
Abstract A complex ancestral resistance (R) gene clus-
ter, localized at the end of linkage group B4, and referred
to as the B4 R gene cluster, has been previously geneti-
cally characterized. The B4 R gene cluster existed prior
to the separation of the two major gene pools of cultivat-
ed common bean and contains several resistance speci-
ficities effective against the fungus Colletotrichum lind-
emuthianum. In this paper we report the molecular anal-
ysis of four expressed resistance gene candidates (RGCs)
that map at the B4 R-cluster and co-localize with R-spec-
ificities or R-QTLs effective against C. lindemuthianum.
These RGCs have been isolated from two genotypes that
are representative of the two major gene pools of com-
mon bean: the BA8 and BA11 RGCs originating from the
Mesoamerican BAT93 genotype, and the JA71 and JA78
RGCs originating from the Andean JaloEEP558 geno-
type. These RGCs encode NBS-LRR resistance-like pro-
teins that are closely similar to the tomato I2 R-protein.
Based upon sequence comparisons and genetic localiza-
tion, we established that these four bean RGCs belong to
two different subfamilies of R-sequences independently
of their gene pool of origin. No feature discriminating
the four RGCs according to their gene pool of origin has
been observed yet. Comparative sequence analyses of
the full-length RGCs and their flanking genomic se-
quences confirmed the ancestral origin of the B4 R-clus-
ter.

Keywords Phaseolus vulgaris · Colletotrichum 
lindemuthianum · Molecular evolution · R-cluster

Introduction

The interaction between a plant and a pathogen often
complies with the gene-for-gene model involving plant
resistance genes (R-genes) and corresponding pathogen
avirulence genes (Avr-genes) (Flor 1971). In this gene-
for-gene system, the direct or indirect interaction of the
products of these two genes is believed to lead to the es-
tablishment of a hypersensitive response (Innes 1998).
About 30 R-genes have been isolated so far from diverse
plant species and are effective against various pathogens
including bacteria, nematodes, viruses and fungi (re-
viewed in Ellis and Jones 1998). Most of these genes are
members of multigene families and are organized in
complex clusters (Ellis et al. 1995; Parniske et al. 1997;
Song et al. 1997; Meyers et al. 1998a; Noël et al. 1999).

To-date, most characterized R-genes encode proteins
containing a leucine-rich repeat (LRR) region (Jones and
Jones 1997; Ellis and Jones 1998). In mammalian sys-
tems, this region has been demonstrated to be involved
in protein-protein interactions and signal transduction
processes (Kobe and Deisenhofer 1995). Similarly, in
plant systems, sequence comparisons of functional 
R-genes (Thomas et al. 1997; Dodds et al. 2001), domain
swapping experiments (Ellis et al. 1999; Van der Hoorn
et al. 2001; Wulff et al. 2001) and mutant analyses of 
R-genes (Anderson et al. 1997) revealed that the LRR re-
gion of plant R-genes is involved in R-specificity. More-
over, two cases of physical interaction between a plant
nucleotide-binding site (NBS)-LRR R-protein and its
cognate AVR-protein have been reported (Jia et al. 2000;
Leister and Katagiri 2000).

Based on cloned R-gene sequences, R-gene analogs
(RGAs) encoding NBS and LRR motifs have been iden-
tified in several species, and many of these RGAs are
grouped in clusters and co-localized with known R-spec-
ificities (Kanazin et al. 1996; Leister et al. 1996, 1998;
Yu et al. 1996; Bottela et al. 1997; Aarts et al. 1998;
Shen et al. 1998; Speulman et al. 1998; Geffroy et al.
1999). The study of R-gene sequences and RGA clusters
revealed the probable importance of duplication events
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in generating new R-specificities. Indeed, classical ge-
netic analyses and sequencing of R-gene clusters in
maize (Collins et al. 1999), lettuce (Meyers et al. 1998a,
b), tomato (Parniske et al. 1997), rice (Song et al. 1997)
and flax (Ellis et al. 1999) revealed that duplicated RGA
sequences are subject to unequal crossing-overs and
gene conversions, in combination with other mecha-
nisms such as transposition and point mutation. These
mechanisms may explain the high diversity observed at
R-gene clusters. However, the effect of natural polymor-
phism on R-gene functionality has only been studied in a
few cases (Caicedo et al. 1999; Stahl et al. 1999) and no
molecular analyses have yet been done on plants for
which the evolutionary history and the pathogen selec-
tion pressures are known. The interaction between the
common bean, Phaseolus vulgaris, and the fungus Col-
letotrichum lindemuthianum offers this opportunity.

The interaction between P. vulgaris and C. lindemu-
thianum complies with the gene-for-gene model. C. lind-
emuthianum is the causal agent of anthracnose, one of
the most serious diseases of common bean in tropical ar-
eas (Pastor-Corrales and Tu 1989). The leguminous plant
species P. vulgaris originates from Latin America and
natural populations are found from Mexico to northwest-
ern Argentina. Based on morphological traits (Delgado-
Salinas et al. 1988), biochemical and molecular markers
(Gepts 1988; Koenig and Gepts 1989; Singh et al. 1991;
Debouck et al. 1993; Becerra-Velasquez and Gepts 1994;
Sonnante et al. 1994; Kami et al. 1995) three centers of
diversity of wild common bean have been described:
Mesoamerican, South-Andean and North-Andean (Gepts
1998). Comparative studies of wild and cultivated beans
have suggested that independent domestication events
have occurred in the Mesoamerican and the Andean cen-
ters of diversity, generating two major gene pools of cul-
tivated beans: the Andean and the Mesoamerican gene
pools (Gepts 1998). Cross-inoculations between P. vul-
garis and C. lindemuthianum have further revealed that
coevolution processes between the two partners led to a
differentiation for host resistance specificities and patho-
gen virulence between the three centers of diversity 
(Geffroy et al. 1999). These results revealed that Andean
and Mesoamerican plant populations harbor distinct phe-
notypes for resistance and are subject to different patho-
gen selection pressures. Similar results have been ob-
tained with two other fungal pathogens of common bean,
Phaeoisariopsis griseola (Guzman et al. 1995) and Uro-
myces appendiculatus (Steadman et al. 1995).

