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Abstract We have previously demonstrated that in the
diploid rose population 97/9 resistance to the powdery
mildew race 9 is controlled by a major dominant resistance
gene, Rppl. In the study reported here, we isolated several
molecular markers closely linked to Rppl via bulked
segregant analysis, with the gene being tagged in an
interval of 5 cM between the two most adjacent markers. It
was possible to convert the most closely linked amplified
fragment length polymorphic (AFLP) marker into a
sequence-characterised amplified region (SCAR) segre-
gating in the same manner. Indirect mapping of Rpp! in
relation to the black spot resistance gene Rdr/ revealed no
linkage between the two R genes. Furthermore, the genetic
model based on a single dominant resistance gene was
supported by the marker data.

Introduction

Podosphaera pannosa (Wallr.: Fr.), the causal agent of
powdery mildew (PM) disease on roses, was first
described in 1819 by Wallroth as Alphitomorpha pannosa
(Horst 1983; Braun and Takamatsu 2000). The mostly
obligate ectoparasitic PMs are biotrophic pathogens found
on numerous economically important cultivated plants like
cereals, vegetables, fruit, forest trees and ornamentals.
Because cereals are the most important food source
worldwide and serious yield losses up to 33% (Fried et
al. 1981) are caused by infection with Blumeria graminis
(syn. Erysiphe graminis) Speer each year, there have been
extensive studies on the PM-cereal interaction (Wolfe and
McDermott 1994; Kunoh 1995) and on the extremely high
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genetic diversity of mildew populations that attack cereals
(Bevan et al. 1993; Braun and Turgut 1995). With respect
to the resistance against B. graminis DM f. sp. tritici ten of
26 known major genes have been mapped, and these can
be used for marker-assisted selection (MAS) (Huang et al.
1997, 2000; Keller et al. 2000; Rong et al. 2000). In barley
no fewer than eight PM resistance genes have been linked
to molecular markers (Schonfeld et al. 1996).
PM resistance genes have also been mapped in vegetables
like tomato (Van der Beek et al. 1994; Huang et al. 2000)
and pea (Tiwari et al. 1998) or in fruit trees like apple
(Urbanietz 2002). Despite the high economic value of
ornamental plants, only one resistance gene against fungal
pathogens has ever been mapped in them. Von Malek et al.
(2000) were the first to report markers linked to a
resistance gene in roses, presenting data on the molecular
mapping of Rdrl, which confers resistance to black spot
disease in roses. Subsequently, Kaufmann et al. (2003)
assembled a contig of six large insert clones from a Rosa
rugosa bacterial artificial chromosome (BAC) library
around this locus that spanned a region of about 400 kb.
Recently, we presented data for the isolation and identi-
fication of eight PM races using a differential set of ten
rose genotypes (Linde and Debener 2003). Due to a 1:1
segregation of resistance against race 9 of P. pannosa in a
backcross population of 114 individuals, we postulated
that this resistance was controlled by a single dominant
gene, called Rppl. This was the first description of a
resistance gene against rose PM. In the investigation
reported here, we developed molecular markers linked to
Rppl with the following goals:

1. To find markers closely linked to Rpp! which could be
used for MAS in the future.

2. To determine the most appropriate cut-off point
between resistant and susceptible plants for the groups
with low disease indices (5% and 10%).

3. To locate the resistance gene on the rose molecular
marker map.
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Materials and methods
Plant material

The rose genotypes used in this study originated from a
cross of the diploid line 88/124-46 (resistant against PM
isolate 9) and the susceptible diploid male parent 82/78-1.
Both genotypes are open-pollinated seedlings from a
breeding programme aimed at the introgression of genes
from tetraploid garden roses into Rosa multiflora (Re-
imann-Philipp 1981). The resulting F; hybrid 95/13-90
was backcrossed to 82/78-1, resulting in a population of
117 plants segregating for resistance to physiological
race 9. In addition to the 114 plants previously described
in Linde and Debener (2003), we also present here
resistance data for the remaining three individuals.

