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Abstract The extent of 5S and 45S ribosomal DNA
(rDNA) variation was investigated in wild and domesti-
cated common beans (Phaseolus vulgaris) chosen to rep-
resent the known genetic diversity of the species. 5S and
45S rDNA probes were localized on mitotic chromo-
somes of 37 accessions by fluorescent in situ hybridization
(FISH). The two 5S rDNA loci were largely conserved
within the species, whereas a high variation in the number
of 45S rDNA loci and changes in position of loci and
number of repeats per locus were observed. Domesticated
accessions from the Mesoamerican gene pool frequently
had three 45S rDNA loci per haploid genome, and rarely
four. Domesticated accessions from Andean gene pool,
particularly from the race Peru, showed six, seven, eight
or nine loci, but seven loci were found in all three races of
this gene pool. Between three and eight loci were observed
in accessions resulting from crosses between Andean and
Mesoamerican genotypes. The presence of two to eight
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45S rDNA loci in wild common beans from different
geographic locations indicates that the 45S rDNA
amplification observed in the Andean lineage took place
before domestication. Our data suggest that ectopic
recombination between terminal chromosomal regions
might be the mechanism responsible for this variation.

Common bean (Phaseolus vulgaris, 2n=22) is the
world’s most important grain legume for direct food
consumption, especially in Latin America and Africa.
Although little is known about its genomic organization,
the evolution and domestication history of this species
have been intensively studied over the last few years. P.
vulgaris is thought to have originated in a region
encompassing Ecuador and northern Peru (Kami et al.
1995), and dispersed both northwards and southwards
establishing the Mesoamerican and Andean gene pools,
respectively (reviewed in Gepts 1998). Independent
domestication took place in each gene pool (Becerra
Velasquez and Gepts 1994). Based on morphological,
agroecological and molecular data, the resulting
domesticated forms have been grouped into six or seven
races (Singh et al. 1991; Beebe et al. 2000).

Molecular cytogenetic analysis in common bean has
been restricted to a few genotypes. Using a combination
of double FISH with 5S and 45S rDNA probes, chro-
mosome morphology and heterochromatin distribution,
ideograms of two European cultivars were established
(Moscone et al. 1999). Later, the chromosomal and ge-
netic maps of common bean were integrated by means of
direct hybridization of pooled RFLP clones from the
University of Florida map (Vallejos et al. 1992) to the
mitotic chromosomes of two cultivars of the species
(Pedrosa et al. 2003). The cultivars analyzed in these
previous studies revealed a high degree of variation in
the number and size of the 45S rDNA loci within the
species. Based on this small, random sample, it has been
suggested that a higher degree of amplification and



dispersion of 45S rDNA units in Andean beans has
occurred in comparison to Mesoamerican beans (Ped-
rosa et al. 2003). However, the origin and extent of
variation remained unclear.

Variation in the number of 5S and 45S rDNA loci
among plant species of the same genus has frequently
been reported (Melo and Guerra 2003; Marcon et al.
2005; Vaio et al. 2005). Fewer examples of variation
among different accessions of the same species exist
(Frello and Heslop-Harrison 2000; Hayasaki et al. 2001;
Raskina et al. 2004b). This variation has led to the
hypothesis that rDNA clusters are mobile, with different
mechanisms believed to be responsible for this mobility
(Schubert and Wobus 1985; Dubcovsky and Dvorak
1995). The high degree of variation observed in common
bean, along with its well-documented genealogy, make
common bean an ideal species for studying this phe-
nomenon.

In the present work, the 5S and 45S rRNA gene loci
have been chromosomally assigned by fluorescent in situ
hybridization (FISH) in 37 wild and domesticated
common bean accessions from different gene pools and
of different geographical origins. Amplification in the
number of 45S rDNA loci was confirmed in Andean, in
contrast to Mesoamerican accessions. The possible
mechanisms, as well as the establishment of this varia-
tion, are discussed.

Materials and methods
Plant material

All P. vulgaris accessions analyzed in this study are
listed in Table 1. The material was chosen to represent
the wide range of diversity present in the species,
including cultivars from different gene pools and races,
and wild forms from different geographical locations.
Seeds from all samples were obtained from the germ-
plasm banks of the Embrapa Arroz e Feijdo, Brazil,
and International Center for Tropical Agriculture
(CIAT), Colombia.

