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Abstract The generation of splice variants has been re-
ported for various plant resistance (R) genes, suggesting
that these variants play an important role in disease
resistance. Most of the time these R genes belong to the
Toll and mammalian IL-1 receptor—nucleotide-binding
site—leucine-rich repeat (TIR-NBS-LRR) class of R
genes. In Phaseolus vulgaris, a resistance gene cluster
(referred to as the B4 R-gene cluster) has been identified
at the end of linkage group B4. At this complex resis-
tance cluster, three R specificities (Co-9, Co-y and Co-z)
and two R QTLs effective against the fungal pathogen
Colletotrichum lindemuthianum, the causal agent of
anthracnose, have been identified. At the molecular le-
vel, four resistance gene candidates encoding putative
full-length, coiled-coil (CC)-NBS-LRR R-like proteins,
with LRR numbers ranging from 18 to 20, have been
previously characterized. In the present study, seven
cDNA corresponding to truncated R-like transcripts,
belonging to the CC—-NBS-LRR class of plant disease R
genes, have been identified. These seven transcripts
correspond to a single gene named JAItr, which en-
codes, at most, only five LRRs. The seven JAItr tran-
script variants result from distinct post-transcriptional
modifications of JAltr, corresponding to alternative
splicing events of two introns, exon skipping and mul-
tiple ‘aberrant splicing’ events in the open reading frame
(ORF). JAItr was mapped at the B4 R-gene cluster
identified in common bean. These post-transcriptional
modifications of the single gene JAItr could constitute
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an efficient source of diversity. The present results
provide one of the few reports of transcript variants
with truncated ORFs resulting from a CC-NBS-LRR
gene.

Introduction

Host—parasite interaction is a struggle for survival be-
tween two organisms. A variety of pathogens, including
viruses, bacteria, nematodes and fungi, are able to attack
plants and in turn, plants have evolved sophisticated
systems to perceive and defend themselves against such
attacks (McDowell and Dangl 2000). Genetic control of
plant disease resistance often relies on the simultaneous
occurrence of a resistance (R) gene in the plant genome
and a specific corresponding avirulence (Avr) gene in the
pathogen genome (Flor 1971). During this ‘gene-for-
gene’ interaction, R genes supposedly possess two
functions: molecular recognition of pathogen-derived
ligands and subsequent activation of plant defence.
Classical genetic studies have revealed that R genes are
often located at complex loci displaying either a multi-
allelic structure and/or a cluster of linked genes
responsible for different specificities (Parniske et al.
1997; Song et al. 1997; Meyers et al. 1998; Dodds et al.
2001; Sun et al. 2001). The majority of the R genes
cloned to date in plants encode R proteins composed of
an N-terminal nucleotide-binding site (NBS) region and
a C-terminal leucine-rich repeat (LRR) region, suggest-
ing that R genes are members of an ancient gene family
(Meyers et al. 1999; Ellis et al. 2000; Dangl and Jones
2001; Jones 2001). In the NBS-LRR proteins, two dis-
tinct N-terminal domains have been mainly described:
either a domain sharing homology with the cytoplasmic
domain of Drosophila Toll and mammalian IL-1 recep-
tor (TIR) or a putative coiled-coil (CC) (Nimchuk et al.
2003). Analyses revealed that the LRR region contrib-
utes to the specificity in pathogen recognition, while
signal transduction is mediated through the amino
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terminal region (Hammond-Kosack and Jones 1997
Dangl and Jones 2001; Hammond-Kosack and Parker
2003; Nimchuk et al. 2003). Direct physical interaction
between NBS-LRR R proteins and Avr proteins have
been demonstrated only twice (Jia et al. 2000; Deslandes
et al. 2003). The few examples of direct interaction
between R and Avr proteins and the involvement of
several Avr genes in virulence in susceptible context
(Kjemtrup et al. 2000) have led to the emergence of new
models, such as the ‘guard hypothesis’ (Dangl and Jones
2001).