Fungal isolates, inoculation assay and disease
assessment

The monoconidial PM isolate 9 was established by
transferring single conidia, originating from the host
genotype 97/7-13 grown in Ahrensburg (Germany) to in
vitro shoots of the susceptible genotype 94/103-02 as
described previously by Linde and Debener (2003). For
the inoculation experiments, the isolate was multiplied by
infecting in vitro shoots growing in glass vessels.

Leaflets from three rose genotypes were placed in glass
petri dishes on water-agar (0.5% agar) containing 0.03%
benzimidazole to prevent fungal contamination of the agar
surface. From each genotype six to nine leaflets (third to
fifth unfolded leaves from the shoot tip) were used. The
leaflets were infected with approximately two conidia per
square millimeter of leaf surface as described by Linde and
Debener (2003). At 10-days post-inoculation, the percen-
tages of leaf area covered with conidiophores were
estimated in 10% steps (from 0% to 100%) using a
stereomicroscope (8- to 50-fold magnification). The
inoculations were repeated five to eight times for the
117 individuals. The minimum and maximum values were
excluded, and the mean was calculated and taken as a
disease index (DI).

Genotypes with only very few conidiophores on the
whole leaf material were scored as having a DI of 5%.
Although the leaf area covered with conidiophores was
significantly lower than 5% in this class, a DI value of 5%
was given in order to have a numerical value that could be
used for further statistical analysis of the data [e.g.
quantitative trait loci (QTL) analysis] and because
attempts to make a more precise area determination were
very unreliable. Rose genotypes showing a DI of 10% or
more were considered to be susceptible. Mean DI values
of less than 5% and with no single estimation over 5%
were treated as resistant.

DNA extraction

Genomic DNA was extracted from 100 mg of frozen leaf
tissue according to the method of Kobayashi et al. (1998)
with the following modifications. After resuspending the
DNA pellet in 500 pul TE, 10 ug RNAse A (Roche,
Ingelheim, Germany) were added, followed by an extrac-
tion with 500 ul phenol/chloroform. The DNA was
precipitated with 1/10 volume of 3 M NaAc and 0.75
volume of isopropanol, washed two times with 70%
ethanol, dried briefly and resuspended in H,O.

Amplified fragment length analysis

AFLP analyses were performed as described by Von
Malek et al. (2000) using the restriction enzymes Msel and
HindIll and specific primers with three selective bases
each. The Hindlll primers were fluorescently labelled with
IRD700 and IRD800 dyes at their 5" end (MWG Biotech,
Ebersberg, Germany). DNA fragments were separated and
visualised with LICOR Gene ReadIR 4200 automated
sequencers (MWG biotech, Ebersberg, Germany) on 25-
cm-long 6% denaturing polyacrylamide gels.

Conversion of an AFLP fragment into a sequence-
characterised amplified region marker

For the generation of a SCAR marker (Paran and
Michelmore 1993) ten selective AFLP reactions with the
primer combination producing the desired fragment were
conducted in a 10 ul reaction volume. The area around the
ten marker fragments (H-CAg/M-ATT-103) were cut out
in five fractions from the polyacrylamide gel and the DNA
eluted overnight in H,O at room temperature. After
centrifugation at 10,000 rpm the solution was diluted
1:1,000 and 1:10,000 with H,O. Two microliters of each
dilution were then reamplified with the selective AFLP
primer combination and run on the sequencer a second
time. The fraction with the lowest number of extra bands
in addition to the target fragment was used to prepare ten
selective AFLP reactions of 20 pl each with the H-CAg/
M-ATT primer combination. The reactions were pooled,
and the amplified fragments were precipitated with ethanol
and resuspended in H,O. Approximately 25 ng of the
eluted fragments was cloned into the pPGEM-T Easy vector
(Promega, Madison, Wis.) according to the manufacturer’s
instructions. Using an Escherichia coli pulser transforma-
tion apparatus (Bio-Rad, Hercules, Calif.), we used 1 ul of
the ligation mixture to transform 40 pl of E. coli DH10B
cells (Life Technologies, Rockville, Md.) by electropora-
tion following standard procedures (Sambrook and Russel
2001). A total of 96 white and lightly blue colonies were
picked out, and selective AFLP reactions were directly
made with the bacterial colonies. Five clones displaying
fragments of the correct size were selected for plasmid
mini-preparation and sequenced twice from both sides
using the Thermo Sequenase Cycle Sequencing kit
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Fig. 1 Segregation data for rose BC; population 97/9 inoculated
with PM race 9. Disease index (DI): Percentage leaf area covered
with conidiophores 10 days after infection (mean of five to eight
replications)
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(Amersham Biosciences, Freiburg, Germany) and fluores-
cently labelled M13 primers. From three of the five clones
we obtained sequence data and aligned these using DNASIS
software (Hitachi Software Engineering, San Bruno,
Calif.). Based on the consensus sequences four primer
pairs were designed for the specific amplification of the
AFLP fragment using OLIGO PRIMER ANALYSIS software
(NBI, Plymouth, UK).

