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Abstract Genbank and The Compositae Genome Project
database, containing over 42,000 lettuce unigenes from
Lactuca sativa cv. Salinas and L. serriola accession
UC96US23 were mined to identify 702 candidate genes
involved in pathogen recognition (RGCs), resistance signal
transduction, defense responses, and disease susceptibility.
In addition, to identify sequences representing additional
sub-families of nucleotide binding site (NBS)-leucine-rich
repeat encoding genes; the major classes of resistance
genes (R-genes), NBS-encoding sequences were ampliWed
by PCR using degenerate oligonucleotides designed to
NBS sub-families speciWc to the subclass Asteridae, which
includes the Compositae family. These products were
cloned and sequenced resulting in 18 novel NBS sequences
from cv. Salinas and 15 novel NBS sequences from
UC96US23. Using a variety of marker technologies, 294 of
the 735 candidate disease resistance genes were mapped in
our primary mapping population, which consisted of 119 F7

recombinant inbred lines derived from an interspeciWc

cross between cv. Salinas and UC96US23. Using markers
shared across multiple genetic maps, 36 resistance pheno-
typic loci, including two new loci for resistance to downy
mildew and two quantitative trait loci for resistance to
anthracnose were positioned onto the reference map to pro-
vide a global view of the genomic architecture of disease
resistance in lettuce and to identify candidate genes for
resistance phenotypes. The majority but not all of the resis-
tance phenotypes were genetically associated with RGCs.

Introduction

The outcomes of interactions between plants and potential
pathogens are determined by numerous molecular events.
Variation in any of the genes encoding determinants on the
plant side could potentially inXuence the interaction and hence
be observed as variation in disease resistance or susceptibility.
Potential determinants of disease resistance can be broadly
classiWed as pathogen recognition genes (RGCs; resistance
gene candidates), signal pathway genes, defense response
associated genes, and susceptibility factors. The development
of comprehensive genomic resources as well as eYcient map-
ping approaches now make it possible to dissect the genetic
determinants of disease resistance and to demonstrate the
types of genes responsible for various forms of resistance.

Disease resistance is often but not always determined by
single resistance genes (R-genes). Over 70 such genes have
now been characterized at the molecular level (Liu et al.
2007). Most of the genes conferring monogenic resistance
cloned to date encode proteins containing nucleotide bind-
ing site (NBS) and leucine rich repeat (LRR) domains with
an N-terminal region having a variable or coiled-coil (CC)
domain or having similarity to Toll and interleukin-1 recep-
tor (TIR) (Bent et al. 1994; Whitham et al. 1994). Other
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classes of R-genes are receptor-like proteins including
intracellular serine/threonine protein kinases (PK) and
genes encoding an extracellular-LRR and usually a trans-
membrane- (TM-) domain but without NBS, CC, or TIR
domains (Jones et al. 1994; Martin et al. 1993; Song et al.
1995). Genes of unknown function with sequence similarity
to NBS-LRR encoding and other classes of R-genes are
known as resistance gene candidates (RGCs) or resistance
gene analogs (RGAs) and are generally thought to function
in pathogen recognition (Tan et al. 2007). Monogenic resis-
tance can also be conferred by genes which code for pro-
teins outside of these R protein classes and do not function
in pathogen recognition. Mutations in host susceptibility
factors can result in resistance. Recessive resistance to viral
pathogens is sometimes encoded by mutations in host pro-
teins required by the virus for successful replication and
spread (Albar et al. 2006; Nieto et al. 2006; Robaglia and
Caranta 2006; RuVel et al. 2006). In addition, recessive
resistance to fungi can be encoded by Mlo-like genes, the
protein products of which act as gateways for the pathogen
entry (Buschges et al. 1997; Panstruga 2005).

The molecular bases of quantitative disease resistance
that may be determined either monogenically or polygeni-
cally are unclear. In some cases, quantitative resistance
may be determined by NBS-LRR encoding genes with
incomplete penetrance; in other cases, there may be a diVer-
ent molecular basis. The co-evolution of macromolecular
complexes may lead to epistatic interactions between genes
at various loci (Bomblies et al. 2007). Genetic studies, par-
ticularly in Arabidopsis, have identiWed genes involved in
signal transduction pathways downstream of cloned resis-
tance genes (reviewed in Glazebrook 2001). Knock-out
mutations in these resistance signaling pathway genes and
defense response genes often result in broad spectrum dis-
ease resistance or susceptibility; however, there are few
data available relating natural variation in these genes to
phenotypic diVerences in disease resistance.

Pathogens secrete eVector molecules which enter the
plant cell and target host proteins in order to manipulate the
host and create a favorable environment for pathogenesis
(Grant et al. 2006). Plants probably have a limited number
of points of vulnerability to pathogens and likely eVector
targets include proteins involved in plant disease resistance.
Recognition of an eVector molecule by a RGC results in
triggering of plant defense (Jones and Dangl 2006; Mackey
et al. 2002; Rooney et al. 2005; Shao et al. 2003). Plants
have evolved the ability to recognize eVectors either
directly or indirectly via monitoring the activity of the
eVectors on their plant targets. However, only a few exam-
ples of direct or indirect recognition have been demon-
strated at the molecular level (Belkhadir et al. 2004;
Chisholm et al. 2006; Deslandes et al. 2003; Dodds et al.
2006; Jia et al. 2000).

Until recently, resistance phenotypes, particularly
against diVerent pathogens, have only rarely been mapped
relative to each other and the generation of genotypes with
resistance to multiple diseases has been slow (Grube et al.
2000; Pan et al. 2000; Zhang et al. 2002). The availability
of cloned resistance genes and increasingly eYcient molec-
ular marker technologies provide opportunities for deter-
mining the genetic positions of phenotypic resistances and
candidate genes (Naik et al. 2006). Such data will allow
rapid characterization and exploitation of wild germ plasm
as well as the pyramiding of resistance genes using marker-
aided selection (Datta et al. 2002; Jain et al. 2004; Michel-
more 1995, 2003).

