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Abstract The broadest based resistance to anthracnose of
common bean (Phaseolus vulgaris L.) is conferred by the
Co-4 locus. We sequenced a bacterial artificial chromo-
some clone harboring part of the Co-4 locus of the bean
genotype Sprite and assembled a single contig of 106.5 kb
for functional annotation. This region contained five
copies of the COK-4 gene that encodes for a serine
threonine kinase protein previously mapped to the Co-4
locus and 19 novel genes with no similarity to any
previously identified genes of common bean. Several
putative genes of the Co-4 locus seemed to be expressed as
they matched perfectly with bean expressed sequence tags.
The expression of the COK-4 genes was assessed by
reverse transcription (RT)-PCR, and a single 850-bp
cDNA fragment was sequenced and compared with the
genomic sequences of the COK-4 homologs. Although the
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COK-4 cDNA was isolated from a different bean cultivar,
it showed high similarity (95%) to the exons of genes
BA17 and BA21, suggesting that they were expressed. In
a phylogenetic tree including all currently available Pto-
like sequences from Phaseolus species, the COK-4
homologs formed a single cluster with the Pro gene,
whereas two sequences from P coccineus and all
sequences of P. vulgaris formed two closely related
clusters. The Co-4 locus was physically mapped to the
short arm of bean chromosome 3, which corresponds to
linkage group B8. This study represents a first step in
gaining an understanding of the genomic organization of
an anthracnose resistance locus of common bean and
provides molecular data for comparative analysis with
other plant species.

Introduction

Independent of the plant taxa or the pathogen involved,
resistance gene-encoded proteins have been shown to
possess a small number of conserved functional domains,
such as leucine-rich repeats (LRR), nucleotide-binding
sites (NBS), leucine zippers (LZ), and protein kinases
(PK) (Hammond-Kosack and Jones 1997). Each resistance
gene may encode one or more domains. For example, the
Pto gene encodes for a serine threonine kinase (STK;
Martin et al. 1993) protein, whereas RPM1 encodes for a
three-domain protein with LZ, NBS, and LRR (Boyes et
al. 1998). Some resistance genes that encode for LRR and
NBS domains are divided into two classes based on the
presence of either a Toll/interleukin 1 cytoplasmic receptor
(TIR) or a coiled coil (CC) domain at the amino terminus
of the protein (Graham et al. 2002).

Each domain has a specific role in the resistance/
defense process. In some instances, LRR proteins appear
to be responsible for recognition specificity as they can
bind to the corresponding ligands from the pathogen (Jia et
al. 2000). In other cases, LRR proteins interact with
putative targets of pathogen virulence proteins (Dixon et
al. 2000). NBS, LZ, and kinases may be involved in signal
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transduction pathways and they are usually involved in
activating other proteins, which may trigger a chain of
events leading to a defense response (Bent 1996; Ham-
mond-Kosack and Jones 1997). Unlike LRR and NBS, the
STK domain found in disease resistance proteins may also
be involved in other cellular processes, which makes it
difficult to isolate an STK-like disease resistance gene in a
certain species using the nucleotide information of this
domain from another unrelated species. However, the STK
domain of resistance genes is evolutionarily different from
other kinase domains as it clusters separately in phyloge-
netic trees (Vallad et al. 2001). Pfo-like kinases are unique
to plant species, unlike other kinases that are present in
most eukaryotes (Vallad et al. 2001). Therefore, disease
resistance genes that encode for kinases may be identified
in other species based on comparisons with the Pfo gene.
However, genetic linkage and functionality still have to be
demonstrated to assign the role of those kinases in
conferring resistance to pathogens.

The ideal approach to finding genes of interest is to
have whole genome sequences available. However, due to
the large size of many plant genomes, this is not
economically feasible for many crop plants. A more
cost-effective approach is to sequence relatively short
genomic fragments known to carry the target gene. The
Co-4 locus that confers resistance to anthracnose in
common bean has been tagged with several molecular
markers (Young et al. 1998; Melotto and Kelly 2001) and
is a good candidate for map-based cloning. This locus is
highly valuable for breeding purposes as it controls 97%
of all currently identified races of the pathogen Colleto-
trichum lindemuthianum (Melotto et al. 2000). We
recently provided genetic and molecular evidence that
Co-4 is a multi-gene family with single nucleotide
polymorphisms (SNPs) among homologs of different
bean genotypes possessing different alleles at the Co-4
locus. A Pto-like kinase gene, COK-4, was also identified
in the Co-4 locus (Melotto and Kelly 2001). However,
neither the physical location of this locus in the bean
chromosomes nor the genomic content of this locus has
been characterized.