At the molecular level, a complex R-cluster, referred
to as the B4 R-cluster, has been characterized, using a
population of recombinant inbred lines (RILs) construct-
ed from a cross between two genotypes that are repre-
sentative of the Mesoamerican and the Andean gene
pools of cultivated common bean. This complex R-clus-
ter has been mapped on linkage group B4 (Geffroy et al.
1999) of the integrated linkage map of common bean
(Freyre et al. 1998). It contains three R-specificities
against C. lindemuthianum (Co-y, Co-z and Co-9), a
NBS RGA-family, referred to as the PRLJ1 family 

(Geffroy et al. 1999), and two resistance quantitative
trait loci (R-QTLs) of Andean and Mesoamerican origins
(Geffroy et al. 2000). The co-localization of Andean and
Mesoamerican R-specificities suggests that the complex
B4 R-cluster existed prior to the geographic separation
of the two major gene pools of cultivated common bean
(Geffroy et al. 1999). Therefore, the model between 
P. vulgaris and C. lindemuthianum offers the opportunity
to study at the molecular level, the parallel evolution of
an ancestral R-cluster, following the separation of two
gene pools of the same plant species.

In this study, a preliminary analysis of the polymor-
phism occurring between expressed resistance-gene can-
didate (RGC) sequences mapped at the B4 R-cluster was
conducted. Four expressed RGCs of either Andean or
Mesoamerican origin have been isolated that co-localize
with R-specificities or R-QTLs effective against C. lind-
emuthianum at the B4 R-cluster. These RGCs encode
NBS-LRR R-like proteins close to the tomato I2 R-pro-
tein (Simons et al. 1998). These four RGCs belong to the
same family of R-like gene sequences. However, they
could be separated into two subfamilies based both on
their sequence polymorphism and their genetic localiza-
tion, independently of their gene pool of origin. No fea-
ture specific for each gene pool could be identified from
the four sequences that were analyzed so far.

Materials and methods

Development of cDNA and genomic libraries

The bean genotypes BAT93 and JaloEEP558 were used to con-
struct cDNA and genomic libraries. For the cDNA libraries, 
1-week-old plants of each genotype were infected with the C. lind-
emuthianum M38 strain. Cotyledonary leaves were harvested be-
fore inoculation and 24, 48 and 72 h after inoculation. Total RNA
corresponding to each sampling time was isolated via the proce-
dure described in Vallelian-Bindschedler et al. (1998), except for
the use of 2 ml of phenol instead of 1 ml. Poly(A)+ RNA was pu-
rified using an oligo (dt) magnetic bead system (Dynal, Oslo, Nor-
way) and the resulting DNA was pooled in equal quantities. The
ZAP express cDNA synthesis kit and the ZAP express cDNA gi-
gapack III Gold packaging kit (Stratagene, La Jolla, Calif.) were
used according to the manufacturer’s recommendations to con-
struct the cDNA libraries. Genomic libraries were constructed
from 1-week-old non-infected cotyledonary leaves of BAT93 and
JaloEEP558 genotypes. DNA was extracted as described in 
Geffroy et al. (1998), partially digested with Sau3A and ligated in
the lambda FIX II/XhoI partial fill-in vector kit (Stratagene, La
Jolla, Calif.) according to the manufacturer’s recommendations.

Library screening

Twelve copies of the BAT93 genome and 12 copies of the
JaloEEP558 genome, represented each by 5 × 105 recombinant
plaques, 2 × 106 recombinant plaques of the BAT93 cDNA library
and 4 × 106 recombinant plaques of the JaloEEP558 cDNA libra-
ry, were screened with the PRLJ1 probe (Geffroy et al. 1999) un-
der the following conditions: over-night hybridization at 65 °C in
5 × SSC (3 M NaCl and 0.3 M sodium citrate), 5% SDS and 5 ×
Denhardt’s (0.1% Ficoll, 0.1% PVP, 0.1% BSA) followed by three
washing steps of 15 min in 0.5 × SSC and 0.5% SDS at 65 °C. A
primary screen of positive cDNA clones was done by sizing and
sequencing of both cDNA ends. Long clones (more than 3 kb)
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with ends displaying homology with reported R-genes were fur-
ther sequenced and led to the characterization of the cBA8, cBA11,
cJA71 and cJA78 cDNAs. Positive genomic clones isolated from
the BAT93 and the JaloEEP558 genomic libraries respectively, us-
ing PRLJ1 as a probe, were secondly screened using specific
primers for each cDNA in order to select genomic clones corre-
sponding to each cDNA. Specific primers were designed in the 3′-
UTR for each JaloEEP558 gene: jalo2 (5′-GATACGATGAGT-
CACAAG-3′) and jalo10 (5′-GTGTTGCAAAGGTTATCTT-3′)
for the JA71 RGC, primers jalo22 (5′-GGTTCAGAAATACA-
CTTTCC-3′) and jalo23 (5′-TGATCATAAGATGAGTCAGAA-
3′) for the JA78 RGC. For the 3′-UTRs of BA8 and BA11 RGCs, it
was not possible to define specific primers. Consequently, specific
primers obat30SV (5′-ATCGCATACTGATGGCATCTT-3′) and
obat32 (5′-GTGCCAGACAAATTCAAACATAC-3′) for the BA8
RGC, obat34 (5′-GTATTTTTAGTTGCCCTCAG-3′) and obat33
(5′-AAATAGGTGCACGCCTAA-3′) for the BA11 RGC, were de-
signed in the variable LRR region.

