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SUMMARY:
We continue to apply novel methods for detecting, analyzing, and manipulating genetic
variation in lettuce. The aim of this project is to ensure that lettuce does not lag behind other
crops in benefiting from the application of genomic and biotechnological techniques. We have
continued four projects: (i) Introduction of genes into lettuce using Agrobacterium tumefaciens
and analysis of their expression. (ii) Cloning and characterization of disease resistance genes.
(iii) Genetic mapping using a variety of molecular markers with the goal of locating most of the
disease resistance genes known in lettuce. (iv) Comparative genomics to identify candidate
genes controlling horticultural traits. Our efforts have mainly been focused on projects (ii)
through (iv). Over 200,000 ESTs have been sequenced as part of the Compositae Genome
Project representing over 35,000 unigenes and at least half of all genes in lettuce. These
sequences have been and are being mined for candidate genes for agriculturally important traits.
Candidate genes have been mapped relative to loci for disease resistance, development, and
horticulturally important traits using Illumina GoldenGate Single Nucleotide Polymorphism
(SNP) assays. Candidate genes which cosegregated with disease resistance phenotypes are being
tested for function using RNA interference. We have developed a lettuce Affymetrix genotyping
chip with over 6 million overlapping probes representing the >35,000 unigenes from lettuce.
We are in the process of refining an ultra-high density genetic map of over 15,000 loci based on
genotyping from hybridizations of genomic DNA to the Affymetrix chip
(http://chiplett.ucdavis.edu). We have developed and are curating a database for lettuce as part
of the Compositae Genome Project (http://compositdb.ucdavis.edu/) that includes genetic,
molecular marker, cultivar, phenotypic and sequence data for lettuce.
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OBJECTIVES:
To develop and apply new methods for detecting, analyzing and manipulating variation in
lettuce. We continue to pursue these objectives in four projects:
1) Analysis of transgenes in lettuce.
2) Molecular cloning of disease resistance genes.
3) Development of a detailed genetic map and identification of reliable readily-assayed
markers linked to disease resistance genes.
4) Utilization of comparative genomics to identify candidate genes controlling
horticultural traits and development of robust molecular markers for them.
In the first three projects we are emphasizing either novel forms of disease resistance or
increasing the efficiency of selection for disease resistant genotypes. The fourth project includes
a wide range of horticultural traits. Some of these studies are currently funded from Federal
grants, the UC Biostar Program and several seed companies. All projects were initiated with
CLRP funds and application of the results to lettuce improvement is supported by CLRP funds.
All projects impact both crisphead and leafy improvement.

PROCEDURES AND RESULTS:
Transgene Expression in Lettuce
Our transgenic studies remain a lower priority than the other objectives, in part because
commercial application of transgenes in lettuce is not an immediate priority. No experiments
specifically addressing this objective were conducted the past year. Introduction of genes into
lettuce using A. tumefaciens is routine. However, introduced genes that can be expressed well in
other plant species are expressed poorly over multiple generations in lettuce. Factors influencing
stable transgene expression over multiple generations in lettuce are not well understood and
require detailed investigation. We still do not have a protocol for reliable and predictable
expression of transgenes in lettuce. We continue to generate dozens of transgenics as parts of
other projects. These are providing data on transgene expression and stability. However, we do
not currently have projects specifically focused on optimizing the stability of transgene
expression over multiple generations.
Resistance Candidate Gene Identification and Mapping
We have identified over 700 candidate resistance genes by mining the lettuce EST
database (http://cgpdb.ucdavis.edu) and amplification of conserved domains using PCR with
degenerate oligonucleotide primers for genes known to function in disease resistance. Of these
candidate genes, 291 have been mapped. One hundred twenty of the pathogen recognition-type
genes have high similarity to NBS-LRR-encoding genes. Comparisons of these 120 sequences
with over 1600 NBS sequences mined from Genbank reveals that the lettuce NBS sequences fall
into distinct groups that can be separated into at least 20 families. Over half of the NBS-LRRencoding genes map to resistance phenotypes.
Mapped candidate genes are being placed onto the consensus map relative to loci for
resistance to as many diseases as possible, particularly downy mildew, LMV, corky root, and
anthracnose. So far, a total of 42 phenotypic resistance loci have been mapped relative to the
291 candidate resistance genes (Fig. 1). The majority of resistance phenotypes are linked to
NBS-LRR-encoding genes.

Figure 1. Lettuce genetic map displaying 291 mapped candidate resistance genes and 42 resistance phenotypes. Dotted circles
indicate resistance phenotypes added to those reported previously (CLRB report 2007-2008).

