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Abstract In pepper, the TMV resistance locus L is
syntenic to the tomato /2 and the potato R3 loci on
chromosome 11. In this report, we identified pepper
bacterial artificial chromosome (BAC) clones corre-
sponding to the 12 and R3 loci and developed
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L-linked markers using the BAC sequence informa-
tion. A BAC library was screened using the tomato
I2C-1 gene as a probe. The resulting clones were
sorted further by PCR screening, sequencing, and
genetic mapping. A linkage analysis revealed that
BAC clone 082F03 could be anchored to the target
region near TG36 on chromosome 11. Using the
082F03 sequence, more BAC clones were identified
and a BAC contig spanning 224 kb was constructed.
Gene prediction analysis showed that there were at
least three I2/R3 R gene analogs (RGAs) in the BAC
contig. Three DNA markers closely linked (about
1.2 ¢cM) to the L* gene were developed by using the
BAC contig sequence. The single nucleotide poly-
morphism marker 087H3T7 developed in this study
was subjected to linkage analysis in L?- and L’-
segregating populations together with previously
developed markers. The 189D23M marker, which is
known to co-segregate with L, was located on the
opposite side of 087H3T7, about 0.7 cM away from
L?. This supports the idea that L° and L* may be
different genes closely linked within the region
instead of different alleles at the same locus. Finally,
use of flanking markers in molecular breeding
program for introgression of L? to elite germplasm
against most aggressive tobamoviruses pathotype
Py 53 is discussed.
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Introduction

Comparative genetic analysis of disease resistance in
crop plants suggests that disease resistance genes (R
genes) do not distribute randomly within a genome
(Grube et al. 2000; Wisser et al. 2005, 2006).
Clustering of R genes conferring resistance to several
unrelated pathogen types often occurs and their
syntenic positions across the genomes of tomato,
potato, and pepper indicate that this clustering is
conserved within the Solanaceae (Grube et al. 2000).

An earlier comparative genetic map had revealed
the syntenic relationship between the I2 gene cluster
in tomato and R3 gene complex in potato (Grube
et al. 2000). In tomato, the I2C-1 gene has been
cloned and demonstrated to confer partial resistance
to race 2 of the soil-borne fungus Fusarium oxyspo-
rum f. sp lycopersici. The gene belongs to a multi-
gene I2 complex (I2C) family and is located within
the SL8D cluster on chromosome 11 in tomato. At
least four other 12C homologs have been mapped and
found to be distributed on three chromosomes in the
tomato genome, of which the SLSE cluster has been
mapped closely with SL8D. Genomic dissection of
the SL8D and SLSE regions consequently led to the
revelation of a microsyntenic relationship between
the SLSE cluster in tomato and R3a cluster in potato
(Huang et al. 2005; Ori et al. 1997). Based on
colinearity, the R3a gene, which confers resistance to
Phytophthora infestans in potato, has been isolated
and cloned via a comparative genomics approach
with the resistance gene analog of I2 (Huang et al.
2005). R7, which also confers late blight resistance
and maps to the same locus, has been demonstrated to
be allelic to the R3 gene complex (Huang et al. 2004,
2005). Sequence analysis also demonstrated that R3a
is an I2 gene analog (GA) and shares 88% DNA
sequence similarity (Huang et al. 2005). Furthermore,
both I2C-I and R3a are coiled-coil nucleotide-
binding site leucine-rich repeat (CC-NBS-LRR) type
R genes (due to the presence of a predicted nucleotide
binding site and leucine-rich repeats with a coiled-
coil region at the N-terminus) (Ballvora et al. 2002;
Huang et al. 2005; Kuang et al. 2005; Song et al.
2003; van der Vossen et al. 2003, 2005), which is the
most abundant type of R gene in plant genomes
among the five classes of R genes responsible for
disease resistance in plants (Dangl and Jones 2001;
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Meyers et al. 1999, 2003; Michelmore and Meyers
1998). The orthologous relationship, supported by
syntenic positions and sequence similarity, indicate
that the two genes belong to an ancient R gene locus
prior to the divergence of tomato and potato.

