
Abstract Lactuca sativa (lettuce) is susceptible to Bre-
mia lactucae (downy mildew). In cultivated and wild
Lactuca species, Dm genes have been identified that
confer race-specific resistance. However, these genes
were soon rendered ineffective by adaptation of the
pathogen. Lactuca saligna (wild lettuce) is resistant to
all downy mildew races and can be considered as a non-
host. Therefore, L. saligna might be an alternative source
for a more-durable resistance to downy mildew in let-
tuce. In order to analyze this resistance, we have devel-
oped an F2 population based on a resistant L. saligna ×
susceptible L. sativa cross. This F2 population was fin-
gerprinted with AFLP markers and tested for resistance
to two Bremia races NL14 and NL16. The F2 population
showed a wide and continuous range of resistance levels
from completely resistant to completely susceptible. By
comparison of disease tests, we observed a quantitative
resistance against both Bremia races as well as a race-
specific resistance to Bremia race NL16 and not to
NL14. QTL mapping revealed a qualitative gene (R39)
involved in the race-specific resistance and three QTLs
(RBQ1, RBQ2 and RBQ3) involved in the quantitative
resistance. The qualitative gene R39 is a dominant gene
that gives nearly complete resistance to race NL16 in L.
saligna CGN 5271 and therefore it showed features simi-
lar to Dm genes. The three QTLs explained 51% of the
quantitative resistance against NL14, which indicated
that probably only the major QTLs have been detected in
this F2 population. The perspectives for breeding for du-
rable resistance are discussed.
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Introduction

Several Lactuca species are host for the biotrophic oomy-
cete Bremia lactucae (downy mildew; Lebeda and Syr-
ovatko 1988). Because of major yield losses in lettuce
(Lactuca sativa) cultivation due to downy mildew, lettuce
breeders have put a large effort into obtaining resistance to
this pathogen. In most lettuce cultivars Dm genes confer
race-specific resistance to downy mildew (B. lactucae).
The resistance of these Dm genes is controlled by single
dominant genes that are matched by avirulence genes in
Bremia in a gene-for-gene interaction, i.e. race-specificity.
This results in an incompatible interaction associated with
a hypersensitive response of the host (Crute and Johnson
1976). During the history of lettuce breeding 19 Dm genes
have been identified and have been introgressed into com-
mercial cultivars from cultivated germplasm sources or
closely related species like Lactuca serriola (Landry et al.
1987; Crute 1992; Bonnier et al. 1994; Van Ettekoven and
van der Arend 1999). The resistance of Dm genes is not
durable since these genes become ineffective soon after
their introduction as a result of rapid genetic adaptation of
the pathogen (Crute 1992; Lebeda and Schwinn 1994; 
Reinink 1999). Two parameters play an important role in
this high evolutionary potential of Bremia populations: (1)
a mixed reproduction system (asexual and sexual), which
can cause fast fixation of new virulence alleles or allele
combinations arising from recombination and mutation
(Crute 1992; McDonald and Linde 2002), and (2) new
isolates are rapidly spread (= high gene flow) due to wind
dispersal of spores. Since race-specific Dm genes are not
durable, there is a need for an alternative race non-specific
and durable resistance in lettuce breeding.

In a search for an alternative resistance, attempts have
been made to exploit partial resistance in butterhead let-
tuce (Eenink 1981; Eenink and De Jong 1982; Eenink et
al. 1982; Eenink et al. 1983). However, these attempts
have not resulted in commercial breeding and the release
of cultivars specifically bred for an increased level of par-
tial resistance (Reinink 1999).
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In addition to screening for resistance within the L. sat-
iva species, the biodiversity for Bremia resistance has been
surveyed in species closely related to L. sativa. This survey
of four Lactuca species suggested that, of the Lactuca spe-
cies that can be crossed with cultivated lettuce, only Lactu-
ca saligna (52 accessions tested) is completely resistant to
all Bremia races (20 races tested) and may be considered a
non-host (Bonnier et al. 1992). This non-host status for L.
saligna was already suggested earlier in small-scale experi-
ments (Norwood 1981; Gustafsson 1989; Lebeda and
Boukema 1991). At the histological level the L. saligna ac-
cessions varied in resistance symptoms involving the pres-
ence or absence of necrosis formation after Bremia inocu-
lation (Lebeda and Reinink 1994). L. saligna accessions
with Bremia resistance without necrosis formation are a
very interesting source for alternative resistances.