Chromosome preparation

Root tips obtained from germinating seeds were pre-
treated in 2 mM 8-hydroxyquinoline for 5 h at 16°C or
for 20-24 h at 10°C, fixed in ethanol/acetic acid 3:1 (v/v)
and stored in fixative at —20°C for up to several weeks.
For digestion of the cell wall, root tips were macerated
in 2-3% (w/v) cellulase ‘Onozuka R-10" (Serva) plus 20—
30% (v/v) pectinase (Sigma-Aldrich) in 0.01 M citric
acid—sodium citrate buffer pH 4.8 for 1-1.5 h at 37°C.
Digested material was transferred to a drop of 45%
acetic acid and flamed before squashing. One root tip
was collected per seed and used per preparation; thus,
each preparation corresponded to one individual.
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DNA probes

R2, a 6.5-kb fragment of a 18S-5.8S-25S rDNA repeat
unit from Arabidopsis thaliana (Wanzenbock et al.
1997), and D2, a 500-bp fragment of a 5S rRNA
repeat unit from Lotus japonicus (Pedrosa et al. 2002),
were used as probes. Probes were labeled by nick
translation (Roche Diagnostics, Life Technologies)
with biotin-14-dATP (Life Technologies), biotin-16-
dUTP (Roche), digoxigenin-11-dUTP (Roche), Cy3-
dUTP (Amersham Biosciences) or SpectrumGreen-
dUTP (Vysis).

Fluorescence in situ hybridization (FISH)

Slides were selected and pre-treated as described in
Pedrosa et al. (2001). Chromosome and probe dena-
turation, post-hybridization washes and detection were
performed according to Heslop-Harrison et al. (1991),
except for the stringent wash which was performed with
0.1x SSC at 42°C. Hybridization mixes consisted of:
50% (v/v) formamide, 10% (w/v) dextran sulphate, 2x
SSC and 2-5 ng/ul probe. The slides were denatured
for 5 min at 75°C and hybridized for up to 2 days at
37°C. Biotin-labeled probes were detected using
ExtrAvidin-FITC conjugate (Sigma-Aldrich) or mouse
anti-biotin in combination with anti-mouse-TRITC
(Dako) in 1% (w/v) BSA. Digoxigenin-labeled probes
were detected using sheep anti-digoxigenin-FITC
(Roche) and amplified with anti-sheep-FITC (Dako),
also in 1% (w/v) BSA. All preparations were counter-
stained and mounted with 2 pg/ml DAPI in Vectashield
(Vector).

Data analysis

Photographs were taken on a Zeiss Axioplan (Carl
Zeiss) equipped with a mono cool view CCD camera
(Photometrics, Tucson, AZ, USA) and the IPLab spec-
trum software (IPLab, Fairfax, USA) or on a DMLB
Leica equipped with a Cohu CCD video camera and the
Leica Qfish software. Digital images were imported into
Adobe Photoshop version 8 for final processing.

The number of individuals and cells analyzed per
sample is indicated in Table 1. For a subset of acces-
sions, the intensity of the 5S and 45S rDNA signals on
chromosomes 6 and 10 were scored as intense (+ + +),
intermediate (+ +) and weak or very weak (+). Those
chromosomes are easily identified by the presence of
both rDNA loci at different positions (chromosomes 1
and 8, respectively, in Pedrosa et al. 2003). Chromo-
somes were renamed according to the linkage group
names of the core linkage map of common bean (Freyre
et al. 1998).

