation for this distribution is the higher resistance to
low temperatures of the varieties with purple/ violet flowers (var.
coccineus) than the varieties with white seeds (var. albiflorus) [9,18].
Likewise, consumers from southern Europe appear to prefer the
white seeds, given their better culinary quality, higher proportion
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Figure 4. Varieties distribution across Europe. Geographic distribution of the 260 varieties identified as var. albiflorus, var. coccineus and var.

bicolor.
doi:10.1371/journal.pone.0057337.9g004

of total sugars, and lower content of protein and starch [1,42].
Based on seed size, Acampora et al. [18] also suggested the
presence of on-farm selection in Italy.

We observed that the accessions characterised by lower seed
volume, lower seed weight, shorter pod, and lower number of
seeds per pod are mainly disseminated in Italy and in the southern,
southeastern and eastern European regions. Additionally, different
cpSSR genetic groups show significant phenotypic differences.
Indeed, the accessions belonging to group A, which predominate
at higher latitudes in Europe, showed shorter pods and lower seed
size. No associations were found between nuSSRs and phenotypic
traits, as also between the cpSSR and nuSSR genetic groups.
Thus, associations between the cpSSR genetic groups and the
phenotypic traits might be due to more frequent long-distance
pollen flow compared to seed flow, which might occur mostly
within short geographic distances. Indeed, according to this
hypothesis, the presence of a larger structure at chloroplast level
compared to that for nuclear markers would be expected. Our
explanation implies that the geographic structure is then associated
to adaptive traits that determine the geographic distribution of P.
coccineus diversity. Thus, association mapping studies aimed at
exploiting the diversity of these landraces should carefully take into
account the population structure information, and particularly
that based on cpSSRs.

In plants with a wide distribution, phenological traits and
adaptive molecular variance can be expected to vary clinally along
climatic gradients [43,44]. As examples, latitudinal clines in

PLOS ONE | www.plosone.org

flowering time have been predicted and shown in accessions of the
annual Arabidopsis thaliana [43]. Here, we provide evidence of a
significant latitudinal cline in the interval of flowering among the
northern European and southern European landraces of P.
coccineus when grown under common environmental conditions
during seed multiplication by the same genebank (IPK, Germany).

Specifically, we detected a highly significant negative association
between the latitude and the interval of flowering, i.e. the northern
populations flower for a shorter time compared to the southern
populations. Interestingly, this relationship holds when the effects
of population structure for cpSSRs and nuSSRs are factored out.
Therefore, this correlation between latitude and phenology is not
just a consequence of the geographic distribution of the genetic
pools. This suggests that selection (probably for photoperiod
sensitivity and/or for low temperature), rather than migration and
gene flow, also had a role in shaping the population structure of P.
coccineus in Europe. Indeed, the most likely explanation for our
data is that the growing season is short at high latitudes, as
negative correlations were also found between latitude and
emergence dates and between latitude and flowering time,
although these did not reach significance. This selectively
constrains the period available for growth and fruit maturation,
and would select for rapid development and early flowering and
fruit maturation. Similar results have also been shown in the
perennial herb Lythrum salicaria [45].

Interestingly, Wallace [46] and White and Laing [47] also
observed that in the common bean, the balance between the
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vegetative and reproductive periods is largely determined by the
photoperiod sensitivity/ insensitivity, and that landraces that
originate from different geographic regions can have different
photoperiod requirements, as well as different tolerances to low
temperatures. To the best of our knowledge, similar data are not
available to date for P. coccineus.

Conclusions

In summary, we have shown that P. coccineus experienced a
moderate cytoplasmic bottleneck as a consequence of its intro-
duction into Europe. We have also shown that the European
germplasm strongly differentiates from the American reference
sample. Founder effects might explain this shift in allelic and
haplotype frequencies between the two continents. However, there
is evidence that selection might have had a role in the evolution of
the European runner bean, as suggested by the geographic
patterns of a putative adaptive trait, such as the interval of
flowering. Thus, as previously noted [20], it appears possible to
consider Europe as a secondary diversification centre for P.
coccineus. On the other hand, by examining cpSSRs, 12 quantita-
tive traits and nuSSRs, we were not able to distinguish between the
three botanical varieties, var. albiflorus, var. bicolor and var. coccineus.