SCAR amplification and analysis

The reactions for the selective PCR were carried out in a
total volume of 25 pl containing 20 ng of genomic DNA,
2.5 ul of a 10x Williams buffer (Williams et al. 1990),
10 pmol of each primer, 1 U Tag DNA polymerase
(Invitrogen, Karlsruhe, Germany), 0.1 mM dNTPs. The
amplifications were performed in an Eppendorf Master-
cycler Gradient with an initial denaturation step at 94°C
for 4 min, followed by 30 cycles of 30 s at 94°C, 50 s at
47°C and 20 s at 72°C and a final elongation of 6 min at
72°C. The PCR products were separated on 1.5% agarose
gels.

Results
Segregation for powdery mildew resistance

As described previously (Linde and Debener 2003) the
117 plants of population 97/9 displayed a clear 1:1
segregation (X2=1.923, not significant) with 66 resistant
versus 51 susceptible individuals (Fig. 1). This indicated
that resistance against race 9 is controlled by a single
dominant gene (Rppl) in the backcross population. We
considered plants to be resistant when (1) they showed no
conidiophores at all (DI=0%) and (2) they had conidio-
phores only occasionally and only in a small number of
the repeats (DI=5%).
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Identification of AFLP markers linked to Rpp!

To identify markers closely linked to Rpp! we carried out
a bulked segregant analysis with bulks comprising equal
amounts of DNA from ten resistant (DI=0%) and ten
highly susceptible plants (DI>50%), respectively. A total
of 260 AFLP primer combinations were tested with these
bulks. The 45 combinations showing a fragment present
only in the resistant parent (88/124-46) and in the bulk
with the resistant progeny were first tested on all
individuals of the bulks. Primer combinations with a
banding pattern indicating linkage to Rppl were then
tested on the remaining 44 individuals with a DI=0 and on
the 35 susceptible plants with a DI>20. Based on the first
analyses individuals displaying recombination for a spe-
cific linked marker fragment were discarded from the
bulks and replaced by a non-recombinant genotype. The
discarded recombinants were then tested in a separate lane
on the gel beside the bulks with new primer combinations.
Following this approach, the putative resistance gene Rpp 1
could be located at an interval of 5 ¢cM (Fig. 2) between
the AFLP markers H-CAT/M-ggC1 (3.4 cM) and H-CAg/
M-ATT (1.7 cM).

Analysis of plants with disease scores of 5% and 10%

In a previous study, plants with a DI of 5% (plants that
only occasionally developed single conidiophores on
single leaves in some of the replicates) were considered
to be resistant, whereas plants with a DI of 10% were
considered to be susceptible (Fig. 1). After performing
marker analyses using plants with a DI of either 0% or
more than 20% the fraction of plants with a DI of 5% and
10% was analysed with the most closely linked marker on
each side of the major locus. Individual genotypes from
both classes did not show any recombination between the
two markers and the target locus. All 18 plants with a DI
of 5% carried the markers from the resistant parent,
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Fig. 2 Linkage maps for Rpp! in BC, population 97/9 segregating
for PM race 9 (left side) and indirect mapping of this locus in
population 94/1 using AFLP marker H-CAT/M-ggC-1 (right side)
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Fig. 3 Fragment patterns of the
developed SCAR marker
(above) and the corresponding
AFLP H-CAg/M-ATT (below)
from which it was converted for
the resistant (P7) and suscepti-
ble (P2) parental plants and the
BC, progeny with resistant ()
and susceptible (s) genotypes.
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Table 1 Recombination data
for the two markers most clo-

sely linked to Rppl. Plant gen-
otypes are grouped according to
their DI

AFLP primer DI of 0% and 20-90%  Recombinants DI of 5-20%  Recombinants
H-CAT/M-ggC1 145 94 4 23 0
H-CAg/M-ATT 103 94 2 23 0

whereas all five plants with a DI of 10% lacked these
markers, thereby supporting the classification into resistant
and susceptible plants (Table 1).