5′-RACE experiments

5′-RACE analyses (Frohman et al. 1988) were performed to iden-
tify the 5′-UTR sequences of the BA8, BA11, JA71 and JA78 tran-
scripts. The Life Technologies 5′-RACE kit (version 2, GIBCO
BRL, Cergy Pontoise, France) was used as specified by the manu-
facturer. First-strand cDNA synthesis used 0.5 µg of the composite
poly(A)+ RNA pools with the Race3bis nested primer (5′-GG-
TGAGTTCATAGTCTATTTCACCC-3′) which hybridized with
the four cDNAs. After adapter ligation, amplifications were per-
formed with a second nested primer Race1Spe (5′-GGACTAGTC-
CGCTTTAGTTCAGCATCATCAGCGAG-3′) and the AAP prim-
er provided by the manufacturer, using the Expand high fidelity
PCR system (Boehringer Mannheim, Meylan, France). Each am-
plification reaction yielded amplification products of approximate-
ly 200 bp which were cloned into BlueScript II KS(+), (Strata-
gene, La Jolla, Calif.) for sequence analyses.

Sequencing and analyses of cDNA and genomic clones

The sequencing of cDNA and genomic clones was done using an au-
tomated 373A DNA sequencer and the Big Dye dideoxy chain Ter-
minator cycle sequencing Kit (Perkin Elmer, Applied Biosystems,
Roissy, France). Sequence analyses and multiple alignments were
performed with the MacMolly program (version 3.5.1, Soft gene
GmbH) and the Gap, Olddistances and Overlap programs of the Ge-
netics Computer Group (GCG) package (Madison, Wis., USA). Se-
quence similarities were established using the Blast Algorithm 
(Altschul et al. 1997). Nucleotide substitution ratios were calculated
with the Diverge program of the GCG software package that uses the
method published by Li et al. (1985), modified by Li (1993) and Pa-
milo and Bianchi (1993). Exon-intron boundaries were determined
by comparison between the cDNA and genomic sequences. Gen-
Bank accession numbers of the four cDNAs and their corresponding
genomic sequences are AF306499 to AF306506.

Mapping of cDNA and genomic clones

A PCR approach was used to map the four cDNAs and their corre-
sponding genomic clones on the common bean integrated linkage
map (Freye et al. 1998). The specific oligonucleotide primers de-
signed for each cDNA (jalo2/jalo10 for JA71, jalo22/jalo23 for
JA78; obat30SV/obat32 for BA8 and obat33/obat34 for BA11)
were used to amplify genomic DNA of the 77 BAT93x
JaloEEP558 F9 recombinant inbred lines (RILs) obtained from the
University of California, Davis, USA. PCR reactions were done in
a final volume of 25 µl containing 50-ng of template DNA, 1 ×
PCR reaction buffer, 3 pmol of each primer, 50 µM of each dNTP
and 0.5 units of Red Taq Goldstar polymerase (Eurogentec, Sera-
ing, Belgium). Amplifications were performed in a GeneAmp

PCR system 9600 (Perking Elmer, Norwalk, USA). The MAP-
MAKER software version 3.0 was used to map the cDNA and ge-
nomic clones (Lander et al. 1987). Linkage groups were estab-
lished with a LOD threshold of 3.0 and a recombination fraction
of 0.3. Marker order was estimated with a LOD threshold of 2.0
based on multipoint “Compare”, “Order” and “Ripple” analyses.
Genetic distances between markers were estimated with the 
Kosambi mapping function (Kosambi 1944).

Results

Molecular characterization of four expressed 
bean R-gene candidates

Molecular analyses of RGAs in several species have al-
lowed the identification of either expressed R-genes or
pseudogenes (Thomas et al. 1997; Meyers et al. 1998a;
Michelmore and Meyers 1998). In order to select only
expressed R-genes, we have chosen to screen cDNA li-
braries constructed from the representative Mesoameri-
can BAT93 and the Andean JaloEEP558 bean genotypes.
The screening of the two cDNA libraries with the NBS
PRLJ1 probe (Geffroy et al. 1999) led to the isolation of
four full-length cDNAs with high similarities to R-genes
encoding NBS-LRR R-proteins (Jones and Jones 1997).
Two cDNAs, cBA8 and cBA11, were isolated from the
BAT93 genotype (cBA stands for cDNA isolated from
the BAT93 genotype) and two other cDNAs, cJA71 and
cJA78, were isolated from the JaloEEP558 genotype
(cJA stands for cDNA isolated from the JaloEEP558
genotype) (Fig. 1A). The sequence of the NBS PRLJ1
probe shows an average nucleotide identity of 89% with
the four cDNAs, but none of them corresponds to the
PRLJ1 RGA sequence. 

The nucleotide environment of the candidate transla-
tion start of each ORF was studied in order to test wheth-
er the nucleotides in the vicinity of each predicted start
codon follow the general consensus observed for the ma-
jority of functional dicot plant genes. The predicted start
codon of the four RGCs is preceded by an A and a C in
the –3 and –2 positions and is followed by a G and a C
in the +4 and +5 positions, respectively. Consequently,
each of the four genes contains a start-codon surrounding
region that fits well with those observed for functional
dicot genes (Joshi et al. 1997).

