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Abstract Apple (Malus x domestica Borkh.) sequences
sharing homology with known resistance genes were
cloned using a PCR-based approach with degenerate
oligonucleotide primers designed on conserved regions of
the nucleotide-binding site (NBS). Sequence analysis of
the amplified fragments indicated the presence of at least
27 families of NBS-containing genes in apple, each
composed of several very similar or nearly identical
sequences. The NBS-leucine-rich repeat homologues
appeared to include members of the two major groups
that have been described in dicot plants: one possessing a
toll-interleukin receptor element and one lacking such a
domain. Genetic mapping of the cloned sequences was
achieved through the development of CAPS and SSCP
markers using a segregating population of a cross between
the two apple cultivars Fiesta and Discovery. Several of
the apple resistance gene homologues mapped in the
vicinity, or at least on the same linkage group, of known
loci controlling resistance to various pathogens. The utility
of resistance gene-homologue sequences as molecular
markers for breeding purposes and for gene cloning is
discussed.

Introduction

Plant disease resistance genes have been cloned and
characterized from a number of species, including both

mono- and dicotyledonous plants (Hammond-Kosack and
Jones 1997; Martin 1999). Most of the resistance genes
cloned so far belong to the leucine-rich repeat (LRR)
family and encode proteins containing an LRR domain
near the C-terminus. The LRR domains show hypervaria-
bility and are thought to confer recognition specificity. In
addition to the LRR domain, many resistance genes
possess a nucleotide-binding site (NBS) near the N-
terminus and additional structures such as a leucine zipper
or a toll-interleukin receptor (TIR) (Bent 1996). The NBS-
LRR class resistance genes are proposed to act as receptors
in signal-transduction pathways that are triggered in
response to pathogen attack (Hammond-Kosack and
Jones 1997). The NBS regions of known resistance
genes contain several highly conserved motifs, in spite
of the diversity of pathogens against which they act. The
P-loop and the kinase-2 domains have been described as
ATP- and GTP-binding sites (Meyers et al. 1999; Traut
1994). Additional motifs found in the NBS region of plant
LRR resistance genes are the kinase-3a and the GLPL
(also called “hydrophobic domain”), a putative membrane-
spanning domain.

A polymerase chain reaction (PCR)-based strategy for
cloning NBS-LRR resistance gene homologues (RGHs)
has been devised, using degenerate primers designed on
the conserved sequence motifs within the NBS region
(Kanazin et al. 1996; Leister et al. 1996). This approach
has been successfully applied in different plant species
such as soybean (Kanazin et al. 1996; Yu et al. 1996),
potato (Leister et al. 1996), barley and rice (Leister et al.
1998), wheat (Seah et al. 1998), and Arabidopsis thaliana
(Aarts et al. 1998). In many cases the genomic locations of
the RGH sequences were obtained using molecular
linkage maps, and at least some RGHs showed close
genetic linkage with known resistance genes. Therefore,
genomic regions likely to contain resistance genes may be
identified by cloning and mapping RGHs. Moreover, the
RGH sequences themselves may represent candidate
resistance genes, as for example in A. thaliana (Aarts et
al. 1998).
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Several diseases and pests constrain apple production
worldwide, affecting the yield and forcing heavy use of
chemicals to control the pathogens. It is therefore a
primary target to obtain resistant cultivars in order to
drastically reduce the amount of fungicides applied to
crops and introduced in the environment. One of the most
important diseases affecting apple is apple scab, caused by
the fungus Venturia inaequalis (Cooke) Wint. Although
several major scab-resistance genes have long been known
(Williams and Kuç 1969), only one of them, the Vf gene,
has been successfully incorporated into commercially
available cultivars. Already a low deployment of this
single major apple scab gene has caused a high selection
pressure on the pathogen population. This has led to the
natural selection of two races of scab that have overcome
the Vf resistance. These two races are nowadays present in
some European locations (Parisi et al. 1993).