Localisation of Rpp! in comparison to Rdrl

In population 97/9, segregation for resistance to PM race 9
differs significantly from segregation of the black spot
resistance gene Rdrl in the same population, indicating
that these two loci are not linked (Linde and Debener
2003). To obtain more information on the map location of
Rppl, we utilised the diploid population 94/1, which had
been used previously to construct a molecular marker map.
As this population does not segregate for resistance to PM
race 9, an indirect approach via the mapping of markers
linked to Rppl had to be used. Therefore, all markers
closely linked to Rppl were tested with the parental plants
(93/1-119%x93/1-117) of the population 94/1 for poly-
morphisms. Only the AFLP marker H-CAT/M-ggCl
showed a clearly detectable polymorphism (present in
93/1-119, absent in 93/1-117) which segregated in both
populations (97/9 and 94/1) with fragments of an identical
size. Sixty individuals of the mapping population 94/1
were evaluated for the segregation of this AFLP marker by
being run in parallel on the same polyacrylamide gel
together with samples from the 97/9 population. Using
JomnMAP 2.0 (Stam and Van Ooijen 1995) we located the
fragment on linkage group A3 of the map from Debener
and Mattiesch (1999), whereas the black-spot resistance
gene Rdrl is located on linkage group B1 (Fig. 2).

Conversion of H-CAg/M-ATT-103 into a SCAR
marker

AFLP fragment H-CAg/M-ATT-103, which showed the
closest linkage to Rppl, was cut out from the gel, cloned
and sequenced. Five clones with the correct insert length
of about 103 bp were selected for further analysis. Three
of these (clones 6, 8 and 18) could be properly sequenced
from both sides two times each. The consensus sequences
of clones 6 and 18 turned out to be identical. The sequence
data from clones 6 and 8 and were then used to design an
inner PCR primer pair (6in and 8in) for each clone,
resulting in products of 67 bp and 65 bp, and an outer
primer pair (6out and 8out), resulting in products of 99 bp
and 91 bp. PCR reactions with the inner primer pairs and
the parental DNAs using a temperature gradient from
44°C to 60°C gave only weak amplification products. The
outer primer pairs, however, produced both clearly visible
fragments of the expected size and polymorphisms
between the parents. Fragments derived from primer pair
6out did not segregate in the progeny, whereas those from
primer pair 8out did. The screening of all 117 individuals
with the primer pair 6outforw (5'-TGAGCCCTGAG-
TAAATTCAGAACG-3") and o6outrev (5-TGCGTAC-
CAGCTTCAGCGAG-3') resulted in a fragment of about
99 bp with the same segregation pattern as obtained with
the AFLP H-CAg/M-ATT-103 (Fig. 3). Unfortunately, this
SCAR turned out to be not polymorphic within popula-
tion 94/1 and therefore could not be located in the existing
linkage map of this population.



Discussion

We describe herein the isolation of molecular markers
linked to Rpp1, a gene conferring resistance to PM in rose
population 97/9. To our knowledge this is the first report
on molecular markers linked to a PM resistance gene in
roses. The only other rose resistance gene characterised
with molecular markers to date is Rdrl, a gene giving
resistance to black spot (Von Malek et al. 2000).