In the investigation reported here, we were provided
with a bacterial artificial chromosome (BAC) library from
the bean cultivar Sprite (Vanhouten and MacKenzie 1999)
to further characterize the Co-4 locus. Using the SAS13
marker as a probe, we were able to identify four BAC
clones. The largest BAC clone, which contained a 106.5-
kb genomic region linked to the Co-4 locus, was
completely sequenced and annotated. The expression of
the COK-4 gene homologs and several other genes was
assessed by comparison with expressed sequence tagged
(EST) sequences and/or reverse transcription (RT)-PCR.
The bean COK-4 gene homologs were also compared to
all previously described Pro-like gene sequences in the
genus Phaseolus using phylogenetic analysis. In addition,
the BAC clone was physically mapped to the bean
chromosome 3 using fluorescent in situ hybridization
(FISH). This is the first report on the genomic content of
the longest contiguous DNA sequence of common bean.
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Materials and methods
Genetic material

The four BAC clones used in this study—78L;5, gF;, 53Eg, and
56P,—were selected from a bean library constructed with the snap
bean cultivar Sprite (Vanhouten and MacKenzie 1999) using the
SAS13 marker previously found to be tightly linked to the Co-4
locus (Young et al. 1998). The presence of the SAS13 marker in the
four BAC clones was also tested using PCR as described by Young
et al. (1998). The FISH experiment was conducted with bean
genotype Calima from Colombia, which had been used to establish a
reference integrated chromosomal map of common bean (Pedrosa et
al. 2003). COK-4 cDNA was isolated from bean genotype SEL 1308
that carries the Co-4> locus. SEL 1308 was derived from a backcross
between the anthracnose-susceptible cultivar Talamanca from Costa
Rica and the resistant parent Colorado de Teopisca (CIAT accession
number G2333) from Mexico.

Pulse field gel electrophoresis (PFGE)

To determine the size of the BAC clone inserts, we digested the
plasmids with Notl in the presence of bovine serum albumin and
separated the resulting fragments on a 1% ultra pure agarose gel
using a contour-clamped homogeneous electric field unit
(CHEF DRII; BioRad, Hercules, Calif.) under the following
conditions: ramp time of 1-12 s, 6 V/cm, 0.5% TBE buffer, running
time of 15 h at 15°C.

Shotgun sub-cloning and sequencing

The 78L;7 BAC plasmid DNA was extracted with the Plasmid Midi
kit (Qiagen, Valencia, Calif.) from cells cultured for 16 h in 200 ml
of Luria-Bertani (LB) medium at 37°C or until culture absorbance at
600 nm reached 1-1.5. The BAC plasmid (1 pg) was then sonicated
once for 10 s using an ultrasonic homogenizer (Cole Parmer) to
produce fragments between 700 bp and 1,400 bp. The sonicated
sample was checked for size and quantity on an agarose gel. The
shotgun sub-cloning library was constructed with 100 ng of
sonicated DNA. DNA fragment end repair, dephosphorylation,
ligation to the PCR 4Blunt-TOPO vector, and Escherichia coli
transformation were performed with the TOPO Shotgun Subcloning
kit (Invitrogen, Carlsbad, Calif.) following the manufacturer’s
protocol. Recombinant colonies were incubated in LB medium
supplemented with 100 pg/ml ampicillin and 8% glycerol for 20 h at
37°C in 96-well microplates.

Plasmid miniprep was conducted in 96-well plates using standard
procedures. DNA sequencing was performed using the Big Dye
Terminator Cycle Sequencing Ready Reaction Kit (Applied
Biosystems, Foster City, Calif.) and the M13 reverse or M13
forward primer. The PCR profile consisted of 25 cycles of 10 s at
96°C, 5 s at 50°C, and 4 min at 60°C. Following PCR product
precipitation, automated sequencing was carried out in a capillary
system (3700 ABI Sequencer, Applied Biosystems). BAC-end
sequencing was performed as described above, except that the DNA
template used for the PCR reaction was BAC plasmid (500 ng)
sonicated into lengths of 2—4 kb to facilitate the sequencing of the
DNA downstream of the M13 primer.

Sequence assembly, finishing and annotation

Sequence reads were assembled using the PHRED/PHRAP/CONSED
package (http://www.phrap.org Ewing et al. 1998; Ewing and
Green 1998; Gordon et al. 1998). To improve the quality of some
regions and to confirm the sequence of contiguous repetitive
regions, we used flanking primers designed with the primer picking
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function of consep to amplify those regions. PCR products were
purified, both strands were sequenced, and the resulting reads were
added to the assembly. Each base was sequenced at least twice with
a PHRED quality higher than 20. The predicted restriction map of the
final consensus sequence was compared with EcoRI, EcoRV, and
HindIll digests of the BAC plasmid in order to confirm its
assemblage (data not shown).

The consensus sequence was analyzed for the presence of coding
regions with two different computer programs— GENEscaN (Burge
and Karlin 1997; http://genes.mit.edu/GENSCAN.html) and FGENESH
(http://www.softberry.com/)—using Arabidopsis as the model or-
ganism. The putative function of coding regions was determined by
comparison with known genes available at the GenBank database
using the BLASTX algorithm (Altschul et al. 1997). Conserved
domains were identified using the MOTIF scaN software (http://hits.
isb-sib.ch/cgi-bin/PFSCAN Falquet et al. 2002). Predicted genes
were also compared to the bean EST database (http:/Igm.esalq.usp.
br/BEST Melotto et al., unpublished) and to plant unigene databases
(Wheeler et al. 2003) of the National Center for Biotechnology
Information (NCBI) using BLASTN to assess the expression of those
genes. Sequences of predicted genes with same function were
aligned with the cLustaLw software (Thompson et al. 1994) to assess
their similarities. The annotated BAC sequence herein described has
been deposited in the NCBI database under accession number
AY341443.