In pepper, the syntenic position of the I2C and R3a
loci contains an R-gene cluster having several quan-
titative trait loci (QTL) and also a dominant resistance
gene, L (Grube et al. 2000). At the L locus, four
sources of resistance genes have been found from
cultivars and wild species of pepper including Cap-
sicum annuum (LI ), Capsicum frutescens (LZ), Capsi-
cum chinense (L3), and Capsicum chacoense (L4)
(Berzal-Herranz et al. 1995; Boukema 1980; de la
Cruz et al. 1997). Allelism of the four genes control-
ling resistance has been demonstrated in an early
genetic study of TMV resistance (Boukema 1980). L
has been demonstrated to confer resistance to several
tobamoviruses infecting pepper, including tobacco
mosaic virus (TMV), tomato mosaic virus (ToMV),
paprika mild mottle virus (PaMMYV) and pepper mild
mottle virus (PMMoV) (Csillery et al. 1983; Pernezny
et al. 2003; Wetter et al. 1984). These tobamoviruses
have been classified into different pathotypes—P, P,
Py, and P;,3;—based on their pathogenicity and
interaction with the counterpart resistance L genes
(Alonso et al. 1991; Takeuchi et al. 2005). Several
PMMoV isolates classified as P; ;3 have been shown
to be the most aggressive, all L gene-mediated
resistance breaks down where systemic infection
occurs with the exception of L* (Tsuda et al. 1998;
Velasco et al. 2002; Matsunaga et al. 2003; Kim et al.
2008). L* confers resistance against most pathotypes
of tobamoviruses by inducing hypersensitive response
(HR). The coat protein of the tobamovirus has been
demonstrated to elicit L gene-mediated resistance by
inducing a distinctive HR (Berzal-Herranz et al. 1995;
de la Cruz et al. 1997).

L has been mapped at the lower arm of pepper
chromosome 11 (Lefebvre et al. 1995). Since then,
several L-linked markers have been developed using
various DNA markers and mapping populations.
Random amplified polymorphic DNA (RAPD) mark-
ers, which are located at 4.0 cM from the L’ locus,
were developed by Sugita et al. (2004). Recently,
more tightly linked markers to the L locus (<0.1 ctM
away) were developed using bulked segregant
analysis-amplified fragment length polymorphism
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(BSA-AFLP) and resistance gene analog (RGA)
mapping (Tomita et al. 2008). Several L’-linked
markers were also developed. Matsunaga et al. (2003)
reported L*-linked RAPD markers. One of the RAPD
markers (WA31-1500), located 1.5 cM from the L’
locus, was converted to a SCAR marker. Another
mapping study showed three AFLP markers linked to
L? and the closest marker (L4SC340) was converted
into a SCAR marker (Kim et al. 2008). When this
marker was tested in two populations, the marker was
mapped 0.9 and 1.8 ¢cM away from L*. Availability of
these markers provides a great opportunity for fine
mapping of the L* gene and for elucidating the allelic
relationship between L’ and L?.

In this study, we have performed a comparative
genomic study between the R3/R7 locus in potato, the
I2 locus in tomato and the L locus in pepper to
investigate the possible orthologous relationships
among the R-gene clusters on chromosome 11. The
goal of this study was to identify molecular markers,
particularly Single nucleotide polymorphism (SNP)
markers, closely linked to the L gene through
comparative genomics of the syntenic regions among
the three Solanaceous crops. We have also defined
available markers and constructed a localized map
flanking the L locus. Furthermore, we elucidated the
allelic relationships between L’ and L? using L-linked
markers.

Materials and methods
Plant and virus materials

Capsicum annuum ‘Early California Wonder’ (ECW)
and ‘NuMex RNaky’ (RN) were purchased from
Asgrow Seed Co. (San Juan Bautista, CA, USA);
‘Special’ (SP) and ‘Cupra’ (CP) were obtained from
Enza Zaden (Enkhuizen, The Netherlands); Myoung-
Sung (MS) was purchased from Seminis Korea Inc.
Hungnong Seeds. (Seoul, Korea). C. chinense PI159
234 (234) and PI159236 (236) and C. chacoense
P1260429 (429) were obtained from the USDA
Southern Regional Plant Introduction Station (Exper-
iment, GA, USA). C. chacoense P1260429 was used
as a TMV resistant control, whereas ECW was the
TMV susceptible control. CP had the L’ allele, and
SP and MS had the L” allele. For virus resistance and
genotype analysis, F,-segregating populations were

developed from the commercial F; hybrid cultivars
CP, SP, and MS. An F, population derived from a
cross between RN and 234 was used for mapping
DNA markers.

Virus strains and resistance screening

Two different strains of TMV P, and P, , 5 were used
for virus resistance screening: TMV P, was provided
by K. H. Paek (Korea University, Seoul, Korea), and
TMV P,,3 was provided by K. H. Ryu (Seoul
Women’s University, Seoul, Korea). The virus strains
were maintained and multiplied on N. tabaccum var.
‘Samsun’. For virus inoculation, infected tobacco
leaves were ground in chilled 50 mM potassium
phosphate buffer (pH 7.5). Mechanical inoculation
was carried out by applying virus inoculum onto the
two oldest leaves of plants at the 5- to 6-leaf stage.
Plants were monitored daily and observed for the
presence of virus symptoms and hypersensitive
response. Resistance to TMV was determined by
the presence of hypersensitive response. In order to
confirm HR response, virus accumulation was mon-
itored in inoculated plants by the DAS-ELISA
method.