One feature of TIR-NBS-LRR R genes is their
ability to produce alternative transcripts with truncated
open reading frames (ORFs). The tobacco N (Whitham
et al. 1994), the flax L6 (Lawrence et al. 1995; Ayliffe
et al. 1999), the Arabidopsis thaliana RPP5 (Parker et al.
1997) and RPS4 (Gassmann et al. 1999) and the tomato
Bs4 (Schornack et al. 2004) R genes encode either full-
length or truncated R transcripts. Distinct molecular
mechanisms are involved in the generation of these
truncated R transcripts. The N-truncated R transcripts
originate from alternative splicing of a 70-bp exon
within intron 3 (Whitham et al. 1994). For Bs4, L6 and
RPS4, alternative transcripts are derived from alterna-
tive splicing of intron sequences (Lawrence et al. 1995;
Ayliffe et al. 1999; Gassmann et al. 1999). Finally, for
the Arabidopsis RPP5, the putative truncated protein is
not the result of post-transcriptional modifications of
the RPP5 R gene itself, but is encoded by a closely
linked gene (RPP5") that encodes a putative protein
with a TIR-NBS amino acid sequence identical to that
of RPPS but lacking LRRs (Parker et al. 1997). Because
of their structural organisation, these truncated R
transcripts are hypothesized to be involved in disease
resistance. While the role of the truncated L6 (Ayliffe
et al. 1999), RPP5" (Parker et al. 1997) and Bs4
(Schornack et al. 2004) R transcripts have not yet been
established in disease resistance, a possible involvement
of the truncated N transcript (Dinesh-Kumar and Baker
2000) and the truncated RPS4 transcript (Zhang and
Gassmann 2003) in resistance has been described. In-
deed, variation in the ratio of the truncated and full-
length products of the N gene seems to be regulated by
Tobacco mosaic virus (TMV)-induced signals and in-
volved in the disease resistance response (Dinesh-Kumar
and Baker 2000). Concerning RPS4, both regular and
alternative RPS4 transcripts are necessary for resistance
(Zhang and Gassmann 2003). Whereas the alternative
splicing of transcripts encoding TIR-NBS-LRR pro-
teins leading to truncated forms begins to be well doc-
umented (Jordan et al. 2002), no such example have
been described for the CC-NBS-LRR sub-class of plant
disease R genes.

At the genomic level, truncated forms of TIR-NBS-—
LRR-encoding genes have been identified through a
comprehensive bioinformatic analysis of the NBS—LRR-
encoding genes of the Arabidopsis genome: the TIR-X
family, which lacks both the NBS and the LRR regions,
and the TIR-NBS family, which contains most of the

NBS region and lacks the LRR region (Meyers et al.
2002, 2003). These truncated TIR-NBS-LRR-encoding
genes are important in the context of the present paper,
since they structurally reconstitute alternatively spliced
TIR-NBS-LRR-encoding transcripts (Jordan et al.
2002). The functionality of these R-like genes has not
been established; however, their diversity, their number
and the detectable expression observed for the majority
of these genes suggest that these genes encode functional
proteins and are not a result of degradation or deletion
events of full-length TIR-NBS-LRR R genes (Meyers
et al. 2002, 2003).

In Phaseolus vulgaris, we have identified a complex R-
gene cluster, localized at the end of linkage group B4,
and referred to as the B4 R-gene cluster. This cluster
comprises three R specificities (Co-9, Co-y and Co-z) and
two R QTLs effective against the fungal pathogen Col-
letotrichum  lindemuthianum, the causal agent of
anthracnose (Geffroy et al. 1999, 2000). Four expressed
R-gene candidates (RGCs) that mapped at the B4 R-
gene cluster have been characterized. These RGCs en-
code full-length CC-NBS-LRR R-like proteins with 18
to 20 LRRs (Ferrier Cana et al. 2003). In the present
paper, we describe the identification of seven additional
cDNA encoded by a single gene, referred to as JAItr,
that belongs to the B4 R-gene cluster and that encodes at
the most 5 LRRs. These seven transcripts result from
distinct post-transcriptional modifications of JAltr,
corresponding to the alternative splicing events of two
introns, exon skipping and multiple ‘aberrant splicing’
events in the open reading frame. These modifications
result in a single RGC encoding for seven distinct
truncated R-like transcripts belonging to the CC-NBS—
LRR class. To our knowledge, this constitutes one of the
only reports of truncated CC-NBS-LRR R-like tran-
scripts, resulting from alternative splicing, leading to
truncated putative protein.

Materials and methods
Genomic and cDNA libraries screening

The JaloEEP558 ¢cDNA library (Ferrier Cana et al.
2003) was screened with the PRLJI probe (Geffroy et al.
1999) under the following conditions: overnight
hybridization at 65°C in 5x SSC (3 M NaCl and 0.3 M
sodium citrate), 5% SDS and 5x Denhardt’s (0.1%
Ficoll, 0.1% PVP, 0.1% BSA), followed by three
washing steps of 15 min each in 0.5x SSC and 0.5%
SDS at 65°C. Seven positive clones were obtained from
the JaloEEP558 cDNA library of which the insert dis-
play sizes ranged from 754 bp to 2,190 bp. In order to
find the genomic clone(s) corresponding to these cDNA,
the JaloEEP558 genomic library (Ferrier Cana et al.
2003) was screened with the ¢/J488 cDNA as represen-
tative probe. A single genomic clone, JAItr, was
recovered.



Sequencing and analysis of the cDNA
and the genomic clones

Genomic and cDNA clones sequencing was performed
using an automated 373A DNA sequencer and the Big
Dye Dideoxy Chain Terminator Cycle sequencing kit
(PerkinElmer, Applied Biosystems, Roissy, France).
Sequence analyses and multiple alignments were per-
formed with the MacMolly program (version 3.5.1,
Softgene) and the Gap and Overlap programs of the
Genetics Computer Group package (Madison, Wis.,
USA). Sequence similarities were established using the
BLAST algorithm (Altschul et al. 1997). Exon—intron
boundaries were determined by comparison between
the cDNA sequences and genomic sequence. COILs
analyses (Lupas et al. 1991) were performed with the
Macstripe, version 2.0bl, software, using a window of
28 and the MTK matrix. The GenBank accession
number is AY237123.

