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Abstract Studies of the level and the structure of

the genetic diversity of local varieties of Phaseolus

vulgaris are of fundamental importance, both for the

management of genetic resources and to improve our

understanding of the pathways of dissemination and

the evolution of this species in Europe. We have here

characterized 73 local bean populations from Sardi-

nia (Italy) using seed traits and molecular markers

(phaseolins, nuSSRs and cpSSRs). American land-

races and commercial varieties were also included for

comparison. We see that: (a) the Sardinian material is

distinct from the commercial varieties considered; (b)

the variation in the seed traits is high and it mostly

occurs among populations (95%); (c) compared to the

American sample and the commercial varieties, the

Sardinian collection has a low level of diversity; (d)

the majority ([95%) of the Sardinian individuals

belong to the Andean gene pool; (e) the Sardinian

material shows a strong genetic structure, both for

cpSSRs and nuSSRs; (f) the nuSSRs and cpSSRs

concur in differentiating between gene pools, but a

lack of congruence between nuclear and chloroplast

has been observed within gene pools; and (g) there

are three putative hybrids between the Andean and

Mesoamerican gene pools. Despite the relatively low

level of diversity, which is probably due to a strong

founder effect, the Sardinian landraces are worth

being conserved and studied further because of their

distinctiveness and because hybridization within and

between the gene pools could generate variation that

will be useful for breeding.
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Introduction

Little is known about the pathways of dissemination

and the evolution of Phaseolus vulgaris L. in Europe.

This species was introduced after the voyages of

Columbus passing from Spain and Portugal into the

whole of the European Continent (Simmonds 1976)

from both centres of domestication (Andes and

Mesoamerica) (Gepts and Bliss 1988; Zeven 1997).

It has been suggested that crop expansion from

America into Europe resulted in a reduction in the

diversity of the European common bean because of

strong founding effects and adaptation to new

environments, and because of consumer preferences

(Gepts 1999). Some more recent studies have

suggested that this reduction might not have been

as strong as previously suspected (Santalla et al.

2002; Papa et al. 2006).

Electrophoretic analysis of the phaseolins (the

major seed storage proteins of the common bean) is

a useful and extensively used tool for establishing the

genetic relationships between the two gene pools of

the common bean (Gepts et al. 1986; Singh et al.

1991). Recently, the phaseolins have been useful for

the study of the genetic diversity at different levels:

from the continental (Gepts and Bliss 1988; Lioi 1989;

Rodiño et al. 2001, 2003; Ocampo et al. 2002;

Logozzo et al. 2007) to the regional level (e.g., Galicia

in Spain, Escribano et al. 1998; Abruzzo and Lazio in

central Italy, Piergiovanni et al. 2000a, b, 2006; and

Basilicata in southern Italy, Limongelli et al. 1996).

Based on the phaseolins and on morphological

traits, common beans from both of the American gene

pools have often been identified in Europe within the

same geographical areas or landraces (e.g., Lioi 1989;

Gepts and Bliss 1988; Santalla et al. 2002; Logozzo

et al. 2007). Moreover, recent studies have suggested

that hybridization between the Andean and Meso-

american genotypes could have taken place in Europe

(Santalla et al. 2002; Sicard et al. 2005; Ocampo et al.

2005; Papa et al. 2006; Angioi et al. in preparation).

However, with only a few exceptions (Negri and

Tosti 2002; Escribano et al. 1998; Sicard et al. 2005;

Lioi et al. 2005; Tiranti and Negri 2007; Sánchez et al.

2007), the European common bean has been analysed

only using phaseolin markers. However, different

markers that cover different regions of the plant

genome and that differ in their modes of inheritance

are needed (biparental nuclear microsatellites

[nuSSRs] versus uniparental chloroplast microsatel-

lites [cpSSRs]; Provan et al. 2001). Due to their high

mutation rates, nuSSR markers are ideal for the

characterization of genetic diversity in crop species

at the inter-specific, inter-subspecific, inter-varietal

and even intra-varietal levels (Lee 1995; Mitchell

et al. 1997; Matus and Hayes 2002). SSR markers

have been developed for the common bean (Yu et al.

2000; Gaitán-Solı́s et al. 2002; Blair et al. 2003; Yaish

and Pérez de la Vega 2003; Hanai et al. 2007) and they

have been used to construct a PCR-based genetic map

(Yu et al. 2000; Blair et al. 2003) to evaluate intra-

specific specific diversity within the genus (Gaitán-

Solı́s et al. 2002) and to fingerprint genetic diversity in

commercial varieties of the common bean from

Europe (Métais et al. 2002; Masi et al. 2003) and

from Nicaragua (Gomez et al. 2004). However, they

have not been extensively tested in other regional

collections or used for association mapping. Recently

Blair et al. (2006), used 129 SSR markers on a set of 44

genotypes of P. vulgaris and showed that it is possible

to distinguish between the two gene pools and among

races in the Andean gene pool.

Due to their relatively high levels of polymorphism

and because they are generally maternally inherited in

angiosperms, chloroplast microsatellites (cpSSRs)

represent another useful tool in the study of genetic

variation and evolution of plants (Olmstead and Palmer

1994). The flanking regions of the cpSSRs loci are

conserved among different related species (Olmstead

and Palmer 1994). Studies that have used flanking PCR

primers have shown that cpSSRs are polymorphic

among different species and accessions of Glycine

(Powell et al. 1996; Xu et al. 2002), Hordeum (Provan

et al. 1999), Oryza (Provan et al. 1996; Ishii and

McCouch 2000), Pinus (Cuenca et al. 2003), Solanum

(Bryan et al. 1999; Sukhotu et al. 2006), Vitis (Arroyo-

Garcı́a et al. 2002), Anthyllis (Nanni et al. 2004) and

Phaseolus spp. (Sicard et al. 2005). In addition, Angioi

et al. (in preparation) recently tested 39 primer pairs

(available in the literature or developed de novo in their

study) and selected a set of markers highly informative

for the study of the diversity and the evolution of the

Phaseolus species, and in particular of P. vulgaris and

P. coccineus.

In the present study, we have characterized a

P. vulgaris L. collection from Sardinia (Italy) using

molecular and morphological traits. The genetic

diversity was assessed with three main aims: to
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clarify the origin of the Sardinian bean germplasm; to

compare the local accessions with commercial vari-

eties introduced in the last decades in Sardinia and

with plant materials from the Americas; and to

estimate the level and the pattern of genetic diversity

of P. vulgaris on an island (Sardinia) of the European

continent. This information will be important to

elucidate the colonization process of P. vulgaris in

Europe. Moreover, the present study is useful for the

definition of an appropriate management of the local

genetic resources, particularly for breeding purposes.