Very little is known about the genetics of resistance in
non-host species (Heath 2001; Kamoun 2001). It remains
unclear whether the phenomenon “non-host resistance”
comprises one or several defense mechanisms explained
by known or new types of resistance. Therefore, a study
on the resistance of L. saligna to Bremia may reveal new
insights into the “non-host” defense mechanisms of
plants. In this study we investigated the genetics and
specificity of Bremia resistance in L. saligna.

Materials and methods

Plant material and genotype (linkage) analysis

An F2 population was generated from the cross of L. saligna CGN
5271 as a resistant female parent with L. sativa cv “Olof”, a butter-
head cultivar as the male parent. Olof is considered to be a general-
ly susceptible cultivar for all European Bremia races and devoid of
effective Dm genes. The F2 population was derived from a single
F1 plant and consisted of 126 individuals. Plant material and DNA
samples were prepared as described in Jeuken et al. (2001).

All 126 F2 plants have been fingerprinted by AFLP analysis for
the construction of a genetic linkage map. This map consisted of 488
markers on nine linkage groups covering 854 cM (Jeuken et al.
2001). All F2 plants were selfed and the F3 seed was collected. F3
plants from selected lines were grown in a randomized block design.

Bremia disease tests

F2 population

Bremia was maintained in plastic boxes on seedlings of suscepti-
ble cultivars. The inoculum for disease tests was prepared by
washing sporulating seedlings in tap water. The spore concentra-
tion was adjusted to 3 × 105 spores per ml.

Disease tests were performed on mature plants with two Bremia
races. For each Bremia race two tests were done on leaf discs of 9
and 10 week-old plants (i.e. first and second test). For each disease
test four leaf discs of 17 mm in diameter were taken from full-
grown leaves of each F2 plant and placed upside down on filter pa-
per moistened with water in a plastic box of 40 × 25 × 8 cm. The
four leaf discs of each F2 plant were placed per pair randomly in
two replicates in the box. As controls at least six leaf discs of the
susceptible parent L. sativa Olof and at least four leaf discs of the
resistant parent L. saligna CGN 5271 were included in each box,
which contained in total 198 leaf discs. Transparent plastic lids
covered the boxes. Growth conditions were a photoactive period of
16 h and a constant temperature of 15 °C. The leaf discs were inoc-

ulated by spraying with a spore suspension. To minimize the risk of
escapes, a second inoculation was performed the day after the first
inoculation. After inoculation the leaf discs were incubated in the
dark for 12 h. Ten days after inoculation, the leaf discs were as-
sessed for sporulation. Leaf discs were scored for infection severity
according to the following classes: class 0: no sporulation, class 1:
1–25% of leaf disc area sporulates; class 2: 26–50%; class 3:
50–75% and class 4: 75–100% (Lebeda and Reinink 1991; Lebeda
and Pink 1998). Per disease test the infection severity score of an
F2 plant was calculated as the average of the observations of the
four leaf discs. A low or high infection severity was interpreted as
resistance or susceptibility, respectively. Per disease test, an analy-
sis of variance was carried out to calculate environmental variance
and the wide-sense heritability (H2). H2 = S2

g/S2
g + S2

e, in which
S2

g is the variance between genotypes and S2
e is the variance with-

in genotypes based on four observations per genotype.

F3 lines

A disease test with Bremia race NL16 was performed for eight F3
lines on mature plants of 11-weeks old. The Bremia disease test
was performed as described above, except that from each F3 plant
six leaf discs were taken and placed per pair in three replications
randomly in the box. Furthermore, Bremia infection severity was
scored on leaf discs distributed as the percentage of leaf area cov-
ered with sporulation, instead of scoring the infection severity in
classes. To make comparisons with the F2 disease test results, the
plant and line averages of the F3 observations were transformed to
infection severity class units.