Reverse transcriptase-PCR analysis

mRNA samples from SEL 1308 seedlings inoculated with race 73 of
Colletotrichum lindemuthianum and non-inoculated control seed-
lings were used as templates in the reverse transcriptase (RT)
reaction using the GeneRacer kit (Invitrogen). cDNA was
synthesized using the oligo dT primer and 1 pg of mRNA in a
reaction incubated for 1 h at 42°C according to the manufacturer’s
instructions. The COK-4 cDNA was PCR-amplified with the COK-
4-specific primers described by Melotto and Kelly (2001). The PCR
reaction contained 1x PCR buffer, 200 uM dNTP, 1 ul of the cDNA
reaction, 10 pmol of each primer, 1 U ThermoZyme DNA
polymerase (Invitrogen) in a total volume of 50 ul. Controls to
test for DNA contamination of the mRNA samples were included in
this analysis where mRNA was used in the PCR reaction instead of
cDNA. The amplification profile consisted of 3 min at 94°C, 30
cycles of 30 s at 94°C, 30 s at 70°C, and 2 min at 72°C, and final
extension of 7 min at 72°C. To produce a well-defined band, we
carried out a second-round of PCR under the same conditions as
described above using 1 pl of the first PCR reaction. Although a
high-fidelity DNA polymerase was used in the PCR reaction, one
cannot discard the possibility of nucleotide substitution during
amplification resulting in sequencing errors. This experiment was
conducted twice.

COK-4 cDNA fragments isolated from inoculated or non-
inoculated bean seedlings were cloned using the TOPO TA Cloning
kit (Invitrogen). Both strands of the cloned cDNA fragments were
sequenced using a 377 DNA Sequencer (Applied Biosystems) as
previously described by Melotto et al. (1996). cDNA sequences
were compared to the genomic DNA sequence of the COK-4 gene
using the two-sequence alignment software (BLAST2) available at the
NCBI web site and also to the protein database (Pfam at http://www.
sanger.ac.uk/Software/Pfam/ ; Bateman et al. 2002) to determine its
putative function.

Phylogenetic analysis of bean serine/threonine kinases

The COK-4 gene homologs were aligned to previously cloned STKs
of common bean, OG5, OGS, OG9, SG1, and SG5 (accession nos.
gi|14010506, gil14010500, gi|140104898, gi|14010488, gil
14010482, respectively; Vallad et al. 2001), two Pro-like ESTs
from Phaseolus coccineus (gi|27395850 and gi|27395849), and to
the Pto protein from tomato (gi|1809257) using the cLusTALW

software. The phylogenetic trees of amino acid sequences were
constructed using parsimony analysis, and the robustness of the final
topology was tested with the tree-building method PAUP (Swofford
1998). An STK sequence of Arabidopsis (Swiss Prot accession no.
Q06548) was used as the outgroup.

FISH mapping

The BAC clone 56P;, was used to physically map the Co-4 locus on
the common bean chromosomes. Assignment of this clone to a
specific chromosomal region was confirmed by re-hybridization
with a pool of [restriction fragment length polymorphism (RFLP)]
clones from linkage group F (RFLP pool F": Bng 62, Bng 69,
Bng 125, Bng 186, Bng 214) corresponding to linkage group B8 of
the bean core map (Freyre et al. 1998). This pool of clones can be
used as a marker for the short arm of chromosome 3 (Vallejos et al.
1992; Pedrosa et al. 2003). Both probes were labeled by nick
translation (Roche Diagnostics, Indianapolis, Ind.) with Cy3-dUTP
(Amersham Pharmacia Biotech, Piscataway, N.J.).

Chromosome preparation was as described in Pedrosa et al.
(2003) and slide selection and pre-treatment as in Pedrosa et al.
(2001). Chromosome and probe denaturation and post-hybridization
washes were performed according to Heslop-Harrison et al. (1991),
with the modifications described in Pedrosa et al. (2002) for
hybridization without blocking DNA. Preparations were counter-
stained and mounted with 2 pg/ml DAPI in Vectashield (Vector).
Re-probing of slides for confirmation of chromosome identity was
performed according to Heslop-Harrison et al. (1992).

Photographs were taken on a Zeiss Axioplan (Carl Zeiss)
equipped with a mono cool view CCD camera (Photometrics).
Images from the camera were combined and pseudo-colored using
the IPLab spectrum software (irLaB). The distance of FISH signals to
the closest telomere and total chromosome length were measured
using the ANALYZE-MEASURE LENGTH function of the same software.
The position of the BAC clone was based on measurements of 20
chromosomes and was defined as a proportion of the total
chromosome length (telomere of the short arm is indicated as zero
and telomere of the long arm as one). This position was integrated
into the map of chromosome 3 established by Pedrosa et al. (2003).
Digital images were imported into ADOBE PHOTOSHOP ver. 6 for final
processing.