Materials and methods

Plant materials

The accessions of common bean (Phaseolus vulgaris

L.) analysed in this study were collected in Sardinia

in 2003 and are currently conserved at the ‘‘Centro

per la Conservazione e la Valorizzazione della

Biodiversità Vegetale’’ of the University of Sassari,

Sardinia. Each seed lot was obtained from a single

farmer (and from a single field) and was considered

as a single local population when (according to the

information given by the farmer) it had been culti-

vated locally in the same farm no less than 30 years

(Louette 2000).

The molecular analysis included: 73 Sardinian

individuals (one per population) of P. vulgaris (Table

S1); 21 American individuals of the cultivated bean

(Table S2), of which eight were from Central America

(including BAT93) and 13 from South America

(including Jalo EPP558); and 15 commercial varieties

chosen from among those most widespread in Sardinia

over the past decades. All of the American accessions

were kindly provided by Centro Internacional de

Agricoltura Tropical (CIAT), United States Depart-

ment of Agriculture (USDA) and University of Davis,

California (UCDavis). Nine of the commercial vari-

eties were kindly provided by the Istituto Sperimentale

per le Colture Industriali (ISCI) of the Ministero delle

Politiche Agrarie e Forestali (MIPAF); the remaining

six were obtained from local Sardinian markets (Table

S3). One wild genotype from Argentina (Andean

origin) (Table S2) and two genotypes of runner bean

(Phaseolus coccineus L.), one from Sardinia (Table

S1) and one from Peru (Table S2), were also added as

controls. The Sardinian accessions were mainly from

the central-eastern area of the region; a few were from

the North of Sardinia, while there were no accessions

from the South.

Morpho-phenotypic analysis

Morpho-phenotypic analyses of the seeds were carried

out for the 73 Sardinian populations of P. vulgaris (on

average 18 seeds per population, for a total of 1,306

seeds) (Table S4) and for 10 of the 15 commercial

varieties (Table S5), as the seeds of five varieties were

sufficient for DNA extraction only. The following

characters were recorded, according to the Interna-

tional Plant Genetic Resources Institute descriptors

list (IPGRI 1982) for P. vulgaris: seed coat (pattern,

darker colour and lighter colour) and seed shape.

However, according to IPGRI descriptors, two

seeds can have the same colour but different patterns

and be classified as identical. Similarly, the colour of

the stripes of one seed might be equal to the

background colour of the second seed, and vice

versa. To avoid these ambiguities in this study, we

introduced a new character that we have called

‘prevalent’, for which three states are possible: (1)

Lighter colour as background and darker colour as

stripes. (2) Darker colour as background and lighter

colour as stripes. (3) Darker colour and lighter colour

equally distributed.

The morpho-phenotypic characteristics of the

seeds of the American genotypes were not recorded

because the amounts of seed were sufficient for DNA

extraction only.

Phaseolin analysis

Ten seeds were individually analysed for each

accession. The seed coats were manually removed

before grinding. Phaseolin was extracted by resus-

pending flour in 0.5 M NaCl (Limongelli et al. 1996).

One-dimensional SDS-PAGE of the extracts was

performed according to Ma and Bliss (1978), using

17% (w/v) polyacrylamide slab gels.

Molecular analyses (nuSSRs and cpSSRs)

Young leaves were harvested for DNA extraction,

which was carried out on a single plant basis using

the DNeasy 96 Plant Kit and an MM300 Mixer Mill

(Qiagen GmbH, Hilden, Germany). PCR was carried
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out in a 25 ll volume, containing 25 ng template

DNA, 10 pmol of each primer, 20 lM dNTPs, PCR

buffer 19 (200 mM Tris–HCl, pH 8.4, 500 mM

KCl), 50 mM MgCl2 and 1U Taq polymerase (Invit-

rogen). The amplifications were carried out with a

Perkin–Elmer 9700 thermocycler (Applied Biosys-

tems) using different conditions, depending on the

primer pair (Table 1). The DNA fragments were

separated in 6% 8 M denaturing acrylamide:bis-

acrylamide (19:1) gels run at 70 W for 3 h in a

vertical cell (Biorad Laboratories, Milan, Italy), and

the fragments were visualized using the silver

staining method (Bassam et al. 1991). Controls were

added to each PCR reaction and gel to verify the

repeatability and accuracy of the method, and to

allow comparisons within and across gels.