Lettuce is an important crop worldwide and ranks as one
of the top ten of most valuable crops in the US with an
annual value of over $2 billion (Anonymous 2007). It is
grown as extensive monocultures, often with several crops
per year. Such intensive production makes the crop vulner-
able to major epidemics and lettuce suVers from several
economically important pests and diseases, of which lettuce
downy mildew is the most serious (Davis et al. 1997).
Breeding for disease resistance is a major objective of let-
tuce breeding programs and has involved the introgression
of resistance from wild species, particularly L. serriola
(Crute 1988). Previous studies have identiWed 25 loci in let-
tuce that contribute towards resistance to seven diseases,
downy mildew (Bremia lactucae), root downy mildew
(Plasmopara lactucae-radicis), corky root rot (Sphingo-
monas suberifaciens), lettuce mosaic virus (LMV), turnip
mosaic virus (TuMV), lettuce dieback (Tomato bushy stunt
virus; TBSV), and root aphid (Pemphigus bursarius)
(Grube et al. 2005; Jeuken and Lindhout 2002; Kesseli
et al. 1993; Landry et al. 1987; Maisonneuve et al. 1994;
Montesclaros et al. 1997; Moreno-Vazquez et al. 2003;
Paran et al. 1991). However, prior to this study, only 16 had
been placed on the genetic map relative to anonymous
molecular markers, mainly AFLPs (Kesseli et al. 1994;
Truco et al. 2007).

In this study, we describe a detailed analysis of the geno-
mic architecture of disease resistance in lettuce. Through
mining of the lettuce EST database (http://cgpdb.ucda-
vis.edu) and cloning of new NBS-LRR encoding sequences
using degenerate oligonucleotide primers, we identiWed
numerous candidate genes for resistance and categorized
them as RGCs, resistance signaling pathway genes, defense
response associated genes, or susceptibility factors. A sub-
set of these sequences was mapped relative to 26 previously
and four newly phenotypically deWned disease resistance
loci. In addition, the genetic determinants of reactions to six
diVerent eVector molecules from bacterial pathogens were
mapped relative to RGCs and potential targets of pathogen
eVector proteins. The majority but not all of the resistance
phenotypes were genetically associated with RGCs.
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Materials and methods

Plant materials and DNA isolation

Four mapping populations were used for these studies
(Table 1). The reference mapping population for Lactuca
sp. was an F7:8 population of 119 recombinant inbred lines
(RILs) derived from L. sativa cv. Salinas and L. serriola
acc. UC96US23 by single-seed descent from an F2 popula-
tion; 247 AFLP and SSR markers had been analyzed on this
population to generate a detailed genetic map representing
the nine chromosomal linkage groups (Truco et al. 2007).
An F2 population was generated from a cross between
L. sativa cv. Salad Bowl and L. serriola acc. CGN14263.
Ninety F2 individuals were genotyped with 166 AFLP and
19 SSR markers and a genetic map was generated as
described previously (Truco et al. 2007). F3 families
derived by self pollination from each of the 90 F2 individu-
als were analyzed for resistance to B. lactucae and anthrac-
nose. A second F2 mapping population consisting of 105
individuals was derived from L. sativa cv. Ninja £ L. sativa
cv. Valmaine and scored for reactions to pathogen eVectors.
A third F2 population was derived from from L. serriola
LSE18 £ L. sativa cv. Valmaine. F3 families were gener-
ated from 101 F2 individuals and scored for reactions to
pathogen eVectors. DNA was extracted from F8 families
and F2 individuals using a modiWed CTAB method (Bernat-
sky and Tanksley 1986).

Evaluation of resistance to lettuce downy mildew

Resistance to isolates of B. lactucae, the causal agent of let-
tuce downy mildew, was evaluated by inoculating 15–20
seven-day-old seedlings and assessing sporulation two
weeks post-inoculation, as described previously (Hulbert
and Michelmore 1985). To phenotype Dm7, Dm5/8, and
Dm13 segregating in the Salinas £ UC96US23 population,
108 RILs were evaluated for resistance to isolates R60
(expressing Avr7), CG1 (expressing Avr5/8), and CS12
(expressing Avr13 and Avr5/8).

The segregation of new genes for downy mildew resis-
tance was evaluated in the Salad Bowl £ CGN14263 F2

population using four isolates of B. lactucae, C01O879
(pathotype CA-VIII), C98O648ED (pathotype CA-VII),
C96O504 (pathotype CA-V), and C93D14 (pathotype CA-
Novel) that were representative of pathotypes present at the
time in California. CGN14263 was resistant and Salad
Bowl was susceptible to all four isolates. Forty seedlings of
each F3 family were inoculated with each isolate and evalu-
ated for resistance. The percentage of resistant seedlings
was recorded for each F2 progenitor for each isolate so the
resistance phenotype could initially be analyzed as a quan-
titative trait.

Evaluation of resistance to anthracnose

Segregation of genes for resistance to anthracnose, caused
by fungus Microdochium panattoniana, was evaluated in
the F2 population from Salad Bowl £ CGN14263. Resis-
tance was assessed by inoculating two Californian isolates
of anthracnose, Ant 99-1 and Ant 83-5 onto approximately
50 plants per F3 family as described previously (Ochoa
et al. 1987). Salad Bowl was resistant to Ant 83-5, but sus-
ceptible to Ant 99-1. CGN14263 was resistant to both iso-
lates. Plants at the 2–3 true leaf stage were sprayed with a
suspension of conidia until droplets were visible on the leaf
surface. Inoculated plants were incubated on a mist cham-
ber at 18–21°C and evaluated after 10–12 days. Plants were
scored individually using a disease index from 0–9 based
on the appearance of lesions on the leaves. Scores of less
than 4 were considered resistant. Asexual sporulation of
M. panatoniana was associated with ratings of 5 and over.
Due to segregation, the disease ratings of individual plants
within F3 families were heterogeneous. A disease severity
index (DSI) was calculated by averaging scores for each
family and was used for genetic analysis of the progenitor
F2 individual.