Using a bulked segregant analysis, we located Rpp! in a
small interval of about 5 ¢cM with AFLP markers on both
sides of the putative gene and a SCAR marker at a distance
of about 2 ¢cM from the gene. This finding makes it
possible to use MAS (Tanksley et al. 1989) for PM
resistance in roses, which could be used also in
combination with markers known to be linked to the
black spot resistance gene Rdrl (Kaufmann et al. 2003).
The tight linkage of flanking markers around the locus
provides a high reliability of the localisation of Rpp! in the
rose genome. However, due to the large variability that has
been observed for the ratios between genetic and physical
distances in different plant genomes (Schmidt et al. 1995;
Paterson 1996) our markers are most probably not linked
tightly enough for positional cloning of Rppl. Screening
for molecular markers linked to resistance genes rather
than for disease phenotypes could significantly speed up
the introgression of R genes into common cultivars. The
time span required before the improved cultivar could be
brought to market could be reduced by up to 50-70%
using MAS (Tanksley et al. 1989; Schneider et al. 1997).
This would be a great advantage for rose breeding where
selection requires at least between 5 and 7 years for cut
and garden roses (Chaanin 2003; Noack 2003). Unfortu-
nately, resistance provided by single R genes is often
rapidly overcome by new races of the pathogen,
particularly for species grown in large monocultures like
cut roses and for plants being attacked by high-risk
pathogens like PMs with a high potential for gene and
genotype flow (McDonald and Linde 2002). To avoid this
risk, different resistance genes could be combined in one
genotype (gene pyramids) to increase the likelihood of
resistance durability (Schaffer and Roelfs 1985; Liu et al.
2000), or varietal mixtures with several R genes could be
planted, conferring even more durable resistance (Wolfe
1985; Jones 2001). Durable resistance against PMs
provided by major genes controlling all races is only
known for mlo in barley (Rommens and Kishore 2000)
and will probably be hard to find in roses. Based on some
recently characterised PM races, additional resistance
genes are currently under investigation in rose breeding
investigations. These may lead to more resistance genes
suitable for MAS and the pyramiding of genes in the near
future. As Rppl also segregates in several other diploid
rose populations the analysis of additional markers with a
larger number of individuals could be the starting point for
fine mapping and positional cloning of the putative genes.
A recently established BAC library from R. rugosa
containing 5.2 equivalents (Kaufmann et al. 2003) could
serve as a general tool for the physical mapping and
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cloning of these loci which could be supported by a large
number of mapped rose resistance gene analogues
(Hattendorf et al. 2004).

Regarding our recent publication on the identification of
eight rose PM races and the genetic analysis of the
resistance gene Rppl (Linde and Debener 2003) the
resistance classification in population 97/9 was discussed
as being somehow arbitrary. Genotypes occasionally
showing very few conidiophores in a fraction of the
experiments, and with no single estimation of over 5%,
were treated as resistant (DI=5%), whereas plants with a
DI of 10% were classified as susceptible. Genotypes
allowing the growth of only a small number of
conidiophores are also classified as being resistant in a
number of other publications on PM because they produce
such a minimal number of conidia that there is no
appreciable spread of the disease. This resistant classifi-
cation has even been applied for genotypes showing a
higher disease severity (Huang et al. 2000; Rong et al.
2000; Zeller et al. 2002). The results from our analysis
with the two most closely linked AFLP markers confirmed
the cut-off point between resistant and susceptible
individuals. All 23 genotypes with disease indices of 5%
and 10% showed the expected marker pattern of resistant
or susceptible plants, respectively (Table 1). This supports
our classification which was built on the results of five to
eight repeated inoculations under highly reproducible
conditions (Linde and Debener 2003).

The mapping of Rpp! on the linkage map in comparison
to the black spot resistance locus Rdrl was hindered by
several problems: (1) there is no segregation for resistance
to PM race 9 in population 94/1, which prevents the direct
mapping of Rppl in this population with an existing
linkage map (Debener and Mattiesch 1999); (2) the SCAR
marker constructed from the most closely linked AFLP H-
CAg/M-ATT-103, which segregated in the same manner,
turned out to be not polymorphic within population 94/1.
So we had to use the AFLP markers linked to Rppl
directly in population 94/1. (3) Screening the popula-
tion 94/1 with AFLP marker H-CAT/M-ggC1 we could
map this closely linked marker on linkage group A3 of the
map constructed by Debener and Mattiesch in 1999,
whereas the black spot resistance gene Rdr! is located on
group B1. Our results strongly support the genetic data on
the independent segregation of these two resistance gene
loci in diploid roses. Our current mapping of a large
number of microsatellites and expressed sequence tags
will hopefully circumvent these problems and enable the
genomic regions around both genes in many different rose
populations to be located.
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