Complementary 5′-RACE analyses were performed to
characterize the 5′ untranslated regions (5′-UTRs) of the
four bean cDNAs and to locate more precisely the trans-
lation start codon position. Twenty two distinct and 18
distinct 5′-RACE products have been isolated from the
BAT93 and JaloEEP558 genotypes, respectively. Nucle-
otide identities among the 22 BAT93 5′-RACE products
and among the 18 5′-RACE JaloEEP558 products range
from 74 to 99.5% and from 67.9 to 99.3%, respectively.
Moreover, between 67.9 and 100% of nucleotide identity
has also been observed upon comparison of the BAT93
and the JaloEEP558 5′-RACE products with each other.
In their overlapping sequences (approximately 150 bp),
the 5′-RACE products and the 5′-end of the four cDNAs
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have nucleotide identities that range from 67.1 to 97.9%.
Consequently, none of the recovered sequences corre-
spond to the 5′-UTR of one of the four cDNAs. More-
over, analyses of the 5′-RACE products indicate an aver-
age size of 80 bp and 70 bp for the 5′-UTR of all tran-
scripts identified from the BAT93 and the JaloEEP558
genotypes, respectively. Therefore, all these results iden-
tify the most-likely position of the translation start for
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Fig. 1A, B Schematic representation of the four bean R-gene can-
didate sequences. A Alignment of the four bean ORF sequences
and their available genomic flanking sequences. ATG and TAG in-
dicate the start and the stop codons, respectively. The ORF lengths
(bp) are indicated inside open boxes. Dark gray boxes correspond
to the introns and their lengths (bp) are indicated inside boxes.
The conserved sequence observed in the BA8, BA11 and JA78
RGCs is indicated by a black box and with an horizontal black ar-
row above the drawing. The vertical arrows indicate the beginning
of the polyA tail in cDNA sequences. The percentage of nucleo-
tide identity between the 5′ and 3′ flanking genomic sequences are
mentioned between drawings. B Schematic representation
of the intron sequences of the JA71, BA8, BA11 and JA78 RGCs.
The intron sequences have been separated in several blocks, indi-
cating different motifs, according to their homology between
the four sequences. The percentages of nucleotide identity be-
tween these distinct blocks are indicated between sequences. Dark
gray boxes correspond to small additional sequences that are spe-
cific for, or absent in, the JA71 RGC sequence. The boundaries
of these sequences are indicated by hyphens. The boundaries
of the JA71 RGC introns I and II and the BA8, BA11 and JA78
RGC introns are indicated above and below the drawing by ar-
rows. The diagonal gray hatched box corresponds to the sequence
of the JA71 RGC intron II that could not be aligned with the three
other intron sequences

each of the four bean RGCs. Moreover, Northern-blot
experiments using the cJA78 cDNA as a probe, revealed
several related transcripts produced in infected
JaloEEP558 plants (data not shown). This result con-
firms that the four RGCs belong to a multigene family of
expressed RGC sequences, which is consistent with the
results observed in the 5′-RACE experiments.

The four R-like proteins, BA8 (1,133 aa), BA11
(1,105 aa), JA71 (1,066 aa) and JA78 (1,118 aa), share an
amino-acid organization similar to the NBS-LRR R-pro-
teins (Ellis and Jones 1998). Indeed, these protein se-
quences could be divided into five domains: the N-termi-
nus (A), the NBS (B), the spacer (C), the LRR (D) and
the C-terminus (E) domains (Fig. 2). Domain A has no
characteristic motif such as a leucine zipper or a TIR do-
main found in some NBS-LRR R-proteins (Ellis and
Jones 1998). The NBS (domain B) is composed of three
highly conserved sequences: Ploop, Kinase 2 and Kinase
3. Four additional regions, conserved to a variable extent,
are also present in these proteins (domains IV, V, VI and
VII) as reported for the tomato I2 (Simons et al. 1998),
the Arabidopsis RPM1 (Mindrinos et al. 1994; Grant et
al. 1995) and RPS2 (Bent et al. 1994) R-proteins. The
LRR region (D) could be structured in imperfect LRRs of
variable length (13 to 33 amino acids) with an “ax-
xaxaxxCxxax” amino-acid consensus sequence, where (a)
and (x) refer to an aliphatic residue and to any residue, re-
spectively (Fig. 2). Moreover, comparisons of the four
full-length BA8, BA11, JA71 and JA78 R-like proteins
with the full-length I2 R-protein (the most closely related
R-proteins to the four bean R-like proteins), revealed a
38.3/47.9% amino-acid identity/similarity. The amino-ac-
id sequence structures of the I2 R-protein (Simons et al.
1998) and the BA8, BA11, JA71 and JA78 R-like pro-
teins are highly similar: the position of the start codon for
translation, the position of the conserved domains in the
N-terminus region and the beginning of the LRR region
are conserved among these sequences. 

Sequence homology among known bean R-like proteins

The BA8, BA11, JA71 and JA78 R-like proteins were
compared with the previously published bean NBS-like



sequences: the Ploop-HD OB/SB sequences (OB1, OB2,
OB3, SB1, SB3, SB4, SB5 and SB8; Rivkin et al. 1999),
and the Ploop-HD region of the ORF1 RGC sequence
that belongs to the Co-2 NBS-LRR RGC family (Creusot
et al. 1999). Amino-acid sequence comparisons revealed
that the B4 RGCs are more similar to the ORF1 RGC
than to the OB/SB RGCs (Table 1). The BA8, BA11,
JA71 and JA78 R-like proteins were also compared to
the full protein sequences obtained from two partial
cDNAs which belong to the Co-2 RGC family: cD7 that
begins just after the conserved domain IV, and cD8 that
begins at the conserved kinase 3 sequence (Creusot et al.
1999). An average percentage of 55.1% of amino-acid
identity was observed and the position of the N-terminus
domains V to VII, as well as the beginning of the LRR
regions, are conserved. However, in Southern analyses,
no cross hybridization was observed between the Co-2
and the B4 RGC families as demonstrated by the map-
ping of the members of the two families on two distinct

linkage groups of the integrated linkage map of common
bean (Geffroy et al. 1998, 1999). These results indicate
that the Co-2 sequences, the OB/SB RGA sequences and
our four RGCs belong to distinct families of bean RGCs,
despite the similar amino-acid sequence organization of
the corresponding R-like protein products. 

The four bean RGCs belong to two distinct subfamilies
of R-sequences

Sequence analyses of the four bean cDNA sequences re-
vealed two features. The four cDNAs display a high per-
centage of nucleotide identity (at least 89.2%) in their
coding region, whereas based upon their 3′-UTR se-
quences the cJA71 cDNA appears to be distinct from the
three other cDNAs (Table 2). At the protein level, ami-
no-acid identities range from 83.8 to 89.6% between the
four bean R-like proteins. The length and the structure of