Evaluation of reactions to bacterial eVectors

Reactions to bacterial eVector proteins were assessed using
Agrobacterium tumefaciens-mediated transient assays as
described previously (Wroblewski et al. 2005). EVector
proteins from P. syringae, AvrRps4 (Genbank Acc. #

Table 1 Populations analyzed

Parental lines Population No. of lines Traits phenotyped Reference

L. sativa cv. Salinas £ L. serriola acc. UC96US23 F7:8 RILs 119 Downy mildew resistance
Reaction to bacterial
eVectors

Truco et al. (2007)

L. sativa cv. Salad Bowl £ L. serriola acc. CGN14263 F2:3 90 Downy mildew resistance
Anthracnose resistance

Truco et al. (2007)

L. sativa cv. Ninja £ L. sativa cv. Valmaine F2 105 Reaction to bacterial eVectors This study

L. serriola acc. LSE18 £ L. sativa cv. Valmaine F2 101 Reaction to bacterial eVectors This study
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L43559), AvrPto (L20425), AvrPpiC (AE016853),
AvrRpm1 (X67808), AvrB (M21965), and AvrRps2
(Z21715) were cloned into vector pBAV139 (Vinatzer
et al. 2006) and expressed using A. tumefaciens strain
C58C1 by leaf inWltration of RILs of Salinas £ UC96US23
for AvrRps4, F3 families of LSE18 £ Valmaine for AvrPto
and AvrRps4, or F2 individuals of Ninja £ Valmaine for
AvrRpm1, AvrB, AvrRps2, and AvrPpiC (T. Wroblewski, in
preparation). Elicitation of a hypersensitive response (HR)
was evaluated 3 and 5 days post inWltration.

IdentiWcation of candidate resistance genes based 
on sequence similarity to genes with known function

The 76,043 and 52,034 ESTs from L. sativa cv. Salinas and
L. serriola UC96US23, respectively, were assembled using
CAP3 (Huang and Madan 1999) into 42,555 unigenes.
These are downloadable as the CLX_S3 assembly from the
Compositae Genome Project database (http://cgpdb.
ucdavis.edu). These and other sequences from L. sativa and
L. serriola retrieved in Genbank were searched for genes
involved in resistance. The longest open reading frame
translated from each unigene (http://cgpdb.ucdavis.edu)
was used to conduct BLAST (blastp) searches (Altschul
et al. 1990) against the protein sequences of A. thaliana.
Lettuce sequences with the closest hits (1 £ e¡20 threshold)
to sequences of A. thaliana annotated as involved in dis-
ease resistance or defense according to the A. thaliana
Gene Ontology (GO) (Berardini et al. 2004) were identi-
Wed as candidate lettuce resistance genes. Additional
candidate lettuce resistance genes were identiWed as
having signiWcant BLAST (tblastn) hits (1 £ e¡20 threshold)
to genes involved in resistance from other species. The let-
tuce sequences were also analyzed for TIR and NBS
motifs using the HMMer program (Bateman et al. 2002;
Eddy 1998); however, this identiWed no additional
candidates.

IdentiWcation and phylogenetic analysis of new NBS 
sequences

Sets of NBS sequences from species in subclass Asteridae-
containing few or no Lactuca sequences were identiWed

using neighbor-joining gene trees built from 1,600 NBS
sequences from 24 plant families, described previously
(McHale et al. 2006). Full sequences for each clade were
realigned using ClustalX (Thompson et al. 1997) and
degenerate oligonucleotide primers were designed for spe-
ciWc PCR ampliWcation of each clade (Table 2). PCRs were
performed on genomic DNA of Salinas and UC96US23
using HiFi Taq polymerase and an annealing temperature
of 45°C according to the manufacturer’s protocol (Invitro-
gen, Carlsbad, CA, USA). Products of the predicted size
were puriWed from agarose using the QIAEX II Gel Extrac-
tion Kit (QIAGEN, Hilden, Germany) and cloned using the
TOPO TA Cloning® Kit (Invitrogen). Sequencing reactions
were carried out using Big-Dye™ 3.0 chemistry and T7 and
M13 universal primers as per the manufacturer’s protocol
(Applied Biosystems, Foster City, CA). Sephadex G-50
columns (Millipore, MA, USA) were used to remove unin-
corporated dye-terminators. Electrophoresis was performed
on an ABI 3700 capillary sequencer (Applied Biosystems)
at the College of Agricultural and Environmental Sciences
Genomics Facility, UC Davis (http://cgf.ucdavis.edu).

Chromatograms were analyzed using Sequencher v. 4.6
(Gene Codes Corporation, MI, USA) and BLAST (tblastn)
searches to the Arabidopsis genome and known NBS-
encoding sequences were used to determine similarity to
NBS-encoding sequences. Novel NBS sequences were
added to the multifamily NBS trees generated previously
(McHale et al. 2006). At least 24 clones were sequenced
from each ampliWed product and additional clones were
sequenced until no new Lactuca NBS subfamilies were dis-
covered. All sequences identiWed from only a single PCR
ampliWcation were re-ampliWed and re-sequenced using a
speciWc, non-degenerate primer within the sequence and the
degenerate primers at 5� and 3� ends to ensure all sequences
were accurate and not artifacts of errors in the PCR. All
Lactuca NBS sequences (novel, Genbank, and CGPDB
derived) were translated into protein sequences and aligned
using ClustalX v 1.83 with default options (Thompson
et al. 1997). Nucleotide sequences were aligned based on
protein alignments and a neighbor-joining tree was con-
structed using Phylip v 3.65 (Felsenstein 2004). Using
ClustalX v 1.83, a protein alignment was constructed from
a representative NBS sequence from each gene family for

Table 2 Degenerate oligonucleotides used for ampliWcation of NBS-encoding sequences

Degenerate oligonucleotide 1 Degenerate oligonucleotide 2 AmpliWed sequences

F108 GGDGGDGTBGGDAARACHAC R308 RTCRTTVACHARRTCRTGCAT LsatNBS02–07, 09, 15, 19–22
LserNBS01–03, 05, 10, 16, 20, 24

F114 GGDATGGGDGGDGTBGGDAARAC R114 YTGRAAHARYTCCCADGC LsatNBS11

F114 GGDATGGGDGGDGTBGGDAARAC R214 ARHGGHARHCCHCKRCAYTT LsatNBS26

F001 GTBGTBCCDATHGTBGGDATG R001 TTHCKHARRTCRTCCCAYTC LsatNBS32, 40, 45, 46
LserNBS27,28, 33, 35, 39, 41, 42
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Lactuca, Helianthus (Radwan et al. 2008), and Cichorium
(Plocik et al. 2004), NBS sequences mined from the
CGPDB for Taraxacum oYcinale, L. perennis and
L. virosa, and NBS sequences functioning in resistance
from other non-Compositae species. A neighbor-joining
tree was built with Phylip v 3.65.