Results

Selection of bean BAC clones and shotgun library
preparation

A bean BAC library of the cultivar Sprite that covers
three- to five fold the bean genome (Vanhouten and
Mackenzie 1999) was screened with the SAS13 marker
that is tightly linked to the Co-4 locus that confers
resistance to anthracnose in common bean (Young et al.
1998). This marker contains part of an open-reading frame
(ORF) that encodes for an STK similar to the Pto gene of
tomato. Four BAC clones that strongly hybridized with the
marker were selected for further analysis. Of these four
BAC clones, we chose to sequence 78L;; because it
exhibited the SAS13 banding pattern (Fig. 1a) similar to
that of the anthracnose-resistant genotype SEL 1308 and
carried the longest insert as determined by PFGE (greater
than 100 kb; Fig. 1b). The SAS13 primers also amplified
other bands from the 78L; clone, suggesting the presence
of repetitive sequences. The BAC-end sequencing of the
56P;, clone indicated that it does not extend the 78L;



clone and carries a genomic fragment smaller than that of
78L,7 (Fig. 1b). The genome region covered by the 56P,
insert is shown in Fig. 2.

A shotgun library of the 7815 clone was prepared, and
2,400 sub-clones were picked for sequencing. A sample of
20 sub-clones was used to calculate the average insert size
present in the library by PCR amplification with the M13R
and M13F primers. The average insert size was 780 bp and
ranged from 400 bp to 1,600 bp (data not shown). These
2,400 clones were sequenced in one direction, and their
sequences were trimmed for vector sequences and low-
quality bases, which sometimes resulted in entire reads
being removed before assembly. Trimming, assembling,
and analyses were performed with the PHRED/PHRAP/CONSED
software package. In this first analysis 20 contigs were
formed, and although some of these contained highly
similar sequences these contigs did not align completely.
To close the gaps and to assemble the repeated regions
correctly, we sequenced the opposite DNA strand of the
clones placed at the end of each contig. Several primer sets
were also designed based on the flanking sequences of the
repetitive regions of the BAC insert. Single fragments
amplified by each primer set were sequenced in both
directions, and the consensus sequence was used as an
anchor to help in the assembly of the highly similar
repeats. A total of 2,165 reads was used to produce a
single contig of 106,592 bp with an average PHRED quality
of 86.5 per base and a minimum quality of 20. This contig
size is equivalent to the size of the BAC insert as
determined by PFGE.

Functional annotation of the BAC clone 78L;~

Analysis of the 106,592-bp sequence located at the Co-4
region revealed the presence of 24 putative genes (Table 1,
Fig. 2), denoted BA1 to BA24, where BA stands for bean
anthracnose. The predicted gene sequences were com-
pared with the GenBank database using the BLASTX
algorithm (Altschul et al. 1997). It was possible to identify
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Fig. 1 a DNA amplification using the SAS13 primers. Lanes: I
100-bp ladder (Gibco, Gaithersburg, Md.), 2 anthracnose resistance
bean genotype SEL 1308, 3 anthracnose-susceptible bean genotype
Black Magic, 4 56P,, 5 gF11, 6 78L;;, 7 53Eg. b Pulse field
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seven novel putative genes with no similarities to any
other genes currently described, five copies of the COK-4
gene, and genes that encoded for retrotransposon ele-
ments, anthocyanin acyltransferase, mitochondrial carrier
protein, phytochelatin synthetases, reversibly glycosylated
protein, cytochrome P450, and B12D protein ortholog.

Three regions with no predicted genes were found to
have similarities to previously described genes and were
considered to be gene segments (Fig. 2). Segment one,
851 bp, had similarities with disease resistance genes, such
as the Cf-4 of tomato, Xa2l of rice, and other genes
containing LRR domains. The largest ORF identified in
this region (444 bp) encoded for a LRR domain (E-value
of 3.6 *°), as indicated by a scan of this sequence against
the HMM library (Gough et al. 2001; http://supfam.org/
Superfamily). Segment two had similarities with RTs
associated with transposable elements. This segment was
found inside an intron but was coded by the opposite
strand of the predicted gene BAI1S, close to a predicted
retrotransposon (gene BA19). The third segment was
highly similar to the COK-4 gene (Melotto and Kelly
2001) and was located between two copies of the COK-4
gene.

Amino acid sequences of the predicted genes were
compared to the protein database Pfam to determine the
presence of conserved domains (Table 1 in electronic
supplementary material). The predicted genes BAS, BA14,
BA15, BA16, BA18, and BA20 showed no match with
conserved domains available in the database. All of these
genes had no match with genes available in the GenBank,
except for gene BA16 that encoded for a B12D protein
homolog. The retrotransposon elements, genes BA1, BA4,
BA19, and BA23, differed at the nucleotide level,
however, all four encoded for retroviral Pol protein and
the last three also encoded for GAG protein. Genes BAI,
BAA4, and BA19 are copia-type retrotransposons, whereas
gene BA23 is of a gypsy type. The COK-4 homologs,
genes BA3, BA6, BA17, BA21, and BA22, encoded for
PK with one ATP-binding region signature or tyrosine PK-
specific active-site signature. The anthocyanin 5-aromatic
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agarose gel showing the approximate insert size of the BAC clones.
Lanes: 1 78Ly5, 2 gFy;, 3 53Eg, 4 56P,, 5 low-range molecular-
weight marker (New England Biolabs, Beverly, Mass.). Numbers on
the lefi or right of each panel indicate molecular weight in kilobases
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Fig. 2 The predicted genes found in BAC clone 78L;;. Genes that
could not be assigned with a putative function based on the BLASTX
results are classified as “hypothetical protein (HP)”. Exons are
indicated by rectangles and introns as the thin lines between them.
The coding strand is indicated by the arrowhead of each gene. The

three segments with high homology to known genes but with no
identified ORFs are indicated as thin-interrupted arrows. The
position of the reads corresponding to the end-sequence of BAC
clone 56P, is shown as a small gray arrow. Thin arrows under
some genes indicate the alignment of the gene exons with