Genetic mapping of the JA4/¢r genomic clone

Seventy-seven Fy recombinant inbred lines developed at
the University of California, Davis, Calif., USA, and
derived from a cross between the Mesoamerican BAT93
genotype and the Andean JaloEEPS558 genotype, were
used to map the JAItr RGC on the integrated link-
age map of common bean (Freyre et al. 1998). A PCR
approach, using specific oligonucleotide primers
j46 (5-GGTACAAAAGTGAGAAAG-3’) and j47 (5'-
CAAAGTGTGGGTGATCAA-3’), was utilized. PCR
reactions were completed in a volume of 25 pl contain-
ing 50 ng DNA, 1x PCR reaction buffer, 3 pmol each
primer, 50 pM each dNTP and 0.5 U Red Tag Goldstar
polymerase (Eurogentec, Seraing, Belgium). Amplifica-
tions were performed in a GeneAmp PCR system 9600
(PerkinElmer, Norwalk, Conn., USA). The MAP-
MAKER software, version 3.0, was used to map the
genomic clone on the integrated linkage map (Lander
et al. 1987). Linkage groups were established with an
LOD threshold of 3.0 and a recombination fraction of
0.3. Marker order was estimated with an LOD threshold
of 2.0, based on multipoint compare, order and ripple
analyses.

Reverse transcriptase-PCR analysis

One-week-old JaloEEP558 plants were infected with the
C. lindemuthianum M38 avirulent strain, and cotyle-
donary leaves were harvested before inoculation and 24,
48 and 72 h after inoculation. Total RNA was extracted
from both the non-inoculated and inoculated bean cot-
yledonary leaves as already described (Ferrier Cana
et al. 2003). RNA was treated twice with the DNA-free
DNase (Ambion, Tex., USA).

The two primers jI3 (5-GATAACAGTGATATG-
GAAC-3’) and ;29 (5-GTCTGAAGTGCATCTTC-3"),
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located at the 5" and 3’ boundaries of the aberrant
spliced coding region (Fig. la) have been used in re-
verse transcriptase (RT)-PCR experiments. RT-PCRs
were performed with the Enhanced Avian RT-PCR
Kit (Sigma, St, Louis, Mo., USA) according to man-
ufacturer recommendations. A control experiment
without reverse transcriptase was included to make
sure that the products are not genomic DNA
contamination.

Results

Characterization of seven cDNA showing similarities
with R genes of the CC-NBS-LRR class

In a previous study, four full-length cDNA that mapped
to the B4 R-gene cluster and that might correspond to
known R specificities effective against the fungal path-
ogen C. lindemuthianum were identified (Ferrier Cana
et al. 2003). These cDNA (¢JA71 and ¢JA78 isolated
from the JaloEEP558 genotype, ¢cBAS8 and ¢BAIl iso-
lated from the BAT93 genotype) encode putative R
proteins containing an NBS domain and an LRR do-
main consisting of 18 to 20 repeats.

The screening of the JaloEEP558 cDNA library led
to the isolation of seven additional cDNA presenting
high similarities with R genes encoding NBS-LRR R
proteins (Ellis et al. 2000). These cDNA are predicted
to encode shorter proteins compared to the previous
RGCs isolated at the B4 R-gene cluster. Indeed, the
coding sequences (ORFs) of these seven cDNA, ¢JA68,
cJA73, cJA74, cJAS80, cJASS, c¢JA76 and cJA102, dis-
play variable lengths ranging from 754 bp to 2,190 bp
(Fig. 1a). Nucleotide sequence comparisons of the se-
ven cDNA reveal that they are 100% identical in their
overlapping regions (Fig. la) and that ORF length
variability has two origins. The four cDNA (¢JA73,
c¢JA68, cJA76 and c¢JA80) are incomplete in their 5" end
due to the cDNA library construction protocol. More
interestingly, detailed nucleotide sequence comparisons
indicated that two distinct internal deletion events have
occurred in the coding region: ¢JA68, ¢JA76 and ¢JA80
cDNA present a deletion of 689 bp, whereas the ¢JA73
cDNA presents a deletion of 437 bp (Fig. 1a). The 689-
bp and 437-bp deleted regions display two features
characteristic of intron sequences. First, upon com-
parison with the longest sequence of the ¢J474 cDNA,
we observed that the 689-bp and 437-bp deleted regions
both display GT and AG nucleotides at their 5" and 3’
extremities, respectively, as expected for an intron se-
quence. Second, the 689-bp and 437-bp deleted se-
quences are flanked by nucleotides A and G at —2 and
—1 positions and nucleotides G and T at +1 and +2
positions, which correspond to the most frequent
flanking nucleotides observed for introns in dicot plant
genes (Simpson and Filipowicz 1996). However, the AT
content of the 689-bp and 437-bp deleted regions is not
higher than the AT content observed for the rest of the
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Fig. 1 a Schematic structural representation of the seven cDNA
sequences. M and S correspond to the start and the stop codon for
translation, respectively. The incomplete 5" end sequences of the
c¢JA73, ¢JA68, cJA76 and ¢JA80 cDNA, due to the cDNA library
building protocol, are indicated by dotted open boxes. The lengths
of ¢JA74, ¢JA88 and c¢JAI102 cDNA open reading frames are
indicated under the cDNA names. The positions of the 14 AGGT
motifs, corresponding to potential donor-like (DL) sites and/or
acceptor-like (AL) sites in the cDNA sequences, are indicated by
grey vertical traits. The positions of the detected three DL sites
DL1, DL2, DL3 and the AL site AL1 are indicated by grey arrows
above the ¢JA74 sequence. Deleted regions in the different cDNA
are indicated by dotted lines, and the lengths of the deletions are
indicated above the dotted lines. Unspliced introns are symbolized