BAC clone analysis and sequencing

The pepper BAC library was provided by J. Giovan-
noni (Cornell University, NY, USA). The BAC
library was constructed using nuclear DNA from C.
frutescens BG2816, which is known to contain the I?
allele. The library is publically available at Arizona
Genomics Institute (http://www2.genome.arizona.
edu). The average insert size of this BAC library
was estimated to be 125-130 kb. A total of 220,000
BAC clones were screened using the 3’ sequence of
the tomato I2C-1 gene as a probe. Positive BAC
clones were subjected to group using a BAC finger-
printing method. BAC fingerprinting was outsourced
to Amplicon Express (Pullman, WA: http://www.
genomex.com). After obtaining BAC fingerprints, we
assembled BAC contigs with FPC program with tol-
erance setting of 3 and a cutoff of le-10. The 89 I2C-
containing BAC clones also screened by PCR using a
set of three primers: R7-1, R7-2, and LRR (Table S1).
These primers were provided by B. Baker (U.C.
Berkeley, CA, USA) and were designed to specifi-
cally amplify R3a homolog sequences. Amplified
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PCR fragments from 22 BAC clones using LRR
primers were cloned and sequenced [Biotechnology
Resource Center (BRC), Cornell University, NY,
USA]. Sequences were analyzed and grouped using
DNAstar and MegAlign program (DNASTAR, Inc.,
USA) to identify candidate BAC clones. The nine
candidate BAC clones were sent to the Institute for
Genomic Research (TIGR, MD, USA) for draft
sequencing. After anchoring draft sequenced BAC
clones (BAC clone 06012 and 082F3) near the L
locus, the remaining BAC clones were rescreened by
PCR with primers (pepBACO060I2-H3) derived from
BAC 060I2. BAC end sequences identified by pep-
BACO06012-H3 were determined [National Instru-
mentation Center for Environmental Management
(NICEM), Seoul National University, Korea], and
primers were redesigned for the next round of screen-
ing. This screening for /C2-positive BAC clones was
repeated until no further positive clones were obtained.
After obtaining a BAC contig, three BAC clones—
043M10, 158K24, and 268G7—were selected and
sequences were determined by a shotgun sequencing
method (NICEM, Seoul National University, Korea).

BAC sequence annotation

The FGENESH program (http://linux1.softberry.com/
berry.phtml) was used to predict genes from the
contig sequence based on tomato organism informa-
tion. To search for reported proteins with similar
predicted amino acid sequences, the BLASTP pro-
gram (http://www.ncbi.nlm.nih.gov/blast/Blast.cgi) was
used. BLASTP was also used to calculate similarity
and identity. To identify coiled-coil domains, the
MARCOIL program (http://www.isrec.isb-sib.ch/web
marcoil/webmarcoilC1.html) was used with default
settings. Sequences having total coiled-coil proba-
bility over 90% were determined to code for a coiled-
coil domain. Multiple sequence alignment was per-
formed using ClustalW2 program (http://www.ebi.ac.
uk/Tools/clustalw2/index.html).  Global pairwise
analysis was performed using Matcher program (http://
bioweb.pasteur.fr/seqanal/interfaces/matcher.html) with
default setting. Score of match was set 1, and gap open
penalty and gap extend penalty were set 16 and 6
respectively. Neighbor-joining, minimum evolution,
maximum parsimony, and UPGMA analysis were
conducted using MEGA program version 4 (Tamura
et al. 2007). Phylogenetic test was estimated using
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1,000 bootstrap replicates and the other options follow
default value.

Development of markers linked to the L locus
based on BAC sequences

Simple sequence repeat marker

Simple sequence repeat markers were designed from
the SSR Discovery program (PGG Bioinformatics,
http://hornbill.cspp.latrobe.edu.au/ssrdiscovery.html)

based on the draft sequences of the nine selected BAC
clones. In order to obtain markers with a higher chance
of polymorphism, only primers flanking putative 5x
trinucleotide repeats or 7x binucleotide repeats were
used. Three to six SSR markers were designed for each
selected BAC clone and a total of 40 SSR markers were
developed and tested. SSR marker analysis was con-
ducted according to Yi et al. (2006).

Single nucleotide polymorphism marker

Single nucleotide polymorphism markers linked to
the L loci were developed from the end sequences of
BAC clones. To find SNPs, sequences of PCR
products amplified using BAC-derived primers were
compared between C. chacoense (L*) and C. annuum
(L%, resistant and susceptible plants from L-segre-
gating populations respectively. SNPs were converted
to cleaved amplified polymorphic sequence (CAPS)
or high resolution melting (HRM) markers. The
CAPS finder program (www.sgn.cornell.edu) was
used to identify restriction enzymes (RE) cutting
potential SNPs. Sspl (087H3T7 CAPS marker) was
used according to protocols provided by the manu-
facturers. Cut DNA products were electrophoresed on
1.5% agarose gels. For HRM analysis, PCR was
performed using a Rotor-Gene™ 6000 (Corbett,
Australia). PCR was carried out in a 20 pl volume
containing 60 mM KCI, 10 mM Tris—Cl, 2.5 mM
MgCl,, 0.25 mM each dNTP, 5 pmol each primer, 1
unit 7ag polymerase, 1.25 uM Syto9, and 50 ng
gDNA stock. After the PCR, HRM was performed
each 0.1°C from 65 to 90°C.