Table 1 Predicted genes in the BAC clone 78L,; and their putative function

Gene Length (bp) Position (no. of exons) BLASTX Accession number (organism) E-value
BA1 972 74-1,613 (2) Retrovirus-related pol polyprotein dbj|BAB92745.1 (Oryza sativa) 2
BA2 141 3,900-4,119 (2) No hit

BA3 987 5,313-6,517 (3) COK-4 predicted protein gb|AAF98554.1 (Phaseolus vulgaris) 47
BA4 3,873 6,771-10,689 (2) Gag and Pol gblAAM22635.1 (Zea mays) 0.0
BAS 381 11,250-12,134 (3) No hit

BA6 1,032 15,230-16,342 (2) COK-4 predicted protein gb|AAF98554.1 (P, vulgaris) 17105
BA7 1,404 18,504-19,907 (1) Anthocyanin 5-aromatic acyltransferase dbj|BAA74428.1 (Gentiana triflora) 276
BAS8 1,008 22,294-26,808 (8) Mitochondrial carrier protein ref[NP_568317.1 (Arabidopsis) 1717
BA9 1,245 29,562-32,457 (6) Phytochelatin synthetase-like protein ~ gb|AAM67179.1 (Arabidopsis) 17127
BA10 1,347 38,257-41,411 (6) Phytochelatin synthetase-like protein ~ gb|]AAM67179.1 (Arabidopsis) 0.0
BAI1l 1,392 42,084-44,071 (5) Phytochelatin synthetase-like protein ~ gb|AAM62930.1 (4Arabidopsis) 0.0
BA12 1,062 48,042-50,015 (4) Reversibly glycosylated protein emb|CAC83750.1 (Solanum tuberosum) 0.0
BA13 1,491 54,136-57,618 (8) Cytochrome p450 gblAAB17070.1 (Lycopersicon esculentum) 0.0
BAI14 198 63,540-66,970 (4) No hit

BAIS 363 72,682-75,734 (3) No hit

BA16 387 76,656-77,392 (3) B12D protein gb|AAD22104.1 (I[pomea batatas) 72
BA17 1,080 80,209-82,004 (4) COK-4 predicted protein gb|AAF98554.1 (P, vulgaris) 0.0
BAI1S 402 83,601-87,016 (4) No hit

BA19 1,590 87,804-89,492 (2) Gag-pol polyprotein gb|AAF20282.1 (Vitis vinifera) 1ot
BA20 327 90,070-90,911 (3) No hit

BA21 1,197 91,546-93,612 (4) COK-4 predicted protein gb|AAF98554.1 (P, vulgaris) 1716
BA22 1,035 95,359-96,937 (2) COK-4 predicted protein gb|AAF98554.1 (P, vulgaris) 1
BA23 5,580 99,171-104,923 (3) Gag-pol polyprotein dbjBAC21477.1 (O. sativa) 0.0

BA24 429 105,762-106,538 (3)  No hit




acyltransferase (gene BA7) encoded for a transferase,
indicating that this gene may be involved in anthocyanin
biosynthesis. The conserved domains encoded by gene
BAS8 (mitochondrial carrier protein, PF00153), genes
BA9, BA10, and BAIll, (phytochelatin synthetases,
PF04833), and gene BA13 (cytochrome P450) agree
with the results obtained with BLAsTX. The reversibly
glycosylated protein (gene BA12) encodes for a glycosyl
transferase (PF00535) that may be involved in the
biosynthesis of polysaccharides. Finally, genes BA2 and
BA24, which showed no homology to any known gene,
encoded for conserved sequences. BA2 had two phos-
phorylation sites, and BA24 had a lectin domain of a
ricin B chain profile.

The consensus sequence of the bean BAC clone 78L;~
was compared to the genomes of Zea mays, Brassica
oleracea, Medicago truncatula, and Arabidopsis thaliana
through the MEGABLAST search tool, however no synteny
was observed. Only three of the predicted genes that
encode for mitochondrial carrier protein (BAS), phytoche-
latin synthetase (BA11), and reversibly glycosylated
protein (BA12) were found to be putative orthologs (E-
value=0.0) of the Arabidopsis genes AtS gl15640,
At5 g15630, At5 gl15650, respectively. These genes are
clustered in the Arabidopsis chromosome V as determined
by the sequencing and mapping of the BAC clone F14F8
(http://www.tigr.org/ ).