We analysed the whole sample with 10 nuclear

microsatellite (nuSSR) primer pairs (Table 1). Five

of these were developed from expressed sequence

tags and were located on the consensus genetic map

of P. vulgaris constructed using a RIL population

obtained from the cross between the Mesoamerican

cultivar BAT93 and the Andean cultivar Jalo EPP558

(Xu et al. 2002). The other five were developed by

Gaitán-Solı́s et al. (2002) from genomic sequences of

P. vulgaris. The molecular analyses were completed

by using 11 universal chloroplast microsatellite

(cpSSR) primer pairs (Weising and Gardner 1999;

Chung and Staub 2003) and three primer pairs (cp1,

cp2, cp3) designed by Angioi et al. (in preparation)

specifically for P. vulgaris (Table 1) and tested in a

set of Leguminosae (comprising P. vulgaris and

P. coccineus).

Statistical analyses

The genetic diversity (for the nuclear and chloroplast

markers, separately) within each of the analysed

groups of individuals (Sardinian, American and

commercial varieties) was studied by calculating the

number of observed alleles (na), the number of

haplotypes, the average gene diversity (HE; Nei

1978) as:

�HE ¼
n

n� 1

� �
1�

Xr

j¼1

Xk

i¼1

p2
ij

.
r

 !

where pij is the frequency of the ith variants at the jth

locus and r is the number of loci, and genotypic

diversity (Inor, Shannon and Weaver 1949; Hutcheson

1970; Kumar et al. 1999) as:

I ¼ �
Xn

i¼1

piln pið Þ

where pi is the frequency of the ith genotype and n is

the number of individuals in the sample, normalized

as Inor ¼ I=ln nð Þwhere n is the number of individuals

in the sample.

The statistics of diversity were calculated using all

of the loci (monomorphic and polymorphic).

To compare number of alleles for the groups of

individuals of different sample size, we calculated the

Table 1 NuSSR and cpSSR primer pairs, annealing temperatures (Ta), PCR programs, and references

SSR Primer name Ta (�C) PCR programa References

nuSSR BM138, BM184, BM199, BM210, BM211 PH3B4,

PH10B11, PH5B5, PH7B3, PH9B2

50 1 Gaitán-Solı́s et al. (2002), Yu et al. (2000)

cpSSR Ccmp2b, ccSSR2b, ccSSR9, ccSSR16, ccSSR7,

ccSSR18, ccSSR12, ccSSR19, ccSSR20

Weising and Gardner (1999),

Chung and Staub (2003)

cpSSR Ccmp3 45 2 Weising and Gardner (1999)

ccSSR ccSSR11 43 3 Chung and Staub (2003)

cpSSR Cp1 50 4 Angioi et al. (in preparation)

cpSSR Cp2, Cp3 48 5 Angioi et al. (in preparation)

a PCR programs used: (1) 5 min at 94�C; 35 cycles of: 1 min at 94�C, 1 min at 50�C, 1 min at 72�C; 7 min at 72�C; 4�C ?.

Ramping: 75%; (2) 5 min at 94�C; 20 cycles of: 1 min at 94�C, 1 min at 45�C, 1 min at 72�C; 7 min at 72�C; 4�C ?. Touch down

53–45�C with -1�C every 2 cycles; (3) 5 min at 94�C; 35 cycles of: 1 min at 94�C, 1 min at 43�C, 1 min at 72�C; 7 min at 72�C;

4�C ?. Ramping: 75%; (4) 5 min at 94�C; 30 cycles of: 30 s at 94�C, 30 s at 50�C, 30 s at 72�C; 35 min at 72�C; 4�C ?; (5) 5 min

at 94�C; 30 cycles of: 30 s at 94�C, 30 s at 48�C, 30 s at 72�C; 35 min at 72�C; 4�C ?
b These two primer pairs were designed on the same locus around the same microsatellite
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RS statistic (allelic richness) (El Mousadik and Petit

1996) as:

RS ¼
XR

i¼1

1�
2N�Ni

2n

� �
2N
2n

� �
" #

where Ni is the number of alleles of i type among the

2N genes, with the FSTAT software version 2.9.3.2

(Goudet 2002).

To identify the genetic groups within the Sardinian

collection and and to investigate their relationships

with the Mesoamerican, Andean and commercial

varieties samples the software STRUCTURE version

2.0 (Pritchard and Wen 2003) was used. The estimate

of the most likely number of genetic groups (Ks) was

performed following the procedure of Evanno et al.

(2005) that proposed an ad hoc statistic, DK. The range

of possible Ks tested was from 1 to 7, i.e. from 1 to 4

(the number of groups considered a priori), plus 3. We

chose the admixture model and the option of correlated

allele frequencies between populations that are con-

sidered the best in cases of subtle population structures

(Evanno et al. 2005; Falush et al. 2003). Alpha was

inferred from the data and lambda was set to 1

(Pritchard and Wen 2003; Evanno et al. 2005). For

each K, 20 runs (100,000 burn-in, 100,000 Marchov

Chain Monte Carlo) were carried out. Afterwards, a

comparison was performed between the K groups and

the groups previously defined according to other

criteria (e.g., geographic, morphological, genetic).

The pairwise genetic distances between individuals

based on nuSSR and cpSSR data were estimated

separately using the Nei and Li (1979) genetic

distances matrix. A dendrogram was then obtained

through the UPGMA method. The levels of support for

the nodes were evaluated by bootstrap analysis (1,000

replicates) carried out using the TreeCon software ver

1.13 (Van de Peer and De Watcher 1994). For these

analyses, each allele (30 for cpSSR and 44 for nuSSR,

see ‘‘Result’’) was considered as a single locus with

two possible states: 0 (band absent) or 1 (band present).

All of the polymorphic recorded traits (morpho-

phenotypic, nuSSRs and cpSSRs) were simulta-

neously used to determine the distances between the

Sardinian local accessions and the commercial vari-

eties. CpSSR and nuSSR were used as previously

described. Each morphological character state was

treated as a single locus, for which two states are

possible: 0 (trait absent) or 1 (trait present). The

distances were calculated based on the simple

matching method using the TreeCon software ver

1.13 (Van de Peer and De Watcher 1994).

The genetic divergence among populations

(according to the morpho-phenotypic seed traits)

was calculated using the FST statistic (Wrigth 1951),

after the grouping of the individuals by origin, name

of the accession, name of the farmer, and seed type.

