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Abstract The second largest cluster of resistance genes
in lettuce contains at least two downy mildew resistance
specificities, Dm5/8 and Dml10, as well as Tu, providing
resistance against turnip mosaic virus, and plr, a reces-
sive gene conferring resistance against Plasmopara
lactucae-radicis, a root infecting downy mildew. In the
present paper four additional genetic markers have been
added to this cluster, three RAPD markers and one
RFLP marker, CL1795. CL1795 is a member of a
multigene family related to triose phosphate isomerase;
other members of this family map to the other two major
clusters of resistance genes in lettuce. Seven RAPD
markers in the region were converted into sequence
characterized amplified regions (SCARs) and used in the
further analysis of the region and the mapping of Dm10.
Three different segregating populations were used to
map the four resistance genes relative to molecular
markers. There were no significant differences in gene
order or rate of recombination between the three cross-
es. This cluster of resistance genes spans 6.4 cM, with
Dml10 1.2 ¢cM from DmS8. Marker analysis of 20 cultivars
confirmed multiple origins for Dm5/8 specificity. Two
different Lactuca serriola origins for the Du5/8 specific-
ity had previously been described and originally desig-
nated as either Dm5 or Dm8. Some ancient cultivars also
had the same specificity. Previously, due to lack of
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recombination in genetic analyses and the same resist-
ance specificities, it was assumed that Dm5 and Dm8
were determined by the same gene. However, molecular
marker analysis clearly identified genotypes characteris-
tic of each source. Therefore, Dm3/8 specificity is either
ancient and widespread in L. serriola and some L. sativa,
or else has arisen on multiple occasions as alleles at the
same locus or at linked loci.
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Introduction

A major emphasis of lettuce breeding programs has been
the introduction of genes for resistance to a variety of
pathogens (Ryder 1986; Crute 1988). Most attention has
been devoted to developing cultivars resistant to downy
mildew, caused by the odmycete pathogen, Bremia
lactucae (Crute 1987, 1992). There are at least 15 well-
characterized dominant genes for resistance to downy
mildew (Dm; Johnson et al. 1978; Farrara et al. 1987,
Maisonneuve et al. 1994). Each Dm gene is matched by a
specific avirulence gene in the pathogen in a gene-
for-gene interaction (Crute and Johnson 1976; Tlott et al.
1989). Most of the resistance genes currently utilized
originated either within cultivated Lactuca sativa or
have been introgressed from L. serriola, the closest wild
relative of lettuce (Crute 1987; Kesseli et al. 1991). Many
additional sources of resistance have been identified
(Farrara et al. 1987; Bonnier et al. 1994) and current
breeding programs are introgressing resistance genes
from L. saligna and L. virosa as well as L. serriola. When
new resistances to downy mildew are first discovered
they are designated R-factors; the Dm designation is
only used after the resistance has been genetically char-
acterized and single genes identified (Farrara etal.
1987).



Disease resistance genes in lettuce are organized in
several distinct clusters. Three major clusters have been
identified so far (Johnson etal. 1978; Hulbert and
Michelmore 1985; Farrara et al. 1987, Kesseli et al.
1994). Genes for resistance to several parasites are pres-
ent in two of the clusters. The largest cluster contains at
least eight Dm genes (Farrara et al. 1987) plus a gene for
root-aphid resistance (Crute and Dunn 1980); this clus-
ter spans a genetic distance of 20 ¢cM and a physical
distance of at least 6 Mb (P. Anderson, R. Kesseli, and R.
Michelmore, unpublished). Several additional R-factors
have been mapped to this cluster (Bonnier et al. 1994).
The second largest cluster contains at least two Dm
genes (see below), together with Tu, providing resistance
against turnip mosaic virus (Zink and Duffus 1973), and
plr, conferring resistance to Plasmopara lactucae-radicis
Stang. and Gilbn. root downy mildew (Vandemark et al.
1992). This cluster spans over 6.4 cM (Hulbert and
Michelmore, 1985; Robbins et al. 1994, Kesseli et al.
1993). R17, a new resistance factor, is also loosely linked
to this cluster (Maisonneuve et al. 1994). In addition,
pedigree analysis indicated that a gene conditioning a
non-lethal reaction to a virulent isolate of lettuce mosaic
virus is also linked to this cluster (Zink et al. 1973). The
third cluster contains three downy mildew resistance
genes Dm4, Dm7 and Dmil1 (Hulbert and Michelmore
1985). Not all resistance genes have been mapped to
clusters; linkage to other resistance genes has not been
shown for Dmli3, Antl (resistance to Microdochium
panattoniana, O. Ochoa and R. Michelmore, unpub-
lished) and cor (resistance to Rhizomonas suberifaciens;
Brown and Michelmore 1988; Kesseli et al. 1994). We
are currently mapping many of the known resistance
genes in lettuce to gain a detailed understanding of their
genetic organization.

Using molecular markers we have been developing a
detailed genetic map of lettuce with emphasis on regions
containing disease resistance genes. The genctic map
currently comprises over 450 loci (Kesseli et al. 1994,
and unpublished). The majority are restriction fragment
length polymorphism (RFLP), random amplified poly-
morphic DNA (RAPD), and amplified fragment length
polymorphism (AFLP) markers. We have used near-
isogenic lines (Paran etal 1991), bulked segregant
analysis (Michelmore et al. 1991), and deletion mutants
(D. Lavelle, P. Okubara and R. Michelmore, unpub-
lished) to map disease resistance loci and identify linked
markers. Detailed knowledge of the genetic organiz-
ation of each cluster will aid in the manipulation of
resistance genes in breeding programs and in molecular
studies of their function. The pedigrees of many lettuce
cultivars are well documented. Dissection of these pedi-
grees using molecular markers allows the evolution of
resistance gene clusters to be analyzed.