255

Fig. 2 Alignment of the four
R-like proteins encoded
by the four bean RGCs.
The amino-acid sequences
of the four proteins have been
divided in five regions: the
N-terminus (A), the NBS (B),
the spacer (C), the LRR (D)
and the C-terminus (E) regions.
Diamonds (black) above
the four sequences indicate
the beginning of each region.
The conserved domains
of the NBS region, as well as
domains IV to VII that are con-
served among the NBS-LRR R-
like sequences, are indicated
in boldface characters.
The first amino acid of each
LRR is indicated in bold
and the number of each LRR
is indicated above the se-
quence. The LRR consensus
sequence is indicated
at the bottom of the figure:
a corresponds to an aliphatic
residue (I, F, L, M or V) and x
corresponds to any residue.
The conserved aliphatic resi-
dues of the β-strand/β-turn do-
mains (xxaxaxx) are shown be-
tween horizontal lines and ali-
phatic amino acids are high-
lighted in bold. Asterisks
and dots indicate identical
and similar amino acids
in the consensus sequence, 
respectively



the four proteins are highly similar in regions A, B, C
and E, while most of the differences are localized in the
LRR region (Fig. 2). The BA8, BA11 and JA78 R-like
proteins harbor 20 LRRs whereas the JA71 R-like pro-
tein lacks LRR14 and LRR15 that are present in the
three other R-like proteins. In addition, length polymor-
phism is observed for the LRR14 (between the BA8,
BA11 and JA78 R-like proteins) and for the LRR12 (be-
tween the four R-like proteins). Therefore, from these
comparisons, the JA71 R-like protein appears to be the
most different among the four R-like proteins. 

Comparisons of the four RGC cDNA sequences with
their corresponding genomic clones revealed the pres-
ence of intron sequences in the 3′-UTRs of the four
RGCs (Fig. 1A and B). The BA8, BA11 and JA78 intron
sequences are highly similar (more than 97.4% of nucle-
otide identity) and the major difference is the presence of
an additional central sequence of 410 bp in both the BA8
and BA11 introns that is absent in the JA78 intron
(Fig. 1B). Moreover, the BA8 and BA11 RGCs introns
differ by only one base substitution. In the JA71 RGC
two introns are present. In the same way, the full intron I
sequence and the 5′-end sequence of intron II of the
JA71 RGC are more than 90% identical with the 5′-end
of the BA8, BA11 and JA78 RGC introns, whereas the 3′-
end of the JA71 intron II (260 bp) is not homologous
with the BA8, BA11 and JA78 intron sequences
(Fig. 1B).

High nucleotide sequence identity (85.5 to 99.4%)
was also observed for the 5′ and 3′ flanking genomic re-
gions of the four bean RGCs, independently of the geno-
type, except for the JA71 RGC 3′ flanking genomic se-
quence which is only 36.8% identical to the three other
corresponding genomic regions (Fig. 1A). Furthermore,
the BA8, BA11 and JA78 RGCs exhibit a conserved se-
quence that is present in two copies in the BA8 RGC and
in one copy in the BA11 and JA78 RGC (Fig. 1A). All
copies of this conserved sequence are highly similar (be-
tween 98.6 and 100% of identity). We conclude from all
those sequence analyses that the four bean RGCs belong
to the same NBS-LRR family of RGCs. However, two
subfamilies can be defined based upon the percentages
of nucleotide identity and specific features of the se-
quences: JA71 RGC is representative of a first subfamily
whereas the BA8, BA11 and JA78 RGCs are representa-
tive of a second subfamily.

Probes specific for each subfamily of RGCs have been
used in Southern hybridization experiments in order to
confirm that the four RGCs belong to distinct multigene
R-subfamilies. When the conserved sequence present in
the BA8, BA11 and JA78 RGCs (Fig. 1A) is used as a
probe, a small multigene subfamily comprising at least
eight and five members are revealed in the BAT93 and
JaloEEP558 genotypes, respectively. In the same way, a
probe corresponding to a part of intron II, that is specific
for the JA71 RGC, has revealed that this sequence also
belongs to a small multigene subfamily of at least five
members in both the BAT93 and JaloEEP558 genotypes,
respectively. Moreover, two subfamily members are also
observed following hybridization with the NBS PRLJ1
probe (for the BA8, BA11, JA78 R-subfamily) or with the
JA71 ORF sequence (for the JA71 R-subfamily). These
results confirm that the BA8, BA11, JA78 and JA71 RGCs
belong to two small and distinct multigene subfamilies,
of which members harbor either the conserved sequence
of the BA8, BA11 and JA78 RGCs or the part of the JA71
intron II, respectively.
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Table 1 Amino-acid comparison of the Ploop-HD regions
of the putative BA8, BA11, JA78 and JA71 R-like proteins
with the Ploop-HD regions of the putative proteins encoded
by OB/SB and ORF1 bean RGAs isolated from bean. The Ploop-
HD amino-acid sequences of the four bean R-like proteins, BA8,
BA11, JA71 and JA78, have been compared with the Ploop-HD
sequences of the putative proteins encoded by the RGAs isolated
from bean: OB/SB (OB1, OB2, OB3, SB1, SB3, SB4, SB5

and SB8; Rivkin et al. 1999) and ORF1 (Creusot et al. 1999).
The Ploop-HD amino-acid sequences of the four bean R-like pro-
teins BA8, BA11, JA71 and JA78 have been also compared
with the corresponding region of the I2 R-protein (Simons et al.
1998) which is the most similar R-protein to the four bean R-like
proteins. The last column corresponds to the average percentage
obtained over the individual analyses. I and S indicate the percent-
ages of amino-acid identity and similarity, respectively

RGAs BA8 I/S BA11 I/S JA78 I/S JA71 I/S Average percentage I/S

ORF1 58.2/65.3 57.6/64.7 58.8/65.2 60.5/67.6 58.7/65.7
OB1 29.2/42.6 28.6/40.8 30.4/42.6 29.7/42.4 29.4/42.1
OB2 27.1/38.5 27.7/39.1 30.5/40.8 30.5/42 28.9/40.1
OB3 29.5/42.9 32/45.1 29.5/43.6 29.5/43.6 30.1/43.8
SB1 30/42.3 29.4/41.1 28.7/38.3 29.8/41.4 29.4/40.7
SB3 31.9/46.2 30.2/44.4 31.2/45 32.5/46.8 31.4/45.6
SB4 43.2/53.2 43.7/53.8 42.6/50.8 44.9/53.2 43.6/52.7
SB5 29.5/37.3 22.8/30 28.9/37.4 28.9/41.5 27.5/36.5
SB8 31.6/40 31/40.3 30.5/44.5 29.4/40.5 30.6/41.3
I2 47/56.4 46.4/55.8 47.6/56.4 48.2/57.6 47.3/56.5