The groups (14 locations, 9 groups of names, 14

groups of farmers and 13 morphotype groups) with

C2 individuals were considered as populations. All of

the FST statistics were estimated according to Weir

and Cockerham (1984)and implemented in the

TFPGA software (Miller and Kapuscinsky 1997).

The FST significance ([0) was calculated by adopting

the bootstrap resampling technique (1,000 replicates)

implemented in the TFPGA software.

Results

Seed traits

Combining all of the variants for all of the traits

detected, 29 different morphotypes were seen for the

1,306 seeds analysed (Fig. 1; Table S4). The fre-

quency of each of the morphotypes ranged from 23 to

0.1%. Six out of the 29 morphotypes (21%) showed a

frequency C5%, and represented 59% of the collected

seeds (‘white oval’ 23%, ‘maroon black striped

reniform’ 10%, ‘maroon cuboid’ 8%, ‘maroon black

striped cuboid’ 8%, ‘pale cream to puff cuboid’ 5%,

and ‘brown, pale to dark reniform’ 5%; Fig. 2).

According to the seed trait analysis, 62 out of 73

(85%) populations of P. vulgaris were homogeneous,

and 11 (15%) were heterogeneous, e.g., contained

more than one morphotype (Table S1). These heter-

ogeneous populations contained from two to four

seed morphotypes (mean = 2.7); in all of these the

predominant morphotype showed a frequency[50%,

except for the two populations of ‘77-Iscrittu-Gavoi’

(50%) and ‘11-Murra-Tonara’ (35%).

The ten commercial varieties were divided into six

different morphotypes (Table S5). Four of these

‘commercial’ morphotypes comprised 8.4% of the

Sardinian collected seeds. Five out of the 73 popu-

lations analysed (7%) were mostly constituted by

seeds that were indistinguishable from at least one of

the commercial varieties used as controls. In

Mol Breeding (2009) 23:413–429 417
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particular, 95% of the seeds of the ‘45-Santa Teresa-

Talana’ and ‘3-Faigedda Murra-Tonara’ populations,

and 30% of the ‘11-Murra-Tonara’ population were

indistinguishable from the commercial varieties

‘Borlotto Dracula’, ‘Borlotto lingua di fuoco’ and

‘Stragonta’, respectively. All of the ‘87-Asolu nied-

du-Pattada’ seeds and 15% of the ‘7-Murra-Tonara’

seeds were indistinguishable from the ‘Meraviglia di

Venezia’ and ‘Marconi’ varieties. Finally, all of the

‘10-Pisu balla-Tonara’ seeds were indistinguishable

from ‘Milagrow’ and ‘Blue Lake S.B.’, and all of the

‘63-Sordadina/Pintone-Ollolai’ seeds were indistin-

guishable from the ‘Lingua di fuoco 2’.

The differentiation level among the Sardinian

populations according to the seed traits analysis was

very high (FST = 0.952).

Because of these results, we analysed a single

individual for each population (the unique morpho-

type for the homogenous populations, or the most

frequent morphotype for the heterogeneous ones).
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Fig. 1 Frequency distribution of the seed morphotypes within the Sardinian bean collection

Fig. 2 The six out of the 29 most frequent morphotypes

00712 = white oval; 21314 = maroon black striped reniform;

00313 = maroon cuboid; 21313 = maroon black striped

cuboid; 00613 = pale cream to puff cuboid; 00214 = brown,
pale to dark reniform
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Phaseolin

The phaseolin pattern was analysed in all of the three

groups of materials (Sardinian, American and com-

mercial varieties). There were three kinds of

phaseolin seen: types S (typical of the Mesoamerican

gene pool), and C and T (typical of the Andean gene

pool), with phaseolins C and T always prevalent. In

particular, phaseolins C and T represented 99% of the

Sardinian sample (only the genotype ‘10-Pisu balla-

Tonara’ had phaseolin S), 55% of the American

sample, and in 80% of the commercial varieties

sample (Tables S1, S2, S3).

Genetic diversity for nuSSRs and cpSSRs

NuSSR genetic diversity: nine out of 10 nuSSR loci

were polymorphic in P. vulgaris; the BM199 locus,

which was monomorphic in P. vulgaris (Table 2a),

was nonetheless able to discriminate between

P. vulgaris and P. coccineus (data not shown). The

BM210 and PH7B3 loci were the most polymorphic

ones (with seven alleles each) while the PH9B2 and

PH5B5 loci were the least polymorphic (with three

alleles each) (Table 2a). Overall, 44 alleles were

identified (mean = 4.4 per locus) (Table 2a). An

equal number of alleles (22) were observed for the

genomic and genic SSRs. The genomic loci were on

average more polymorphic (?14%) than the genic

loci (5.3 versus 4.6 alleles per locus) when only

polymorphic loci were considered.

The Sardinian germplasm and the South American

group showed three private alleles each (i.e., three

alleles are exclusive of the Sardinian germplasm, and

three alleles of the South American group), while the

Central American group showed six private alleles;

two private alleles were found in the commercial

varieties (Table 2a). Overall here, 28 alleles were

identified in the Sardinian materials, 36 in the

American (29 for South America and 23 for Central

America), and 29 in the commercial varieties group

(Table 2a). Thus, the Sardinian collection showed a

lower number of alleles (na) as compared to the

American and the commercial varieties groups. This

was more evident when the allelic richness (RS) was

considered (Table 3). The Sardinian allelic richness

was 65% of the richness observed in the American

and 75% of that observed for the commercial

varieties.

No heterozygotes were found in any of the

analysed groups (Ho = 0). The HE of the Sardinian

collection was 57% of that for the American sample,

and 68 and 73% of the South and Central American

groups, respectively. Eighty-two haplotypes out of

109 genotypes (75%) were detected, 49 in the

Sardinian, 20 in the American (13 in South and eight

in Central American) and 14 in the commercial

varieties (Table 3).