QTL mapping

The software program MapQTL 4.0 (Van Ooijen and Maliepaard
1996) was used to perform the Kruskal–Wallis test, the Interval
Mapping method and the Restricted MQM Mapping method on each
data set of the four Bremia disease tests of the F2 population. The
Kruskal–Wallis test is a non-parametric test in which no assumptions
are being made for the probability distributions of the quantitative
trait (after fitting the QTL genotype). In Interval Mapping and MQM
Mapping the distributions are assumed to be normal. The complete
DNA marker data set of 488 markers was used in the Kruskal–Wallis
test and Interval Mapping. A subset of 182 markers, spaced approxi-
mately 5 to 15 cM, was used as a framework map for the restricted
MQM Mapping method. These markers were chosen on the basis of
maximal information content and genome coverage. A data set of a
Bremia disease test consisted of the average infection severity score
per F2 plant based on observations on four leaf discs.

The criterion for detecting a QTL was set by a significance
level of 0.005 in the Kruskal–Wallis test. For the Restricted MQM
method a LOD threshold of 3.7 was used (Van Ooijen 1999). In
this paper the QTL mapping results are presented on the F2 popu-
lation with two adjusted scores, which were based on disease test
results of corresponding F3 lines.

Results

Bremia disease tests on the F2 population

The two Bremia races NL14 and NL16 were used in dis-
ease tests. NL16 was chosen since it was the most com-
mon and complex race on lettuce in Europe. Race NL14
was chosen as a contrasting race. Race NL14 and NL16
are virulent on cultivars with Dm1, Dm2, Dm3, Dm4,
Dm5/8, Dm6, Dm10, Dm11, Dm13, Dm14 and Dm16
(Table 1). NL14 and NL16 have no avirulence factors
that interact with Dm15, R17, R18, R36, R37 and R38
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(according to convention for Bremia resistance nomen-
clature; Van Ettekoven and Van der Arend 1999). 

The F2 population showed a wide and continuous
range in infection severity scores from completely unin-
fected (scale value 0) to completely infected (scale value
4) in tests with both Bremia races. The susceptible parent
L. sativa Olof showed an average infection severity
score of 3.8 against NL14 and 3.8 against NL16. The re-
sistant parent L. saligna CGN 5271 showed an average
infection severity score of 0.2 against NL14 and 0.3
against NL16. If sporulation occurred on the L. saligna
parent, it was only seen at the cutting edge of the leaf
disc. The score on this resistant reference accession nev-
er increased more than 5% of the leaf area (class 1 on the
disease class scale). The heritability was 0.86 in the first
test and 0.80 for the second test with NL16 and in the
two tests with NL14 0.82 and 0.74 respectively. These
high heritabilities imply a high genetic variation and a
small error in these disease tests on this F2 population.

The Pearson correlation coefficient between two tests
with the same race was 0.75 and 0.80 for NL14 and
NL16 respectively. Similar results appeared for tests
with two Bremia races. To present the results of the tests
with different Bremia races, we averaged the infection
severity scores of F2 plants from two tests with the same
race. In this way, the number of missing values of plant
and/or leaf discs observations was minimized. Because
of the high correlation between disease tests with the
same race, it was not necessary to make corrections to
standardize the two tests before averaging. The results of
the tests with different Bremia races were compared for
the detection of a possible race-specificity of the resis-
tance (Fig. 1). Two trends were observed in this compar-
ison. Firstly, the largest group of plants was scattered
around the diagonal, indicating that their resistance level

against NL14 and NL16 was very similar. Secondly, a
small group of plants had a high NL16 resistance and
low NL14 resistance, but an opposite group with a low
resistance to NL16 and a high resistance to NL14 was
not present. These results suggested mainly race non-
specific effects, however also some plants with specific
resistance to NL16. 