Table 2 Percentages of nucleotide identity between the four
cDNA sequences. Percentages of identity between the cDNA
ORFs and the 3′-UTRs are presented above and below the diago-
nal, respectively

cBA8 cBA11 cJA78 cJA71

cBA8 93.5 94.1 89.6
cBA11 98.8 93.6 89.2
cJA78 98.5 98.7 89.8
cJA71 42.1 48.4 53.8



Table 3 Ka/Ks ratios calculated on different domains of the bean
R-gene candidates. The Ka/Ks ratios have been determined
for each pair of genes for the NBS, the spacer regions and distinct

parts of the LRR region. Ka/Ks above 1 (diversifying selection) are
indicated in bold characters. Na: not applicable; in this comparison
Ks is equal to zero preventing the estimation of the Ka/Ks ratio

culated on the intervening residues are smaller than
Ka/Ks ratios calculated on the hypervariable (x) resi-
dues, except in the C-terminus part for the BA8/JA78
pair (Table 3). Moreover, for intervening residues in the
N-terminus part, Ka/Ks are below 1 in five combinations
out of six, suggesting a purifying selection. Finally,
Ka/Ks ratios for the intervening residues are smaller in
the N-terminus region than in the C-terminus region, ex-
cept for the BA11/JA78 pair where intervening residues
seem to be under diversifying selection (Table 3).

For the hypervariable (x) residues, all Ka/Ks ratios
are above 1 suggesting these residues are under diversi-
fying selection. Particularly, in the C-terminus region,
some of the Ka/Ks ratios observed for (x) residues are
the highest reported so far (i.e.: 10.534 and 16.385).
Therefore, two regions seem to be under diversifying se-
lection in the B4 RGC family: the spacer and the LRR
regions.

Co-localization of the bean R-gene candidates 
with qualitative and quantitative R-traits

A polymerase chain reaction (PCR) approach, using spe-
cific primers of the four bean RGCs, was used to map the
four RGCs on the integrated linkage map of common bean
(Freyre et al. 1998). The four genes map on linkage group
B4 at the complex R-cluster B4 (Fig. 3). The BA8 and
BA11 RGCs co-segregate with the Mesoamerican Co-9 R-
specificity which confer resistance against C. lindemuthi-
anum, and with a R-QTL against the same pathogen for
which the BAT93 allele increases the resistance in leaf,
petiole and stem (Geffroy et al. 2000). Similarly, the JA78
RGC co-segregates with the Andean Co-y R-specificity
conferring resistance against C. lindemuthianum. Interest-
ingly, the JA71 RGC maps 2 cM from the three other
RGCs and co-segregates with a R-QTL for which the
JaloEEP558 allele increases resistance in the leaf (Geffroy
et al. 2000). These results might reflect a relationship be-
tween the genetic localization of RGC sequences and their
membership in a defined subfamily of R-sequences. 

The polymorphic bands detected in the Andean
(JaloEEP558) and Mesoamerican (BAT93) genotypes,
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Nucleotide substitution-ratio comparisons suggest that
the bean RGC sequences are under diversifying selection

We calculated Ka/Ks ratios, where Ka and Ks corre-
spond to the frequencies of non-synonymous and synon-
ymous nucleotide substitutions, respectively (Li et al.
1985; Li 1993; Pamilo and Bianchi 1993), for the NBS
(B), the spacer (C) and the LRR (D) regions of the four
bean RGCs (Table 3). These ratios reveal whether se-
quence polymorphism is in agreement with diversifying
(Ka/Ks > 1) or purifying (Ka/Ks < 1) selection. The NBS
encoding sequences of the four bean R-like proteins
show a Ka/Ks below 1, suggesting that these regions are
under purifying selection, a result described for all R-
gene families (Michelmore and Meyers 1998). Interest-
ingly, some Ka/Ks ratios calculated on the spacer regions
(C) are above 1, a feature that has not been reported be-
fore in studies of other plant R-gene families. For exam-
ple, Ka/Ks ratios range from 3.998 to 9.384 for the BA8,
BA11 and JA78 spacer regions, whereas these ratios drop
below 1 when pair comparisons include the JA71 spacer
region (Table 3). 

In the LRR region, Ka/Ks ratios were calculated sepa-
rately on nucleotides predicted to encode the solvent-ex-
posed hypervariable (x) amino-acid residues and on nu-
cleotides predicted to encode the aliphatic residues (a) of
the β-strand/β-turn motif (xxaxaxx), plus nucleotides en-
coding all the remaining residues of the LRR region. The
latter are designated as “intervening” residues (Meyers et
al. 1998b). The Ka/Ks ratios calculated on the full-length
LRR regions (LRR1 to LRR20) show that the hypervari-
able residues seem to be under diversifying selection (all
Ka/Ks > 1), whereas the intervening residues seem to be
either under purifying or diversifying selection (Table 3).

In order to test if the bean LRR regions present a vari-
able pattern of sequence diversity, as observed for the
lettuce RGC2 sequences (Meyers et al. 1998b), the
Ka/Ks ratio was calculated for several domains of the
LRR region. All comparisons revealed a heterogeneous
pattern of sequence diversity illustrated by the analysis
of the LRR N-terminus part corresponding to LRR1 to
LRR15 and the LRR C-terminus part corresponding to
LRR16 to LRR20. For all comparisons, Ka/Ks ratios cal-

Gene pair NBS region Spacer Full LRR region LRR 1 N-terminus part of the LRR C-terminus part of the LRR
to 20 region LRR 1 to 15 region LRR 16 to 20

Intervening Hypervariable Intervening Hypervariable Intervening Hypervariable 
residues residues residues residues residues residues