The private haplotypes were distributed across the

groups as follows: 48 for the Sardinian (98% of the

Sardinian haplotypes), 12 for the South American

(92%), seven for the Central American (88%) and 13

for the commercial varieties (93%) (Table 3).

Differences were less evident when considering

the multilocus diversity (Inor). The Sardinian geno-

typic diversity was 89% of the American sample and

90% of the commercial varieties group.

CpSSR genetic diversity: of the 14 primer pairs

analysed in P. vulgaris, 10 were polymorphic and four

(ccSSR7, ccSSR12, ccSSR18 and ccmp3) were mono-

morphic (Table 2b). Overall, 30 alleles were detected

(mean = 2.14 per locus). Six loci were highly poly-

morphic (ccmp2, ccSSR2, ccSSR11, ccSSR9,

ccSSR19, ccSSR20), showing three alleles each, while

four loci (ccSSR16, cp1, cp2, cp3) showed only two

alleles (Table 2b). The Sardinian materials showed

two private alleles, with one detected in the commer-

cial varieties. The American materials did not show

any private alleles. The number of alleles observed in

the Sardinian collection (27) was similar to that in the

American sample (26), but higher than that for the

commercial varieties (17) (Table 2b). The Sardinian

group showed an allelic richness (RS) that was 85% of

that of the American sample (75 and 101% for South

and Central America, respectively), and 132% of the

commercial variety group (Table 3).

The gene diversity (HE, Table 3) of the Sardinian

collection was 41% of that for the American sample,

which was 47 and 76% for the South and Central

American groups, respectively and 133% of the

commercial varieties.

Thirty-five haplotypes were detected out of 109

individuals (32%): 18 in the Sardinian, 20 in the

American (13 for South and 7 for Central American)

and 6 in the commercial varieties (Table 3). The

Sardinian collection showed 11 private haplotypes

(61% of the total Sardinian haplotypes). The most

frequent Sardinian haplotype accounted for 25% of
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the individuals, with the three most common haplo-

types accounting for 69% of the individuals.

The genotypic diversity (Inor) of the Sardinian

collection was lower than that observed in the other

two groups, representing 52% of the American group

and 85% of the commercial varieties group (Table 3).

In comparing the two molecular markers for all of

the statistics of richness and evenness that were

detected, it is of note that the nuSSRs were always

more informative than the cpSSRs (see Table 3).

Finally here, when we considered the groups obtained

by the genotype-to-population assignment (Sardinia

2, Central America 2 and South America 2) per-

formed through the STRUCTURE software, for both

of the molecular analyses (nuSSRs and cpSSRs) the

pattern of diversity was substantially unchanged (see

Table 3).

Number and structure of the genetic groups

The preliminary analysis to establish the more likely

number of genetic groups (K) within the collection

was performed according to the nuSSRs, and showed

a clear peak for K = 5. To better understand the

distribution of all of the individuals across the five

groups detected by STRUCTURE (Table 4), we can

first consider the American individuals:

1. All of the genotypes collected in Mesoamerica

were assigned to group I; this group also includes

BAT93, a Mesoamerican control.

2. Six out of the 13 genotypes (46%) collected in

South America were assigned to group III. This

group also includes Jalo EPP558, an Andean

control. Four out of the 13 genotypes (31%)

collected in South America were assigned to

group IV, two to group I and one to group II.

Thus, group I was considered to be representative

of the Mesoamerican gene pool (all of the individuals

have phaseolin S), and groups II, III and IV to be

representative of the Andean gene pool (all of the

individuals have phaseolin T or C) (Table 4). There-

fore, the two genotypes collected in South America

(PI313879 and PI300668) that were assigned to

Group I can be considered as two migrants from

Central to South America. This hypothesis is

Table 3 NuSSR and cpSSR genetic diversity

Groups Sample size nuSSR cpSSR

na RS HE No. of

haplotypes

Inor na RS HE No. of

haplotypes

Inor

Sardinia 73 28 22.3 (20.3) 0.277 49 (48) 0.866 27 18.5 (16.1) 0.120 18 (11) 0.510

Sardinia 2 72 (71) 26 [19.8] 0.271 48 (47) 0.856 25 [15.4] 0.102 17 (11) 0.497

America 21 36 34.4 0.486 20 (20) 0.978 26 21.8 0.290 20 (15) 0.978

South America 13 29 (27.2) 0.405 13 (12) 1.000 26 (21.4) 0.257 13 (8) 1.000

South America 2 11 25 [23.7] 0.331 11 (11) 1.000 23 [18.9] 0.265 11 (7) 1.000

Central America 8 23 (22.0) 0.380 8 (7) 1.000 20 (16.0) 0.157 7 (7) 0.917

Central America 2 10 24 [22.7] 0.377 9 (9) 0.940 21 [17.0] 0.128 9 (9) 0.940

Varieties 15 29 28.0 (26.9) 0.428 14 (13) 0.966 18 14.0 (13.4) 0.090 6 (2) 0.597

Total 109 44 30.6 0.392 82 0.909 30 22.3 0.179 35 0.583

The accessions were analyzed according to their geographical origins and (indicated by 2) according to their more likely gene pools

of origin (Mesoamerican or Andean), as inferred by the molecular analyses (nuSSRs performed by STRUCTURE software, and

cpSSRs) and seed trait analysis

na number of alleles; RS allelic richness; HE genetic diversity; Number of haplotypes, private haplotypes between parentheses; Inor

normalized Shannon–Weaver index. RS (allelic richness) calculated over different groups: Sardinian, America, varieties and total

sample, over Sardinia, Central America, South America and varieties (within parentheses) and over Sardinia 2, South America 2,

Central America 2 (within square brackets)

The sample ‘Sardinia 2’ for the nuSSRs indicates the diversity of the Andean gene pool in Sardinia because it does not include one

genotype (‘10-Pisu balla-Tonara’) that according to the molecular analysis is more likely to be attributable to the Mesoamerican gene

pool. The sample ‘Sardinia 2’ for cpSSRs is composed of 71 individuals because two Sardinian genotypes are attributable to the

Mesoamerican gene pool on the basis of the cpSSR analysis (‘30-Granino-Tempio’ and ‘40-Pisu-Ulassai’)
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supported by the cpSSR analysis (Fig. 3a), by the

phaseolin analysis (Table S2; Fig. 3c) and by the

100-seed weight measurements (Table S2).