In terms of the breeding of P. coccineus, overall, our data suggest
that future association mapping studies on European landraces of
P. coccineus must take into account the population structure for the

PLOS ONE | www.plosone.org
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chloroplast genome. Additionally, the latitudinal gradient for
flowering interval indicates that natural selection mapping will be
an interesting complement.

Supporting Information

Figure S1 UPGMA trees based on the Kullback-Leibler
distance, as obtained from the BAPS analysis. The most
probable numbers of populations are indicated for both cpSSRs
(A) and nuSSRs (B). The 21 populations detected by the cpSSR
data are assigned to 5 main clusters, while the 24 populations
detected by the nuSSR data are assigned to 6 main clusters.
(TIF)

Table S1 List and details of the 380 P. coccineus
accessions.

(XLS)

Table S2 Mean values of the phenotypic traits used for
association analyses. Data were obtained from an average of 3
years field trials per accession. Missing data are indicated by dots.

(XLS)

Table S3 Number of alleles and Nei’s gene diversity
(HE) per primer pair as detected overall and within
countries. Within brackets: number of private alleles.

(XLS)
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Table $4 Comparison of the genetic structure observed
within each continent. Contingency analyses were performed
to compare the chloroplast and nuclear groups for the different

Ks

(XLS)
Table S5 Results of multiple regression test. Latitude and

genetic structure (both chloroplastic and nuclear) were regressed
over flowering interval.

(XLS)

References

1.

22.

Santalla M, Monteagudo AB, Gonzalez AM, De Ron AM (2004) Agronomical
and quality traits of runner bean germplasm and implications for breeding.

Euphytica 135: 205-215.

. Duke JA (1981) Handbook of Legumes of World Economic Importance. New

York: Plenum Press.

. Rodino AP, Lema EM, Marlene PB, Santalla M, De Ron AM (2007) Assessment

of runner bean (Phaseolus coccineus L.) germplasm for tolerance to low temperature
during early seedling growth. Euphytica 155:63-70.

. Delgado Salinas A (1988) Variation, taxonomy, domestication and germplasm

potentialities in Phaseolus coccineus. In: Gepts P, editor. Genetic Resources of
Phaseolus Beans. 2nd ed. Boston, MA: Kluwer Academic Publishers. pp. 441—
463.

. Debouck DG, Smartt J (1995) Beans, Phaseolus spp. (Leguminosae-Papilionoi-

deae). In: Smartt J, Simmonds NW, editors. Evolution of Crop Plants. London,
UK: Longman Scientific and Technical. pp. 287-294.

. Escalante AM, Cocllo G, Eguiarte LE, Pinero D (1994) Genetic structure and

mating systems in wild and cultivated populations of Phaseolus coccineus and
Phaseolus vulgaris (Fabaceae). American Journal of Botany 81: 1096-1103.

. Angioi SA, Desiderio F, Rau D, Bitocchi E, Attene G, et al. (2009) Development

and use of chloroplast microsatellites in Phaseolus spp. and other legumes. Plant
Biology 11: 598-612.

. Westphal E (1974) Phaseolus. In: Pulses in Ethiopia, their taxonomy and

agricultural significance. Wageningen, The Netherlands: Centre for Agricultural
Publishing and Documentation, (PUDOC). 129-176 p.

. Zeven AC, Mohamed HH, Waninge J, Veurink H (1993) Phenotypic variation

within a Hungarian landrace of runner bean (Phaseolus coccineus L.). Euphytica 68:
155-166.

. Hammer K, Morimoto Y (2011) Classifications of infraspecific variation in crop

plants. In: Guarino L, Ramanatha Rao V, Goldberg E, editors. Collecting plant
genetic diversity: Technical guidelines. 2011 Update.Available at:  http://
cropgenebank.sgrp.cgiar.org/index.php?option=com_content&view=article&id=665.