Mapping of resistance to Verticillium dahliae race 1
In collaboration with Dr. Ryan Hayes (USDA, Salinas), we have identified three
chromosomal regions for resistance against V. dahliae race 1. Dr. Hayes developed a population
of 95 RILs from the cross La Brillante x Salinas 88. Cultivar La Brillante is resistant to V.
dahliae race 1 (Lettuce Breeding, USDA-ARS report CLRB 2007-2008). Plants in two field
experiments were rated for disease severity and the proportion of plants with symptoms for each
field trial. A map was constructed in the population with 114 polymorphic SNPs using the
Illumina GoldenGate SNP assay and five additional SSCP and agarose markers. Three
chromosomal regions (QTLs) associated with resistance were identified on linkage groups 5, 8,
& 9. The largest QTL on chromosome 9 was significant for all measurements and explained
over 60% of the phenotypic variation (Fig. 2).
Figure 2. QTLs associated with resistance against race 1 of V. dahliae. DS = Disease severity;
PropSy = Proportion of plants with symptoms. Measurements were made in two field
experiments (06-1 and 06-7). The upper graph shows the probability (LOD) score (y axis) for
each of the nine chromosomes (x axis). The horizontal line at 2.6 LOD is the significance
threshold determined by permutation analysis. The lower graph shows the allelic contribution
from each parent. Above the line: resistance contributed by the La Brillante allele. Below the
line: resistance contributed by the Salinas 88 allele.

La Brillante alleles contributed to resistance at all three QTLs; allelic distribution at
markers flanking the three QTLs showed a clear correlation for the presence of the La Brillante
alleles in the most resistant RILs (Fig. 3).
Figure 3.. Haplotypes for RILS ordered by increasing susceptibility (left to right) with markers
flanking QTLs for resistance to V. dahliae race1 in LG5, LG8 and LG9.
Red = La Brillante allele; Blue = Salinas 88 allele; Purple =heterozygous.

Mapping of Resistance Phenotypes
We are continuing to map resistance phenotypes using bulk segregant analysis (CLRB
variation report 2007-2008). Crosses between R4T57 and Hilde and Salad Bowl and CGN14263
were used to fine map Dm4 and Dm43 and Dm44 respectively. Five selective markers correlating
with the bulks for Dm4 were run on the segregating population. Two markers mapping 1 and 2
cm flanking the resistance locus were identified. Markers correlating with the bulks for Dm43
and Dm44 are being run in segregating populations to determine their genetic position relative to
the resistance loci.
Additionally bulks of resistant and susceptible individuals from three F2 populations from
crosses between novel L. serriola donors and recurrent cv. Salinas were genotyped with an
Illumina GoldenGate SNP assay. Markers have been identified that correlated with the bulks.
These markers will be analyzed by SSCP for polymorphism in the parental lines and segregating
F2 progeny to determine their precise genetic positions. Markers mapping close to the resistance
loci will be used as markers for selection in our breeding program.
Functional Analysis of Resistance Candidate Genes
Post-transcriptional gene silencing (PTGS, RNAi) assays involve expression of doublestranded RNA fragments of target genes leading to the degradation of the mRNA transcribed
from the endogenous genes and consequently to the loss of the target genes’ activity. RNAi to
silence RGC2B (encoding Dm3) was used to show that Dm14, Dm16, Dm18 and Ra are members
of the RGC2 family (Wroblewski et al., 2007 Plant J. 51:803-18). We have been generating
RNAi transgenics for other resistance gene candidates (RGCs) that co-segregate with resistance
phenotypes in order to test the resistance function of each RGC (Table 1). These RNAi lines are
being used as tester stocks in crosses to resistant lines to identify genes involved in resistance to
several diseases.

Table 1. RNAi constructs for 26 RGCs that co-segregate with a resistance phenotype have been
transformed into Cobham Green. T1 lines have been crossed to multiple resistant cultivars.
Silencing is monitored by analyzing activity of the GUS reporter and progeny are tested for loss
of phenotype. The protein domain encoded by the gene segment used to generate the RNAi
construct is indicated.
Resistance
Locus