To test whether the difference in the number of
45S rDNA loci between the Andean and Meso-
american accessions is significant, the non-parametric
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Table 1 Common bean (Phaseolus vulgaris) accessions analyzed in this study, grouped by gene pool, race and type of material

Gene pool® Race Type®  Accession name Original source Number of 45S
(code)® rDNA loci

1 Andean Chile L Coscorron (CNF07768, G4474) Chile 7 (1, 19)

2 L Tortolas (CNF07767, G4472) Chile 72,7)

3 Nueva C Jalo EEPS558 (CNF04947) Brazil/Minas Gerais 72, 12)

Granada

4 L Bagajo (CNF00733) Brazil 7(1,9)

5 L Jalo (CNF00746, G21953) Brazil 7(1,8)

6 Peru L Cargamanto (G7231) Colombia/Antioquia 8(2,7)

7 L Cargamanto (G5702) Colombia/Antioquia 8, 79 (2, 14)
8 L Chaucha Chuga (G19833) Peru/Amazonas 7 (1, 13)

9 L Mortifio (G12709) Colombia/Narifio 7 (1, 10)
10 L Nufia Mani (G12572) Peru/Cajamarca 9 (3, 16)
11 L Overitos (CNF07634) Argentina 6 (4, 22)
12 - w DGD-629 (G19892) Argentina/Salta 8 (1, 11)
13 Colombian - W Pajarito (G24404) Colombia/Cundinamarca 3, 29 (4, 30)
14 W Pajarito (G24423) Colombia/Cundinamarca 5 (1, 11)
15 Mesoamerican Durango C Pinto UI 114 (CNF05645) USA 3(1,4)

16 L Bayo (CNF07770, G10948) Mexico/Zacatecas 3(1,11)
17 Jalisco L Conejo (CNF07772, G22029) Mexico 3(1,7

18 L Flor de Mayo (CNF01736, G5897)  Mexico 3(1, 16)
19 L Apetito (CNF01217) Mexico 4 (2, 13)
20 Mesoamerica C Jamapa (G3645) Mexico/Veracruz 42,11
21 L 36 Sal Rico de Minas Gerais Brazil/Minas Gerais 3 (3, 32)

(CNF10356, G4206)
22 L Porrillo (CNF00491) 3(1,95)
23 Mesoamerica/ C BAT93 (CNF04916) Colombia/CIAT 3(3,21)
Durango

24 Mesoamerica/? C DOR 364 (CNF06761) Colombia/CIAT 3(2,5)

25 +Pcf - C XR-235-1-1 USA 43,9

26 w JSG & MAS-262 (G24390) Mexico/Nayarit 42,7

27 Northern Andean — w Frijol de Pichon (G23585) Peru/Cajamarca 4, 3% (4, 15)
28 Andean + - L Boyaca 82 (G7257) Colombia/Boyaca 5(1, 12)

Mesoamerican

29 L Cargamanto (CNF08759, G4658) Colombia/Huila 3(2,21)
30 L Criollo (G19142B) Colombia/Cundinamarca 3 (1, 11)
31 L Culatefio (G7229) Colombia/Caldas 8 (3, 8)

32 L Revoltura (G7317) Colombia/Antioquia 8 (3, 12)
33 L X-15943 (G7381) Colombia/Cauca 8 (1,14)

34  Andean x - RIL BAT93 x Jalo EEP 558 (BJ 56) USA/UC-Davis 3(1,7)

Mesoamerican

35 RIL BAT93 x Jalo EEP558 (BJ 63) USA/UC-Davis 6 (2, 11)
36 RIL DOR364 x G19833 (D x G-Trat 3) Colombia/CIAT 4(1,9)

37 RIL DOR364 x G19833 (D x G-Trat 4) Colombia/CIAT 6(2,12)

Code in the germplasm bank, as well as country and state of origin (when available) are also indicated. The number of 45S rDNA loci
observed per haploid genomes and the number of individuals and somatic metaphases analyzed per sample, in parentheses, respectively,
are given
4Gene pools were designated according to Tohme et al. (1996), except that the Southern Andean gene pool is here called Andean. Andean

+ Mesoamerican represents Andean accessions with Mesoamerican introgression. Andean X Mesoamerican represents crosses between
Andean and Mesoamerican accessions followed by selfing

Types: C commercial variety, L landrace, RIL recombinant inbred line, W wild form

“Material with CNF code (and G code when available) were obtained from Embrapa Arroz e Feijio, Brazil, whereas accessions with G
code only, as well as Andean x Mesoamerican accessions, were obtained directly from CIAT, Colombia. P. vulgaris cv XR-235-1-1 was
obtained from C. E. Vallejos (Vallejos et al. 1992)
dSecond number was observed in a subset of analyzed individuals
*Mesoamerican accession with P. coccineus introgression

Mann—Whitney test was performed (http://www.faculty.
vassar.edu/lowry/utest.html). ‘Cargamanto’ G5702 was

Results

considered twice (both numbers of 45S rDNA loci).