Candidate gene marker development and genotyping

Candidate genes were mapped over a period of Wve years
using a variety of approaches as mapping technologies
improved. All enabling marker information is available
through the lettuce genetic map viewer on the CGP website
(http://cgpdb.ucdavis.edu/database/genome_viewer/viewer).
Oligonucleotide primers were designed to candidate genes
with the aid of Primer3 (Rozen and Skaletsky 2000) to
amplify products 250–500 bp in length, include predicted
introns, and/or include in silico detected polymorphisms.
Intron/exon splice sites and in silico polymorphisms were
predicted with the aid of Python Contig Viewer (http://
cgpdb.ucdavis.edu/SNP_Discovery). Genomic DNA (1 ng/�l)
was used as template in 20 �l PCR volumes containing
1 mM MgCl2, 0.05 �M forward primer, 0.05 �M reverse
primer, 0.2 mM dNTPs, 1£ PCR buVer, and 1 unit Taq
DNA polymerase and cycling parameters of an initial dena-
turation for 5 min at 95°C, then 35 cycles of 30 s at 94°C,
30 s at 57°C and 1 min at 72°C, and a Wnal extension for
5 min at 72°C.

PCR products were assessed for polymorphisms using a
variety of methodologies. Large length polymorphisms
and dominant markers were visualized and scored follow-
ing electrophoresis in agarose gels (1.5% agarose, 1.5%
Synergel; DiversiWed Biotech, Boston, MA) and staining
with ethidium bromide. Some small length polymorphisms
and SNPs were assayed using the REVEAL mutation
detection system (Spectrumedix, College Park, PA), which
employed temperature gradient capillary electrophoresis
(TGCE). A variation of Spectrumedix’s protocol was
followed. Genotyping assays required two capillary runs
per marker screened. The formation of a heteroduplex in
the Wrst TGCE run identiWed heterozygous individuals.
For the second TGCE run, the PCR product from parental
allele A was added to each of the original PCR samples to
be genotyped. Individual samples with no heteroduplex
formation were scored as parental allele A; samples form-
ing a heteroduplex were scored as the alternate parental
allele B.

Single-stranded conformational polymorphism (SSCP)
analysis was used to score many markers. PCR products
were diluted 1:1 with a loading buVer consisting of 40%
formamide, 5 mM sodium hydroxide, 0.25% bromophenol
blue, 0.25% xylene cyanol. PCR products were denatured
at 95°C for 5 min and snap cooled on ice. DNA fragments

were resolved by electrophoresis through 2.5£ mutation
detection enhancement gels (FMC BioProducts, Rockland,
ME, USA). Gels were stained with silver nitrate by shaking
for 7 min in 10% acetic acid, 20% ethanol and 0.25 M
silver nitrate, followed by 5–10 min shaking in 1.2 M
sodium hydroxide and 0.1% formaldehyde.

For each candidate gene in which polymorphism was not
detected by any of the above methods, amplicons were
sequenced from genomic DNA of Salinas and UC96US23.
Following ampliWcation, unincorporated primers were
digested with Exonuclease I and Shrimp Alkaline Phospha-
tase (USB Corporation, Cleveland, OH, USA). AmpliWed
products were sequenced and chromatograms analyzed as
described above. Sequences with single nucleotide poly-
morphisms (SNPs) were submitted to Illumina, Inc. (San
Diego, CA) for oligonucleotide design and marker detec-
tion using the Illumina Golden Gate® SNP assay (http://
www.illumina.com). In brief, this technology simulta-
neously hybridizes hundreds (96, 384, 768, or 1,536) of
allele-speciWc oligonucleotides to genomic DNA; these
primers also contain a universal sequence which targets the
primers to a particular address in the array. Allele-speciWc
primer extension and ligation reactions are carried out
before PCR with Xuorescently labeled universal primers.
Amplicons are hybridized to their address on the bead array
and Xuorescence is quantiWed resulting in an allele call for
each bead. These markers were analyzed on the Illumina
BeadStation by the DNA Technologies Core Facility at the
UC Davis Genome Center (http://genomecenter.ucda-
vis.edu/dna_technologies/).

Where several markers for the same candidate gene were
assayed, all markers were mapped to conWrm co-segrega-
tion and then the most robust marker was chosen for inclu-
sion in the genetic map. Redundant markers are
documented at the Compositae Genome Project website
map viewer (http://cgpdb.ucdavis.edu/database/genome_
viewer/viewer/).

Linkage and bulked segregant analyses

A genetic linkage map based on the Salinas £ UC96US23
F7:8 RIL population and comprising 96 framework AFLP
and 10 simple sequence repeat (SSRs) markers plus 291
resistance candidate genes, 481 non-resistance-related EST
markers, and 4 phenotypic loci was constructed using
JOINMAP v 4.0 with default settings and Kosambi map-
ping function (Stam and Van Ooijen 1995; Timms et al.
2006; Truco et al. 2007; J. Argyris and D.O. Lavelle
unpublished). This map consisted of ten linkage groups
spanning 1,296 cM; the two sections of linkage group 3 did
not assemble together. The linear order of the map was
compared to the lettuce integrated map (Truco et al. 2007)
and there were no large rearrangements.
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HR responses elicited by the bacterial eVectors, AvrPto,
AvrPpiC, AvrRpm1, AvrB, and AvrRps2, were mapped by
bulked segregant analysis. Ninety-six PCR-based markers
derived from resistance candidate genes were run on con-
trasting pairs of bulks of genomic DNA from 10 individuals
that elicited an HR and from 10 individuals that elicited no
HR in response to the bacterial eVectors. Separate pairs of
bulks were made for responses to AvrPto and AvrPpiC; a
single pair of bulks was made for the responses to
AvrRpm1, AvrB, and AvrRps2 as this co-segregated.
Markers that distinguished the bulks were then analyzed on
all phenotyped individuals in the populations and genetic
linkage was determined with MapMaker v 3.0 (Lander
et al. 1987).

QTL analysis of new resistances to anthracnose and
downy mildew evaluated in Salad Bowl £ CGN14263
were conducted using the composite interval mapping func-
tion in QTL cartographer v 2.5 (Wang et al. 2005) and
based on the genetic map containing 166 AFLP and 19 SSR
framework marker loci (Truco et al. 2007). SigniWcance
thresholds for identifying QTL were obtained by permuta-
tion analysis incorporating 1,000 permutations.

Sequences were submitted to Genbank: accession num-
bers EU889296 to EU889328 and FJ235160 to FJ235171.