Linkage analysis of molecular markers

Linkage analysis of markers developed in this study
and previously was performed using AC99, SP, CP,
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and MS F, populations. Linkage analysis was
performed using CarthaGene software (de Givry
et al. 2005) with a LOD score threshold of 4.0 and
a maximum distance of 30 cM.

Results

Identification of BAC clones cross-hybridized
with tomato /2C-1 gene and potato R3/R7

To identify pepper I2 homologs, a pepper BAC
library containing 221,184 clones was screened with
a probe developed from the 3’ sequence of the I12C-1
gene. A total of 89 positive BAC clones were
obtained. In the R3/R7 region in potato, 17 copies
of RFLP markers GP285 and TG105 are tightly
linked to the /2 homolog. Therefore, we attempted to
hybridize the 89 BAC clones with the two RFLP
markers to identify BAC clones containing sequences
related to the R3/R7 region. However, none of the 89
clones were cross-hybridized with the two RFLP
markers. This demonstrates that potato and pepper
have different genomic structures in this region.

To identify clones simultaneously homologous to
potato R3, the 89 I2-positive BAC clones were
screened using primer sets developed from potato
genomic sequences. The three primer sets—R7-1,
R7-2, and LRR—designed from sequence near R3a
on chromosome XI in potato, amplified 1.5, 0.8-1.3,
and 1.2 kb bands from 37, 52, and 22 BAC clones in
pepper respectively (Table S1). Twelve BAC clones
containing LRR priming sequences also contained
both R7-1 and R7-2 priming sequences, while the
other ten clones contained either R7-1 or R7-2
priming sequences (data not shown). In order to pool
the BAC clones into groups, the resulting 22 PCR
fragments amplified with LRR primers were cloned
and sequenced. Sequence similarity analysis revealed
that the 22 clones could be grouped into nine
different sequence groups. Based on these results,
the BAC clones from which both the tomato 12C-1
gene and the potato R3a gene could be amplified
were chosen as candidate clones.

Mapping of the candidate BAC clones

The 12 gene family in tomato is distributed at least at
five genomic locations across three chromosomes. It

is hard to estimate how many copies there might be
for the L gene or gene family in pepper. Nevertheless,
L was previously mapped 5.2 cM away from RFLP
marker TG36 on chromosome 11 (Paran et al. 2004),
this region of the pepper genome is syntenic to the
R3/R7 region in potato and the /2 region in tomato.
We therefore focused our study on the candidate
BAC clones mapped in the target region. To locate
the candidate BAC clones on the pepper genetic map,
SSR markers were developed using the nine draft
BAC clone sequences. We successfully anchored four
BAC sequences using six SSR markers on our
reference mapping population AC99 (Livingstone
et al. 1999) (Table S1). One SSR marker, pep-
BACO082F3-5 (developed from BAC clone 082F3),
was cosegregated with TG36 on chromosome 11
(syntenic with I2/R3 loci) (Fig. 1). Another marker
representing BAC clone 337L21 was mapped on the
same chromosome but near TG105. Other markers
mapped outside of the target syntenic region and
therefore were discarded for the following analysis
(data not shown).

Based on the BAC fingerprinting results, BAC
clone 06012 was closely related to BAC clone 082F3
(data not shown). Therefore, we also mapped BAC
clone 06012. Since no polymorphic SSR markers had
been developed for this BAC, six markers were
developed from the BAC end sequences of BAC clone
06012. One of which, pepBAC060I2-H3, polymorphic
marker was cosegregated with pepBACO82F3-5 and
mapped near TG36 on chromosome 11 (Fig. 2a).

Construction of a partial contig

The BAC contig assembled with the FPC program
was re-evaluated by PCR using primers derived from
BAC clone 060I2. However, there were some
discrepancies between PCR analysis and the BAC
fingerprinting: some BAC clones predicted to have
overlapping sequences by BAC fingerprints turned
out to be false positive in PCR analysis. This may be
due to repetitive nature of R gene homologs.
Therefore, we attempted to construct a new contig
by PCR using BAC end primers. Six primers were
designed from four BAC clones (087H3, 158K24,
207E13, and 290J13), which had strong positive
signals by PCR using primer pepBACO06012-E4, were
selected to rescreen 89 BAC clones. We were able to
obtain an additional 12 BAC clones. A new contig
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Fig. 1 Compz.lrative map BN 5 §
showing positions of
resistance genes on the
lower arms of chromosome
11 of potato, tomato, and
pepper. Marker order close
to syntenic gene group
including L, 12, and R3 was
conserved well except
TG105 marker TG46 -
—1—TG36
R3/R7 TG105
complex -{ —
locus
3a
ot
Potato 11

was constructed by presence/absence of amplicons
giving overlap order (Fig. 2b). Three BAC clones
(043M10, 158K24, and 268G7) in the contig were
selected and fully sequenced.