A possible strategy to reduce the risk of resistance
breakdown and to achieve durable resistance could be the
combination of different major and minor resistance genes
in a single cultivar so that, to be able to infect the plant, the
pathogen has to simultaneously circumvent several resis-
tance mechanisms. It is therefore important to identify new
sources of resistance within the apple genome, conferred
by new and still unknown major resistance genes, or by
genes conferring quantitative or partial resistance against
pathogens. In apple, quantitative resistances have been
described for mildew (Janse et al. 1994; Seglias and
Gessler 1997) and scab (Liebhard et al. 2003a). Moreover,
several known scab-resistance genes (i.e., Vb and Va) have
not yet been mapped, and probably new sources of
resistance are still undiscovered in the apple genome.
Therefore, obtaining a collection of RGH sequences could
be an effective strategy to identify genomic regions linked
to disease resistance (Leister et al. 1996, 1998; Yu et al.
1996). Here we report the cloning and characterization of
30 apple resistance genes homologues (ARGHs) by the
use of degenerate primers designed to bind the P-loop,
kinase-2, and GLPL elements of the NBS region. We show
that multiple and diverse ARGHs exist in the apple
genome. Eighteen of these were mapped using a linkage
map of the apple cultivars Fiesta and Discovery (Liebhard
et al. 2003b).

Materials and methods

PCR amplification of RGH sequences

Total genomic DNA was extracted from leaves of the apple cultivar
Florina, carrying Vf resistance against scab, according to the method
described by Aldrich and Cullis (1993). Three different pairs of
degenerate primers were used for PCR amplifications: (1) B1: 5′-
GGIGGIRTIGGIAARACIAC-3′ (forward) (Rivkin et al. 1999) and
B2: 5′-WTIARIGYIARIGGIARICC-3′ (reverse) (Rivkin et al.
1999); (2) P-loop: 5′-GAATTCGGNGTNGGNAAGACAAC-3′
(forward) (based on Shen et al. 1998) and LDD-AS: 5′-
CCAIACATCATCWAGSACAA-3′ (reverse) (Leister et al. 1999);
and (3) BP2f: 5′-GGNGGDGTDGGSAARAC-3′ (forward) and
BP2r: 5′-GCTAGTGGCAMNCCWCC-3′ (reverse).

The PCRs were carried out in a total volume of 50 μl with 100 ng
template DNA and 0.25 μM of each primer in 10 mM Tris HCl
(pH=8.3), 1.5 mM MgCl2, 50 mM KCl, 0.01% gelatin, 0.1 mM
dNTPs, and 0.5 U of Taq polymerase (Biolyne). Amplification
included initial denaturation for 3 min at 94°C, followed by 40
cycles of 94°C for 1 min, 50°C for 45 s, and 72°C for 1 min, then a
final extension of 72°C for 8 min. After electrophoresis through a
2% agarose gel in 0.5× TAE, amplification products were visualized
by staining with ethidium bromide.

Cloning and analysis of PCR products

Bands of the expected size of each amplification were excised from
gels, eluted, and cloned using the pGEM-T Easy Vector System
following the manufacturer’s instructions (Promega, Madison,
Wis.). Individual clones were digested using the AluI enzyme and
resolved on a 2% agarose gel. All the clones showing different
restriction patterns and also several showing very similar restriction
patterns were chosen for sequencing. Sequencing reactions were
prepared using the Perkin Elmer Big Dye DNA sequencing kit
(Perkin Elmer, Foster City, Calif.). Sequencing reactions were
cleaned using the Centri-sep spin columns (Princeton Separations,
Adelphia, N.J.) and read using an ABI PRISM 310 Genetic
Analyzer (Perkin Elmer). Sequence analysis and alignments were
carried out using the online version of CLUSTALW (http://
searchlauncher.bcm.tmc.edu/multi-align/multi-align.html). Phyloge-
netic analysis was performed using the neighbor-joining and
UPGMA methods with PAUP (Sinauer, Sunderland, Mass.) soft-
ware.