Resistance genes in the second largest cluster have
come from several different origins. There were poten-
tially at least three different sources for Dm5/8. This
resistance specificity is documented as originating from
L. serriola P1167150(Dm3, Leeper et al. 1963), L. serriola
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PI91532 (DmS, Jagger and Whitaker 1940; Whitaker
et al. 1958; sometimes erroneously cited as originating
from P1104854), or from old cultivars of L. sativa such as
Sucrine and Bourguignonne Grosse Blonde d’Hiver
(BGBH; Channon and Smith 1970; Norwood and Crute
1985). However, surveys of B. lactucae failed to identify
any isolates that distinguished these different sources of
resistance. Genetic analysis indicated that resistance
mapped to the same locus (Hulbert and Michelmore
1985). Furthermore, genetic analysis in B. lactucae dem-
onstrated that avirulence to these resistances co-seg-
regated (Michelmore et al. 1984; Norwood and Crute
1984). Other avirulence genes in B. lactucae are not
tightly linked (Ilott et al. 1989). Therefore, the co-segre-
gation of specificity in both host and pathogen led to the
conclusion that resistance was determined by a single
gene that was designated Dm5/8. To distinguish the
different sources of resistance for the purposes of this
paper, the resistance from P116750 is referred to as Dm3,
resistance from P191532 as Dm8, and resistance from cv
Sucrine as Dm5/8. In addition, resistance that mapped to
this cluster was identified in P1164937 and may have had
the same specificity as Dm8 (Zink 1973); however, this
was not used as a source of resistance in breeding
programs. The origins of Dm0, another Dm gene in this
cluster, are unclear. It is present in old European latin
and butterhead cultivars as well as in more modern
California crisphead cultivars. Tu is present in the ma-
jority of lettuce genotypes tested. However, most cul-
tivars derived from P191532 (carrying DmS&) are suscep-
tible to TuMYV and Dm8 has been shown to be linked in
repulsion to Tu (Zink and Duffus 1969, 1970, 1974). The
origin of the plr gene is unknown; plr is present in several
old European butterhead cultivars (Vandemark et al.
1992; this paper).

In the present paper we describe the genetic charac-
terization of the sources of resistance genes in the second
largest cluster and analyze the major lettuce pedigrees in
which these genes have been selected. Marker analysis
indicated that the different sources are distinct and
identified recombination events during breeding pro-
grams. Dm10 was mapped relative to Dm8. Segregation
data from multiple F, populations were compared to
study variation in recombination rates across the
region,

Materials and methods
DNA manipulations and PCR

DNA was extracted from leaves using a modified CTAB protocol
(Murray and Thompson 1980; Bernatzky and Tanksley 1986). The
DNA was diluted to approximately 4-5 ng/ul in a modified TE buffer
with reduced EDTA concentration (0.1 mM) and 20--25 ng was used
in each 25-pl PCR reaction. Procedures for RAPD analysis were
similar to Williams et al. (1990) and are described elsewhere (Michel-
moreet al. 1991; Paran et al. 1991). All RAPD primers were provided
by Operon Technologies (Alameda, Calif) All PCR reactions were
performed in a Perkin Elmer Cetus 480 thermocycler. Conventional
gel electrophoresis, Southern blotting and hybridization were done
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according to standard protocols (Sambrook et al. 1989). Probes were
labeled using random primer kits from Amersham (Arlington
Heights, T1L).

Generation of sequence characterized amplified
region (SCAR) markers

Cloning and sequencing of polymorphic RAPD products were per-
formed as described by Paran and Michelmore (1993). Extended
primers were analyzed using the OLIGO 4.0 program (Rychlik and
Rhoads 1989) before oligonucleotide synthesis, and their sequences
optimized when needed. The thermal cycling program for amplifica-
tion of SCAR markers was as described previously (Paran and
Michelmore 1993). Annealing temperatures were optimized for each
pair of primers as described.

Plant material

Leaves from at least ten individuals for each cultivar were pooled
prior to DNA extraction for analysis of RAPD and SCAR genotypes.
Ten to twenty individuals from each cultivar were screened for their
reaction to B. lactucae, P. lactucae-radicis and TuMYV as described
previously (Farrara etal. 1987; Kesseli et al. 1993; Robbins et al.
1994).

Mapping of Dmi0

A F, population from a cross between two crisphead cultivars,
Salinas (Dm7, Dm8 and DmI3) and E1 Toro (Dm10), was used to map
Dml0 relative to Dm8. DNA of 88 F, individuals was assayed for the
genotypes at SCAR loci SCS12, SCX03, SCD08 and SCUI6 and
RAPD locus OPLOS,,,, the only PCR-based markers that were
polymorphicin this cross. SCS12 (in cis with Dm8) and SCU16 (in cis
with DmI0) could be assayed together since they both have an
annealing temperature of 68 °C; SCDO0S (in cis with Dm8) and SCX03
(in cis with Dmi0) were also assayed together as they have an
annealing temperature of 60 °C. More than 20 individuals of each F
family were screened for resistance to B. lactucae as described previ-
ously (Farrara et al. 1987). Recombinant families were assayed twice.
Dm8 was assayed using isolate CG1 of B. lactucae that recognizes
Dm2, Dm5/8, Dm6, Dml1, and Dmi4. Dm10 was assayed usingisolate
SF3, that recognizes Dm4, Dm6, Dm10 and Dml6, as well as isolate
C83M47, that recognizes Dml, Dmi0, Dml1, and Dmi5.