Development of SNP markers linked
to the L alleles

We developed L-linked markers by making use of the
BAC contig information (Fig. 2b). It is known that
the L* gene originated from C. chacoense and had
been introgressed into the C. annuum genome during
the breeding process. Since the sequence information
in the vicinity of the L? allele is available, it may be
possible to develop markers linked to L? by simply
comparing syntenic sequences of resistant plants
containing L* and susceptible plants containing L°.
To develop SNP markers, a total of 16 primer pairs
were designed using BAC sequences from the contig
(Table S1). PCR using nine primer pairs (pepBAC
06012-H1, pepBACO06012-H3, pepBACO06012-E1,
pepBACO06012-E2, pepBAC06012-E3, 06012END-1,
K24D2SP6, K24D2T7, 207E13T7) resulted in multi-
ple bands for both C. annuum ECW and C. chacoense
429. The 087H3T7 and 207E13SP6 primers amplified
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o/ o/
Tomato 11 Pepper 11

single bands for both genotypes. These single bands
were sequenced and polymorphisms were surveyed.
Nine and five SNPs were discovered for 087H3T7
(420 bp) and 207E13SP6 (422 bp) sequences respec-
tively. For HRM analysis, primers were redesigned to
amplify smaller fragments containing one or two
SNPs. When HRM analyses were performed, we were
able to distinguish SNPs between ECW and 429 for
only 087H3T7 (Fig. 3a, d). The pepBAC060I2-H2 and
290J13SP6 primers amplified very faint single bands.
The 087H3SP6, 290J13T7, and 060I2END primers
amplified a 700 bp single band for ECW, while no
PCR products were obtained for 429. A dominant
SCAR marker was developed for 060I2END based on
the presence or absence of the 700 bp fragment
(Fig. 3c¢).

To test if the markers, which were polymorphic
between ECW and 429 could be used for an L*
segregating population, polymorphism and segregation
of 087H3T7HRM and 060I12END markers were inves-
tigated using an SP F, population (Table 1). These
markers showed polymorphism and segregated as
expected (Fig. 3a, c). However, the melting curves for
087H3T7HRM between resistant plants and 429 were
slightly different, indicating sequence differences.
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Fig. 2 Partial contig of 13 BAC clones. a, b Partial contig was
constructed using six primers (under dotted lines). Dark grey
rectangles are located based on sequence information and light
grey rectangles are located based on PCR information of six
primers. About 224 kb DNA sequences were obtained by

After confirming that the BAC contig sequences
could be utilized for L-linked marker development,
we directly compared sequences of resistant and
susceptible F, plants and developed markers. The
158K24HRM marker was developed using the left
end sequences of the BAC contig from resistant and
susceptible plants in the L’-segregating population
(Fig. 3b, Table 1). To test cosegregation of putative
L-linked markers with the resistance phenotype, three
L segregation populations were evaluated. In the L’
allele segregation population, there were 189 resistant
and 54 susceptible plants, which fitted to an expected
3:1 model (P value = 0.3173). The phenotype seg-
regation ratio was observed in two L* allele

assembly of four BAC clones (158K24, 06012, 043M10, and
268G7). ¢ Gene prediction conducted by FGENESH program.
Three R3a, I2 family gene analogs (RIGA, arrows) and five
transposable elements with long terminal repeats (LTRs, thick
bars) were predicted

segregation populations—the resistance/susceptible
ratios were 537:109 and 504:341 in SP and MS
populations respectively. The segregation ratios of
both populations were significantly deviated from the
expected model of 3:1 segregation ratio (P val-
ues < 0.0001). When we tested the 087H3T7HRM
marker in the L’ population, the genotype ratio of L%/
L>:L7/L%:L%1° was 57:128:58. Among the individu-
als, three plants were recombinant. The genotype
ratio of L*L*L*/L°.L°/L° was 222:315:107 in SP
populations and the genotype ratio of L/L*:L*/L":L"/
L' was 159:299:341 in MS populations. Among them,
5 and 11 plants were recombinants in SP and MS
populations, respectively.
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Fig. 3 Analysis of (A) (B)
molecular markers - 3y
developed in this study. a, b
HRM marker analysis using
two markers 087H3T7HRM
and 158K24HRM. There
were three distinct melting
curves that distinguish three L &
genotypes. ¢, d VAN
Electrophoresis gels of ; : L N,
060I2END-2 and 087H3T7 e e
markers that were stained 087H3T7HRM 158K24HRM

by EtBr. ‘R’ means L%/L*
genotype, ‘H’ means L*/L°
genotype, ‘S’ means L%L’
genotype, and ‘E’ means
both L%L” and L*/L°
genotype