Targeted
Domain

# RGCs with
RNAi
transgenics

# RGCs tested for
change in
phenotype

Resistance
phenotypes silenced

Dm3 cluster

Dm3
NBS

1

1

Dm3, Dm14, Dm16,
Dm18, Ra

Dm3 cluster

Dm3
LRR

1

1

Dm3, Dm6, Dm18

Dm5/8 cluster

NBS

8

4

0

Dm5/8 cluster

LRR

6

3

Dm5/8

Dm5/8 cluster

TIR

1

1

0

Dm7 cluster

NBS

2

1

0

Dm7 cluster

LRR

1

0

0

Dm7 cluster

TIR

1

0

0

AvrRps4-HR

LRR

3

3

0

ANT3,
AvrPpiC-HR

NBS

1

1

0

Tvr1

NBS

1

0

0

Mapping of Candidate Genes Relative to Horticultural Traits
Candidate genes have been mapped relative to horticultural traits in our core F7:8 RIL
mapping population derived from a cross between L. sativa cv. Salinas and L. serriola acc.
UC96US23. QTL analysis was performed on this core mapping population in three separate
growing seasons, 2002 to 2004. The QTL analysis has identified chromosomal regions involved
with horticultural traits such as flowering time and leaf shape. One hundred and fourteen
candidate genes in lettuce with similarity to 93 genes of known function in Arabidopsis were
mapped using several marker technologies. The majority (~90) of these mapped candidate genes
were sequence-verified and genotyped using the Illumina GoldenGate® SNP assay. To date, 35
of these mapped candidate genes co-locate with QTL at P<0.05 and 29 of these genes co-locate
to QTL at the more stringent P<0.01 (Table 2).

Table 2. Candidate gene markers coincident with QTL are shown for a variety of traits. Green
highlights indicate a gene’s primary or secondary function matches the phenotype associated
with the corresponding QTL. BBF: Bolting Budding and/or Flowering. BRH: Branching. HED:
Heading. LFD: Leaf Development. ROS: Rosette formation. SHT: Shattering. SPN: Spines.
TPD: Tipburn Development.

Marker

LG

cM

QTL
P<0.05

AGO5_LE1673_1

LG1

54.405

BBF

PIE1_LE1593_1

LG1

60.851

PHYB_LE1360_1

LG1

69.291

FT_LE1953-LE1954_1

LG2

21.793

COS-AT2G18040-1

LG2

83.799

Primary gene
function
QTL P<0.01
LFD
LFD

PTGS viral
defense
BBF

LFD

LFD

BBF

LFD

BBF

BBF
germination

BBF, LFD

meristem

LFD

meristem

LFD
LFD

Cell cycle

BBF

FUS3_LE4133

LG2

98.399

WUS_LE1545_1

LG3a

81.071

PAP2_LE1382_10

LG3a

85.074

BAM1-2_LE1558_1

LG3a

85.928

BBF, BRH, HED,
LFD, ROS
HED, LFD, ROS,
TPD
HED, LFD, ROS,
TPD
HED, LFD, ROS,
TPD

ASL1_LE1717_1

LG3a

95.445

LFD, ROS

Petal dev

LFD

BBF

AP1-3_LE1449_1

LG3a

99.998

ROS

EMF1_LE1338_1

LG4

83.709

BRH

COL4_LE1942_1

LG5

66.691

BBF

PHOT1_LE1899_5

LG5

171.681

BP_LE1630

LG6

4.777

BRH

pigment

BBF
?
BRH, SPN

phototropism

BBF, ROS

meristem

SVP-2_LE1504_1

LG6

11.416

BBF, BRH, ROS

BBF

GI-1_LE1960_1

LG6

17.448

BBF, BRH, ROS

BBF

FCA_LE1407_12

LG6

142.16

SHT

BBF

SHT

phototropism

NPH3_LE1377_1

LG6

142.16

AFO_LE1352

LG7

0

LFD

meristem

COL16_LE1935_1

LG7

1.068

LFD

?

AGL20-1_LE1495_1

LG7

1.211

LFD

BBF

COP1_LE1372_1

LG7

6.152

STM_LE1624_1

LG7

7.168

PHYE_LE1817_1

LG7

31.755

PLT1_LE1331

LG7

35.255

LFD

LFD

BBF

LFD

meristem

TPD

BBF

TPD

root

HEN1_LE1460_2

LG7

35.439

TPD

BBF

FVE-2_LE1575_1

LG7

36.566

TPD

BBF

PHYC_LE1804_1

LG7

100.205

ROS

BBF, BRH

BBF

COL9-1_LE1937_1

LG7

101.565

ROS

BBF, BRH

BBF

BBF, BRH

GA Catabolism

LSGA2ox1_2

LG7

103.623

ROS

Secondary
gene
function

PHYA_LE1798_1

LG9

54.594

BBF

BBF

ANT_LE1528_1

LG9

56.677

BBF

ovule

SVP-1_LE1414_3

LG9

57.431

BBF

BBF

KNAT3-1_LE1344

LG9

59.835

BBF

root

LFD

LFD

LFD

LFD

BBF
LFD

Some of the traits had multiple QTL, while others were associated predominantly with
one QTL of major effect. The transition from the vegetative to flowering phenotype (flowering
time) had many QTL but none accounted for more than ~35% of the phenotypic variation
explained (PVE). In contrast, leaf shape (lobing) is predominantly explained by a single QTL on
LG3 (Fig 5). Spines on stems and seed shattering are also explained by single QTL of large
phenotypic effect (>80% PVE).
Figure 4. Multiple QTL were identified for flowering-associated traits. QTL on linkage groups
(LG) 2, 6, 7, and 9, are shown with candidate genes indicated underneath.
LG2