Genetic analysis

Segregation data were analyzed using MAPMAKER (Lander et al.
1987) to determine gene orders and to calculate multipoint genetic
distances. Recombination frequencies were converted to genetic dis-
tances using the Kosambi mapping function. To compare maps
derived from different F, populations, all data sets were reanalyzed
using MAPMAKER 3.0. Datasets were tested for heterogeneity using
the G function of GMendel 3.0 (Holloway and Knapp 1993).

heterogeneity

Results

New markers linked to the Dm5/8 region

Three new RAPD markers, OPG06, 550, OPN13,,,and
OPV01, 400, were identified as linked to Dm8 during the
mapping of arbitrary RAPD polymorphisms using our
basic Calmar x Kordaat mapping population (Kesseli
etal. 1994; P. Okubara, unpublished). These markers
were placed precisely relative to Dm8, and other markers

in the region, using recombinants from 202 additional
F, individuals of the same population (Fig. 1).

A new RFLP marker linked to Dm8 was detected by
c¢DNA clone pCL1795. This RFLP probe hybridizes to
sequences related to triose phosphate isomerase (TPI)
and detects a multigene family in lettuce, some members
of which had been mapped to the two other clusters of
Dm genes as well as elsewhere in the genome (Paran et al.
1992). Furthermore, there scemed to be a correlation
between Dm8 and a RFLP detected by pCL1795 in our
survey of lettuce cultivars (Kesseli et al. 1991). There-
fore, we predicted that a member of this multigene
family was also linked to the Dm5/8 region. To test this
hypothesis, we used bulked segregant analysis (Michel-
more et al. 1991) to screen a range of endonucleases for
their ability to detect RFLPs linked to Dm8. pCL1795
was hybridized to Southern blots of pooled DNA
samples of either 11 homozygous-resistant (Dm8Dm8) or
12 homozygous-susceptible (dm8dm8) F, plants that
had been digested with 1 of 12 restriction enzymes: Accl,
BamH]I, Clal, Dral, EcoRl, EcoRV, HindIl, HindIll,
Kpnl, Poul, Sacl, Xbal. As controls, we used similarly
bulked DNA samples for the Dm1i,3 and Dm4,7 clusters;
RFLPs linked to Dm8 would not be polymorphic be-
tween the bulks for the other two clusters. Polymor-
phisms between the Dm1,3 bulks were found using Accl,
HindIIl and EcoRI digests, confirming results obtained
by Paran et al. (1992). No polymorphisms were ob-

Fig.1 Genetic maps of the Dm5/8 region derived from analyses of
three crosses of Lactuca sativa. The number of F, individuals ana-
lyzed (N) is shown below each map. The genetic distances in cM are
shown. The maps are aligned on the position of Dm8. The Calmar x
Cobham Green was derived from data described in Kesseli et al.
(1993) Robbins er al. (1994).
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served between the Dm4,7 bulks for any of the digests;
RFLPsdetected by pCL1795 that are linked to Dm4 and
Dm?7 have only been identified using a different popula-
tion (Paran et al. 1992). RFLPs were detected between
the Dm8& bulks in digests with Acel and Kpnl; a band was
present in the dm8dm8 bulked DNA sample that was
absent in the Dm8Dm8 bulk (Fig. 2). To confirm linkage,
pCL1795 was hybridized to DNA of the eight suscep-
tible and eight resistant F, individuals that had been
used to construct the Dm8 bulks; pCL1795 hybridized to
a unique Accl fragment only in the susceptible individ-
uals; no recombinants were observed among these 16
individuals. The polymorphic 2.5-kb fragment detected
in the Accl digest was designated CL1795 ,,5 and map-
ped precisely using nine recombinants between
OPU165¢, and OPX03,,5,. CL1795,,5 mapped be-
tween OPYI34,, and OPU16,, (Fig. 1). This provides
further evidence that the Dm genes in the different
clusters have arisen by genome duplication.

Generation of SCAR markers

Seven RAPD loci were converted into SCAR loci:
OPS12,,59, OPX03,,59, OPG06,555, OPNI3,,,,

Fig. 2 Bulked segregant analysis with pCL1795 detecting linkage of
members of the TPI multigene family to two clusters of resistance
genes. Bulked DNA samples of homozygous-resistant (R) or -suscep-
tible (S) individuals for each of the three major clusters of Dm genes
(Dm1,3; Dm5/8; Dm4) were digested with Accl and hybridized to
pCL1795 (see text). Fragments that are polymorphic between the
bulks are arrowed
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OPD084g4, OPF12,5,, and OPUI64, A variety of
primer lengths (20-25 nucleotides) and annealing tem-
peratures (60-68 °C) were used (Table 1). The initial pair
of primers for SCF12 amplified the same-sized fragment
from both parents; however, when primers that started
five or eight bases inside the sequence of the RAPD
primer were used, a band was amplified only from
Calmar resulting in a dominant polymorphism. The
other SCAR primers also amplified bands from only one
parent, two from Kordaat and four from Calmar, and
were therefore dominant markers. No co-dominant
SCAR loci were found such as those previously identi-
fied as linked to the Dml,3 region (Paran and Michel-
more 1993). We were not successful in designing func-
tional SCAR primers for OPYI3g,,; three different
primers were tried but no amplification was obtained in
either combination over a range of annealing tempera-
tures. Primers derived from OPC08,,, amplified the
same-sized band in both Calmar and Kordaat; digestion
of these amplification products with 30 restriction en-
zymes did not reveal a polymorphism between these
cultivars.