Results

IdentiWcation of candidate resistance genes

Approximately 43,000 unigenes derived from ESTs of Sali-
nas and UC96US23 generated by the Compositae Genome
Project (http://cgpdb.ucdavis.edu) and L. sativa and L.
serriola sequences retrieved in Genbank were searched for
genes that may be involved in resistance. Translated
sequences were used to conduct BLAST (blastp) searches
(Altschul et al. 1990) against the inferred protein sequences
of A. thaliana. Lettuce sequences with the closest hits
(1 £ e¡20 threshold) to sequences of A. thaliana annotated
as being involved in disease resistance or defense according
to the A. thaliana GO annotations (Berardini et al. 2004)
were identiWed as candidate lettuce resistance genes. Addi-
tional candidate lettuce resistance genes were identiWed as
having signiWcant BLAST (tblastn) hits (1 £ e¡20 thresh-
old) to genes involved in resistance from other species
identiWed by literature and keyword searches of PubMed
and Genbank (http://www.ncbi.nlm.nih.gov). A total of 702
candidate resistance genes were identiWed from Lactuca
Genbank sequences and the CGP database Salinas and
UC96US23 EST assembly. These candidate resistance
genes were classiWed according to sequence similarity to
known genes from other species. The candidate genes
included 207 RGCs, 266 resistance pathways, and 199

defense responses associated genes as well as 30 suscepti-
bility factors (S1). RGCs were further categorized as simi-
lar to genes encoding CC-NBS-LRRs (80), TIR-NBS-
LRRs (83), or receptor-like proteins (44).

Additional NBS-encoding sequences were identiWed
using PCR-based approaches. Twelve new NBS-encoding
sequences were ampliWed from L. sativa cv. Diana using
degenerate oligonucleotide primers to the P-loop and
GLPL conserved motifs (Shen et al. 1998; M. Van
Damme, unpublished). Analysis of a tree of 1,600 NBS-
encoding genes from diverse species revealed that there
were 19 clades that contained sequences derived from
species in the subclass Asteridae but lacked sequences
from Lactuca spp. (McHale et al. 2006). In order to have
Lactuca sequences from each major NBS-encoding gene
family, clade-speciWc degenerate oligonucleotides prim-
ers were designed based on NBS-encoding sequences in
Asteridae-containing clades with few or no sequences
from L. sativa or L. serriola. Eighteen new NBS-encoding
sequences from Salinas and 15 new NBS-encoding
sequences from UC96US23 were ampliWed using these
primers (Table 2). NBS-encoding sequences were ampli-
Wed from both TIR-NBS-LRR and CC-NBS-LRR classes.
All of the new NBS-encoding sequences of the CC-NBS-
LRR class encoded this sub-family’s characteristic trypto-
phan in the kinase-2 motif (Meyers et al. 1999). These
PCR-based approaches brought the total number of NBS-
LRR encoding sequences from L. sativa and L. serriola to
90 CC-NBS-LRR encoding genes and 106 TIR-NBS-LRR
encoding genes.

Ninety-one amino acid fragments from the NBS
domain of unique Lactuca NBS-LRR proteins from
L. sativa (70) and L. serriola (21) were used to align the
corresponding nucleotide sequences and a neighbor-joining
tree was produced. Using a 70% identity threshold,
sequences fell into 20 distinct sub-families of NBS-LRR
proteins (RGCs1–20) containing from 1 to 28 sequences
(Fig. 1). RGC sub-families 1–3, 5–7, 9, 10, 17, and 18
contain sequences similar to CC-NBS-LRR proteins and
sub-families 4, 8, 11–16, 19 and 20 contain sequences
similar to TIR-NBS-LRR proteins. A neighbor-joining
tree was then constructed using NBS amino acid
sequences representing each RGC sub-family from
L. sativa, Helianthus spp. (Radwan et al. 2008), and Cicho-
rium spp. (Plocik et al. 2004), NBS sequences mined from
the CGP database from Taraxacum oYcionale, L. peren-
nis and L. virosa, and NBS sequences of known resistance
genes from other non-Compositae species obtained from
Genbank. Lactuca sequences were present in each clade
separated by the 70% amino acid identity threshold
(Fig. 2). Therefore, we concluded that representatives of
most of the major sub-families of NBS-encoding
sequences in Lactuca spp had been obtained.
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Linkage analysis and genetic mapping of candidate 
resistance genes

Markers were developed, genotyped, and mapped for 294
of the 735 resistance candidate genes. These comprised 96

RGCs, 101 resistance pathway genes, 83 defense response
associated genes, and 14 susceptibility factors (Fig. 3). The
remaining 441 resistance candidate genes could not be
mapped: 111 were monomorphic for the amplicon
sequenced, 278 were monomorphic in agarose, SSCP, and

Fig. 1 Neighbor-joining tree of 
a 240 nucleotide fragment of the 
NBS-encoding region of 91 
sequences. Only bootstrap 
values greater than 75% are indi-
cated. Sub-families are deWned 
as distinct groups with 70% 
nucleotide identity and indicated 
with brackets. Sequence names 
have been abbreviated for dis-
play, see S1 for full names. The 
sequence alignment is available 
from http://cgpdb.ucdavis.edu
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TGCE assays, but were not sequenced from both parental
genotypes, and 62 were apparently polymorphic between
the parents at the sequence level but attempts at marker
development were unsuccessful. Markers were assayed
using a variety of technologies: agarose electrophoresis
(18), and TGCE (7), SSCP acrylamide electrophoresis (82),
and the Illumina Golden Gate® SNP assay (187).

Markers for RGCs, resistance pathway, and defense
response associated genes were distributed across all nine
lettuce chromosomes. However, genes encoding NBS-LRR
proteins were non-randomly distributed in the genome.
Thirty-nine of the 78 mapped NBS-LRR encoding genes
fell into seven clusters. Similar to clusters of NBS-LRR
encoding sequences in Arabidopsis (Meyers et al. 1999;