LG6

SVP
GI

FT

FUS3

Significance
thresholds

LG9

PHYA
SVP

PHYC
COL9
GA2ox1

LG7

Figure 5. Single large effect QTL for leaf shape (lobing) on LG3.

ASL1

WUS
PAP2
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QTL for leaf lobing
(69% PVE)

0

LG3
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We have now expanded the original core F7 mapping population to include more than
134 additional RILs for mapping and QTL analysis. We are conducting a field trial in Davis, CA
this year to measure horticultural traits such as flowering time, leaf shape, and branching, among
other traits, on these additional lines. The increased size of the mapping population will allow us
to refine the QTL positions.
Genetic Analysis of Head Formation in a Cross between Romaine and Crisphead Types
We have analyzed a RIL population developed from a cross between an F1 of a romaine
by crisphead cross (Valmaine x Salinas 88) and cv. Salinas for horticultural traits differentiating
romaine and crisphead lettuce types. Two hundred and forty-eight RIL F8 families were grown in
2006 and 2007 in two field trials in Salinas and Davis respectively. Bolting, rosette formation,
flowering time, leaf shape and heading traits were measured and QTL analysis is underway.
The RIL families were photographed at different stages of development and the images
were evaluated for head formation using a scale from 0, no heading, to 3, full heading. The
progeny segregated for head formation at the early rosette stage from lines with no head to lines
with well-defined heads (Fig. 6). We identified three QTLs for heading that mapped to linkage
groups 2, 4 and 7 (Fig. 7). QTL mapping to LG4b was significant in both field trials. The present
map is fragmented; we are refining the genetic map of this population by identifying additional
polymorphic markers between the parents. New markers will consolidate the map into
chromosomal linkage groups and increase the resolution of some linkage groups allowing fine
mapping of the QTLs identified.
Figure 6. Variation in head formation.

Figure 7. QTLs for heading in linkage groups 2, 4 and 7. Two different measurements of head
formation were conducted in the Davis trial (blue & red lines). The graph shows the probability
(LOD) score (y axis) for each of LG 2, 4 and 7 (x axis). The horizontal lines at LOD 2.4 are the
significance thresholds determined by permutation analysis. .

Map Integration
We are continuing to consolidate chromosomal positions of resistance and horticultural
phenotypes with markers and candidate genes in a single integrated map for lettuce. This
involves the analysis of multiple populations in collaboration with several researchers (Table 3).
Several of these populations had insufficient polymorphic markers to provide
comprehensive coverage of the genome. In order to identify additional markers, cDNAs from
several parents were sequenced using an Illumina Genome Analyzer. The resultant ~17 million
60-bp reads for each genotype were aligned with the existing EST sequences. This allowed the
identification of over 10,000 SNPs that were polymorphic in more than one population and the
selection of a set of 768 informative SNP markers in candidate genes and/or distributed over the
chromosomes for detailed genetic analysis of these populations (Fig. 8).

Table 3. Populations being analyzed for disease resistance and horticultural traits.
Disease & Trait
Downy mildew
Bremia lactucae