QTL mapping

As a wide and continuous range of infection severity
scores in F2 plants was observed, the conclusion was
drawn that the resistance was (at least partly) a quantita-
tive trait. To dissect and map the underlying genes, we
performed QTL mapping on each data set of each disease
test separately. This revealed four QTLs in the F2 popula-
tion (Table 2). The disease test results of the F2 population
corresponded well with the detected QTLs, except for five
F2 plants. Their disease test results seemed not to agree
well with the average disease test result of all F2 plants
with the same genotype at the specific locus of a detected
QTL. To check whether the result of the disease test or the
genotyping result for this F2 plant was incorrect, we tested
the F3 line in a disease test with race NL16. F3 seeds were
available from three out of five F2 plants. An ambiguous
infection severity score of the F2 parent was adjusted by
the average of infection severity scores of the resistant F3
plants if there was a difference of one unit (1.0) or more
on the infection severity class scale (0–4) between the F2

Table 1 Differential set of lettuce genotypes used to characterize
two isolates of B. lactucae for virulence spectrum. “+” indicates
a compatible/susceptible reaction. “–” indicates an incompatible/
resistant reaction. aThese lines were used as controls during main-
tenance and propagation of Bremia races

Cultivar/line Dm gene/R-factor Bremia NL14 Bremia NL16

Olof None + +
Lednicky 1 + +
UcDm2 2 + +
Dandy 3 + +
R4T57 4 + +
Valmaine 5/8 + +
Sabine 6 + +
Reskia 3 and 7 – +
UCDm10 10 + +
Fila 2 and 11 + +
Norden 3 and 11 + +
Pennlake 13 + +
UcDm14a 14 + –
Spikya 14 + –
PIVT1309 15 – –
Stradaa 16 – +
Luxora 2 and 16 – +
Mariska 18 – –

Fig. 1 Comparison of the F2 disease tests against Bremia races
NL14 and NL16. The infection severity scores (diamond symbol)
are expressed as the average class number per F2 plant based
on observations on maximally eight leaf discs in two experiments.
L. sativa Olof is the susceptible control (27 and 36 observations
for NL14 and NL16) and L. saligna CGN 5271 is the resistant
control (17 and 24 observations; black dot symbols). Infection se-
verity scores: class 0: no sporulation, class 1: 1–25% of leaf disc
area sporulates, class 2: 26–50%, class 3: 50–75% and class 4:
75–100%. The infection severity scores represented by two
and three F2 plants are shown by grey and black diamonds
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and the F3 data. Disease test results of two out of three F2
plants (38 and 61) have been adjusted based on disease
test results of corresponding F3 lines (Table 3). 

In general, the detected QTLs were identified as be-
ing significant in both tests with the same Bremia race.
However, sometimes a QTL just below the significance
level was observed, except for one QTL (RBQ1), which

was not detected in the second disease test with race
NL16 (on 10 week-old plants).

The resistance against Bremia NL16 was mainly ex-
plained by one QTL on the top of Chromosome 9 with a
LOD score of 18 and an explained variance of 54% (Ta-
ble 2 and Fig. 2). This QTL was not identified with the
Bremia disease test data sets of race NL14. 

QTL name Chromosome number Bremia race Kruskal–Wallis testa Restricted MQM mapping 
and QTL intervalf significance fit dominance yesb

Peak LOD Scored Exp% Add

R39 9, 3 cM NL16 xxxx 18c 54 2.1
RBQ1 7,59–65 cM NL16 xxxe 3.8e 24e 0.9e

NL14 xxxx 7.5 26 0.7
RBQ2 1,15–21 cM NL16 x 3.6c 12 0.5

NL14 x 3.1 13 0.5
RBQ3 9,32–41 cM NL16 xxx 5.3 23 0.5

NL14 xx 3.9c 12 0.3

a The Kruskal–Wallis test P-value = significance level. x = 0.005,
threshold significance level, xx = 0.001, xxx = 0.0005, xxxx = 0.0001
b Exp% = proportion of the explained phenotypic variance. Add =
additive effect of the resistance allele,
c Use of cofactors at LOD peaks,

d Italic numbers represent LOD values below threshold,
e These data were obtained by QTL mapping on 71 F2 plants with
susceptibility alleles for R39,
f This QTL interval covers a chromosome region harboring mark-
ers that show a Kruskal–Wallis test P-value > 0.005