ORF (approximately 65%) as expected for an intron
sequence of a dicot plant gene. Usually, in these intron
sequences the percentage of AT nucleotides is above
70% (Simpson and Filipowicz 1996). At the 5" border,
the two donor-like (DL) splice sites have been desig-
nated DL1 and DL2 (Fig. 1a). At the 3’ border, only

by open boxes in the sequences of the cJA74 and ¢J80 cDNA. The
positions of the jI3, j29, j46 and j47 primers are indicated by
horizontal black arrows under the sequences. b Structural organisa-
tion of the seven truncated resistance (R)-like proteins deduced
from the cDNA sequences. The conserved domains of the
nucleotide-binding site (NBS) region: the P loop, kinase 2 (Ki2)
and kinase 3 (Ki3) domains are symbolized by grey boxes.
Conserved domains 1V, hydrophobic domain (HD), VI and VII
are indicated by black boxes. The leucine-rich repeat (LRR) region
is denoted with black, hatched boxes. The incomplete N-terminal
sequences of JA73, JA68, JA76 and JA80 R-like proteins, due to
the cDNA library building protocol, are indicated by dotted open
boxes. The lengths of JA74, JA88 and JA102 R-like proteins are
indicated under the protein names

one acceptor-like (AL) splice site has been observed,
and was designated AL1 (Fig. la). Moreover, it is
remarkable that the deletion of the coding sequence
involved only 4 of 14 distinct potential DL splice and/
or AL splice sites present in the cJ474 cDNA sequence
(Fig. 1a).



The 3’ untranslated regions (3 UTRs) of the seven
cDNA also display variable lengths (Fig. la): ¢JA4102
(156 bp), ¢JA76 (244 bp), ¢JA80 (396 bp), cJA68
(553 bp), cJAS8S (556 bp), c¢JA73 (604 bp) and cJA74
(1160 bp). Comparison of these 3 UTR sequences re-
veals that distinct deletions have occurred in the 3 UTR
sequences. Like the coding sequences, the remaining
nucleotide sequences shared by the seven ¢cDNA are
100% identical (Fig. 1a).

A COILS analysis (Lupas et al. 1991) revealed that
the region between amino acids 132 and 143 of the
predicted cJA74 protein forms a CC structure, with a
probability higher than 98%.

The seven cDNA encode distinct putative truncated
CC-NBS-LRR R-like proteins

These seven cDNA are predicted to encode seven dis-
tinct proteins presenting high similarities with the JA71
and JA78 NBS-LRR R-like proteins encoded by the
two JA71 and JA78 RGCs previously identified at the
B4 R-gene cluster (Fig. 2; Ferrier Cana et al. 2003). For
example, the JA88 R-like protein exhibits at least 81.1%
and 85.5% of amino acid identity and similarity,
respectively, with the JA71 and JA78 R-like proteins.
Moreover, the position of both the N-terminus con-
served domains (from the domain P loop to the domain
VII) and the beginning of the LRR region are conserved
(Fig. 2).

However, in contrast to the JA71 and JA78 R-like
proteins that comprise the seven conserved N-terminus
domains and 18 and 20 LRRs, respectively, the putative
proteins deduced from the seven cDNA isolated in the
present study, are partially truncated. Because of the
distinct deletion events, the corresponding seven R-like
proteins are truncated in their C-terminus region, and
three distinct configurations have been discovered
(Fig. 1b). Splice forms JA74, JA102 and JA88 harbour
the seven conserved domains (NBS conserved domain
plus the four additional IV to VII conserved domains)
and five LRRs. The JA73 R-like protein contains
only the seven conserved domains (I to VII). Finally,
the JA68, JA76 and JA80 R-like proteins harbour only
the five first conserved domains (I to V) and part of the
conserved domain VI.