Seeds belonging to the Mesoamerican gene pool

have a 100-seed weight lower than those belonging to

the Andean gene pool (Gepts 1988). The seed

weights were measured for 11 out of 13 South

American individuals and for seven out of eight

individuals from Central America. The 11 South

American accessions showed a mean 100-seed

weight of 48 g, while the seven Central American

accessions showed a mean 100-seed weight of 31 g

(Table S2). When the two putative migrant genotypes

from South America to Mesoamerica (PI313879 and

PI300668) were assigned to the Mesoamerican gene

pool (Table 3), the difference in seed weight between

the two gene pools (Andean, 55 g versus Mesoamer-

ican, 28 g) increased (?97%) and became highly

significant (t test: P = 0.0018).

Group V was comprised of only Sardinian

individuals (Table 4) and can be considered as an

Andean group. Indeed, all of the genotypes attrib-

uted to Group V showed phaseolin T or C, which

was typical of the Andean group (Fig. 3b, c; Table

S1). Moreover, according to the nuSSR genetic

distances (Fig. S1), the genotypes assigned to this

group were more related to the genotypes belonging

to groups IV, III and II (the Andean gene pool), and

they showed the highest genetic distance from the

individuals belonging to group I (the Mesoamerican

gene pool). At a genetic distance of 0.35 (Nei and

Li 1979), the cpSSR cluster analysis (Fig. 3a)

distinguished two groups: the first comprised all of

the South American genotypes (Phaseolin T or C),

and the second, all of the Mesoamerican ones

(phaseolin S).

Thus, divergence between the two gene pools is in

general detected by both the nuclear and the chloro-

plast analyses, despite incongruence between the two

marker systems within the Sardinian Andean group

also being detectable. Indeed, individuals that shared

the same cpSSR haplotype were often attributed to

different nuSSR groups (Fig. 3a, b).

However, it is interesting to note that two commer-

cial varieties (‘Blu Lake S. B.’ and ‘Super Marconi’,

with 100-seed weights of 27.6 and 50.4 g, respec-

tively) and ‘10-Pisu balla-Tonara’ (56.4 g) were

assigned to the Mesoamerican gene pool by the nuSSR

analysis (Fig. 3b), while according to the cpSSR

analysis, they were assigned to the Andean gene pool

(Fig. 3a). These three individuals might therefore

be regarded as putative Andean 9 Mesoamerican

hybrids. Conversely, two Sardinian individuals

(‘30-Granino-Tempio’ and ‘40-Pisu-Ulassai’, at 57.8

and 46.7 g, respectively) were attributed to the Andean

gene pool for the nuSSR analysis and phaseolin, and to

the Mesoamerican gene pool for the cpSSR analysis

(Fig. 3a). These two individuals can be regarded as

putative Mesoamerican 9 Andean hybrids.

On the basis of the nuSSR analysis, 1.4% of the

Sardinian individuals (‘10-Pisu balla-Tonara’) were

assigned to the Mesoamerican gene pool. On the

basis of the cpSSR analysis, 2.7% of the Sardinian

Table 4 Distribution of the individuals of the Sardinian, Central American, South American and commercial varieties across the five

genetic groups identified by the STRUCTURE software

Original groups Genetic groups based on the nuSSR polymorphism

Group I Group II Group III Group IV Group V Total

Sardinia 1 (S) 17 (11C-6T) 7 (4C-3T) 18 (15C-3T) 30 (21C-9T) 73

Central America 8 (S) 0 0 0 0 8

South America 2 (S) 1 (T) 6 (3C-2T) 4 (4C) 0 13

Commercial varieties 2 (S) 1 (T) 7 (5T) 5 (3T) 0 15

Total 13 19 20 27 30 109

In parentheses, type of phaseolin detected

Fig. 3 Comparisons between cpSSRs, nuSSRs and phaseolins.

a In the dendrogram: bold italics genotypes from South

America; bold genotypes from Central America; underlined
commercial varieties. The arrow indicates the wild genotype

from South America; the circle, cross, square, rhombus and

triangle indicate the most frequent ([5%) haplotypes. b In the

histogram: Group 1 white pointed; Group 2 white; Group 3

white dashed; Group 4 gray; Group 5 black. c C and T

phaseolin types are from the Andes, S type is from

Mesoamerica

c
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individuals (‘30-Granino-Tempio’ and ‘40-Pisu-U-

lassai’) were assigned to the Mesoamerican gene

pool. Thus, according to one or the other of the

molecular analysis systems, a maximum of 4.1% of

the individuals can be attributed to the Mesoamerican

gene pool.

Probability
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Genetic differentiation among location, local

name, farmer and morphotype

For both the nuSSR and cpSSR analyses, the genetic

divergence among the groups inferred on the basis of

different locations, local names, farmers and mor-

photypes was low (FST = 0.03–0.16), and in only a

few cases significant (CI 95% [ 0) (Table 5). Thus,

the grouping of the Sardinian material according to

these sources of variation was not particularly

relevant towards explaining the genetic variability

among the accessions.

The groups obtained by the sources of variation of

‘location’ and ‘farmer’ showed FST values for the

cpSSRs (both significant) that were higher than those

for the nuSSRs (both not significant) (Table 5). Thus, no

strong geographical structure was evident, as also

shown in Fig. 4. Nonetheless, both the nuSSR (FST =

0.12) and cpSSR (FST = 0.16) for ‘local name’

explained a higher proportion of molecular variance

among the accessions; a lower proportion was explained

by ‘morphotype’ (FST = 0.06 and 0.03, respectively).