‘Frijol de Pichon’, ‘Pajarito’ G24404, ‘Pajarito’ G24423,
‘XR-235-1-1" as well as the introgressed and hybrid
accessions were excluded from this calculation.

In order to evaluate the degree of variation in the
number and position of the 45S rDNA loci in common
bean, this gene family was first localized by FISH in



Fig. 1 Localization of 5S (red) and 45S (green) rDNA probes on lower contrast, with very weak green signals. f ‘Frijol de Pichon’.
P. vulgaris chromosomes. Chromosomes 6 and 10 were numbered g ‘Pajarito’ G24404. Note that only five 45S rDNA signals are
according to similarity to the ‘Calima’ ideogram (see Fig. 3). present. Arrows indicate weak signals on chromosomes other than
a ‘Pinto UI 114’. b ‘Jamapa’. ¢ ‘Jalo EEP558’. d ‘Nufa Mani’. 6 and 10. Bar in g =2.5 pm

e ‘Pajarito’ G24423. Insert shows upper chromosome 10, with a
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domesticated accessions of different races of each gene
pool. The 5S rDNA probe was included to confirm its
conserved status in a larger sample and for aiding
chromosome identification. The observed number of 45S
rDNA loci is summarized in Table 1, where accessions
were ordered by gene pool and race and numbered for
reference. In the Mesoamerican gene pool, two acces-
sions from the race Durango, three from the race Jalisco
and three from the race Mesoamerica, as well as two
other cultivars from the Mesoamerican gene pool which
originated from crosses of genotypes from different ra-
ces, showed a low number of 45S rDNA loci, mostly
three loci per haploid genome (Figs. la, 2; Table 1). A
fourth, very weak, 45S rDNA locus was observed in two
of those accessions: ‘Apetito’ (number #19 in Table 1)
from the race Durango, and ‘Jamapa’ (#20) from the
race Mesoamerica. ‘Jamapa’ was previously reported as
bearing three 45S rDNA loci (Pedrosa et al. 2003), but
an additional locus was observed in most of the analyzed
cells in two individuals (Fig. 1b). Four loci were also
observed in ‘XR-235-1-1 (#25), a Mesoamerican
breeding line that carries some chromosome segments
from P. coccineus (Vallejos et al. 1992). These results
suggest that three is the most common number of loci
for representatives of the Mesoamerican gene pool, with
one additional locus appearing, probably independently,
in some accessions (Fig. 2).

Among the samples from the Andean gene pool,
three accessions from the race Nueva Granada, six from

Fig. 2 Distribution of the
analyzed accessions according
to their number of 45S rDNA
loci. Upper panel different gene
pools and types, as presented in
Table 1. Races are indicated as:
C Chile, D Durango, J Jalisco,
M Mesoamerica, N Nueva
Granada, P Peru. Lower panel
hybrids between both gene
pools (Andean + Mesoamerica
Andean accession with
Mesoamerican introgression;
Andean x Mesoamerica cross
between Andean and
Mesoamerican accessions
followed by selfing). Accessions

—_ =
S = N

Number of accessions

— N W A N J 0 O

the race Peru and two from the race Chile exhibited six,
seven, eight or nine 45S rDNA loci, seven being the most
common number (Figs. 1c, 2). Eight loci were present in
two accessions of race Peru, although only seven loci
were observed in a second individual of one of those
accessions (‘Cargamanto’ G5702, #7). Nine loci were
observed in one nuna or popping bean accession of Peru
(‘Nuiia Mani’, #10, Fig. 1d) and in one previously
analyzed accession of the race Nueva Granada
(‘Calima’). Each of these 45S rDNA loci was located on
a different chromosome, except for the nine loci ob-
served in ‘Calima’, which were distributed over eight
chromosomes (Pedrosa et al. 2003). Six loci were found
in a single accession from the race Peru (‘Overitos’, #11).
Since little information is available on this accession, it is
necessary to consider the possibility that it is not a pure
race Peru accession.