Marker development and ARGH mapping

To develop PCR-based markers for genetic mapping of RGH
sequences, regions that were divergent among clones were identified
by multiple-sequence alignment and subsequently used for design-
ing specific primers. Computer software Oligo 4.0 was used to
facilitate the identification of sequence segments with desirable
internal stability curves as priming sites and to avoid potential 3′
dimer or hairpin formation (Rychlik 1995). Primer length ranged
from 20 to 24 bases in order to obtain similar melting temperatures.
PCR reactions were prepared and run essentially as described above,
but with 35 cycles of 94°C for 45 s, 55°C for 1 min, and 72°C for
1 min. The amount of template DNA varied from 5 ng to 100 ng.
Initially each pair of primers was evaluated for amplification and

polymorphism with genomic DNA from Fiesta and Discovery—the
seed and pollen parents of the population used to map the RGHs.
Restriction digestions required to reveal polymorphism between the
two parents were performed using 8 μl (for polyacrylamide gels) or
15 μl (for agarose gels) of each PCR reaction. PCR products and
their digestions were separated on 2% agarose gels or nondenaturing
polyacrylamide gels and detected by staining with ethidium bromide
or silver staining (Sanguinetti et al. 1994), respectively. Markers
defined by a pair of specific primers and restriction-enzyme
digestion are referred to as cleaved amplified polymorphic sequence
(CAPS) markers (Konieczny and Ausubel 1993). Markers defined
by a pair of specific primers, restriction enzyme digestion, and
separation on nondenaturing polyacrylamide gels are referred to as
single strand conformation polymorphism (SSCP) markers (Orita et
al. 1989).
ARGH mapping was performed using a subset of the Fiesta ×

Discovery population comprising 44 individuals (Liebhard et al.
2003b). Mapping procedure was the same as that employed by
Liebhard et al. (2003b), but the LOD score used was decreased from
4.0 to 3.5. The software used was Joinmap 2.0 (Stam and van Ooijen
1995) in connection with JMDesk 3.6 (http://www.ecogenics.ch/
software-e.html).
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Results

Cloning and characterization of RGH sequences

All three primer combinations used showed a band of the
expected size after PCR amplification (Fig. 1). Primer
combinations II and III each generate a band of around
500 bp, while primer combination I produces a band of
approximately 300 bp, due to the reverse primer being
designed on the kinase-2 domain. The bands of interest
were excised from the gel and cloned into the pGEM-T
vector. Restriction analyses of PCR-amplified inserts of
randomly selected clones indicated that the 500-bp and the
300-bp DNA bands contained heterologous fragments. All
the clones showing different restriction patterns, as well as
several clones showing very similar restriction patterns,
were identified and sequenced. A total of 114 clones were
sequenced, and 52 showed significant homologies with
known RGHs after searching in GenBank using the

BLASTX algorithm. Nevertheless, many sequences turned
out to be very similar or nearly identical, so for nucleotide-
translation analysis purposes, all the sequences sharing
more than 95% homology were considered to represent a
single family of ARGHs. In this way 30 different families
have been identified (Table 1) and deposited in GenBank
with accession numbers AY369209–AY369235 and
AY378695–AY378697.