The seven cDNA originate from various splicing events
following transcription of a unique gene referred
to as JAItr

As the seven cDNA share a common nucleic sequence
with distinct deleted parts, we studied whether these
cDNA corresponded to transcription products of dif-
ferent truncated R genes, or whether these cDNA orig-
inated from post-transcriptional modifications of a
single gene. To address this question, we screened a
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lambda genomic library from the JaloEEP558 genotype
(12 genome equivalent) with the representative cJAS8S
cDNA as a probe. Four phages corresponding to a un-
ique genomic clone, displaying the nucleic sequence
corresponding to all ¢cDNA, were recovered. Upon
comparison of the genomic sequence with the ¢JAS8S
cDNA clone sequence, the presence of two introns was
detected: intron I of 662 bp and intron II of 126 bp
(Fig.1a). Both displayed a characteristic high AT con-
tent of 71.6% and 73.8%, respectively, as expected for
intron sequences of a dicot plant gene (Simpson and
Filipowicz 1996).

Comparisons of the seven cDNA sequences with the
sequence of the recovered genomic clone revealed that
the length variations observed in the 3 UTR sequences
of the cDNA are due to alternative splicing events of the
two introns and four distinct situations are observed
(Fig. 1a). For the ¢JAS8S8, ¢JA73 and ¢JA68 cDNA, the
two introns are correctly spliced, and the length varia-
tions of the 3" UTRs are due to length variation of the 3’
end sequences located after the intron II. For the ¢JA74
cDNA, the two introns are not spliced, which implies the
expansion of the ORF to a stop codon reached within
the sequence of intron I (Fig. 1a). For the ¢JA476 and the
¢JA102 cDNA, the sequence located between the donor
splice site of intron I and the acceptor splice site of in-
tron II is completely removed and corresponds to an
example of exon skipping. Finally, a fourth situation of
aberrant splicing is observed for the ¢JA80 cDNA. In
this case intron I is correctly removed, whereas the end
of the 3’UTR corresponds to the first unspliced 55 bp
sequence of intron II (Fig. 1a).

Serial PCR experiments were completed to confirm
that only a single genomic sequence corresponding to
the seven identified cDNA exists in the JaloEEP558 bean
genome. Primers j/3 and j29 were used (Fig. 1a). These
primers frame the 689-bp and 437-bp sequences that are
deleted in the ¢JA68, ¢JA76, ¢cJA80 cDNA and in the
c¢JA73 cDNA, respectively. If distinct genes correspond
to the different cDNA, five amplification products of
0.491 kb (¢JA68 and ¢JA80), 0.744 kb (cJA73), 1.177 kb
(cJA88) and 1.8 kb (¢JA74), corresponding to each
event of deletion, would be expected. A single 1.8-kb
band was PCR-amplified from the JaloEEP558 genomic
DNA with the j13/j29 primers. This 1.8 kb size corre-
sponds to the product expected for the longest cDNA,
c¢JA74 (Fig. 3). This result indicates that all cDNA
derive from a single gene, of which the messenger is
subjected to multiple, distinct post-transcriptional
events. An additional PCR experiment performed with
primers j29 and j71, allowing the amplification of the
c¢JA76 and ¢JA102 cDNA, led to the same conclusion
(data not shown). This single RGC will be further re-
ferred to as JAItr for first (/) truncated (#r) resistance
gene candidate isolated from the JaloEEP558 genotype
(JA). To our knowledge, these R-like transcripts con-
stitute the first report of truncated non-TIR-NBS—
LRR R-like transcripts resulting from alternative
splicing.
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axxaxaxxCxxax: LRR consensus

Fig. 2 Comparison of the JA88 truncated R-like protein with the
corresponding region of the full-length JA71 and JA78 R-like
proteins. The amino acid sequences of the four proteins are
divided into four regions: the N terminus (Region A), the NBS
(Region B), the spacer (Region C) and the LRR (Region D). Filled
diamonds above the three sequences indicate the beginning of each
region. The conserved domains of the NBS region, as well as
domains IV to VII that are conserved among the NBS-LRR R-
like sequences, are indicated in boldface characters. The number of
each LRR is indicated above the sequence. The LRR consensus

Mapping of the J4Itr R gene candidate

A PCR approach, using specific primers j46 and j47
(Fig. 1a), was used to map the J47¢tr RGC on the inte-