Indeed, five accessions we studied from Colombia
were previously considered to belong to the Andean
gene pool but were recently demonstrated to be Andean
accessions with Mesoamerican introgressions based on
molecular and morphological attributes (Amirul Islam
et al. 2004). These accessions are indicated in Table 1 as
Andean + Mesoamerican, as is one of the samples of
‘Cargamanto’ (G4658, #29), which is considered to
contain Mesoamerican introgression based on morpho-
logical seed characters. It should be noted that
‘Cargamanto’ G4658 only has three 45S rDNA loci,
while two other samples of ‘Cargamanto’ (G7231 and

. Cultivated Andean
Cultivated Mesoamerican
Wild Andean
Wild Colombian
Wild Northern Andean
Wild Mesoamerican

that showed inter-individual

variation (‘Pajarito’ G24404, 1 2

‘Frijol de Pichon” and
‘Cargamanto’ G5702) have
been represented twice

Number of accessions
—_— N W R N

- Andean + Mesoamerican

Andean x Mesoamerican

1 2

-
34 5 6

Number of 45S rDNA loci

7 8 9



G5702, #6 and #7, respectively) have eight loci. The
other introgressed Andean + Mesoamerican accessions
included in this study revealed three, five or eight 45S
rDNA loci, possibly due to different degrees of intro-
gression (Fig. 2). ‘Criollo’ (#30, three loci) and ‘Boyaca
82’ (#28, five loci) have smaller and darker seeds (more
common in Mesoamerican beans) than ‘Culatefio’,
‘Revoltura’ and ‘X-15943’, which bear eight loci each
(#31, #32 and #33, respectively).

To test the possible correlation between the high de-
gree of Mesoamerican introgression and a lower number
of 45S rDNA loci, we analyzed recombinant inbred lines
from two different crosses between Mesoamerican (three
loci) and Andean (seven loci) accessions: ‘BAT93’
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(#24) x ‘Chaucha Chuga’ G19833 (#8). For the four
lines analyzed, we observed three and four loci in two
lines (#34 and #36, respectively) and six loci in two other
lines (#35 and #37), numbers that are intermediate be-
tween the numbers of loci of the parental accessions
(Fig. 2). No general correlation between a lower number
of 45S rDNA loci and a higher proportion of Meso-
american alleles at microsatellite loci (Blair et al. 2003)
was observed. Nevertheless, there is apparently no
strong bias towards having more or less 45S rDNA loci
in the genome.

To find out whether the variation in the number of
45S rDNA loci between Mesoamerican and Andean
accessions occurred before or after the domestication

(#23) x ‘Jalo EEP558° (#3) and ‘DOR 364’ process, five wild common bean accessions were also

Eégriainsignsé géte(rglilctyy) and 458 Accession name (code) Chromosome

(black) rDNA sites on

chromosomes 6 (previously 6 10

named chromosome 1) and 10

(previously named chromosome "

8) of different common bean Calima & ®)

accessions. Chromosomes were

identified by comparison to the

‘Calima’ ideogram (Pedrosa

et al. 2003). Except for the

standard accession ‘Calima’, Coscorron (CNF07768) ! ++ / +

accessions were ordered

according to Table 1. Number -

of “+ sign represents relative Mortifio (G12709) [ ++ [+

intensity of signals. (+)

indicates very weak signals not Nuiia Mani (G12572) / ++ / +

visible in all cells and

individuals. Intra-accession

variation in ‘Frijol de Pichon’ is DGD-629 (G19892) [ ++ I+

depicted
Pajarito (G24404) [ +++ /
Pajarito (G24423) [ +++ ! (+)
Pinto UI 114 (CNF 05645) ! ++ ! ++
Bayo (CNF07770) ! ++ ! ++
Flor de Mayo (CNF01736) ! ++ ! ++
Jamapa (G3645) / ++ ! ++
36 Sal Rico de Minas Gerais (CNF10356) ! ++ ! ++
BAT93 (CNF 04916) ! (+) ! +++
XR-235-1-1 !+ ! +++
JSG & MAS-262 (G24390) / +++ ! ++
Frijol de Pichon (G23585) ! +++ [ ++