. Papa R, Nanni L, Sicard D, Rau D, Attene G (2006) The evolution of genetic

diversity in Phaseolus vulgaris. In: Motley TJ, Zerega N, Cross H, editors. Darwin’s
Harvest. USA: Columbia University Press.

. Llaca V, Salinas AD, Gepts P (1994) Chloroplast DNA as an evolutionary

marker in the Phaseolus vulgaris complex. Theoretical and Applied Genetics 88:
646-652.

. Busogoro JP, Jijakli MH, Lepoivre P (1999) Identification of a novel source of

resistance to angular leaf spot disease of common bean within the secondary
gene pool. Plant Breeding 118: 417-423.

Singh SP, Munoz CG (1999) Resistance to common bacterial blight among
Phaseolus species and common bean improvement. Crop Science 39: 80-89.

. Negri V, Tosti N (2002) Phaseolus genetic diversity maintained on-farm in central

Italy. Genetic Resources and Crop Evolution 49: 511-520.

. Nowosielski J, Podyma W, Nowosielska D (2002) Molecular research on the

genetic diversity of Polish varieties and landraces of Phaseolus coccineus L. and
Phaseolus vulgaris L. using the RAPD and AFLP methods. Cellular & Molecular
Biology Letters 7: 753-762.

Sicard D, Nanni L, Porfiri O, Bulfon D, Papa R (2005) Genetic diversity of
Phaseolus vulgaris L. and P. coccineus L. landraces in central Italy. Plant Breeding
124: 464-472.

. Acampora A, Ciaffi M, De Pace C, Paolacci AR, Tanzarella OA (2007) Pattern

of variation for seed size traits and molecular markers in Italian germplasm of
Phaseolus coccineus L. Euphytica 157: 69-82.

. Boczkowska M, Bulinska-Radomska Z, Nowosielski J (2012) AFLP analysis of

genetic diversity in five accessions of Polish runner bean (Phaseolus coccineus 1..).
Genetic Resources and Crop Evolution 59: 473-478.

Spataro G, Tiranti B, Arcaleni P, Bellucci E, Attene G, et al. (2011) Genetic
diversity and structure of a worldwide collection of Phaseolus coccineus L.
Theoretical and Applied Genetics 122: 1281-1291.

. Alvarez MT, de Miera LES, de la Vega MP (1998) Genetic variation in common

and runner bean of the Northern Meseta in Spain. Genetic Resources and Crop
Evolution 45: 243-251.

Angioi SA, Rau D, Attene G, Nanni L, Bellucci E, et al. (2010) Beans in Europe:
origin and structure of the European landraces of Phaseolus vulgaris L. Theoretical

and Applied Genetics 121: 829-843.

PLOS ONE | www.plosone.org

European Phaseolus coccineus landraces

Acknowledgments

The authors would like to thank Karl Hammer (Gatersleben) for critical
reading of the manuscript and for valuable comments.

Author Contributions

Conceived and designed the experiments: RP GA. Performed the
experiments: DR SA E. Bellucci LN. Analyzed the data: MR DR SA E.
Bellucci E. Bitocchi. Contributed reagents/materials/analysis tools: HK
VN RP GA. Wrote the paper: MR DR SA RP GA.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

Angioi SA, Rau D, Nanni L, Bellucci E, Papa R, et al. (2011) The genetic make-
up of the European landraces of the common bean. Plant Genetic Resources:
Characterization and Utilization 9: 197-201.

SAS Institute Inc (2007) JMP. 7.0 ed. Cary, NC.

Nei M (1978) Estimation of average heterozygosity and genetic distance from a
small number of individuals. Genetics 89: 583-590.

Shannon CE, Weaver W (1949) The mathematical theory of communication.
Urbana: University of Illinois Press.

El Mousadik A, Petit RJ (1996) High level of genetic differentiation for allelic
richness among populations of the argan tree [Argania spinosa (L) Skeels] endemic
to Morocco. Theoretical and Applied Genetics 92: 832-839.