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 residues of the f-turn—pf-sheet
domains (xxaxaxx) are shown by horizontal lines and aliphatic
amino acids are in boldface. Asterisks and dots indicate identical
and similar amino acids in the consensus sequence, respectively.
Grey squares placed above the amino acid sequences indicate the
position of DL1, DL2, DL3 and ALI splicing sites. The JA71 and
JA78 R-like proteins sequences have been represented until their
fiftth LRR

grated linkage map of common bean (Freyre et al. 1998).
The JA 1tr RGC maps at the end of linkage group B4, on
the B4 R-gene cluster, and is co-localized with the pre-
vious characterized J478 RGC (Ferrier Cana et al.
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Fig. 3 Occurrence of a single genomic sequence corresponding to
the different transcripts. PCR experiment was performed on
genomic DNA from the JaloEEP558 genotype (lane JaloEEP558)
and on five cDNA clones (¢JA68, cJA73, ¢JA74, ¢JA80 and
¢JAS8S8), with the j29 and jI3 primers, which flanked the coding
sequence that is subject to aberrant splicing (Fig. 1a). The lengths
(in kilobases) of the amplified products on the distinct cDNA are
indicated on the /left. Control: PCR test reaction without DNA. Kb
ladder: Nucleic acid molecular size standard (1 kb, GIBCO-BRL,
Cergy Pontoise, France) of which the size of the fragments are
indicated on the right (in kilobases). A unique amplification
product of 1.8 kb is obtained with the JaloEEP558 genomic DNA
similar to the product obtained from the ¢J74 cDNA

2003), the Co-y/Co-9 R-specificities and one R QTL
effective against C. lindemuthianum (Geffroy et al. 1999,
2000).

Identification of an additional JA/tr alternative
transcript through RT-PCR experiments

In order to test (1) whether all the alternative transcripts
are expressed during infection to a detectable level and
(2) whether additional transcripts resulting from post-
transcriptional events are expressed in vivo via alterna-
tive splicing, RT-PCR experiments were performed
using primers j29 and jI3 (Fig. 1a). j29/j13 gave ampli-
fication products on cJA74, cJA8S, cJA73, cJA68/cJAR0
and no product on cJA76 and cJA102 (Figs. la, 4).
Three amplification products were observed in both
non-inoculated and inoculated plants corresponding to
the expected product for the JA68/JA80, the JA73 and
the JA88 transcripts (Fig. 4). One additional amplifica-
tion product of 647 bp has also been recovered that does
not correspond to any of the seven cDNA previously
identified. Cloning and sequencing of this amplification
product allowed the identification of a third DL splice
site (DL3, Fig. la). This latter product corresponds to a
new class of transcripts with correct splicing of intron I
but lacking a 533-bp region between the DL splice site
DL3 and the AL splice site AL1. Moreover, the tran-
scripts are observed in both inoculated and non-inocu-
lated plants, and their level of occurrence is similar in all
tested conditions: inoculated/non-inoculated, regardless
of the time point. Therefore, it appears that the post-
transcriptional modifications, as we describe here, are not
dependent on the triggering of the defence mechanism
and/or resistance response in bean upon inoculation with
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Fig. 4 Identification of additional splice variants of JAltr through
RT-PCR experiments. A reverse transcriptase (RT)-PCR experi-
ment was done on total RNAs isolated from bean cotyledonary
leaves before inoculation (70) with the M38 avirulent strain of
Colletotrichum lindemuthianum 24, 48 and 72 h after inoculation
(724, T48 and T72, respectively), with the j29 and j/3 primers that
flank the coding region of the J4/7r R-gene candidate subjects to
aberrant splicing (Fig. 1a). Control amplifications were also done
on DNA corresponding to ¢JA468, ¢JA73, cJA74 and ¢JA88 cDNA
(which give amplification product with primers j29/j13, which is not
the case of cJA76, cJA102; see Fig. 1a). Lengths (in kilo bases) of
the amplified products are indicated on the right. For each sample,
control experiments without reverse transcriptase showed that the
observed products corresponded to JAItr transcripts and not
genomic DNA contamination (data not shown). Ladder: Nucleic
acid molecular size standard (1 kb). Note that: (1) all RT-PCR
patterns are identical regardless of the time point; (2) no
amplification is observed that corresponds to the size of the
¢JA74 transcript form; and (3) a new amplification product of
647 bp is observed that does not correspond to any of the
recovered cDNA and therefore indicates the occurrence of a new
donor like splicing site, designated DL3 (see Figs. 1, 2)

the fungal pathogen C. lindemuthianum. The level of
expression of the distinct transcripts is clearly different,
even if RT-PCR is not a quantitative technique (Fig. 4).
Indeed, the JA74 transcript is not detectable in this
condition, in contrast to the other transcripts. Conse-
quently, the non-splicing of intron I is likely to be a rare
event.

Discussion

In common bean, the complex B4 R-gene cluster con-
tains a multi-allelic family of NBS resistance gene ana-
logues, three R specificities and two R QTLs that are
effective against the fungal pathogen C. lindemuthianum
(Geffroy et al. 1999, 2000). Recently, we reported the
characterization of four expressed RGCs predicted to
encode CC-NBS-LRR R-like proteins (Ferrier Cana
et al. 2003) that are candidates corresponding to the
genetically defined Co-9/Co-y R-specificities effective
against C. lindemuthianum (Geffroy et al. 1999). In this
study, we report the characterization of an additional
expressed CC-NBS-LRR RGC, JA4Itr, that is predicted
to produce at least eight distinct R-like transcripts via
multiple post-transcriptional modifications. In contrast
to JA71 and JA78 RGCs that correspond to full-length
R-like proteins harbouring the seven conserved domains
P loop to VII and at least 18 LRRs in the C-terminus
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region, JAItr encodes putative R-like proteins truncated
in the C-terminus region and harbour either zero or five
LRRs.