BA8/BA11 0.334 7.177 1.004 2.939 0.934 4.505 2.074 2.189
BA8/JA78 0.732 3.998 1.242 3.851 0.911 3.677 4.806 4.245
BA11/JA78 0.404 9.384 1.331 2.743 1.318 2.046 1.296 10.534
BA8/JA71 0.772 0.535 0.633 1.651 0.559 1.275 2.538 4.432
BA11/JA71 0.587 0.549 0.917 2.211 0.880 1.590 Na 6.069
JA71/JA78 0.834 0.6 0.834 2.45 0.771 1.592 1.525 16.385



after hybridization with the probe corresponding to the
conserved sequence present in the BA8, BA11 and JA78
RGCs (Fig. 1A), were also mapped (Fig. 3). These bands
are localized at the B4 R-cluster and co-segregate with
the Co-y and the Co-9 R-specificities (Fig. 3). This sug-
gests that the Co-y/Co-9 R-specificities might be mem-
bers of the RGC subfamily corresponding to the BA8,
BA11 and JA78 RGCs.

Discussion

Molecular and genetic data on the
four expressed RGCs are consistent with their putative
biological function as R-genes

This paper reports on the first characterization of four
full-length bean RGCs encoding NBS-LRR R-like pro-
teins with several features suggesting that they may en-
code functional R-genes. First, the four RGCs are co-
localized either with R-specificities (Geffroy et al. 1999)
or R-QTLs that are effective against the fungal pathogen
C. lindemuthianum (Geffroy et al. 2000). Second, the
four RGCs belong to a family of expressed RGCs. Third,
the Ka/Ks ratios determined on the NBS and LRR re-
gions of the four RGCs are in agreement with previous
results observed for functional R-genes and their ana-
logues (reviewed in Michelmore and Meyers 1998). The
NBS regions seem to be under purifying selection, which

is consistent with their proposed effector role (Michel-
more and Meyers 1998). Hypervariable (x) residues of
the β-strand/β-turn motifs in the LRR regions seem to be
under high diversifying selection, especially in the 3′
LRR encoding part, where ratios up to 10-fold higher
than the previous studies were observed (Parniske et al.
1997; Thomas et al. 1997; Mc Dowell et al. 1998; Mey-
ers et al. 1998b; Michelmore and Meyers 1998; Noël et
al. 1999). Such patterns of variability have been ob-
served for the RGC2 R-genes where diversifying selec-
tion occurs similarly on (x) residues of the 3′ encoded
LRR region (Meyers et al. 1998b) whereas diversifying
selection occurs in the 5′ encoded LRR region for Cf R-
genes (Parniske et al. 1997; Thomas et al. 1997). As hy-
pervariable residues are hypothesized to be involved in
the ligand binding specificity (Kobe and Deisenhofer
1994; Jones and Jones 1997) we could hypothesize that
the 3′ encoded LRR region of the bean RGCs may be in-
volved in the recognition of molecules from pathogen or-
igin.

The spacer region and the intervening residues
of the LRR region of the four bean RGCs seem to be 
under diversifying selection

The Ka/Ks calculations also revealed two specific fea-
tures for these four bean RGC sequences that have not
been reported for other RGCs. First, the spacer-encoding
regions seem to be under diversifying selection. This re-
sult suggests that, like the LRR region, the spacer region
could also participate in pathogen recognition as ob-
served for the flax L R-genes (Ellis et al. 1999; Luck et
al. 2000). Second, the intervening residues seem to be
under diversifying selection in the 3′ encoded LRR re-
gion, which is different from previous observations on
other RGC families from various species (Parniske et al.
1997; Thomas et al. 1997; Mc Dowell et al. 1998; Mey-
ers et al. 1998b; Dodds et al. 2001). As aliphatic residues
of the β-strand/β-turn motifs participate in the LRR
backbone structure, their variability could be associated
with conformational changes in the three-dimensional
structure of the LRR (Kobe and Deisenhofer 1995; Jones
and Jones 1997), and thus could increase the number of
binding opportunities for a pathogen-derived ligand.

Bean RGC families have been generated both 
in a dicot plant ancestor and in a Phaseolus ancestor

Comparison of the four bean BA8, BA11, JA78 and
JA71 R-like proteins with several R-proteins isolated
from bean and other plant species, revealed that there is
no relationship between the percentage of amino-acid
identities among R-protein sequences and their species
of origin. For example, the BA8, BA11, JA78 and JA71
R-like proteins share a higher score of identity with the
tomato I2 R-protein (Simons et al. 1998) than with the
bean OB/SB sequences (Rivkin et al. 1999). These re-
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Fig. 3 Detailed genetic localization of the four bean RGCs
and their related sequences on the B4 R-cluster. The BA8, BA11,
JA71 and JA78 RGCs map at the B4 R-cluster at the end of the B4
linkage group of the common bean integrated linkage map (Freyre
et al. 1998). The Andean (Co-y, Co-z) and the Mesoamerican (Co-
9) R-specificities are indicated in ovals (Geffroy et al. 1999).
The black oval corresponds to the Andean R-QTL effective on leaf.
Black, white and hatched rectangles correspond to the Mesoameri-
can R-QTLs effective on the leaf, petiole and stem, respectively
(Geffroy et al. 2000). R. a, b, c and d correspond to the polymor-
phic members of the BA8, BA11, JA78 subfamily revealed upon hy-
bridization with the conserved sequence observed in the BA8, 
BA11 and JA78 RGCs (Fig. 1A). PRLJ1ha.a to PRLJ1ha.e and
PRLJ1hn.a, b, c, d, e and f correspond to the members of the PRLJ1
RGA family previously described and mapped in Geffroy et al.
(1999). Genetic distances between each marker are indicated
on the left in Kosambi cM



sults obtained upon analyses of full-length RGCs (in-
cluding the NBS and LRR encoding sequence) confirm
those obtained upon comparison of the NBS encoding
sequence of several RGAs and R-genes (Rivkin et al.
1999; Meyers et al. 1999; Pan et al. 2000a, b). Moreover,
we observed a strictly conserved sequence organization
between our RGCs and the I2 R-gene, despite the evolu-
tionary distance between the two species of origin, bean
(Fabaceae) and tomato (Solanaceae). Such results have
also been observed for the common bean COK-4 RGC
which encodes a kinase R-like protein that presents high
similarity with the tomato Pto R-gene (Melotto and 
Kelly 2001).