Fig. 2 Neighbor-joining tree of 
a 80 amino acid fragment of the 
NBS region encoded by each 
gene family in L. sativa, Helian-
thus spp. (Radwan et al. 2008); 
Cichorium spp. (Plocik et al. 
2004), NBS sequences mined 
from the CGPDB representing 
Taraxacum oYcionale, L. pe-
rennis and L. virosa, and NBS 
sequences functioning in resis-
tance from other non-Composi-
tae species. Sequences from L. 
sativa and L. serriola are labeled 
in green, other Compositae spe-
cies are labeled in red, non-
Compositae species are labeled 
in black. Sequence names have 
been abbreviated for display, see 
S1 for full names. The sequence 
alignment is available from 
http://cgpdb.ucdavis.edu
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Fig. 3 Lettuce genetic map displaying 294 mapped candidate resistance genes and 35 resistance phenotypes. Sequence names have been abbre-
viated for display, see S1 for full names. Figure created with MapChart (Voorrips 2002)
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Meyers et al. 2003), a cluster was deWned as having at least
three sequences of one type at a density greater than one
marker per cM with no intervening EST-based markers of a
diVerent annotation. When mapped NBS-LRR encoding
sequences represented the portion of the NBS domain used
for phylogenetic analysis, it was noted which RGC subfam-
ily was represented (Fig. 1); however, the subfamilies of
many of the NBS-LRR genes is unknown because most of
the EST sequences only encoded the 3� LRR region due to
the large size of NBS-LRR encoding genes. Chromosome 1
contains a cluster of four TIR-NBS-LRR encoding
sequences that mapped to a 3 cM region; one is a RGC16
member, the subfamily of the other three sequences is
unknown. The previously characterized major resistance
gene cluster that contains Dm3 comprises of a large cluster
of RGC2 sequences on chromosome 2 (Meyers et al. 1998;
Shen et al. 2002). All mapped members of the RGC2 fam-
ily mapped at this locus. In addition, one TIR-NBS-LRR
mapped within a 7.5 cM region that also contained the
RGC2 cluster. Other CC-NBS-LRR type gene fragments
also map to this region but do not encode an NBS domain;
therefore, it is unknown if these sequences are members of
the RGC2 family. A large group of 16 TIR-NBS-LRR and
3 CC-NBS-LRR encoding sequences, which can be broken
into three tightly linked clusters, mapped to an 11 cM
region on chromosome 8. The Wrst cluster in this large
group includes eight TIR-NBS-LRR encoding sequences,
seven of which are RGC4 genes; the RGC subfamily of the
eighth sequence is unknown because the EST did not
encode an NBS domain. The second chromosome 8 cluster
includes three sequences, a CC-NBS-LRR and TIR-NBS-
LRR, both of unknown subfamilies, and an RGC4 gene
encoding TIR-NBS-LRR protein. The third cluster on chro-
mosome 8 contains three RGC20 sequences encoding TIR-
NBS-LRR proteins. On chromosome 3, a mixture of 2 TIR-
NBS-LRR and 7 CC-NBS-LRR encoding sequences map
to a 2.5 cM region and represent both RGC1 and RGC4
sequences. While members of each RGC subfamily tended
to map together, this is not always the case. Eleven of four-
teen RGC4 sequences mapped to a 6 cM region on chromo-
some 8, the other three sequences mapped individually to
chromosomes 2, 3, and 7. Nucleotide identities parsed from
BLAST (blastn) reports of all mapped lettuce sequences
against each other was used to create an identity matrix.
Sequence identity between mapped genes was plotted rela-
tive to genetic positions using GenomePixelizer (http://
cgpdb.ucdavis.edu) and revealed no evidence from
sequences Xanking these RGC4 family members of a seg-
mental duplication between chromosome 8 and chromo-
somes 2, 3, or 7.

There were also a several small clusters of three non-
RGC sequences. Some of these clusters may be artifacts of
there being several non-overlapping unigenes representing

a single gene or due to sequences from Salinas and
UC96US23 having less than 95% sequence identity and
therefore being identiWed as separate unigenes in the CAP3
assembly. In both cases, each sequence would have been
mapped as a separate marker. However, four unigenes com-
prised of sequences from both Salinas and UC96US23 from
an overlapping region encoding phenylalanine ammonia-
lyase 1 (PAL1) mapped to a single locus on chromosome 2.
From the BLAST (blastn)-derived identity matrix of
mapped lettuce sequences it was determined that the four
members of the PAL1 cluster have the highest similarity to
other sequences within the cluster and to three other PAL1
sequences mapping to a single locus on chromosome 6.
There was no evidence from the Xanking mapped
sequences for a segmental duplication between chromo-
somes 2 and 6.

Certain chromosomes had a paucity of candidate disease
resistance genes. Although chromosomes 5 and 6 contained
9.5 and 7.9%, respectively of the 481 mapped EST
sequences (http://cgpdb.ucdavis.edu/database/genome_
viewer/viewer/), they had only 2 to 3% of the mapped
RGCs. RGCs were signiWcantly under-represented on these
chromosomes (P < 0.003, P < 0.03; respectively; Fisher’s
exact test) based on a comparison of mapped RGCs versus
mapped ESTs from other resistance categories and non-
resistance related ESTs. This is in contrast to chromosomes
1, 2, and 8 that had a signiWcant over-representation of
RGCs (P < 0.05, P < 0.02, P < 0.001; respectively).

Mapping and distribution of phenotypic resistance loci

Dm5/8, Dm7, Dm13, and AvrRps4-HR segregated in the
Salinas £ UC96US23 RIL population and mapped to chro-
mosomes 1, 4, 3, and 8, respectively, consistent with their
positions determined using other populations (Landry et al.
1987; Kesseli et al. 1994; see below). QTL analysis of
anthracnose isolate Ant 83-5 in the F2 mapping population
derived from L. sativa cv. Salad Bowl £ L. serriola
CGN14263 revealed QTLs on chromosomes 2 (ANT2) and
8 (ANT3) from CGN14263 accounting approximately for
40 and 30% of the variance, respectively. Only the QTL on
chromosome 2 (ANT2) was signiWcant on the analysis of
isolate Ant 99-1. It accounted for approximately 55% of the
variance. QTL analysis of downy mildew revealed resis-
tance loci on chromosomes 1 and 4 from CGN14263. Both
downy mildew resistance loci were dominant and suYcient
to confer complete resistance to all B. lactucae isolates;
they were therefore considered as distinct, independent Dm
loci rather than QTL and designated Dm43 and Dm44 for
the loci on chromosomes 1 and 4 respectively. HRs elicited
by the bacterial eVectors, AvrRpm1, AvrB, AvrRps2, and
AvrPpiC, were analyzed by bulked segregant analysis
followed by regression mapping of linked markers in the F2
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population derived from Ninja £ Valmaine. The HRs elic-
ited by AvrRpm1, AvrB, and AvrRps2 co-segregated with
each other. This locus was mapped to a position coincident
with the large cluster of resistances on chromosome 1 con-
taining Dm43 and Dm5/8 among other resistances and was
linked to RGC16A. AvrPpiC-HR was linked to RGC5A on
chromosome 8 and coincident with ANT3. The HRs elicited
by the bacterial eVectors AvrRps4 and AvrPto were ana-
lyzed in an F2 population derived from LSE18 £ Valmaine.
AvrRps4-HR mapped to the same position as the HR
mapped in the Salinas £ UC96US23 population. AvrPto-
HR was linked distally from QGG19L12 at the end of chro-
mosome 9; no other resistance phenotypes mapped to this
locus.