! ++
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analyzed, one of them (‘Frijol de Pichon’, #27) being
considered an ancestral-like accession, because it has the
ancestral 1 phaseolin type (Kami et al. 1995; Chacon
et al. 2005). A Mexican wild bean (‘JSG & MAS-262’,
#26) had four 45S rDNA loci. One Colombian accession
(‘Pajarito’ G24404, #13) had two or three loci, whereas
another (‘Pajarito’ G24423, #14) had five, with one weak
and two very weak sites (Fig. 1e). The Colombian wild
beans used to be placed in the Mesoamerican gene pool
(Koenig and Gepts 1989; Becerra Velasquez and Gepts
1994) but they were shown to be genetically distant from
the other Mesoamerican wild beans and may represent
an independent gene pool (Tohme et al. 1996). An An-
dean Argentinean accession (‘DGD-629’, #12) showed
eight loci, one of them being very weak and not always
detectable. In the Peruvian accession (‘Frijol de Pichon’,
#27), the putative ancestral-like type belonging to the
Northern Andean gene pool, three or four loci were
detected (Fig. 1f). It is interesting to note that out of the
three wild accessions with two or more individuals
analyzed, two accessions showed variation in the num-
ber of loci between individuals. Also surprising was the
presence of an apparently heterozygous individual in
one of the two samples of ‘Pajarito’ (G24404, #13), with
five chromosomes bearing 45S rDNA signals in the
diploid complement (Fig. 1g). Common bean is consid-
ered to be a predominantly self-pollinating species, al-
though gene flow involving wild populations has been
reported (Tohme et al. 1996; Papa and Gepts 2003). This
heterozygosity strongly indicates that individuals with
four and six loci in the diploid complement occur within
the same ‘Pajarito’ G24404 wild population. Altogether,
this data set indicates a high degree of variation among
wild bean forms, supporting the hypothesis of amplifi-
cation in the number of loci in the Andean lineage prior
to domestication.

Besides the difference in the number of 45S rDNA
loci among accessions, the intensity or size of the signals
also seemed to vary. In order to confirm this observa-
tion, chromosomes 6 and 10, which can easily be iden-
tified by the additional presence of a 5S rDNA locus,
were analyzed in more detail in a subset of the accessions
(Fig. 3). Differences in the relative intensity of signals
were only indicated when they could be consistently
observed. It is possible to state that the same locus may
have a different number of repeats in different accessions
(compare, for example, the signal intensity for chro-
mosome 10 in Figs. la, d, e, 3), or even in different
individuals of the same accession, as observed in chro-
mosome 6 of ‘Frijol de Pichon’ (#27, Fig. 3). Accessions
with a similar number of loci may also vary in terms of
the number of repeats in a locus. The number of 45S
rDNA loci in the chromosomes of ‘BAT93” (#23) and
36 Sal Rico de Minas Gerais’ (#21), for example, was
always three, but the intensity of the signals in chro-
mosomes 6 and 10 was very distinct (Fig. 3). Variation
in the position of a locus along the chromosome was
only observed in ‘Jamapa’ (#20), which had a weak
interstitial signal on one chromosome pair (Fig. 1b). All

other 45S rDNA loci were observed at terminal posi-
tions (see Fig. 1).

In contrast to the 45S rDNA, two 5S rDNA loci at
proximal and interstitial positions on chromosomes 6
and 10, respectively, were observed in all accessions
analyzed. Variation in the relative intensity of signals
was, however, observed in at least five accessions of
Andean and Mesoamerican origin, as well as in the
ancestor-like wild accession, ‘Frijol de Pichon’ (#27, see
Figs. If, 3).