The cloned RAPD fragments were tested as hybridi-
zation probes. To determine which fragments represent-
ed single or low-copy genomic sequences, an initial
screen was performed using reverse genomic Southern
blots. All the cloned RAPD fragments were transferred
to a membrane and hybridized to labeled genomic
lettuce DNA. The whole cloned fragment could be used
as a probe on genomic Southern blots only when there
was a faint, or absent, hybridization signal after over-
night autoradiography. When there was detectable hy-
bridization in the reverse genomic blots, subfragments
of the cloned RAPD sequences were generated using
each of eight endonuclease digests and tested for low-
copy sequences as above. Only clones of OPUI6,,,
OPN13,4, and OPC085,, seemed to be comprised en-
tirely of low-copy genomic DNA in reverse genomic
blots. Low-copy subfragments were identified for
OPX03,,59, OPG06,55, and OPF12,;,,, but not for
OPS12,,5y, OPD08¢go, OPY134,, Between two to
seven bands were observed when subfragments of
OPX03,,5, and OPF12,,,, were tested as probes on
Southern blots with total genomic DNA digested with
EcoRI, EcoRV, HindIIl and BamHI. A polymorphic
band was identified for both of these probes in each of
the EcoRI, EcoRV and HindIIl digests of Calmar and
Kordaat; the remainder of the bands were monomor-
phic. For OPN13,,, and a subfragment of OPG06, 55,
tested on genomic Southern blots, only non-poly-
morphic bands were observed in all digests with
significant smears due to weak hybridization to many
fragments. As none of the cloned fragments identified
single RFLP loci, they could not be used as hybridi-
zation probes in this study. Therefore, nearly all the
analyzes were made using PCR-based markers; the
only hybridization probes used, pCL877 and pCL1795,
were identified in an earlier screen of random cDNA
clones.
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Table 1 SCAR (Sequence Characterized Amplified Region) markersin the Dm5/8 region. SCAR markers are listed according to their order on

the genetic map (Fig. 1)

SCAR®* Sequence® #n°  Annealing® Band size®* C/K' Polymorphism# High" Internal low-copy'
primers temperature copy sequence as probe
SCCO08A GGTGGAGACATAGGTGGTTATTTA 25 60, 65°C 370 K No polym. No Not tested
SCCO8B GGTGCTGAAACATTTCAAAATCIT 24
SCS12A CTGGGTGAGTAGGTGCTGTGAGTG 24 68°C 1250 C Dominant Yes Not found
SCS12B CTGGGTGAGTGTGTAGTTACTTTC 24
SCX03A TGGCGCAGTGTAAGGGTTGAG 21 60°C 1250 K Dominant Yes HindIII/Haell;
SCX03B TGGCGCAGTGGAAATGCAAAT 21 550 bp; Dominant
SCG06A GTGCCTAACCTCACACTCACCAT 23 65°C 1350 C Dominant Yes  Mspl/Haell;
SCG06B GTGCCTAACCTAAATATGCGACAG 24 300 bp;

Not polymorphic
SCN13A AGCGTCACTCGAAGGGTTTAGG 22 60°C 185* C Dominant No  Not polymorphic
SCN13B ATTTCAAACTGCAAGTGAACTACG 24
SCDO0SA GTGTGCCCCACAATTACCTATATC 24 60°C 680 C Dominant Yes Not found
SCD08B GTGTGCCCCAGTATGCGGGTGATG 24
SCF12A ACGGTACCAGTGACGAGGAGATTC 24 68°C 1340 C Dominant Yes  Yes; HindllI/Taql;
SCF12D GGAAACTCGACCCCAAAGAT 20 740 bp; Dominant
SCF12C GAGGAGATTCGCAGGATGAT 20 68°C 1340 C Dominant Yes Yes; HindlIll/Tagl;
SCF12D GGAAACTCGACCCCAAAGAT 20 740 bp; Dominant
SCF12A ACGGTACCAGTGACGAGGAGATTC 24 68°C 1340 C No polym. Yes
SCF12B ACGGTACCAGGTCAATTGGAAACT 24
SCF12B ACGGTACCAGGTCAATTGGAAACT 24 68°C 1340 C No polym. Yes
SCF12C GAGGAGATTCGCAGGATGAT 20
SCY13A GGGTCTCGGTAGAAGGCTACTTTA 25 50-68 °C 800** C No ampl. Yes Not found
SCY13B GGGTCTCGGTACCTATCTATTGAT 24
SCY13A GGGTCTCGGTAGAAGGCTACTTTA 25 50-68 °C 800** C No ampl. Yes Not found
SCY13C ACCTATCTATIGATGACCTGAGAA 24
SCU16A CTGCGCTGGACGAAAAAAATGGTA 24 68°C 360 K Dominant No  Not tested