The contig was also compared to bean ESTs and plant
unigenes databases to determine whether the predicted
genes are expressed at the mRNA level. All significant
alignments occurred with regions of the contig containing
the predicted genes (Table 2 in electronic supplementary
material). Although the phytochelatin synthetases, genes
BA9, BA10, and BAL1l, are very similar to each other, a
nearly perfect match was only observed between the bean
EST PVEPSE2034B07.g (CB541439) and gene BAII
(99%), suggesting that this is the only detectably
expressed copy among the three herein described. Another
bean EST, PVEPSE2004A02.g (CB539337), showed 71%
similarity to gene BA10 and 87% similarity to gene BA11,
indicating that other expressed copies of the phytochelatin
synthetase gene exist in other regions of the bean genome.
The gene BA12, which encodes for a reversibly glycosy-
lated protein, was similar (80% identity) to the bean EST
PVEPSE2027E09.g (CB541006), the cytochrome P450
gene (BA13) showed 100% nucleotide match to the bean
EST PVEPSE2012F04.g (CB539942), and the retro-
transposon (gene BA23) was similar (77% identity) to
the bean EST PVEPSE3030B07.g (CB543509).

Perfect alignment was observed between the mitochon-
drial carrier protein (BAS) and the phytochelatin synthe-
tase (gene BA10) with ESTs sequenced from P. coccineus
(CA907529 and CA910091, respectively). These two
genes along with reversibly glycosylated protein (BA12)
and cytochrome P450 (BA13) appeared to be the most
conserved genes among the plant species compared. The
disease resistance gene candidates did not align with any
bean EST. However, high similarities (76-80%) were
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observed between the COK-4 homologs and soybean
ESTs (Table 2 in electronic supplementary material).

Isolation of the COK-4 ¢cDNA

In two independent hybridization experiments that were
carried out to detect the transcript of the COK-4 gene in
bean genotypes, we were unable to detect any with either
[*?P]- or digoxigenin (DIG)-labeling and detection system
on the X-ray film, except for the control band (data not
shown). Sensitivity of the COK-4 probe was tested, and as
little as 100 pg of plasmid DNA could be detected on the
membrane (data not shown). The COK-4 transcript could
only be detected by RT-PCR due to its low abundance. An
850-bp cDNA band was amplified from RNA samples
collected from either inoculated or non-inoculated seed-
lings of SEL 1308 (Fig. 3), indicating that the COK-4 gene
is not induced upon pathogen infection. cDNA from both
samples were cloned and sequenced, and they proved to be
identical, indicating that they were transcripts of the same
gene; the protocol for its amplification was reproducible.

Sequence comparison and phylogenetic analysis of the
COK-4 homologs

The predicted mRNA sequences of the five COK-4
homologs found in BAC clone 78L;;, the previously
cloned COK-4 gene (gb|AAF98554.1; Melotto and Kelly
2001), and the COK-4 cDNA were aligned to determine
their similarities (Fig. 1 in electronic supplementary
material) using the crustaLw software. The SEL 1308
COK-4 gene homolog possibly has an intron between
positions 817 and 894 of the alignment, even though a
single ORF spanning the intron has been identified. A

1.5k

0.6

0.1-

Fig. 3a,b Agarose gel showing the RT-PCR analysis of the COK-4
gene using mRNA collected from SEL 1308 seedlings (lanes 2, 3)
or SEL 1308 seedlings inoculated with anthracnose (lanes 4, 5).
Lanes: 1 100-bp DNA ladder (Gibco), 2, 4 PCR reaction using
cDNA as template, 3, 5 control PCR reaction using mRNA as a
template to test for DNA contamination of the mRNA samples. a
Primary PCR, b Secondary PCR. Molecular weight in kilobases is
indicated by the numbers on the left
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second intron that appears as a gap in the COK-4 cDNA
sequence may also exist in all genomic sequences of COK-
4 homologs between positions 996 and 1,016. This intron
was not detected by the gene prediction softwares used in
this study. Two COK-4 homologs (gene BA17 and BA21),
the previously cloned COK-4 gene (Melotto and Kelly
2001), and the COK-4 cDNA proved to be very similar
(95% identity), an observation also supported by the
phylogenetic analysis presented below.

To determine the relationship among the COK-4
homologs obtained in this study and previously described
Pto-like sequences of Phaseolus sp. available in the
GenBank database, we constructed a phylogenetic tree
was constructed using parsimony analysis (Fig. 4). Two
well-supported groups were formed. The COK-4 homo-
logs formed a single cluster with the Pfo gene, whereas the
two ESTs from P. coccineus, and the P. vulgaris STKs
(Vallad et al. 2001) formed a separate cluster. Sub-groups
within clusters were observed, and this analysis supported
the close proximity of the genes BA17, BA21 and the
COK-4 homolog present in the bean genotype SEL 1308.
Interestingly, predicted COK-4 genes with two and three
exons (BA3, BA6, and BA22) fell in one sub-group, and
genes with four exons (BA17 and BA21) fell in the other
sub-group.