060I12END
(D)

087H3T7
Table 1 L-linked SNP markers developed based on BAC sequences
Marker Primer name Primer sequence (5'-3") Size (bp) Type
087H3T7HRM 087H3T7150F CATGATTACATTTTATGTTGC 150 Codominant
087H3T7150R AAAAGGAAGGTTCTCATTGTT
087H3T7 087H3T7F CCTTTGCCTGCATTATTCTTG 440 Codominant
087H3T7R GCCCAAATTTATTCCCAAATGC
06012END 06012END-2F GCACATCAGCAGGTTTAGTACG 751 Dominant
060I12END-2R CCAACTGTCAAACCTCGG TT
158K24HRM 158K24HRMF CAGATTAAGTGTTCAAAATGAGTGATG 125 Codominant
158K24HRMR TGATTCCATGAAAATAAATTGTAAAGA
Linkage analysis and allelic relationship 2008; Tomita et al. 2008) together with our newly
of L-linked markers developed SNP marker, 087H3T7 on a single popu-
lation. To determine the relative positions of the
In order to have an overview of the recently L*-linked markers, linkage analysis was performed
published L-linked markers from different studies, using MS F, population. L4SC340 and L2kstd (Kim
we have mapped all the reported markers (Kim et al. et al. 2008) are dominant SCAR markers, which were
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reported to locate about 0.9—1.8 ¢cM away from L*.
When the two markers were tested in the MS F,
population together with 087H3T7, 11, 14, and 16
recombinants were detected for 08 7TH3T7, L4SC340,
and L2kstd respectively.

In order to determine the allelic relationship of L’
and L? alleles, seven L’-linked markers (A339,
YB2A25, TH1-04, 189D23M, 197ADS5R, 253A1R,
and 213E3R) reported by Tomita et al. (2008) were
also tested in the MS F, population using HRM
analysis. One marker, 189D23M, demonstrated to be
completely linked to L in tested 2,016 individuals of
an interspecific F, population and one recombination
out of 3,391 individuals of an intraspecific F,
population respectively (Tomita et al. 2008). Two
primers sets were reported for the 189D23M marker

Fig. 4 Genetic maps of

and both were polymorphic in our mapping popula-
tion. 189D23M showed six recombinants in 858
individuals of MS F, population. Occurrence of
recombination of 189D23M was significantly higher
in our L*-segregating population than that reported in
L? indicates that L’ and L* might not be allelic. This
was further confirmed with SP F, population, in
which 189D23M showed five recombinants out of
631 individuals.

Taken together, we were able to construct a linkage
map around the L locus using four tested markers:
L4SC340, L2kstd, 087H3T7, and 189D23M. Our
results showed that the nearest markers were
087H3T7 and 189D23M located on opposite sides of
the Llocus at a distance of 1.2 and 0.8 cM, respectively
(Fig. 4, Table 2).

» o
four molecular markers R NP1074 ] LBt
(087H3T7, L4SC340,
189D23M, and L.2kstd)
a.round the L* locus. A 27eM
linkage map of AC99
around the TG36 marker is
located in the middle with
Kosambi distances (black).
A linkage map of MS L4SC340
around the L? locus is in the
right side (gray). The 1.8cM
nearest markers 189D23M
and 087H3T7 were located
in opposite sides of the L* 1 189D23M
locus
1.7¢M
1.7¢cM
y T O~ 087H3T7THRM
Chromosome 11 AC9911a MS

Table 2 Number of . .
recombinants in SP, CP, Marker Recombinants/total number of F, population
and MS L-segregating SP(L*/L?) CP(L*/L% MS(LY/LY
populations

087H3T7 (CAPS) 5/631 4/243 11/858

087H3T7HRM (HRM)

L4SC340 - - 14/858

L2kstd - - 16/858

189D23M 5/631 2/243 6/858
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Gene annotation from contig sequence
and the genomic relationships of RGAs