SCU16B CIGCGCTGGATCATGAAGATGATG 24

® The names of the primers used to amplify the SCAR marker shown
by the first five characters

b The sequence of each SCAR primer; the sequence of the progenitor
RAPD primer is underlined if it was included in the SCAR primer

¢ The number of nucleotides in each primer

¢ The annealing temperature used to detect polymorphism between
Calmar and Kordaat; when no polymorphism was detected or no
amplification occurred, the range of temperatures tested is shown

¢ The approximate size of the fragment amplified by the SCAR and
RAPD primers *: size of the original RAPD band is 400 bp; **: size of
the RAPD-band

Mapping Dm10

D10 was mapped relative to Dm8 and SCAR markers
SCS12, SCX03, SCDO8 and SCU16, as well as RAPD
marker OPL085,, using an F, population derived from
El Toro x Salinas. This cross was selected as it seg-
regated for both Dm8 and Dml10 as well as for five
molecular markers distributed through the region.
DNA from 88 F, individuals was analyzed to determine
the genotypes of the SCAR loci. Eighty-eight F; families
were screened with isolates of B. lactucae diagnostic for
Dm8 and Dm10. Ten F, individuals were homozygous
for the parental multilocus genotype of Salinas, 19 were
homozygous for the parental multilocus genotype of El
Toro, 52 were heterozygous at all loci, and seven were
recombinant. The genotypes were determined for indi-

! Whether the dominant RAPD polymorphism is amplified from
Calmar or Kordaat

¢ The nature of the polymorphism (no polym. = no polymorphism
detected; no ampl. = no amplification)

b Whether or not the SCAR-fragment contained sequences that had
a high-copy number in the genome

! Whether parts of the amplified fragment could be identified that
consisted of single- or low-copy sequences and the enzymes used to
identify the low-copy fragment within the amplified sequence and the
size of the band after digestion

vidual F; plants of two critical families to determine the
heterozygosity of SCD08 and OPL08;,. This placed
Dm10 between Dm8 and OPL0845, 1.2 ¢cM from Dm8
and co-segregating with SCD0S (Fig. 1).

Comparison of the Dm5/8 region in different
segregating populations

Three different populations have been used to map four
resistance genes in the Dm5/8 region relative to molecu-
lar markers: Dm8 was mapped using 202 F, individuals
of Calmar x Kordaat (Landry et al. 1987; Kesseli et al.
1994, and unpublished data), Dm8, Tu and plr were
mapped using 142 F, individuals of Calmar x Cobham
Green (Kesseli et al. 1993; Robbins et al. 1994), and Dm8



and DmlI0 were mapped using 88 F, individuals of El
Toro x Salinas (this paper). To compare the genetic
maps derived from the three different F, populations, we
reanalyzed the data using MAPMAKER. The maps
were compared using the Gigerogeneiry function of
GMendel version 3.0 (Holloway and Knapp 1993) to
test for significant differences between the datasets. No
significant heterogeneity in either gene order or recom-
bination distance was detected. Therefore, we attempted
to construct a consensus map using Joinmap (Stam
1993). However, the resulting gene order was clearly
inconsistent with the position of recombination events
and therefore a meaningful consensus map could not be
generated.

Marker analysis of the DmS5/§ region

The genotypes for disease-resistance loci Dm5, Dm8,
Dm5/8, Dm10, plr and Tu, RFLP locus CL877 (previous-
ly mapped to this region; Landry et al. 1987), SCAR loci
SCS12, SCX03, SCGO6, SCN13, SCD08, SCF12, and
SCU16, and RAPD loci OPL0845,, OPV0I{y9, and
OPY13gy,, were determined for 20 lettuce cultivars
(Table 2). These cultivars were selected to represent the
diversity of resistance-gene combinations in the Dm5/8
region. Calmar, Salinas, Avoncrisp (crisphead cultivars),

Table 2 Genotypes of selected lettuce cultivars at loci in the Dm5/8
region. Lettuce types are indicated by c, crisphead; b, butterhead; r,
romaine and i, latin. S12, X03,G06,N13,D08, F12 and U16 are SCAR
loci; V01, L08 and Y13 are RAPD loci; 877 is an RFLP locus; plr, Dm5,
Dm8, Dm5/8, Dm10 and Tu are disease resistance loci. + implies
presence of a resistance gene or a RAPD or RFLP locus; — implies
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Avondefiance, and Diana (butterhead cultivars) all con-
tain Dm8 derived from L. serriola P191532 (Jagger and
Whitaker 1940; Welch et al. 1965; Dawson 1976; Ryder
1979; Crute 1987). Great Lakes and Mesa 659 contain
Tu and no known Dm gene in this cluster; they were
derived from Imperial D which was the other parent in
the original cross with L. serriola P191532 (Fig. 3; Bohn
and Whitaker 1951; Thompson and Ryder 1961). Val-
maine contains DmS in combination with Tu from L.
serriola P1167150 (Leeper et al. 1963). Old European
cultivars Sucrine (Latin type) and Bourguignonne
Grosse Blonde d’Hiver (BGBH, butterhead type) con-
tain Dm5/8 in combination with Dm10 (Crute and John-
son 1976; Norwood and Crute 1984, 1985). Vanguard,
El Toro (Californian crisphead cultivars) and Kinemon-
tepas (old European butterhead cultivar) contain Dm0
in the absence of Dm5/8. Kordaat, Cobham Green,
Blondine, May King, Hilde, Mildura (all European
butterhead cultivars) and Gallega (Latin type) have
neither Dm5/8 nor Dmli0; however, they all contain
Tu and Cobham Green, Mildura and May King
contain both Tu and plr (Zink and Duffus 1974;
Vandemark et al. 1992). Data from our disease screens
were consistent with the reactions reported in the
literature.