Goudet J, Perrin N, Waser P (2002) Tests for sex-biased dispersal using bi-
parentally inherited genetic markers. Molecular Ecology 11: 1103-1114.

Weir BS, Cockerham CC (1984) Estimating F-statistics for the analysis of
population structure. Evolution 38: 1358-1370.

Goudet J, Raymond M, de Meeiis T, Rousset F (1996) Testing differentiation in
diploid populations. Genetics 144: 1933-1940.

Vigouroux Y, Mitchell S, Matsuoka Y, Hamblin M, Kresovich S, et al. (2005)
An analysis of genetic diversity across the maize genome using microsatellites.
Genetics 169: 1617-1630.

Corander J, Waldmann P, Marttinen P, Sillanpaa MJ (2004) BAPS 2: enhanced
possibilities for the analysis of genetic population structure. Bioinformatics 20:
2363-2369.

Corander J, Marttinen P, Siren J, Tang J (2008) Enhanced Bayesian modelling
in BAPS software for learning genetic structures of populations. BMC
Bioinformatics 9:539.

. Latch EK, Dharmarajan G, Glaubitz JC, Rhodes OE Jr (2006) Relative

performance of Bayesian clustering software for inferring population substruc-
ture and individual assignment at low levels of population differentiation.
Conservation Genetics 7(2): 295-302.

. Mantel N (1967) The detection of disease clustering and a generalized regression

approach. Cancer Res 27: 209-220.

. Peakall R, Smouse PE (2006) GENALEX 6: genetic analysis in Excel.

Population genetic software for teaching and research. Molecular Ecology
Notes 6: 288-295.

Petit RJ, Duminil J, Fineschi S, Hampe A, Salvini D, et al. (2005) Comparative
organization of chloroplast, mitochondrial and nuclear diversity in plant
populations. Molecular Ecology 14: 689-701.

Rossi M, Bitocchi E, Bellucci E, Nanni L, Rau D, et al. (2009) Linkage
disequilibrium and population structure in wild and domesticated populations of
Phaseolus vulgaris L. Evolutionary Applications: 504-522.

Bitocchi E, Bellucci E, Giardini A, Rau D, Rodriguez M, et al. (2012) Molecular
analysis of the parallel domestication of the common bean in Mesoamerica and
the Andes. New Phytologist: In press.

Bitocchi E, Nanni L, Bellucci E, Rossi M, Giardini A, et al. (2012)
Mesoamerican origin of the common bean (Phaseolus vulgaris L.) is revealed by
sequence data. Proceedings of the National Academy of Sciences of the United
States of America 109: E788-E796.

Mansfeld R, (1951) Das morphologische System des Saatweizens, Triticum
aestioum L. s.1. Ziichter 21, 41-60.

Campion B, Servetti E (1991) Breeding in the runner bean (Phaseolus coccineus 1.)
for the development of dwarf lines. Journal of Genetics and Breeding 45: 173~
180.

Stinchcombe JR, Caicedo AL, Hopkins R, Mays C, Boyd EW, et al. (2005)
Vernalization sensitivity in Arabidopsis thaliana (Brassicaceae): The effects of
latitude and FLC variation. American Journal of Botany 92: 1701-1707.
Hadado TT, Rau D, Bitocchi E, Papa R (2010) Adaptation and diversity along
an altitudinal gradient in Ethiopian barley (Hordeum vulgare 1..) landraces revealed
by molecular analysis. BMC: Plant Biology 10:121.

Olsson K, Agren J (2002) Latitudinal population differentiation in phenology,
life history and flower morphology in the perennial herb Lythrum salicaria. Journal
of Evolutionary Biology 15: 983-996.

Wallace DH (1985) Physiological aspects of plant maturity, adaptation and yield.
Plant Breeding Reviews 3: 21-67.

White JW, Laing DR (1989) Photoperiod response of flowering in diverse
genotypes of common bean (Phaseolus vulgaris). Field Crops Research 22: 113~
128.

February 2013 | Volume 8 | Issue 2 | 57337