Shotgun sequence analysis revealed the insert size of
BAC clones as 90,162, 105,856, and 114,328 bp for
043M10, 158K24, and 268G7, respectively, which
overlapped with 06012 draft sequence. Taken
together, these three BAC clones makes a contig
sequence of 223,989 bp. In order to predict the open
reading frames, we used FGENESH program. A total
of 42 genes were mined and were refined with the
BLASTP program. Finally, 19 putative genes were
predicted and were classified into seven groups
(Table 3). Six putative genes were CC—-NBS-LRR
class resistance gene analogs (RGAs). Five out of six
RGAs aligned very well with R3a, I2, and homologs
of potato and tomato in BLAST search, but one gene
containing an NBS domain aligned with very low
significance relatively than other five putative genes
(data not shown). The five RGAs were designated
RIGAs (R3a and I2 family Gene Analogs). Three
RIGAs, contained CC, NBS, and LRR domains, were
denoted RIGA-1, -2, and -3 (Fig. 2c), but the other
two RIGAs, contained only truncated CC or NBS
domains, were denoted RIGA-4 and RIGA-5.
Except for truncated region, various motives
(hhGREXE, P-loop, Walker B, RNBS-A to D, GLPL,
and MHD) were conserved well in the NBS domain
of RIGAs showing high homology with 12 and R3a
even inter region among conserved domains (van
Ooijen et al. 2008). But, multiple nucleotide substi-
tution, deletions, and insertions were existed in the
whole amino acid sequences when compared to that
of R3a and I2. Short deletion of RIGA-1 and RIGA-2
were existed in the NBS sequence even in the
conserved motives. LRR domains were consisted of

Table 3 Summary of gene predictions on the BAC contig
sequence

Gene prediction Number

ABC transporter family protein

DVF 1191 super family(unknown function)
CC-NBS-LRR

Incomplete CC-NBS-LRR
Retrotransposable elements with LTR
Retrotransposable elements without LTR

W N N W W N =

Incomplete retrotransposable elements

@ Springer

27 subunits as I2. Interestingly, distinct amino acid
differences starting from the 13th LRR domain:
insertions at 13th LRR, deletions at 25th LRR
regions, and many amino acid substitutions (Fig S1).

Global pairwise alignment analysis among R3a,
12, and five RIGAs was performed using Matcher
program. DNA sequences of the five RIGAs shared
high identities with each other (74.9-82.1% identity),
and identity between R3a and I2 was 83.4% with the
least identities among RIGAs and R3a or I2 were
68.4-77.2%. Homologies among RIGAs, R3a, and I2
were higher than other resistance gene (data not
shown). Identities among RIGAs were higher than
those between RIGAs and each of R3a or I2, but
lower than those among R3a and I2.

In order to evaluate genetic relationship between
RIGAs, R3a, and I2, phylogenetic analysis was
conducted based on NBS region, from the P-loop
motif to the GLPL motif, with other cloned resistance
genes that were classified to CC-NBS-LRR in
Solanaceae. Phylogenetic analysis using neighbor-
joining algorithm revealed RIGAs, R3a, and I2 fall
under the same clade, which shows the orthologous
relationship among RIGAs, R3a, and 12 (Fig. 5).
Other algorithms including minimum evolution,
maximum parsimony, and UPGMA also confirmed
that RIGAs, R3a, and I2 are classified as one clade
although the positions and patterns in the tip of
branches in the phylogenetic clade were diverged
(data not shown).

Discussion

Based on the hypothesis that the L gene in pepper
conferring tobamovirus resistance is an ortholog of
the R3 gene in potato and the I2 gene in tomato
conferring resistance against Phytophthora infestans
and Fusarium wilt, respectively, molecular markers
closely linked to the L locus were developed in this
study by identification of R3/I2 orthologs in pepper.

L? confers resistance to the most aggressive
PMMoV pathotype P;,;. Development of reliable
markers is important for introgression of L? to elite
germplasm through marker-assisted-selection (MAS)/
marker-assisted-backcrossing (MAB). Therefore, we
have defined recently published markers linked to L
locus together with our newly developed SNP
markers (Tomita et al. 2008; Kim et al. 2008) to



Mol Breeding (2009) 24:433-446 443
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construct a localized map around the L locus.
Interestingly, we found that molecular markers
developed for L’ (C. chinense) (Tomita et al. 2008)
are also applicable to L”, although L and L” may not
be allelic. We have identified new markers specifi-
cally linked to L? 189D23M (Tomita et al. 2008) and
our SNP marker, 087H3T7HRM, flanks the L* locus.
Use of two markers simultaneously in a molecular
breeding program is recommended; successful rate of
introgression of L? is expected to improve when
compared to the previous system using a single
SCAR marker (Kim et al. 2008). In addition, our SNP
markers have an additional advantage, i.e., capable of
differentiating L’ and L?; breeders could introgress
the two resistance genes to different lines and
pyramid the two genes by making F; hybrids.
Earlier comparative genetic studies revealed the
colinearity between the R3 late blight resistance locus
in potato and the I2 locus in tomato. The perfect
microsyntenic relationship between tomato and
potato on chromosome 11 allowed the isolation of