Chromosomal localization of the Co-4 locus

We chose the BAC clone 56P;, to localize the Co-4 locus
by FISH because its insert covers a region that is included
in BAC 78L,5, but it is shorter and contains less repetitive
sequences than 78L;7;. BAC clone 56P;, hybridized
clearly and reproducibly to a chromosome pair that was
tentatively identified as bean chromosome 3 (Fig. 5a). To
confirm this location, we re-probed the same preparation

89 BA3
| BA22
BA17
100 &E COK-4
BA21
—___ Pto
100 299 P.c.EST1
100 P.c.EST2
SG5
100 0G5
76 OG8
0G9
AthSTK

Fig. 4 Phylogenetic tree based on the amino acid sequences of the
COK-4 homologs, five bean serine/threonine kinases (gi|14010506,
2i|14010500, gi|140104898, gi|14010488, gi|14010482), two ESTs
isolated from Phaseolus coccineus (gi|27395850 and gi|27395849),
the Pto protein of tomato (gi|1809257), and a serine/threonine kinase
from Arabidopsis (Q06548). Sequences identified in this study are
in bold. An unrooted tree was constructed using parsimony analysis,
and the sequence of Arabidopsis was treated as outgroup. Numbers
at the nodes represent percentage bootstrap values of 1,000 re-
samplings

with the RFLP pool F’, which is a marker for the short arm
of chromosome 3. Signals from this probe partially co-
localized with signals from BAC 56P;, (Fig. 5b), thereby
confirming the assignment of the Co-4 locus to the short
arm of chromosome 3 and indicating that this locus is
closely linked to the markers included in the RFLP pool
F’. This result is in agreement with the mapping of Co-4 to
linkage group B8 of the bean core linkage map (Kelly et
al. 2003). Linkage group F of the University of Florida
map was previously aligned with the B8 of the bean core
map (Freyre et al. 1998). Measurements placed the Co-4
locus at position 0.17 (SD=0.07, n=25) of that chromo-
some. Figure 5¢ shows a schematic representation of the
position of this locus on chromosome 3 and the corre-
spondence to linkage groups B8 and F.

Discussion

Previous studies established that the Co-4 locus that
confers resistance to anthracnose of common bean is
complex and presumably the site of a multi-allelic series
(Young et al. 1998). Genetic characterization of this locus
resulted in the isolation of the COK-4 gene (Melotto and
Kelly 2001), which is similar to the Pto gene of tomato
(Martin et al. 1993). Southern analysis indicated that
several COK-4 homologs are clustered in the bean
genome, but the exact number of copies, the size of the
genomic region spanning these copies, and the expression
of this gene were not determined. To address these
questions, we selected a bean BAC clone, then fully
sequenced, annotated, and compared it to plant unigene
databases in order to assess the expression of the COK-4
gene and other genes that might be present in that region.
In addition, we physically located the Co-4 locus on bean
chromosome 3.

Our analysis of this bean genomic sequence revealed
the presence of five copies of the COK-4 gene that had
been previously identified in bean genotype SEL 1308 (gb|
AAF98554.1), which agrees with the previous observation
that this is a complex locus (Melotto and Kelly 2001). We
identified 19 other genes clustered with the COK-4 genes,
none of which had similarity with any of the Phaseolus
genes currently deposited in the GenBank database.
Therefore, these 19 are novel genes of common bean. To
assess the expression of these genes, we compared their
putative coding sequences to plant unigene databases,
including the bean EST database (http://lgm.esalq.usp.br/
BEST ) recently developed by our group (Melotto et al.,
unpublished). The phytochelatin synthetases, mitochon-
drial carrier protein, and reversibly glycosylated protein
have the most conserved sequences among the plant
unigene databases used for comparison. The transcripts of
their genes were detected several times in the unigene
databases, suggesting that they are expressed at high
levels.

Transcripts of the COK-4 gene were not identified in the
currently available unigene databases. The expression of
the COK-4 gene was assessed by RT-PCR as different



Fig. Sa—c Localization of
BAC 56P;, on common bean
chromosomes. a BAC 56P,
(visualized in green) hybridized
to a single locus on a chromo-
some pair tentatively identified
as chromosome 3. b RFLP pool
F' (red) confirmed the localiza-
tion of BAC 56P,, (green) in
the distal region of the short arm
of chromosome 3. ¢ BAC 56P,,
can be assigned to linkage
group F (University of Florida
map) or linkage group B8 of the
bean core map. Bar (a): 2.5 pm

methods of probe labeling and high amounts of RNA in
membranes (10-15 pg of total RNA or up to 5 pg of
mRNA) were not sensitive enough to detect the COK-4
transcript. These results indicated that COK-4 is expressed
at low levels. Notwithstanding, RT-PCR analysis showed
that the COK-4 gene is expressed in common bean
seedlings as its cDNA was isolated from both non-
inoculated and inoculated plants. Our analysis of the COK-
4 cDNA indicated that it contains a conserved domain
similar to the STK that is present in the Pfo gene of tomato
that is known to confer resistance to Pseudomonas
syringae (Martin et al. 1993). The cDNA sequence and
genomic sequences of three COK-4 homologs (SEL 1308,
BA17, and BA21) share 95% identity. The COK-4 cDNA
was isolated from the bean genotype SEL 1308 that carries
at least two copies of the COK-4 gene (Melotto and Kelly
2001), and only one copy has been isolated. The BA17
and BA21 genes were sequenced from the snap bean
genotype Sprite, which could explain the small differences
between the cDNA and genomic sequences. Since the
BA17 and BA21 genes are highly similar to the COK-4
cDNA sequence they are most likely to be functional
genes. In soybean, 16 resistance-like genes spanning
118.7 kb were identified, but not all copies seemed to be
functional. In addition, their expression varied among
different plant tissues examined (Graham et al. 2002).
Interestingly, genes that may be involved in stress and
plant defense response were also identified in the BAC
sequence. For example, reversibly glycosylated proteins
have been implicated in cell-wall biosynthesis in several
plants, including Arabidopsis (Delgado et al. 1998) and
pea (Dhugga et al. 1997), and cell-wall deposition may be
induced by pathogen attacks during the incompatible
interaction (Greenberg 1997). Cytochrome P450 has been
indicated to be involved in the metabolic pathways of
defense mechanisms (Kessmann et al. 1990). A protein
homologous to cytochrome P450 is induced in pepper
after inoculation with C. gloeosporioides (Oh et al. 1999).
A cytochrome P450 gene was also found clustered with
disease resistance domains in melon (Wang et al. 2002).
However, the exact role of this gene in controlling diseases
is not well understood. Phytochelatin synthetases, which
are found in plants and yeast, are responsible for the
production of phytochelatins in response to cadmium
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stress (Toppi and Gabbrielli 1999). Phytochelatin forms
complexes with cadmium, consequently playing an
important role in cadmium detoxification as demonstrated
in experiments using Cd-sensitive mutants of Arabidopsis
(Howden et al. 1995).