Discussion

The localization of the 5S and 45S rRNA genes in 37
accessions of common bean confirmed the high degree of
variation observed for the 45S rDNA (from two to nine
45S rDNA-bearing chromosomes) and the conserved
status of the 5S rDNA previously detected in a few cul-
tivars of the species (Moscone et al. 1999; Pedrosa et al.
2003). A major, highly-significant (P <0.0001) difference
in the number of 45S rDNA loci was observed between
the Andean and the Mesoamerican gene pools, with
Andean beans having usually seven, sometimes eight,
and rarely six or nine loci, and Mesoamerican accessions
having three, or rarely four 45S rDNA clusters. Changes
in the 45S rDNA independent of similar changes in the
5S rDNA loci have previously been observed in other
plant groups, suggesting that each tandemly-repeated
sequence has its own evolutionary fate (Hanson et al.
1996; Adams et al. 2000). Although intraspecific varia-
tion in the number of 45S rDNA loci seems not to be rare
in plants (Schubert and Wobus 1985; Shishido et al.
2000; Hayasaki et al. 2001; Raskina et al. 2004b), we are
not aware of any example of more than a fourfold vari-
ation in the number of 45S rDNA loci within a species, as
we observed in common bean. Moreover, variation in the
number of 45S rDNA loci was sometimes observed
among individuals of the same accession.

Mechanisms of rDNA variation

The inter- and intraspecific variation in the position of
5S and 45S rDNA loci has been attributed to at least
three different mechanisms: (1) amplification of satellite
DNA may differentially alter chromosome morphology
without changing the order of other sequences
(Navratilova et al. 2003); (2) structural chromosomal
rearrangements, such as translocations, were demon-
strated to apparently change the position of rDNA loci
in Lotus japonicus (Hayashi et al. 2001); (3) dispersion of
rDNA repeats, amplification of the new minor loci and
deletion of original major loci is believed to be the
mechanism by which rDNA loci repeatedly changed
position during radiation of Triticeae species, without
changing the colinearity of other markers (Dubcovsky
and Dvorak 1995). How exactly the dispersion step
would occur is not clear, but this mechanism could also



explain the change in number of rDNA loci and the
dispersion of other heterochromatic sequences through a
genome. Dubcovsky and Dvorak (1995) seem to favor
the hypothesis of intrachromosomal recombination and
insertion of a circular intermediate into a new locus, but
recent studies in Aegilops suggest that the movement of
rDNA may be mediated by En/Spm-like transposons
(Raskina et al. 2004a, b).

Although the ‘dispersion-amplification-deletion’
model has been suggested to be the single mechanism for
explaining variation in the number of rDNA loci
(Dubcovsky and Dvorak 1995), this variation may also
be explained by ectopic (interlocus) recombination. In-
terlocus unequal crossing over has been proposed to
play a role in concerted evolution, especially among
terminal 45S rDNA loci (Arnheim et al. 1980; Wendel
et al. 1995). Furthermore, it has been argued that it
could account for changes in sizes of 45S rDNA loci and
that species with terminal 45S rDNA sites would show a
greater degree of concerted evolution, a higher number
of loci, and more variability in locus number and size
between and within species than species with interstitial
loci (Hanson et al. 1996). Results from Avena agadiriana
(Hayasaki et al. 2001), Aegilops speltoides (Raskina et al.
2004b), Aloe (Adams et al. 2000), Paeonia (Zhang and
Sang 1999), as well as our present data, agree with these
predictions, further supporting the role of interlocus
unequal crossing over in terminal rDNA variability.

The terminal position of the rDNA loci is an
important condition in this model because it allows
frequent rearrangement to occur, without disrupting
other gene linkages in the cell (Hanson et al. 1996).
Studies in Asparagales have suggested that lack of the
Arabidopsis-type telomeric sequence was also an
important factor (Pich et al. 1996; Adams et al. 2000),
but the extremely high degree of variation observed in
common bean, despite the presence of the Arabidopsis-
type telomeric sequence (Guerra and Kenton 1996),
demonstrate that this is not necessary. Instead, what
may be necessary but possibly not sufficient, is the
presence of other classes of repetitive sequences, such as
satellite DNA, in the chromosome ends involved. The
presence of such sequences would enable homologous
recombination to take place between these non-allelic
sites, in a similar way as proposed for concerted evolu-
tion. If this ectopic recombination occurs between a
chromosome end that bears a distal rTDNA site and
another end that does not have one, a new rDNA locus
could be generated. Subtelomeric repeats were detected
in most common bean chromosome arms (Sonnante
et al. 1994; A. Pedrosa-Harand, unpublished results) and
several other plant species (Sharma and Raina 2005).