The positions of the QTL for resistance to anthracnose
(ANT2 and ANT3), the two new downy mildew loci (Dm43
and Dm44), the loci for the HR to bacterial eVectors
(AvrRpm1-HR, AvrB-HR, AvrRps2-HR, AvrPpiC-HR, and
AvrPto-HR) and 28 resistance phenotypes mapped in other
populations were transferred to the Salinas £ UC96US23
reference map with the aid of Xanking markers shared
between the maps (Fig. 3). Some genes could only be
located to fairly large intervals due to the lack of close
Xanking markers common to the source and reference
populations. The 36 resistance phenotypes are on seven
chromosomes; no phenotypic resistance loci mapped to
chromosomes 5 or 6. Chromosomes 1 and 2 have the larg-
est number of known resistances with eight resistance phe-
notypes mapping across chromosome 1 and ten phenotypes
mapping to the region surrounding the RGC2 cluster on
chromosome 2 (Fig. 3).

Associations between phenotypic and candidate gene loci

More RGCs (57%) co-localized with at least one resistance
phenotype than did other categories of candidate genes:
resistance pathway genes (22%), defense response-associ-
ated genes (34%), susceptibility factors (15%), or
sequences thought not to be involved in resistance (24%).
For resistance phenotypes mapped in populations other
than Salinas £ UC96US23, co-localization was deWned as
being within the genetic interval deWned by Xanking frame-
work markers present on multiple maps. Not including the
recessive viral resistance gene mo1 that is known to encode
the elongation initiation factor 4e (Nicaise et al. 2003), all
resistance phenotypes except RBQ1, cor, Tvr1, and AvrPto-
HR co-localized with at least one RGC. A QTL for downy
mildew resistance, RBQ1 (Jeuken and Lindhout 2002) and
the recessive bacterial resistance gene, cor (Moreno-
Vazquez et al. 2003), were coincident with defense response-
associated and candidate resistance pathway genes. Neither
Tvr1 (Grube et al. 2005) nor AvrPto-HR (T. Wroblewski,
unpublished) were at genetic positions coincident with any

type of candidate resistance genes mapped in this study.
Homologs of the tomato resistance gene Pto were not
among the candidate genes identiWed in this study.

The large cluster of NBS-LRR encoding genes on chro-
mosome 2 co-localized with a similarly large cluster of
resistance phenotypes (Meyers et al. 1998). Eleven resis-
tance phenotypes mapped to the region on chromosome 1
that contained 18 genes encoding nine TIR-NBS-LRR and
three CC-NBS-LRR proteins, as well as six receptor
kinases. The cluster of seven CC-NBS-LRR and two TIR-
NBS-LRR encoding sequences on chromosome 3 only co-
localized with a single resistance phenotype, Dm13. The
cluster of nine TIR-NBS-LRR and one CC-NBS-LRR
encoding genes on chromosome 8 co-localized with
AvrRps4-HR, the genetic determinant of the induction of
HR in response to the bacterial eVector AvrRps4, but did
not co-localize with any known Dm speciWcities. For each
of these resistance loci, as well as, six resistance phentoy-
pes mapping to chromosome 1, signiWcantly more RGC
than non-RGC EST markers co-localized with them
(Fisher’s exact test, Table 3). Twenty-four NBS-LRR
encoding genes, mapping to 15 distinct loci did not co-
localize with any resistance phenotype mapped in this
study. Such NBS-LRR encoding genes without phenotypes
co-segregating could have alternate functions, but more
likely their resistance phenotype have not yet been identi-
Wed and mapped.

Discussion

Two hundred and ninety-one resistance-related sequences
were mapped relative to 36 phenotypic resistance loci in
lettuce. Thirty-four of 36 resistance phenotypes co-local-
ized with at least one candidate resistance gene; this estab-
lishes the basis for further genetic and functional analyses
as well as provides breeders with markers and enabling
information for marker assisted selection (MAS).

Several genotyping technologies were used depending
on the type of polymorphism and the marker technologies
available at the time of analysis. The majority of markers
used the Illumina GoldenGate® SNP assay (http://
www.illumina.com) that became available towards the end
of the study. Where feasible, SNPs were assayed using this
technology due to its speed, low cost, and data reliability;
however, it is not amenable to assaying indels, sequences
with many SNPs (more than 1 SNP per 25 bp), and multi-
gene families. Alternative marker technologies were
employed to assay these types of polymorphisms. Large
indels were assayed on agarose. Sequences that were highly
polymorphic or contained small indels were assayed using
TGCE or SSCP analysis. SNPs in large multigene families
such as some RGCs were predominantly assayed using
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SSCP analysis to avoid problems due to interactions
between paralogous sequences.

NBS-encoding sequences are the major type of R-genes
in plants. Thirty-three new NBS-encoding sequences were
ampliWed and sequenced from lettuce in an eVort to identify
NBS-LRR encoding sub-families for which we previously
had few or no representative lettuce sequences. The cur-
rently available NBS-encoding sequences from Lactuca
can be grouped into 20 distinct RGC sub-families; Wve of
these were comprised only of sequences identiWed from the
EST database and four were comprised only of sequences
identiWed using degenerate oligonucleotide primers
(Fig. 1). NBS-LRR encoding genes are often present in
large clusters of closely related sequences (Bhattacharyya
et al. 2005; Meyers et al. 2003; Shen et al. 1998); however,
TIR-NBS-LRR and CC-NBS-LRR classes can be co-
located together as reported for other species, e.g., Arabid-
opsis and Cassava (Lopez et al. 2003; Meyers et al. 1999).