Considering the 22 groups composed of nuclear

and chloroplast information (as indicated in Fig. 4)

we obtained from two to nine morphotypes for each

group and a FST = 0.37. When we considered only

the four groups with n C 5, the FST decreased (0.17).

When the genetic diversity of the Sardinian mate-

rials was investigated by using all of the 24 polimorphic

traits (five phenotypic, 9 nuSSR and 10 cpSSR)

simultaneously, only four cases of identity were

observed (‘74-Trighine-Gavoi’ = ‘77-Iscrittu-Gavoi’;

‘5-Pisu balla-Tonara’ = ‘6-Pisu balla-Tonara’; ‘13-

Pisu balla-Tonara’ = ‘14-Asolu biancu-Pattada’; ‘14-

Borlotto Dracula’ = ‘18-Stragonta’). The Sardinian

individuals were always distinguishable from the

varieties (Fig. S2).

The originality of these materials was also con-

firmed when we assumed that two individuals must

differ for two or more of the 24 traits to be considered

different.

Discussion

The collection and characterization of local germ-

plasm are of primary importance for the prevention of

their loss and to allow the exploitation of materials

that are potentially useful for future purposes. Fur-

thermore, the characterization of collections of local

germplasm can also help in the clarification of some

aspects concerning the diffusion and evolution of

crop plants; several observations at a ‘‘micro’’ scale

level can help to elucidate trends at the ‘‘macro’’

scale. Therefore, a characterization of local varieties

of the common bean from different European regions

can help us to understand the pathways of dissem-

ination and evolution of this species after its

introduction into the Old World. Accordingly, in

the present study, a Sardinian collection of 73

P. vulgaris accessions was analysed using four

different types of markers, including morphological

(seed) traits, phaseolins, and nuclear and chloroplast

microsatellites.

The combined use of different types of markers

that are likely to be unevenly affected by major

Table 5 Genetic

divergence (FST) between

groups of accessions

(locations, local names,

farmers or morphotypes)

FST standard deviations

calculated by jack-knifing

over loci; the lower and

upper limits of the

confidence intervals (CI)

were calculated by

bootstrapping over loci

Source of

variation

Number

of

groups

Mean number of

individuals

per group

Polymorphic

loci

FST ± SD CI 95%

nuSSR

Location 14 4.7 8 0.08 ± 0.06 –0.0470.17

Farmer 14 3.0 6 0.05 ± 0.10 -0.1070.22

Local name 9 3.2 8 0.12 ± 0.06 0.0070.24

Morphotype 13 4.7 7 0.06 ± 0.06 -0.0570.14

cpSSR

Location 14 4.7 10 0.10 ± 0.03 0.0370.17

Farmer 14 3.0 9 0.14 ± 0.04 0.0070.19

Local name 9 3.2 7 0.16 ± 0.06 -0.0470.22

Morphotype 13 4.7 10 0.03 ± 0.03 -0.0070.11
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evolutionary forces, such as migration, selection,

mutation, genetic drift and recombination, offer the

opportunity to make inferences from the patterns of

genetic diversity, and thus to define a detailed

evolutionary scenario and to fully describe the

genetic makeup of different groups of germplasm.

Our results show that this approach is very useful and

informative. For instance, the use of markers showing

biparental vs uniparental transmission allowed us to

detect the role of hybridization (between and within

gene pools) in the shaping of the structure of genetic

diversity in the common bean, even in presence of a

very low outcrossing rate, as suggested by the

absence of heterozygosis found using co-dominant

nuclear SSRs. Similarly, we were able to observe that

the reduction in genetic diversity in improved vari-

eties was very high for the cytoplasmic (chloroplast)

genome compared to the nuclear one, which reflects

the use of a few improved genotypes as maternal

parent in modern plant breeding, and which outlines

the potential usefulness of landraces. Finally, the very

low level of variation within accessions for selected

traits like seed morphological variants, together with

the low level of divergence among different morpho-

types, suggested that farmer’s deliberate selection

played an important role for the conservation of

landraces. Overall, our results argue for a coordinated

multiple marker approach for germplasm character-

ization, conservation, and evaluation.

The level of diversity of the Sardinian collection

was always lower than that of the American sample,

when considering both the statistics of richness

(na and number of haplotypes/individuals) and even-

ness (HE and Inor). This was also true, although to a

lesser extent, when the gene pools were considered

separately. Moreover, the Sardinian germplasm was

almost exclusively of Andean origin ([95%). This

suggests that the low variability of the Sardinian

collection versus the American sample is not only

due to the very low presence of the Mesoamerican

plant material in Sardinia, but also to a limited

introduction (or to a low persistence of some Andean

types) of the Andean material into Sardinia. Thus, a

two-step process can be hypothesized: (1) the intro-

duction of germplasm prevalently from one gene pool

(Andean) and (2) the low diversity of the Andean

germplasm introduced. These might both be attribut-

able to founder effects, but could also be due to the

effects of selection (human or natural).

The contribution of the Mesoamerican gene pool

to the Sardinian germplasm collected appears not to

be greater than 4–5%. This result is remarkably low

when compared to other results obtained in Italy at a

regional level. For example, when analyzing a

collection of P. vulgaris from the Marche region

using similar markers (nuSSRs, cpSSRs and ISSRs),

Sicard et al. (2005) assigned 29% of the individuals

analysed to the Mesoamerican gene pool. Previously,
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Fig. 4 Geographical distribution of the 73 Sardinian individ-

uals analyzed. Different colours indicate different genetic

groups, as identified by nuSSR analysis. The circles, squares,
triangles, rhombi and crosses indicate the most frequent ([5%)

haplotypes from the cpSSR analysis (see Fig. 3a), the

pentagons indicate the rare haplotypes (frequency \5%)
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Piergiovanni et al. (2000a) combining data for 36

landraces from Basilicata with 20 landraces from the

same region analysed by Limongelli et al. (1996),

reported that 12% of the landraces were of Meso-

american origin. Then in another study based on four

populations of P. vulgaris from the Abruzzo region

Piergiovanni et al. (2000b) assigned 13% of the

landraces analysed to the Mesoamerican gene pool.