F2 plant number, QTL genotype of F2 Average infection severity score against Bremia NL16
F3 line number

R39 RBQ1 RBQ2 RBQ3 Expected in Observed in Observed in # Of tested 
F2 plant based  F2 parent and F3 line F3 plants
on additive expected for 
effect (Table 2) F3 line

Experiment to check F2 plants with ambiguous disease results

61 h a a a 3.8–2.1=1.7e 1.5 0* 11
123 c a a h 3.8–2.1=1.7e 3.7 3.5 12
38 h a u h 3.8–2.1=1.7e 2.5 0.4* 12

Experiment for verification of QTLs

113 a b b d 3.8–(2*0.9)–(2*0.5) = 1.0 0.5 12
1.0 or d = h then 
1.0–0.5 = 0.5

34 a a h a 3.8–0.5 = 3.3 2.0 1.8 11
90 a a h a 3.8–0.5 = 3.3 3.3 2.7 12
35 a a a a 3.8 4.0 2.4 7

107 a a b d 3.8–(2*0.5) = 2.8 or  1.6 0.7 11
d = h then 2.8–0.5 = 2.3

Controls F2 disease tests F3 disease tests
L. sativa a a a a 3.8 3.9
L. saligna b b b b 0.3 0.2

e The average resistance level of 47 plants with one R39 allele was 0.9 and for 71 plants with no R39 allele it was 3.0. Therefore, 
0.9 would be a more realistic expected resistance level than 1.7

Table 3 The infection severity scores of F2 parents and F3 lines based
on the QTL allele composition. F3 line-infection severity scores are
estimated from maximally 72 observations (12 plants × 6 observa-
tions) and the F2 parent resistance value is estimated from maximally

eight observations (1 plant × 4 observations × 2 tests). QTL genotype:
a = homozygous L. sativa, h = heterozyguous, b = homozygous L.
saligna, c = b or h, d = a or h not distinguishable with dominant
markers, u = unknown. * = average based on resistant plants only

Table 2 Detected QTLS for Bremia resistance in an F2 population
from L. saligna × L. sativa QTLs were identified if the threshold
of the Kruskal–Wallis test or the Restricted MQM mapping was

exceeded. QTLs are presented per Bremia race from the disease
test with the highest LOD score
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The top of Chromosome 9 has a distorted segregation
ratio with an excess of L. sativa alleles (Jeuken et al.
2001). At the QTL locus, 71 plants were homozygous
for the L. sativa alleles, 47 plants were heterozygous
and no plants were homozygous for the L. saligna al-
leles. For eight plants it was not possible to distinguish
whether they were heterozygous or homozygous for L.
saligna alleles because the informative AFLP marker,
linked to the QTL, was not scored codominantly. The
plants, that were homozygous for the L. sativa alleles of
the QTL locus, had an average infection severity score
of 3.0 (based on first NL16 disease test data), while the
plants heterozygous at this locus showed an average in-
fection severity score of 0.9 (based on first NL16 dis-
ease test data). The effect of one allele of this gene was
therefore high as it decreased infection severity by
2.1 units on the infection severity scale. This large ef-
fect and its race-specific nature, suggested that this
“QTL” represents a qualitative race-specific resistance
gene similar to Dm genes. At the locus of this gene no
Bremia resistance gene has been mapped before (see
Discussion). We propose to designate this new gene
R39, which follows the previously cited R38 gene (Van
Ettekoven and van der Arend 1999).