In lettuce, an RGC4 TIR-NBS-LRR encoding sequence, for
example, clusters with two RGC1 sequences encoding CC-
NBS-LRR proteins on chromosome 3 (Figs. 1, 2). This is in
contrast to Glycine max, Medicago truncatula, and Prunus
sp. where no co-segregation of TIR-NBS-LRRs with CC-
NBS-LRRs was observed (Kanazin et al. 1996; Lalli et al.
2005; Zhu et al. 2002). Other types of genes, such as recep-
tor-like proteins, have also been shown to be clustered in
the genomes of many species (Martin et al. 1993; Ronald
et al. 1992; Thomas et al. 1998). This study may not have
identiWed the clustering of non-NBS-LRR encoding resis-
tance-like genes due to the relatively small number mapped
in comparison to the NBS-LRR encoding sequences.

As expected, RGCs provide candidates for most domi-
nant resistances, 25 of the 27, yet to be cloned. RGCs also
co-localized with resistance QTL and a recessive resistance
locus. Several studies have reported the co-localization of
resistance QTL with NBS-LRR encoding genes (Calenge

Table 3 Fractions of the total RGCs, non-RGCs, all resistance candidate genes, and non-resistance related ESTs which co-localized with each
resistance phenotype

Fisher’s exact test was used to determine if the fraction of total RGCs or all resistance candidate genes were signiWcantly greater than expected 

* P value < 0.05; 9 P value < 0.01; ‡ P value < 0.005

Resistance 
gene

Chrm. Fraction RGCs 
co-localized

Fraction non-RGCs ESTs 
co-localized

Fraction all resistance 
candidates genes co-localized

Fraction non-resistance 
related ESTs co-localized

Dm43 1 0.061 0.055 0.062 0.052

Dm17 1 0.159 0.064 0.12‡ 0.048

AvrB-HR
AvrRpt2-HR
AvrRpm1-HR

1 0.061* 0.019 0.055‡ 0.0062

RBQ2 1 0.10‡ 0.015 0.062‡ 0.0042

plr 1 0.061‡ 0.0044 0.0279 0.0021

Dm5/8 1 0.010 0 0.0034 0

Tu
Mo2

1 0.020 0.0044 0.010 0.0042

Dm3 cluster 2 0.13‡ 0.0015 0.045‡ 0.0021

Dm1 2 0.031* 0.0059 0.014 0.0062

ANT2 2 0.031 0.012 0.021 0.010

Tvr1 2 0 0.0015 0 0.0020

cor 3 0 0.018 0.021 0.012

Dm13 3 0.092‡ 0 0.031‡ 0

Dm44 4 0.061 0.055 0.034 0.069

Dm4
Dm11

4 0.010 0.013 0.0034 0.019

Dm7 4 0.010 0 0.0034 0

RBQ1 7 0 0.019 0.014 0.0083

AvrRps4-HR 8 0.010‡ 0 0.034‡ 0

ANT3 8 0.031 0.022 0.024 0.023

AvrPpiC-HR 8 0.031 0.021 0.024 0.021

R39
RBQ3

9 0.010 0.044 0.031 0.046

AvrPto-HR 9 0 0.0015 0 0.0020
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et al. 2005; Lein et al. 2007; Paal et al. 2004; Ramalingam
et al. 2003). Of the Wve resistance QTL positioned on the
lettuce map (RBQ1, RBQ2, RBQ3; Jeuken and Lindhout
2002; ANT2, ANT3), all but RBQ1 co-localized with RGCs.
Although RGCs generally encode dominantly inherited
resistances, RRS1-R in Arabidopsis is an example of a RGC
conferring recessive resistance (Deslandes et al. 2002). The
recessive gene for resistance to Plasmopara lactucae-radi-
cis (plr) maps to a 13 cM interval with 1 CC-NBS-LRR and
5 TIR-NBS-LRR sequences and may be encoded by a
recessive NBS-LRR gene in a manner similar to RRS1-R in
Arabidopsis (Deslandes et al. 2002).

Several resistance phenotypes co-localize with non-
NBS-LRR encoding candidate genes. Genes controlling
resistance QTL have been identiWed as encoding receptor-
like kinases and wound-inducible proteins in other species
(Godiard et al. 2003; Llorente et al. 2005; Zhang et al.
2006). In lettuce, RBQ1 co-localizes with the defense
response candidates encoding defensin-fusion and allene
oxide synthase proteins. Recessive resistances to viral
pathogens often encode susceptibility factors required by
the pathogen for successful propagation (Robaglia and
Caranta 2006). There is also evidence that recessive resis-
tance to bacterial pathogens may also be encoded by sus-
ceptibility factors (Iyer-Pascuzzi and McCouch 2007).
Three recessive resistance genes were positioned on the let-
tuce map, mo1, plr, and cor (Kesseli et al. 1993; Moreno-
Vazquez et al. 2003; Nicaise et al. 2003). The previously
cloned mo1 gene conferring resistance to LMV is encoded
by eif4e, which in the context of LMV infection functions
as a viral susceptibility factor (Nicaise et al. 2003). In addi-
tion to NBS-LRR encoding genes, plr also co-localized
with the defense response related dirigent proteins (Burlat
et al. 2001). The recessive bacterial resistance gene, cor,
co-localized with the resistance pathway and defense
response-associated genes, RAP2.3, RCD1, CUL1, and an
epoxide hydrolase encoding gene (Büttner and Singh 1997;
Gomi et al. 2003; Overmyer et al. 2000; Ren et al. 2005).

The candidate genes identiWed in this study that co-local-
ize with resistance phenotypes provide numerous molecular
markers in breeding for disease resistance. Historically,
new Dm genes have been introduced sequentially and have
a limited lifespan (Crute and Pink 1996). The durability of
resistance should be improved by pyramiding Dm genes as
well as introgressing a variety of Dm genes into diVerent
lettuce types to fragment selection pressures on the patho-
gen population (Michelmore 2003). Pyramiding Dm genes
that are eVective against all known isolates can only be
achieved through MAS. By combining unlinked rather than
linked resistance genes, population sizes in breeding pro-
grams can be reduced. However, where only tightly linked
resistances are available for pyramiding, MAS can be uti-
lized to select for rare recombinants that have resistance

genes in cis. By haplotyping germ plasm at resistance loci,
novel sources of resistance can be distinguished and breed-
ing programs can avoid repeatedly introgressing the same
resistance gene from diVerent sources (Kuang et al. 2008).
Consequently, knowledge of the genetic positions of resis-
tance phenotypes relative to each other and haplotyping of
germplasm with RGC markers will aid in eYcient breeding
of lettuce cultivars with more durable resistances.
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