The percentage of amino-acid identity observed be-
tween the B4, Co-2 and OB/SB bean RGC families con-
firms that distinct evolutionary histories have occurred
within P. vulgaris, as previously suggested by Rivkin et
al. (1999). Members of the B4 RGC family are less simi-
lar to members of the OB/SB RGC family than to the to-
mato I2 R-protein, which could indicate that the OB/SB
and B4 R-clusters could have arisen from an ancient du-
plication event preceding the separation of botanical fam-
ilies. Conversely, the BA8, BA11, JA78 and JA71 R-like
proteins are more similar to the bean cD7 and cD8 R-like
proteins of the Co-2 RGC family than to the tomato I2 R-
protein. Therefore, we could hypothesize that the Co-2
and B4 R-clusters resulted from a duplication event that
had occurred after separation of botanical families in a
Phaseolus ancestor. These results argue in favor of the
theory that suggests that the number of R-clusters is not
fixed and could change at any step during botanical evo-
lution (separation of botanical families or separation of
plant species) (Meyers et al. 1999; Pan et al. 2000b).

Generation of sequence diversity and evolution 
of R-specificities at the B4 R-cluster

Molecular analyses of many R-gene sequences and their
genomic environment in different plant species have in-
creased our knowledge of the structure of complex R-
clusters and on the possible mechanisms involved in
their evolution. Based on genetic analysis, a common an-
cestral origin of the B4 R-cluster in both Andean and
Mesoamerican genotypes has been proposed (Geffroy et
al. 1999). The molecular results presented in this paper
confirm this ancestral origin. Indeed, the four RGCs are
highly similar, belong to the same family of RGC se-
quences and present no feature related to their gene pool
origin, namely: (1) the 5′ and 3′ flanking genomic re-
gions share identical sequences independently of the
genotype, (2) the structure of the first intron is conserved
in the four RGCs, and (3) a conserved sequence is pres-
ent in the RGCs of both Andean (JA78) and Mesoameri-
can (BA8 and BA11) origins. Similar observations have
been reported in the Lycopersicon genus where compari-
sons of the Cf-4/Cf-9/Cf-0 locus in genotypes from di-
verse Lycopersicon species have revealed that flanking
regions of the Cf R-genes and of their homologues are

partially identical, suggesting that these loci have arisen
by duplication of an ancestral locus (Parniske et al.
1997; Thomas et al. 1997).

Based upon population, genetic and molecular analys-
es of the PRLJ1 RGA family, Geffroy et al. (1999) have
suggested that different sets of R-specificities have been
randomly generated in each center of diversity of bean,
and that different R-specificities were selected after sep-
aration of the different bean gene pools. Because the
similarity among the putative Mesoamerican RGCs
paralogues (BA8/BA11) is not higher than the similarity
between the putative Andean and Mesoamerican RGCs
orthologues (BA8/JA78 and BA11/JA78), our results ar-
gue against concerted evolution of the RGC sequences
that belong to the B4 R-cluster. Moreover, as the four
RGCs display major polymorphism in the LRR region
(i.e.: amino-acid polymorphism and variation of the LRR
number) and high Ka/Ks ratios were found in the 3′ part
of the LRR region, we could hypothesize that putative R-
specificity relies on variation in this region of the pro-
tein. Similarly, previous results reported that variations
in the LRR region of related R-genes are associated with
a modification of R-specificity (Anderson et al. 1997;
Thomas et al. 1997; Mc Dowell et al. 1998; Michelmore
and Meyers 1998; Meyers et al. 1998b; Ellis et al. 1999;
Dodds et al. 2001; Van der Hoorn et al. 2001; Wulff et
al. 2001).

Interestingly, the distinct structure of the LRR region
between the JA71 and the three other RGCs could also
reflect that these RGCs confer distinct types of R-traits
as both qualitative and quantitative resistance are local-
ized at the B4 R-locus (Fig. 3). Transient expression ex-
periments using Agrobacterium tumefasciens transfor-
mation are underway in our laboratory in order to test
the functionality of the four R-gene candidates and es-
tablish whether one of them corresponds to a previously
characterized R-specificity (Geffroy et al. 1999).

The molecular analysis of the present study also pro-
vides clues about the putative mechanisms that have con-
tributed to the evolution of the ancestral B4 R-cluster in
bean. At least, two distinct duplication events seem to
have occurred: a first ancient one that led to the creation
of the two RGC subfamilies and a more recent one that
led to the creation of the BA8 and BA11 RGCs. Thus, the
B4 R-cluster has apparently evolved through duplication
and point mutation like the Xa21 R-locus in rice (Song et
al. 1997), the Cf R-loci in tomato (Parniske et al. 1997)
and the Dm3 locus in lettuce (Meyers et al. 1998a).

Finally, as the JA71 RGC maps 2 cM from the three
other RGCs (BA8, BA11 and JA78), a relationship is so
far observed between the genetic localization of the four
RGCs and the fact that they belong to each subfamily of
R-sequences. Such a result has been observed for the
members of the Xa21 R-cluster (Song et al. 1997) and
for the Hcr9 members of the Cf R-clusters (Parniske and
Jones 1999), but not for the members of the Dm3 R-clus-
ter (Meyers et al. 1998a). The isolation of RGCs that co-
localize with the Andean Co-z R-specificity will reveal
whether such genes belong to one of the two previously
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defined subfamilies or if they belong to a new subfamily
of RGC with their own features. Isolation and character-
ization of numerous paralogue and orthologue R-genes,
present at distinct genomic positions within the B4 R-
cluster, are underway. This should provide us with infor-
mation on whether several other RGC subfamilies exist
at the B4 R-cluster in the BAT93 and JaloEEP558 geno-
types, and on the molecular events that have been in-
volved in the evolution of the B4 R-cluster in the two
gene pools.
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