Differential 45S rDNA amplification in common bean
The detailed analysis of the variation in the 45S rDNA

locus in common bean has revealed how this variation
has developed during the evolutionary history of this
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species. In agreement with the low number of loci (1-3)
observed in the closely-related Phaseolus species (Zheng
et al. 1994; Guerra et al. 1996; Moscone et al. 1999), the
ancestral-like wild bean accession investigated here
showed three or four 45S rDNA sites. It is likely,
therefore, that three was the ancestral number of 45S
rDNA loci in this species and that these loci were
homologous to the three loci observed in P. coccineus,
the closest related species to common bean (Delgado-
Salinas et al. 1999; Moscone et al. 1999). The synteny of
5S and 45S rDNA loci in two of these three chromo-
somes (chromosomes 6 and 10) in both species further
reinforces these chromosome homeologies. Wild com-
mon bean dispersion towards north and south from its
putative center of origin in Peru/Ecuador seems to have
been accompanied by amplification of 45S rDNA sites
mainly in the Andean gene pool.

It is clear, however, that the variation in the number
of 45S rDNA loci is a result of various independent
amplifications, as indicated by rare occurrence of a
higher number of loci in single accessions of different
races, both in the Andean and Mesoamerican gene pools
(Jalisco, Mesoamerica, Nueva Granada and Peru).
Similarly, variation in the number of loci among indi-
viduals of the same accession indicates that increase, but
possibly also reduction, in the number of loci is still
taking place. Reduction in the number of repeats and
probably the total elimination of a locus are likely to
have occurred, at least for chromosome 10 of ‘Pajarito’
G24404. Nevertheless, the most parsimonious hypothe-
sis still predicts that a major amplification event hap-
pened in the Andean lineage after its separation from the
Mesoamerican lineage, in agreement with the evolu-
tionary model proposed for the species (Kami et al.
1995; Tohme et al. 1996). High variation among wild
bean forms, especially the presence of eight loci in the
Andean wild accession ‘DGD-629°, from the southern
end of its distribution where domestication has been
postulated to have had occurred (Beebe et al. 2001;
Chacon et al. 2005), suggests that amplification hap-
pened before domestication.

The process of domestication in common bean is still
a matter of debate, although it is generally accepted that
independent domestications took place in the Andean
and Mesoamerican gene pools (Becerra Velasquez and
Gepts 1994). Some pieces of evidence support single
domestication events, while others support multiple
domestications in each gene pool. A recent study com-
prising a large number of accessions from both gene
pools indicates that Mesoamerican landraces are the
result of multiple domestications or single domestication
followed by hybridization to wild populations, while
Andean landraces were derived from a single event
(Chacon et al. 2005). The small number of wild bean
samples investigated in the present study does not allow
us to support any specific scenario. It is interesting to
note, however, that the Mexican wild accession investi-
gated has four 45S rDNA loci, while the majority of
cultivars of the Mesoamerican gene pool only have three
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sites. In the Andean gene pool, variation in the number
of 45S rDNA loci was observed even within a race, but
seven loci were present in accessions of all races, sug-
gesting that this is possibly the number of loci present in
the wild common bean that was domesticated in this
region. Considering the gradual amplification hypothe-
sis and the high degree of variation in the number of loci
observed among wild common bean accessions in the
present day, it is possible that the whole range of vari-
ation would be detected among Andean wild beans if
more samples were to be analyzed. If this were true, an
additional indication of the place where Andean
domestication took place could be obtained. However,
we cannot exclude the possibility that present-day wild
beans have not maintained the number of 45S rDNA
loci that was present at the time of domestication.

The most intriguing point in the variation observed
in common bean, is that it is very pronounced in An-
dean lineages of the species, but relatively limited in the
Mesoamerican gene pool. This does not correlate with
a general higher genetic variability in the Andean
lineage, since the Andean gene pool is postulated to
have a narrower genetic base than the Mesoamerican
gene pool (Koenig and Gepts 1989; Beebe et al. 2000;
Beebe et al. 2001). If we consider that both elimination
and amplification are probably the result of the same
mechanism discussed above, the accumulation of
rDNA repeats in the Andean linecage may have
occurred either due to genetic drift or natural selection,
which shifted the equilibrium towards accumulation of
repeats exclusively in this group.
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