the potato R3a gene by a comparative genomics
approach using the resistance gene analog of 2. A
macrosyntenic comparison between pepper and
potato/tomato illustrated a potential orthology of L
and R3/I2. However, since the syntenic region on
pepper chromosome 11 has been demonstrated to be
one of the 22 genome rearrangements distinguishing
tomato and pepper (Livingstone et al. 1999), it was
less likely that the L region could be characterized by
examining microsynteny and comparative gene con-
tent with the corresponding regions. Because of the
complexity, instead of using the tomato and potato
physical maps for fine mapping and physical mapping
of L directly, we prioritized and employed PCR
approaches using portions of the R3 gene to identify
R3/I2 orthologs at the target syntenic region near
TG36 in pepper (where L was previously mapped
near to). With this approach, we successfully found
BAC clones closely linked to L, other clones
identified but mapped elsewhere in the genome are
considered as paralogs.
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Mazourek et al. (2009) demonstrated the associ-
ation between R-genes with chromosome breakpoints
of genome rearrangement, characteristics of the
syntenic region of chromosomes 11 in pepper,
tomato, and pepper further supports this observation.
Tomato and potato are collinear throughout the lower
arm of the chromosome 11. /2 in tomato is located
between TG36 and TG105, and R3a is located near
TG105 with TG105 nearer to the telomere (Fig. 1).
Pepper is collinear with both tomato and potato in
this region except TG105 is centromeric in pepper
with TG36 facing the telomere (Paran et al. 2004)
(Fig. 1). L together with disease resistance QTL
against cucumber mosaic virus and Phytophthora
spp- mapped in cluster near TG36 toward the
telomere of chromosome 11 in pepper (Grube et al.
2000; Livingstone et al. 1999), apparently associates
with (or located at or near) the breakpoint of
chromosomal rearrangement.

We have obtained 224 kb sequences from four
BAC clones, and only five R3/I2 RGAs were
predicted. By comparison, at the syntenic region in
potato, five I2 RGAs were identified within one BAC
clone where the R3a gene lies (Huang et al. 2005).
Three resistance gene analogs (RGAs) of R3/I2 with
CC, NBS, and LRR domains were predicted and
located at the syntenic region in pepper. Alignment of
the three RGA proteins showed high similarity,
indicating that the RGAs are paralogs. The roles of
these RGAs are not clear. Base on our phenotypic and
genetic analysis, recombination occurs between L
resistance and our markers, indicating that the RGAs
found in this study might not be candidate genes for
L. However, we cannot totally rule out a possible
connection to resistance against tobamoviruses. In
fact, I2C-1 has been shown to contribute partial
resistance against Fusarium oxysporum in tomato
(Ori et al. 1997). Alternatively, these three RGAs
might be functional candidates for other disease
resistance genes or quantitative trait loci (QTL)
associated with disease resistance. This is not
surprising as it has been known that L is located in
a R-gene cluster where disease resistance QTLs for
potyvirus, cucumber mosaic virus (CMV), tomato
spotted wilt virus (TSWYV), and Phytophthora capsici
have been reported (Lefebvre 2004).

Genetic inheritance studies have demonstrated the
allelic relationship of L! R L? , L3, and L?. However, our
study did not confirm the expected classical allelic
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relationship at the molecular level. We found con-
sistent contradiction between our study and a recent
study on fine mapping of L’. Tomita et al. (2008) also
found the presence of 12 homologs linked to L°.
However, surprisingly, a genetic distance of 0.83 cM
from L was obtained when we tested Tomita’s
L’-linked markers in our L*-segregating populations,
an almost 1.4-fold difference from what Tomita et al.
(2008) found. However, it might be possible that the
difference in genetic distance between L’ and L* was
due to occurrences of unequal cross-over in interspe-
cific crosses between C. annuum/C. chacoense and
C. annuum/C. chinense that might have obscured the
allelic relationship. In addition, use of different
segregating populations and sampling error might
have played a role in the differences. Alternatively,
L' s L2, L’ , and L might be different genes closely
linked within the region instead of different alleles at
the same locus. In fact, two closely linked genes with
distinct specificities have been found for R3 resis-
tance to late blight in potato including the cloned R3a
(Huang et al. 2004, 2005). Furthermore, a BAC
library was developed from C. frutescens in this
study; however, gene content and/or genome struc-
ture might be different between C. chinense (L) and
C. chacoense (L4), as was demonstrated for the R1
contig conferring resistance to Phytophthora infe-
stans on chromosome V in potato, where gene
content and genome structure varied between differ-
ent haplotypes (Ballvora et al. 2007).

Different segregation ratios were obtained for the
two L*-segregating populations. In both populations,
distorted 3:1 segregation ratios were obtained, indi-
cating preferential segregation has occurred in the
region and resulting in segregation distortion. It is
known that segregation distortion commonly occurs
in interspecific crosses. For instance, segregation
distortion has been found in other regions of chro-
mosome 11 for crosses between C. annuum and
C. chinense (L3). However, interspecific crosses
between C. annuum and C. chacoense (L4) have not
been studied. By comparison, such segregation distor-
tion in this region is not seen in the C. annuum/
C. chinense (L*)-segregating population, as the marker
segregated according to the Mendelian pattern.
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