In line with other regions of Italy, the present

study has revealed that in Sardinia the Andean gene

pool is also prevalent; however, the contribution of

the Mesoamerican gene pool is from 3 to 7 times

lower than in other regions. The relative isolation of

Sardinia as an island might be the explanation for this

‘‘amplified’’ bottleneck effect when compared to the

other regions in Europe. However, a strong selection

against Mesoamerican types compared to other parts

of Italy cannot be excluded a priori.

It was possible to clearly distinguish the Sardinian

landraces from the commercial varieties. Indeed,

when all of the traits were considered simultaneously

(seeds traits, and nuSSR and cpSSR polymorphisms),

the Sardinian landraces were always different from

the commercial varieties tested. However, when

compared to the commercial varieties, the Sardinian

germplasm showed a lower nuSSR variation and a

higher cpSSR variation. With regard to this, breeding

might have induced a loss of diversity of the

chloroplast genome of the commercial varieties. This

highlights the importance of Sardinian materials for

breeding.

Finally, it is also relevant to note that none of the

commercial varieties tested can be considered indis-

tinguishable from individuals belonging to the

Sardinian germplasm. This again suggests that

Sardinian landraces might be a precious source of

genes that will be useful for the breeding of

P. vulgaris. Nevertheless, it is conceivable that

varieties other that the ones included in this study

are related to the Sardinian material.

The morphological analysis of the seeds showed a

low variation within populations (\5%) and a high

differentiation among populations ([95%), with 29

morphotypes detected. This could reflect the ten-

dency of the farmers to select against off-types.

Based on the nuSSR analysis, the Sardinian Andean

germplasm was subdivided into four different groups.

In three of these groups, American individuals with a

different country of origin were observed. This

suggests that different Andean genetic groups from

South America contributed to the composition of the

Sardinian gene pool. Based on the cpSSR analysis,

the Sardinian germplasm showed a strong structure.

This was revealed by the three haplotypes (repre-

sented by a similar number of individuals) that

accounted for 69% of the total number of individuals.

However, no association between nuSSRs and

cpSSRs was detected. This could be due to hybrid-

ization. Regarding this, it is of note that even if a low

frequency of Sardinian individuals is attributable to

the Mesoamerican gene pool, one individual can be

regarded as an Andean 9 Mesoamerican putative

hybrid, and two individuals can be regarded as

Mesoamerican 9 Andean putative hybrids. This sug-

gests that despite P. vulgaris being an autogamous

species, hybridization in our environment might not

be uncommon, as has been reported for other

European, and Italian, regions (Santalla et al. 2002;

Ocampo et al. 2005; Sicard et al. 2005).

In the present study, the absence of heterozygosity

is in agreement with previous observations that

showed the common bean as a strict autogamous

species (Park et al. 1996; Wells et al. 1988; Ibarra-

Pérez et al. 1997) where, however, hybridization is

possible and may induce a significant change in the

structure of the genetic diversity (Papa and Gepts

2003; Papa et al. 2005, 2007). Hybridization might

depend on the simultaneous cultivation of several

landraces from the same farmer in fields that are close

together. Together with the exchange of seeds among

neighbouring farms, this condition may have resulted

in occasional outcrossing and pollen flow.

In considering the best sampling strategy to

capture the genetic diversity here, in our case the

morphotypes allowed the capturing of low levels of

diversity, as indicated by the low levels of molecular

variation among the accessions for this trait. More-

over, the high levels of genetic variability for the

nuSSRs and cpSSRs present within morphotypes

([95%) suggests that they are useful for the analysis

of genetic structure within populations even if they

are only composed of one or a few seed morphotypes.

This analysis may actually provide information about

the frequency of hybridization.

The local name was the best indicator of the

genetic divergence among accessions (with 12–16%

of the total variance explained). This might be

because the local names could represent a ‘synthetic

426 Mol Breeding (2009) 23:413–429
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indicator’ of the differences among the accessions.

Indeed, the local names of the landraces often refer to

the seed traits (e.g., Pisu balla = round bean;

Iscrittu = striped; Latte = caffellatte = café latte

colour; Fajolu mascharaddu = masked bean), to

the putative geographical origins (Pisu e’ Sorgon-

o = bean from Sorgono; Pisu e’ Meana = bean from

Meana Sardo; Pisu olzaesu = bean from Olzai; Santa

Teresa = from Santa Teresa di Gallura), to the

cultivation systems (Pisu de linna = Pisu de arraig-

u = Pisu de incannare = that need to be supported

because of its indeterminate growth habit), or to the

shapes and origins simultaneously (Gioghedda de

Castelsardo = literally snail (shell of) from Castel-

sardo). An approach ‘‘local name’’ based was also

recently proposed by Jarvis et al. (2008). The present

study has thus suggested that a stratified sampling

might help to capture the diversity, choosing acces-

sions with different names from different farmers and

from different locations.

Conclusions

We have described here the status of the genetic

resources of P. vulgaris, an important species for

feeding humans, in a typical environment of the

Mediterranean Basin. Theoretical and practical objec-

tives have been achieved. Knowledge of the

evolution of P. vulgaris in a region far from its

centres of origin has been obtained. A detailed

database of the materials collected in Sardinia that

is based on different types of information has been set

up and is available to others upon request. This

should help and support future field experiments that

are aimed at the exploitation and evaluation of these

materials.
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