The marker analysis indicates at least two distinct
derivations for Dm5/8 specificity (Table 2). All five cul-

absence of a resistance gene or RAPD or RFLP locus (note : thisis the
reverse of some other conventions where + indicates sporulation of
the pathogen and therefore absence of the resistance gene). n.t., not
tested. Gene order was derived from those shown in Fig. I. As not
all loci segregated in all three crosses, some local gene orders are
ambiguous
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Fig. 3 Interrelationships of

1
USA UK | The Netherlands

cultivars analyzed in this study |
(Jagger and Whltaker 1940; Romaine Blonde x New York Passion Blanche x Cobham Green |  Gotte x Meikoningin
Bohn and Whltgker 1951, Lente a monter a Graine Noir a forcer types
Leeper and Whitaker 1959; ‘ 4 I types (May King)
Thompson and Ryder 1961; |
Welch et al. 1965; Dawson Imperial and 1
1976; Ryder 1979; Crute 1987). Great Lakes types (GL) I
Several cultivars (Valmaine, ¢ 'S [N————1— Kordaat
Kinemontepas, Gallega, Mesa 659

Blondine, Hilde, Sucrine,
BGBH) are present in Table 2
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diagram because their , .
: . . L.virosa Diana
interrelationships are unknown. (GL 6238 x Brl45325) x GL A-36
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. Avondefiance
of Dm8 with Tu Bri5192 x Brid157

Vanguard Br18830 x Calmar
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Salinas

N

Moranguard x Morangold

El Toro

tivars that have Dm8 from L. serriola PI91532 have
similar genotypes. They share dominant alleles at
SCS12, SCG06, SCN13,SCDO8, SCF12 and Dm8. Un-
fortunately, P191532 is no longer available for analysis.
The marker genotype in PI91532 for the region was
presumably as in Calmar and Salinas since both these
crisphead cultivars retain the association of Dm8 with
TuMYV susceptibility found in P191532 (Zink and Duffus
1969). Avondefiance, Avoncrisp and Diana have a geno-
type that is a hybrid between those of Calmar and Mesa
659. This indicates that a fortuitous recombination
event occurred in the interval between SCD08 and
OPLO8,, sometime in the complex pedigree between
P191532 x Imperial D and the generation of the related
breeding lines USDA 45325 and 45634-M (Welch et al.
1965). This broke the association of Dm8 with TuMV
susceptibility and resulted in the transmission of Dm8
and Tu to Avondefiance, Avoncrisp and Diana (Fig. 3).
Valmaine, the only cultivar carrying Dm5 derived from
L. serriola P1167150 that we tested, differs from Calmar
at 7 out of the 11 molecular-marker loci (Table 2).
Therefore, Dm5 seems to have been introgressed into
L. sativa independently from Dm8. Sucrine has the
same genotype as BGBH; it differs from Valmaine at 3
out of the 15 loci tested (Table 2). However, the dissimi-
lar loci (plr, Dm10, and OPY13) are distributed through-
out the region and therefore these two old cultivars may
represent a third derivation of the Dm3/8 specificity.
The number of possible derivations for genotypes
lacking Dm5/8 resistance is less clear. The crisphead
cultivars tested had similar genotypes reflecting their
common ancestry. One progenitor of El Toro was Van-
guard and they both have the same genotype. The El
Toro/Vanguard genotype is similar to that of Mesa 659

Troperial D x L. serriola P191532
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(Dm0 plus two terminal loci differ; Table 2); Vanguard
and Mesa 659 share progenitors. There are six geno-
types among the seven European butterheads that lack
Dm5/8; however, several have similar genotypes. Mil-
dura and Cobham Green have identical genotypes; the
former was the product of a backcross program with the
latter as the recurrent parent (Dawson 1976). May King
and Kordaat are related and have 13 out of 15 alleles in
common. May King and Cobham Green share 13 out of
15 alleles; however, they have no documented progeni-
tors in common and May King is a short-day (forcing)
type and Cobham Green is a day-neutral type. Cobham
Green, a dark green selection out of Borough Wonder,
and Blondine represent old butterhead pedigrees; each
has a distinct genotype. Kinemontepas, another old
butterhead cultivar, is the most distinct having three to
six alleles different from the other butterheads. Gallega,
a Latin type, has yet another genotype. Therefore, the
molecular-marker data indicate at least five derivations
for the region with a dm5/§ allele.

There may also be multiple derivations for Dmi0
specificity. The American crisphead cultivars, Vanguard
and El Toro, have Dm10 but are not known to be related
to the European butterheads, Kinemontepas and
BGBH, or to the latin type Sucrine. This is supported by
the distinct molecular-marker genotypes. The majority
of the region in Vanguard and El Toro is identical to
Great Lakes except for Dml10 in the middle, and two
markers at one end, of the region studied. Similarly,
Sucrine and Valmaine are identical except for two
markers close to each end of the region studied and at
Dm10 in the center. Interestingly, Sucrine and BGBH
have identical genotypes; both are ancient cultivars
whose interrelationship is unknown. In contrast, the



genotypes of the two butterheads with Dmi10, BGBH
and Kinemontepas, are different.