An interesting feature of this region of the Co-4 locus is
the presence of retroelements clustered with putative
resistance- and defense-related genes. Retroelements have
been used to study the evolutionary mechanisms of
resistance loci (Graham et al. 2002) as insertions of
retroelements may be involved in the appearance of new
resistance specificities (Ronald 1998). DNA sequencing of
the disease resistance loci of other plant species such as
citrus (Yang et al. 2003), barley (Wei et al. 2002), and
melon (Wang et al. 2002) also revealed the presence of
retroelements and multiple copies of disease resistance-
related domains. COK-4 appeared as multiple copies all
oriented in the same direction, indicating that this locus
may be evolving due to intergenic crossing-over similar to
the Cf-4/9 locus of tomato (Parniske et al. 1997) followed
by transposon insertion between homologs. One COK-4
segment was also found between the BA21 and BA22
genes, indicating that an intragenic unequal crossing-over
may have occurred at this region.

The identification of only four clones that strongly
hybridized with the COK-4 gene from a bean library with
three- to five fold coverage (Vanhouten and Mackenzie
1999) and the results of the FISH experiments proved that
Co-4 is a single locus. Moreover, the physical location of
the Co-4 region on bean chromosome 3 is in agreement
with its earlier assignment to the linkage group B8 (Kelly
et al. 2003) of the bean core map (Freyre et al. 1998) that
corresponds to chromosome 3 (Pedrosa et al. 2003). The
physical localization of such an economically important
trait in common bean is unique. Attempts have been made
to localize two low-copy genes, polygalacturonase-inhibit-
ing protein and leghemoglobin, on common bean
chromosomes, but the exact chromosomes and the
respective linkage groups were not identified (Frediani et
al. 1993; Uchiumi et al. 1998). The relationship between
genetic and physical distances in common bean has not yet
been completely determined, however Llaca and Gepts
(1996) estimated a 500 kb/cM ratio based on the region
surrounding the phaseolin gene, Phs. Using this estimate
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as a reference, the sequence reported here spans 0.2 cM
around the Co-4 locus. Since it is known that this ratio
varies throughout the bean genome (Pedrosa et al. 2003),
the exact estimation has yet to be determined and awaits
the availability of additional markers that fall on the other
side of the Co-4 locus.

A putative gene that encodes for an anthocyanin 5-
aromatic acyltransferase involved in the biosynthesis of
anthocyanin (Fujiwara et al. 1998) was found in the
reported sequence. Tight genetic linkage was observed
previously between the Co-4 locus, formerly known as
Mex2 (Kelly et al. 2003), and the Anmp gene that is
responsible for pod anthocyanin accumulation (Gantet et
al. 1991). The Anp gene is believed to be the same as the
Prp (purple pod) locus (M. Bassett, personal communica-
tion) that maps to a cluster of seed color genes (C, R, Prp)
in the linkage group B8 (McClean et al. 2002) in the
vicinity of the Co-4 gene. The color of bean plant organs is
determined by the combination of alleles of each gene, and
in certain combinations the anthocyanin intensification
syndrome is observed when Prp is present (Bassett 1994).
However, whether the anthocyanin acyltransferase de-
scribed herein is one of the color genes and plays a role in
the seed-coat color pattern remains to be determined.
Similar tight linkages have been observed between other
color genes (B) involved in anthocyanin production in
common bean (Beninger et al. 2000) and the virus
resistance / gene (Temple and Morales 1986).

We report here the gene content and location of a BAC
clone spanning at least part of the Co-4 locus in common
bean. A cluster of novel genes of common bean that might
be involved in abiotic and biotic stress responses has been
identified as well as retrotransposons and resistance gene
candidates. The presence of genes clusters favors the
occurrence of unequal cross-over with further gene
duplication that would subsequently result in the evolution
of new resistance specificities. In addition, the presence of
alleles conferring susceptibility to certain pathogen races
in a cluster hinders the development of broad-resistance
genotypes due to the difficulty of breaking the linkage.
This study represents a first step in gaining an under-
standing of the genomic organization of an anthracnose
resistance locus of common bean and provides molecular
data for comparative analysis with other plant species.
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