Sequences were translated to look for motifs character-
istic of plant NBS regions (Meyers et al. 1999). Some
ARGH sequences (ARGH15, ARGH19, and ARGH43)
contained stop codons or frame-shift mutations that
resulted in distorted amino acid sequences; therefore,
these clones were excluded from further analysis. Figure 2
shows the amino acid alignments of the functional motifs
of ARGH families together with six known resistance
genes. The P-loop and the GLPL motifs, or the kinase-2
motif for the sequences cloned with primer combination I,
were included in the degenerate primers and, therefore,
excluded from the sequence data analysis. The encoded
amino acid sequences showed all the characteristic motifs
of plant NBS regions, such as kinase-2 and kinase-3a
domains. Translated sequences were also analyzed
visually to search for the additional motifs found by
Meyers et al. (1999). Two of these motifs are useful for
separating plant NBS genes into two major classes: TIR-
NBS and non-TIR-NBS. The RNBS-A-non-TIR motif
(see Fig. 2) occurs in the NBS region of resistance genes
that do not contain the TIR domain, and was found in
ARGH04, ARGH13, ARGH20, ARGH21, ARGH31,
ARGH32, ARGH34, ARGH35, and ARGH42, suggesting
that these sequences correspond to NBS regions of non-
TIR-NBS-LRR genes. All the other ARGHs contained the
RNBS-A-TIR motif, suggesting that the corresponding
genes belong to the TIR-NBS-LRR family that possesses
the TIR domain (Meyers et al. 1999). Also the last residue
of the kinase-2 domain can be used to predict with 95%
accuracy whether an RGH would belong to the TIR-NBS
or the non-TIR-NBS family. As expected, a tryptophan
residue (W) was found in all the sequences carrying the
RNBS-A-non-TIR motif, while an aspartic acid residue
(D), with the only exception of ARGH16 carrying a
glutamic acid (E), was found in the sequences presenting
the RNBS-A-TIR motif. For all the sequences cloned with

Fig. 1 PCR amplification of genomic DNA using three primer
combinations. M Marker; I P-loop forward, LDD-AS reverse; II
BP2f forward, BP2r reverse; III B1 forward, B2 reverse. The bands
cloned are indicated by arrows. The size of marker DNA fragments
is indicated to the left of the picture in base pairs

Table 1 Degenerate primers used in the cloning of resistance gene homologue (RGH) sequences in apple and apple resistance genes
homologues (ARGH) families found for each primer combination

Primer
combinations

Degenerate primers ARGH clones

Forward Reverse Familya

I P-loop LDD-AS ARGH 20*, ARGH21, ARGH30, ARGH 31*, ARGH32, ARGH34, ARGH35,
ARGH39, ARGH41, ARGH42, ARGH43*

II BP2f BP2r ARGH15*, ARGH16, ARGH17, ARGH19*, ARGH22, ARGH23, ARGH25,
ARGH26

III B1 B2 ARGH02*, ARGH04, ARGH06, ARGH08, ARGH09, ARGH11, ARGH12,
ARGH13*, ARGH37, ARGH40, ARGH46

aSome families are represented by only one sequence (indicated by *), while others contain several sequences with high sequence similarity
(homology ≥95%)
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primer combination I, it was not possible to determine the
last amino acid of the kinase-2 domain as it was included
in the degenerate primer used for the PCR amplification. A
region similar to the consensus sequence for the RNBS-C
motif (Meyers et al. 1999) was found in all of the
sequences obtained with primer combinations II and III,
confirming that they belong to the NBS-LRR family.

In order to further evaluate the relationship among apple
ARGHs and known plant resistance genes, a phylogenetic
analysis was performed. The deduced amino acid
sequences of representative members of 27 ARGH
families and the NBS domain of six known resistance
genes were aligned and a neighbor-joining tree was
generated from the alignment (Fig. 3). The dendrogram
divided the sequences with high bootstrap values into two
broad subfamilies: all the TIR-NBS sequences were
present in one major cluster and the non-TIR-NBS in a
second one. The two major branches in both cases were
divided into at least three secondary groups. ARGH30
appeared to be rather distant from all the other ARGHs.
The majority of the tree nodes were supported with >70%
of the 1,000 replicates in bootstrap analysis.

Marker development and linkage mapping

To facilitate genetic mapping of the cloned ARGH
sequences and an assessment of their potential linkages