Until now, alternative transcripts have been mainly
described in the TIR-NBS-LRR sub-class of disease R
genes (Whitham et al. 1994; Lawrence et al. 1995; Ayliffe
et al. 1999; Gassmann et al. 1999; Dinesh-Kumar and
Baker 2000), and very few examples have been described
so far for the CC-NBS-LRR sub-class of disease R
genes. For the CC-NBS-LRR powdery mildew Mlal3
R genes, alternative splicing events have been reported.
However, since these splicing events occur in the tran-
script leader region, they do not lead to alternative
transcripts with truncated ORFs (Halterman et al.
2003). For Mla-6, another barley powdery mildew CC—
NBS-LRR resistance gene (Halterman et al. 2001), an-
other situation is observed. A truncated version of the
barley Mla-6 resistance gene, referred to as Mla6-2, has
been identified. The Mla6-2 gene is a paralogue of Mla6
and encodes a truncated version (232 amino acids) of
Mila-6 (956 amino acids), with only four divergent bases
(Halterman et al. 2001, 2003). Therefore, our study
constitutes one of the only reports of truncated CC-
NBS-LRR transcripts derived from alternative splicing.
The rarity of truncated CC-NBS-LRR putative R
proteins was already identified in a comprehensive
analysis of the number of NBS—LRR sequences present
in a single plant. In fact, 149 genes encoding putative full
length NBS-LRR R proteins and 57 genes encoding
putative truncated R proteins, i.e. without LRR do-
mains, were identified (Initiative 2000; Meyers et al.
2002, 2003; Richly et al. 2002). These truncated NBS—
LRR-encoding genes structurally reconstitute alterna-
tively spliced NBS-LRR-encoding transcripts (Jordan
et al. 2002). Of this latter class of 57, only six genes
encode truncated R proteins belonging to the CC-NBS—
LRR sub-class. These results suggest that, in the Ara-
bidopsis genome, the number of R genes encoding
truncated TIR-NBS-LRR R proteins is much more
important than the number of R genes encoding trun-
cated CC-NBS-LRR R proteins. However, whether
these genes are subjected to alternative splicing like in
the present study is not known. The rarity in the Ara-
bidopsis genome of R-like genes encoding putative CC-
NBSs with no LRR coupled with the rarity of the
alternative transcripts with truncated ORFs derived
from CC-NBS-LRR R genes could suggest that the
events leading to such putative proteins are counter-se-
lected. Alternatively, the genes encoding truncated TIR—
NBS-LRR proteins might have different function than
plant disease resistance. In the rice genome, a different
situation is observed, since a large group of 50 of these
CC-NBSs with no LRR or non-TIR-NBSs with no LRR
have been described (Bai et al. 2002). This unique class
of cereal genes probably reflect the independent evolu-
tion of the resistance gene repertoire since the divergence
of grasses and dicots (Bai et al. 2002).

Several features distinguish the JAItr gene from
previously reported data concerning the truncated

TIR-NBS-LRR R proteins. In contrast to alternative
transcripts of flax L6 (Lawrence et al. 1995; Ayliffe et al.
1999), tobacco N (Whitham et al. 1994; Dinesh-Kumar
and Baker 2000) and A. thaliana RPS4 (Gassmann et al.
1999) R genes, which derive from a single R gene
encoding both full-length and truncated transcripts, the
bean JA1tr RGC encodes only truncated R-like proteins
when compared to related J471 and J478 RGCs pre-
viously characterized at the complex B4 R-gene cluster
(Ferrier Cana et al. 2003). The larger transcript JA474
corresponds to a R-like protein containing an NBS, the
four conserved domains IV, HD, VI and VII (Ellis et al.
2000) and five LRRs, whereas the JA71 and JA78 re-
lated R-like proteins present 18 and 20 LRRs, respec-
tively. Moreover, unlike the RPP5 and the RPP5" R
proteins that are encoded by two distinct but related
genes (Parker et al. 1997), no related gene encoding an
identical and full-length transcript corresponding to the
JAItr RGC has been recovered. Therefore, the JAItr
gene is ‘truncated’ at the genomic level since, at most,
five LRRs are encoded by this gene, and various post-
transcriptional events give rise to at least eight tran-
scripts with truncated ORFs for some of them.