Discussion

Cluster of diverse resistance genes

We have used molecular markers to analyze the second
largest cluster of resistance genes so far identified in
lettuce. This cluster is now known to contain at least
four genes for resistance to two fungi and a virus and
spans 6.4 cM; another resistance gene (R17) is loosely
linked (Maisonneuve et al. 1994). There may also be a
gene for resistance to lettuce mosaic virus in this region
(Zink et al. 1973). The majority of the breeding effort in
relation to this region has been to introduce downy
mildew resistance (Dm5 or Dm§) into American romaine
and crisphead cultivars where it remained effective for
over 10 years (Crute 1987). The other resistance genes
have been co-inherited or lost from the breeding pro-
grams due to their linkage in coupling or repulsion with
Dm8. Most cultivars are resistant to TuMYV except those
selected to include Dm8. A fortuitous recombination
event produced DmS§ in coupling with T'u and resulted in
the generation of cultivars in Britain with both resis-
tance genes.

The variety of genotypes that we detected for the
Dm5/8 region in European butterhead types, reflected
our inclusion of diverse old cultivars for this study. In
addition, there has been little conscious selection for the
Dm5/8 region in these cultivars as Dm5/8 specificity
proved only briefly effective against European isolates
of B. lactucae (Crute 1987). The root downy mildew
caused by P. lactucae-radicis has only been recognized
recently and very locally in the USA (Stanghellini et al.
1990). Resistance to P. lactucae-radicis conferred by plr
seems to have been maintained without selection in the
European butterhead cultivars.

Multiple derivations of Dm5/8 specificity

We had previously concluded that Dm5/8 resistances
were determined by the same gene since they exhibit-
ed the same reaction to a wide range of isolates of downy
mildew and their progeny (Michelmore et al. 1984; Nor-
wood and Crute 1984). Furthermore, no susceptible
recombinants were detected in crosses between Calmar
or Valverde and Valmaine or Sucrine (Hulbert and
Michelmore 1985). We still have not identified
an isolate that distinguishes these different sources
of resistance; however, as we had assumed that they
were the same gene, we have not always included all
three sources in all our isolate surveys. Genetic studies
on B. lactucae have continued to indicate co-segregation
of avirulence to these cultivars (Ilott et al. 1989). The
original segregation data for the three sources of resist-
ance clearly provide strong evidence of linkage; how-
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ever, as the resistances were in repulsion, the test for
allelism was weak (Hulbert and Michelmore 1985; see
below).

Our molecular marker data now strongly suggest
that there were at least two, and probably three, distinct
derivations for Dm5/8 specificity. The region containing
resistance derived from L. serriola P191532, is clearly
different from all the other genotypes. Several markers
have mutually exclusive patterns between those cul-
tivars with Dm8 compared with all other lines. The
relationship between resistance derived from PI1167150
in Valmaine and resistance in Sucrine is unclear. Their
pedigrees suggest no common progenitor; however,
their marker genotypes are similar although not iden-
tical. The marker data therefore suggests that Dm5/8
specificity is either ancient and widespread in L. serriola
and some L. sativa, or else has arisen several times as
alleles at the same locus or at linked loci.

Characteristics of markers in the region

We converted the RAPD markers in the region to SCAR
markers to increase their reliability and allow multiplex
analysis. It was possible to clone all the RAPD frag-
ments that we tried except OPH15,g00 (OPV01 40, and
OPL08 45, became available late in the study and we did
not attempt to clone these fragments). OPHI5,4,, 15 2
large fragment that amplifies poorly and is difficult to
score; it was therefore not used in the cultivar surveyas a
RAPD marker. The program OLIGO was a good pre-
dictor of primer performance. In most cases SCAR
primers could be made as extensions of the progenitor
RAPD sequences (Table 1). However, in the case of
SCF12it was necessary to use sequences initernal to the
RAPD sequence; for OPC085,, and OPY13g,, this ap-
proach was not successful. Initially, we tested all SCARs
at a 60°C annealing temperature; however, this fre-
quently resulted in multiple amplification products and
therefore higher temperatures had to be employed for
many of the markers (Table 1). The different optimal
temperatures restricted the combinations that could be
multiplexed.

SCAR primer pairs were generated for nine RAPD
loci in the Dm5/8 region, of which seven turned out
to amplify dominant markers between Calmar and
Kordaat at the optimal temperature; two primer pairs
for OPY13g,, did not amplify at all and SCC08 ampli-
fied a monomorphic band from Calmar and Kordaat.
No co-dominant markers were identified. This is in
contrast to the Dml,3 and Dm4,7 clusters (Paran and
Michelmore 1993), where eight RAPD markers were
converted into five co-dominant SCAR markers. The
seven molecular markers from SCG06 to OPYI3g,
beside Dm8 all amplify bands from the Calmar genotype
that are lacking in many of the other genotypes. This is
suggestive of a distinct region being introgressed from L.
serriola PI191532. The lack of co-dominant SCAR
markers for Calmar x Kordaat could result from se-
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quence divergence at the priming site or hemizygosity
between these cultivars. However, recombination be-
tween all markers was detected in the mapping popula-
tions and co-segregating blocks of markers were not
observed; therefore, if there is hemizygosity it must be of
limited length.