The three other QTLs had smaller effects on the infec-
tion severity level against both races and were designated
RBQ1, RBQ2 and RBQ3 (Resistance to Bremia QTL) (Ta-
ble 2). RBQ1 gave resistance against NL14 and also
showed resistance against NL16 with a LOD value of 3.6
just below the threshold (3.7). Because R39 explained a
large part of the resistance to NL16, we selected 71 F2
plants with susceptible alleles for R39 and repeated QTL
mapping. Now RBQ1 was identified as being significant
(Table 2). RBQ2 was identified against NL14 and NL16
with the Kruskal–Wallis test, but its LOD score in the Re-
stricted MQM Mapping was just below the significance
level. RBQ3 was positioned approximately 28 cM away
from the R39 locus. This made it difficult in the NL16 da-
ta sets to distinguish it from R39 and to define it as a sep-
arate QTL. An extra peak in the LOD profile was ob-
served with a LOD score of 5 (Fig. 2).

Verification of QTLs by five F3 lines

We performed a disease test on F3 lines to verify QTLs
detected in the F2 population. Therefore, we used marker-

Fig. 2 The position of QTLs for Bremia resistance are shown be-
side the marker linkage maps of chromosomes 1, 7 and 9, which
are derived from the F2 mapping population L. saligna × L. sativa
(Jeuken et al. 2001). Map positions are given in cM. Bars indicate
the QTL interval in which the inner bar shows a one LOD support
confidence interval and the outer bar shows a two LOD support
confidence interval. Graphs near the chromosomes show the QTL
likelihood profile based on restricted MQM mapping with the use
of cofactors. Lines with solid circles are based on results of a dis-
ease test with Bremia race NL16. Lines with open circles are
based on results of a disease test with Bremia race NL14.
The LOD threshold value of 3.7 is shown as a dotted line
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assisted selection to select for F2 plants with none, one or
two QTLs preferably in a homozygous state. The resis-
tance alleles of a QTL were considered to be present if all
scored markers in the QTL interval (Table 2) supported
the homozygous L. saligna state of that locus. Similarly,
susceptibility alleles were selected by markers in the ho-
mozygous L. sativa state in this interval. In total five F3
lines, consisting of at least seven plants, were used for the
Bremia disease test with race NL16 for QTL verification.
Four F3 lines were selected for presence of QTLs based
on flanking markers and they indeed showed resistance
levels (Table 3, Fig. 3b). Segregation of resistance was
observed in F3 lines from F2 plants with a heterozygous
QTL, like plants 34 and 90. Remarkably, F3 line 35 was
selected for susceptibility and lack of QTLs, but still
three out of seven plants were intermediate resistant with
an infection severity score of 1 to 2. 

In conclusion, resistant plants can be selected on the
genotype level by marker-assisted selection.

Discussion

Disease tests on F2 population

Based on the fact that the variance in observations on the
four leaf discs per F2 plant was low and the heritability
high, we conclude that the disease tests were accurate.
Furthermore, the majority of the disease test results of the
F3 lines were in agreement with the F2 parent infection se-
verity scores, indicating a good repeatability. With these
four data sets of infection severity scores of F2 plants, the
same QTLs were found in all performed tests (of Map-
QTL 4.0), which confirms the reliable detection of QTLs.

A new race-specific resistance gene R39

From QTL mapping on data sets of disease tests with
NL16, it was shown that R39 on Chromosome 9 ex-
plained most of the resistance. In the F2 population one
allele of R39 already had a very large effect on the infec-
tion severity score of 2.1 units. In F3 line 61 one allele of
R39 even explained an average infection severity differ-