Two distinct post-transcriptional modifications occur
on the JAItr RGC primary transcript. The first consists
of an alternative splicing of intron sequences, which is
associated with an exon skipping as observed for the
JA76 and JA102 transcripts. This mechanism has been
previously described during the formation of the L6, N
and RPS4 splice variants (Ayliffe et al. 1999; Gassmann
et al. 1999; Dinesh-Kumar and Baker 2000). The second
mechanism has not yet been reported for plant R genes
and corresponds to an ‘aberrant’ splicing of the coding
region that might be explained as a malfunction of the
splicing machinery. The 689-bp and 437-bp deleted re-
gions are flanked by a DL splice site and an AL splice
site and might be considered as cryptic intron sequences,
despite the fact that the AT content of the deleted se-
quences is not as high as expected for an intron sequence
(Simpson and Filipowicz 1996). Alternative splicing
seems to occur at extremely different rates in human (40—
60%) and Arabidopsis (1.5%) (Lorkovic et al. 2000;
Modrek and Lee 2002; Zhu et al. 2003). Among the
Arabidopsis genes, 327 cases of alternative splicing have
been reported and categorized in five categories, alter-
native donor sites, alternative acceptor sites, exon skip-
ping, alternative introns that are shifted in position at
both sites and composite alternative splicing. The situ-
ation observed in the present study corresponds to this
later category of composite alternative splicing. In
Arabidopsis, only 11 cases of composite alternative
splicing have been reported, which pointed out the sin-
gularity of such an event (Zhu et al. 2003).

Alternative splicing can be regulated by many biotic
or abiotic stresses (Konig et al. 1998; Simpson and Fil-
ipowicz 1996). However, the alternative splicing of the
JAItr RGC transcript is not regulated by the infection
of common bean with the C. lindemuthianum strain
tested, since all the alternative transcripts are equally



observed in the non-inoculated plants as well as at all
time points of the inoculated plants.

Interestingly, no post-transcriptional modifications
have been observed for the four other RGCs (JA71,
JA78, BA8 and BAII) previously isolated at the B4
R-gene cluster (Ferrier Cana et al. 2003), despite the fact
that they present several AL/DL splicing sites and
introns in their sequences. We hypothesize that the
genomic context of the JAItr RGC affects the outcome
of pre-mRNA processing. It remains to be determined
whether these truncated forms of R genes are unpurged
fossils of past evolution or if, as proposed by Dangl and
Jones (2001) and Meyers et al. (2002), they encode
adaptor molecules that are important in signalling, as
MyD88 contributes to TIR signalling in animals (Med-
zhitov et al. 1998). Until now, whether or not the pre-
dicted products of truncated L6 and RPP5 transcripts
are indeed produced and have any involvement in
resistance has not yet been established (Parker et al.
1997; Ayliffe et al. 1999). In tobacco, variation in the
ratio of the full-length and truncated products of the N
R gene has been observed during the resistance response
to TMV, and both the full-length and the truncated N
proteins are necessary to observe complete resistance to
TMV (Dinesh-Kumar and Baker 2000; Marathe et al.
2002), although the existence of these predicted proteins
has not been demonstrated. For RPS4, the combined
presence of regular and alternative transcripts is neces-
sary for function (Zhang and Gassmann 2003).

A total of 149 NBS-LRR R genes have been identi-
fied in Arabidopsis Col-0 (Meyers et al. 2002, 2003). This
seems to be a surprisingly small number of genes with
regard to all the possible pathogen-encoded ligands.
Several models can explain this phenomenon. First, one
R protein can recognize more than one Avr protein. This
case has been identified several times. For example, the
Arabidopsis RPM 1 gene product recognizes two distinct
Avr gene products (Bisgrove et al. 1994; Grant et al.
1995); the tomato Mi gene is effective against nema-
todes, aphids and whitefly (Rossi et al. 1998; Nombela
et al. 2003) and different alleles of the RPPS8/HRT/
RCYI gene confer resistance against an oomycete and
two separate viruses (McDowell et al. 1998; Cooley et al.
2000; Takahashi et al. 2002). Second, post-transcrip-
tional modifications of a single gene can lead to a
remarkable number of alternative transcripts. In the
present study, eight distinct transcripts corresponding to
a single gene, JAItr, have been characterized. This
potentially constitutes an efficient source of diversity for
R products that could act as a very efficient system for
generating a large sample of R specificities. One limita-
tion of this putative model is that most of the JAltr
transcript variants do not present LRR and that, on the
other hand, it is now well documented that the LRR
domain of different plant R proteins contribute to
specificity in pathogen recognition (Dangl and Jones
2001). However, examples of regions outside of the LRR
domain involved in specificity determination have been
reported for alleles of the L locus of flax (Luck et al.
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2000). Another hypothesis could be that the truncated
forms of JAltr are working in interaction with another
full length NBS-LRR, such as JA78 or JA71 previously
identified at the B4 R-gene cluster (Ferrier Cana et al.
2003), to specify resistance. This kind of situation was
observed in Arabidopsis, where two closely linked genes
RPP2A (TIR-NBS-LRR with short LRR domain) and
RPP2B (complete TIR-NBS-LRR) are both essential
determinants for isolate specific recognition of Pero-
nospora parasitica isolate Cala2 (Sinapidou et al. 2004).

In any case, our results seem to suggest that alter-
native splicing in plants may have an under-appreciated
role in expanding proteome diversity, as mentioned by
Jordan et al. (2002).
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