Population

Collaborators

Cobham Green x LS238
Cobham Green x LS241

B. Maisonneuve, INRA ,
France

Iceberg x Saladin

P. Hand, HRI, UK

Corky root , Sphingomonas
suberifaciens

Green Lakes x Diana

Lettuce Mosaic Virus

Balady Aswan Green x Salinas
PI226514 x Salinas 88
PI226514 x Clemente

R. Hayes, USDA, Salinas

X. campestris pv. vitians

Reine des Glaces x Delsay

B. Maisonneuve, INRA.

Little Gen x Salinas88
Little Gem x Clemente

R. Hayes, USDA, Salinas

Thompson x Cisco

Y. Kawazu, NIV&TS,
Japan

Pavane x Parade

R. Hayes, USDA, Salinas

Verticillium wilt
Verticillium dahliae

Pavane x Parade
La Brillante x Salinas 88
La Brillante x Pacific

R. Hayes, USDA, Salinas

Lettuce drop
Sclerotinia minor
Sclerotinia sclerotiorum

PI261246 x Salinas
Little Gen x Salinas88
Little Gem x Clemente

R. Hayes, USDA, Salinas

Fusarium wilt
Fusarium oxysporum

Valmaine x Salinas

T. Gordon, UC Davis

Basal rot
Botrytis cinerea

Salad Bowl x CGN14263

Lettuce dieback
Lettuce necrotic stunt virus

Valmaine x Salinas

I. Simko, USDA, Salinas

Shelf life

Iceberg x Saladin

D. Pink, HRI, UK

Salinas x UC96US23

G. Taylor, U. Southampton

Emperor x El Dorado

S. Jenni, AAFC, Canada

Big Vein

Rib discoloration

Nutritional content, Vit A,
Diplomat x Margarita
C & E, antioxidant & folate Green Towers x Western Red Leaf

D. Still, CSU Pomona

Figure 8. Venn diagram representing the number of SNPs identified between each parental pair.
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Massively Parallel Genetic Analysis using an Affymetrix Gene Chip
In collaboration with Dr. A. van Deynze (UC Davis), with support from the UC BioStar
program, Enza Zaden, Rijk Zwaan and Vilmorin, we have developed a 6.6 million
oligonucleotide Affymetrix array for high-throughput, massively parallel genotyping of lettuce.
The lettuce chip contains sequences for detecting polymorphisms in approximately 35,000
unigenes in lettuce and facilitates rapid SNP discovery, genotyping, mapping, and gene
expression analysis. We have completed hybridizations in duplicate to genomic DNA of 213
RILs from our core Salinas x L. serriola UC96US23 mapping population. We have developed
custom algorithms and scripts in order to process the data. We are now in the process of refining
an ultra-dense genetic map based on at least 15,000 transcribed sequences.
We have also hybridized an array of 50 diverse Lactuca accessions in triplicate to the
Affymetrix chip including L. sativa, L. serriola, L. saligna, L. virosa and L. perennis. We
constructed a neighbor-joining tree of the 41 L. sativa, 5 L. serriola, 3 L. saligna, 2 L. virosa and

1 L. perennis accessions. A tree rooted on mid-point was derived from 57,346 SFPs accounting
for 18,151 polymorphic sequences (Fig. 9).
Figure 9. Neighbor-joining tree of genetic diversity within Lactuca species. Prefixes indicate
different species: LS= L. sativa, LR= L. serriola, LL= L. saligna, LV= L. virosa and LP= L.
perennis. Colors indicate lettuce cultivar type: Iceberg (IC), Batavia (BV), leafy (LF: including
oakleaf, curly and grasse types), cos (C), butterhead (BT) and oil (OL). The parents of the core
mapping population were replicated (circled) showing the repeatability of the data.

Hybridization data from the Affymetrix chip aid in discovery of SNPs between parents of
mapping populations and breeding lines, particularly for crosses within cultivated L. sativa. A
total of 19,719 SFPs within L. sativa were used to estimate the percentage of polymorphic
unigene sequences within each of the lettuce types. As expected, iceberg cultivars showed the
lowest polymorphism (Table 4); however, over 6,000 polymorphisms in over 2,000 genes were
still detected among eight iceberg cultivars.
Table 4. Polymorphisms detected within different lettuce types using the Affymetrix chip.

# Cultivars

SFPs

Unigenes

Percentage

All

40

19,719

6,543

Butterhead

9

10,386

3,471

53.0

Batavia

6

11,635

3,838

58.7

Cos

6

9,991

3,389

51.8

Iceberg

8

6,781

2,244

34.3

Leafy

11

17,205

5,889

90.0

The Compositae Database (Compositdb)
We have continued to curate publicly-accessible databases for lettuce. The Compositdb
contains
several
searchable
databases
for
lettuce
accessible
through
http://compositdb.ucdavis.edu/ and is the main portal for distributing information generated by
the Compositae Genome Project (CGP). Lettdb provides genetic and DNA sequence
information as well as gel images for markers and descriptions and sequences of RFLP probes
and oligonucleotide primer sequences for PCR-based markers. Lettcv archives extensive
genetic, passport and performance data on lettuce cultivars.
The CGP database
(http://compgenomics.ucdavis.edu/compositae_index.php) contains extensive EST sequence
information and related information as well as links to lettuce linkage maps (lettuce genetic map
viewer) and easy to access marker information.
A new database, morphodb
(http://compgenomics.ucdavis.edu/morphodb_index.php), has been generated to archive and
provide access to phenotypic information on Lactuca species (Fig. 10). This database utilized
standard ontologies to facilitate searches across databases.

Figure 10. Entry page of Morphodb that provides access to data for specific traits.