ence of 3.0 units between the groups of susceptible and
resistant F3 plants. This almost equals the difference be-
tween L. sativa Olof and L. saligna. The large effect and
the race-specificity of R39 suggests that it is a qualitative
gene (Dm gene), which interacts with Bremia in a gene-
for-gene relationship based on the hypersensitive re-
sponse. Evidence for the hypersensitive response was
found in a histological study in which L. saligna 5271
showed necroses upon inoculation with NL16 (Sedlarova
et al. 1999). Resistance to race NL16 and susceptibility
for NL14 is only observed for the known resistance gene
Dm14 (Table 1). However, R39 is probably not Dm14
because in another histological study it was shown that
the resistance of L. saligna CGN 5271 (harbouring R39)
against race NL5 (avirulent on Dm14) was without ne-
crosis (Lebeda and Reinink 1994). In addition, Dm14
was mapped by using the Calmar × Kordaat map on
Chromosome 2 in a resistance cluster with Dm3 (Kesseli
et al. 1994). This was not consistent with the map posi-
tion of R39 on Chromosome 9 at 3 cM. R39 was also not
mapped on the positions of three other known Dm gene
resistance clusters (Kesseli et al. 1994). More informa-
tion on the resistance spectrum of R39 will be obtained
by disease tests with a differential set of Bremia races.

The result of a Dm-like gene was not completely unex-
pected as in histological studies the observation of necroses
formation on L. saligna accessions after Bremia inoculation
could have been a consequence of a hypersensitive re-
sponse of a potential Dm gene (Lebeda and Reinink 1994).
Associations between hypersensitive responses and non-
host resistances were seen for other oomycetes like Phyt-
ophthora infestans (Vleeshouwers et al. 2000) and other
pathogens like Cladosporium fulvum (Laugé et al. 2000).
Though even if R39 is associated with the hypersensitive
response, this does not proof that R39 contributes to the
non-host resistance of L. saligna. Also it is not clear why
Bremia, after the speciation of a common Lactuca ancestor
into the L. serriola/L. sativa cluster and the L. saligna clus-
ter, still contained virulence genes that could break through
R39 in L. saligna, while L. saligna is a non-host for Bremia.

Three QTLs for Bremia resistance

The three detected QTLs (RBQ1, RBQ2 and RBQ3) all
were effective against both races. The detection of these
QTLs from tests with race NL16 was sometimes less sen-
sitive compared to tests with NL14. This was due to the

Fig. 3 Frequency distribution of F3 lines according to infection se-
verity classes against Bremia NL16. Plants, scored in classes from 0
to 4, are interpreted as in a range from completely resistant to com-
pletely susceptible plants. For explanation see legends Table 3
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nearly complete resistance of R39 to NL16, which in fact
reduced the population size for QTL mapping to the num-
ber of F2 plants without R39. However, RBQ2 and RBQ3
were still detected using data of all 126 F2 plants. RBQ1
was detected when QTL mapping was performed on all
the 71 F2 plants that were homozygous for the suscepti-
bility alleles of R39. From the three identified QTLs,
RBQ1 had the largest effect. The three QTLs together ex-
plained 51% of the quantitative resistance to NL14. As
the calculated environmental variance was low this meant
that probably not all QTLs for resistance have been de-
tected yet. The major part of the unexplained variance
may be due to minor QTLs that did not reach the detec-
tion level or too strong epistatic interactions, which can-
not be detected by the QTL mapping methods used. An-
other factor, which may have hampered the detection of
QTLs, could have been the presence of local extreme dis-
torted segregation ratios against wild parent alleles in the
F2 population. The possibility of undetected QTLs in the
F2 population was supported by the results of the expect-
ed susceptible F3 line 35, in which some plants occurred
with unexpectedly low infection severity scores.

We assumed that this quantitative resistance, which
implied non-race specificity and was explained partly by
these three QTLs, could be the main reason for the non-
host status of L. saligna CGN 5271.

General conclusion

We have been able to perform a first molecular genetical
analysis of the resistance of L. saligna to Bremia. It was
concluded that the dissection of the resistance has been
successful as four loci were detected that harbor genes
for Bremia resistance. This study revealed that the resis-
tance of L. saligna seemed to be explained by a combi-
nation of a qualitative race-specific resistance and a
quantitative resistance, which was a race non-specific,
proposed non-host resistance. From the breeders’ per-
spective the localization of a quantitative resistance was
exiting, as it seemed an alternative resistance to Bremia
that is non-race specific and more durable than Dm
genes. Molecular markers flanking the QTLs will facili-
tate the breeding for this quantitative resistance.
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