The SCAR fragments for the Dm5/8 region did not
provide useful hybridization probes. The majority con-
tained high-copy sequences. Although some subfrag-
ments were lower copy, no single-copy fragments were
identified. Therefore, co-dominant hybridization probes
specific for the region could not be developed. Of the two
RFLP markers, CL877 and CL1795, neither has a
single-banded phenotype. CL877 has two or three bands
(Kesseli et al. 1991); CL1795 is a multigene family with
members that map to several regions of the genome
including the other clusters of resistance genes (Paran
et al. 1992). The lack of single-copy probes for any locus
in the region prevented long-range restriction mapping
to gain an estimate of the physical size of the region.

Genetic characteristics of region

In all three segregation analyses, the markers are spaced
fairly evenly over the map with no major changes in
either distance or gene order (Fig. 1). Similarity between
the maps for Calmar x Kordaat and Calmar x Cobham
Green was expected since Kordaat and Cobham Green
only differ at terminal loci (Table 2). El Toro x Salinas
(same genotype as Calmar) represents a cross between
two of the most dissimilar genotypes identified (Table 2);
however, the resulting map is still similar to the previous
two. This lack of variation implies that there are no
significant differences in heterozygosity or hemizygosity
between the parental genotypes involved in these crosses.

The segregation data described in this paper is mostly
consistent with previous genetic analyses. The gene
order in the region is slightly different than that pub-
lished previously (Kesseli et al. 1994) as the current data
is based on a greater number of recombinants. Previous
genetic analysis to map Dml0 was based solely on the
segregation of disease-resistance genes. Analysis of
Dm5/8 and Dm0 in cis in Sucrine x Mesa 659 and
Sucrine x Amplus indicated that these two genes were
4.2 + 0.8 ¢M apart (T. Nakahara and R. Michelmore,
unpublished). No recombinants were detected between
DmlI0 and Dm5 in 3018 F, progeny of Vanguard x
Valmaine indicating that these two genes are within
6 cM (T. Nakahara and R. Michelmore, unpublished).
In the current analysis, Dm8 and Dm0 were shown to be
only 1.2 ¢cM apart. Both Dm5 and Dm5/§ remain to be
mapped precisely and placed relative to molecular
markers.

It is still not clear whether Dm5, Dm8 and Dm5/8 are
separate loci, the same allele in different genetic back-
grounds, or different alleles with the same specificity at a
single locus. In a previous study, no susceptible recom-
binants were obtained in 3348 F, individuals from

Calmar or Valverde x Valmaine; however, because
these are dominant loci in repulsion, the resolution of
the analysis was poor and Dm5 and Dm8 could still be up
to 6 ¢cM apart (P = 0.05). Additionally, no recombinants
were detected among 1140 and 1320 F, individuals from
Sucrine x Valmaine and Calmar x Sucrine respectively;
therefore, Dm5/8 could be even further apart from Dm5
and Dm8 (Hulbert and Michelmore 1985).

In contrast to the segregation data, the cultivar
analysis detected little evidence of recombination within
the Dm5/8 region. Only one clear recombination event
had occurred over many generations of breeding involv-
ing the introgression of Dm8. The other resistance genes
in the region in most cases parallel the origins of the
Dm3/8 specificity. Salinas (Dm8) and El Toro (Dm10) are
the result of similar crosses between Calmar (Dm8) and
Vanguard types (Dml10)and exhibit exactly the genotype
of one parent or the other: Salinas is the same as Calmar
and El Toro is the same as Vanguard. The one clear
recombination event occurred between SCDOS and
OPL08;,, in the complex pedigree leading to breeding
line 45634-M. The resulting genotype was then inherited
without further recombination in subsequent breeding
programs.

Our current analysis provides little indication as to
the derivation of Dm10. Several cultivars differ for Dm10
but not for flanking markers; whether this is indicative
of the spontaneous generation of Dm0 or of recombina-
tion events on either side is unclear. Also, allelism of the
Dm10 specificity in Sucrine and Vanguard remains to be
tested.

Comparison to the Dml,3 region

There are several similarities and dissimilarities between
the Dm5/8 region and the other well-characterized clus-
ter of resistance genes in the Dml,3 region of lettuce.
Both clusters contain multiple genetically distinct loci
for resistance to downy mildew as well as other patho-
gens. Both contain TPI-related sequences. The distribu-
tion of markers reflecting the pattern of recombination
differed between the clusters. Many RAPD markers
were found that amplified from the region around Dm3
which strictly co-segregated with DmJ5; hemizygosity
was hypothesized as the reason for this lack of recom-
bination (P. Anderson, unpublished). In contrast, no
clusters of markers were identified in the Dm5/8 region
in all three segregating populations analyzed and
therefore extensive differences in heterozygosity or
hemizygosity are lacking between these parents.

Implications of the study

There are clearly multiple derivations for Dm5/8 speci-
ficity and possibly also for Dm10. Therefore, they should
be considered at least as potentially different alleles until
it is shown otherwise. In isolate surveys, cultivars repre-



senting the three sources of Dm5/8 and the two sources
of Dm10 should be included to increase the possibility of
identifying an isolate of B. lactucae that can distinguish
the resistance genes from different sources. Dm5/8 speci-
ficity should be characterized at the molecular level from
all three sources to determine whether the same resist-
ance specificity has evolved independently several times.
There is precedence for this. Diverse species are capable
of recognizing bacteria carrying the same avirulence
gene; therefore; functionally homologous genes for
resistance exist in different species (Whalen et al. 1988).
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