with disease-resistance genes in apple, 27 primer pairs
were designed on the divergent DNA sequence regions
(Table 2). When genomic DNA of the two cultivars Fiesta
and Discovery was amplified with all 27 primer pairs, only
a primer pair designed on ARGH42 showed a presence/
absence polymorphism on 2% agarose gel. A single band
of the same, expected size was observed for all the other
ARGHs. To reveal polymorphisms, a panel of restriction
enzymes (mainly enzymes with four-base recognition
sites) was used to digest the PCR products. Polymorphism
was observed in only a few cases (ARGH02, ARGH12,
and ARGH23) between Fiesta and Discovery after diges-
tion and electrophoresis on 2% agarose gel, allowing the
development of CAPS markers. All the other ARGH
sequences were therefore separated (after digestion) on
nondenaturing acrylamide gel. In 14 out of 24 cases a
polymorphism was shown, thereby allowing the develop-
ment of SSCP markers. ARGH04, ARGH06, ARGH09,
ARGH11, ARGH16, ARGH21, ARGH24, ARGH38,
ARGH40, and ARGH41 did not show any polymorphism,
even after electrophoresis on acrylamide gel, and therefore
were not mapped. In Table 2 the specific primers used for
the development of CAPS and SSCP markers are shown,
together with the enzymes presenting polymorphisms and
the resulting marker type. ARGH23 was the only sequence
to show two different polymorphisms: the first on agarose
gel after digestion with AluI and the second (ARGH23b)
on acrylamide gel after digestion with Cfr13I. Genetic

Fig. 2 Amino acid alignment of functional motifs from apple resistance gene homologues (ARGHs) and six known resistance genes:
tobacco N, tomato I2C-2, Arabidopsis RPM1 and RPS2, flax L6, and barley MLA6
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mapping of members of the different ARGH classes was
performed with 44 individuals from the Fiesta × Discovery
cross described in Liebhard et al. (2003b). The ARGH loci
mapped both singly and in clusters and were widely
distributed among the apple genome, being present in 12
out of 17 linkage groups (Fig. 4). In some cases, the
ARGH sequences were located in the proximity of known
loci containing genes or QTLs for disease resistance.
Particularly ARGH34 mapped on linkage group 1, very
close to the Vf locus. On linkage group 2, three ARGH
sequences were found; ARGH17 and ARGH37 were
placed at the same position, about 4 cM from the SSR
marker CH02c02a (Fig. 4). Recently Vr2, a gene
conferring resistance against apple scab, was found to
cosegregate with the same SSR marker (Patocchi, unpub-
lished data). ARGH20 was placed on linkage group D11,
very close to E37M34-0094a. In that region, a QTL for
leaf and fruit scab resistance has been found (Liebhard et
al. 2003a). QTLs for scab resistance have also been found
in linkage groups 6, 7, and 10 (Liebhard et al. 2003a). In
all cases, an ARGH was also present in the same linkage
group, ARGH35, ARGH39, and ARGH08, respectively.

ARGH02 and ARGH30 mapped to the same position on
linkage group F17; all the other ARGHs mapped singly on
different linkage groups, with the exception of ARGH31

and ARGH42, which were located on linkage group D3 at
about 2 cM from one another (Fig. 4).

Discussion

Improvement of disease resistance is one of the priorities
in apple breeding. The use of molecular techniques, such
as the development of DNA markers, can significantly
expedite the process. PCR approaches with degenerate
oligonucleotide primers designed from the NBS region of
cloned disease-resistance genes have led to the cloning of
similar sequences from many plant species, not only
soybean (Kanazin et al. 1996; Yu et al. 1996), rice and
barley (Leister et al. 1998), and A. thaliana (Aarts et al.
1998), but also tomato (Pan et al. 2000a), pea (Timmer-
man-Vaughan et al. 2000), and melon (Brotman et al.
2002). Correlation or cosegregation of some of these
sequences with known disease-resistance gene loci has
been documented. In this study, we have isolated more
than 50 genomic fragments homologous to NBS-LRR
genes, thus allowing a first sampling of this family in
apple. However many sequences showed little or no
variation (<5%) and might represent alleles of homologous
genes or even polymerase errors. Therefore the ARGHs
were divided into 30 families sharing less than 95%
nucleotide sequence homology. Probably many more
similar sequences are present in the apple genome as
only three primer combinations (based on the sequences of
known resistance genes) were used. In fact the NBS-LRR
class of resistance genes has been proven to be a very large
family in plants; in Arabidopsis it has been estimated that
about 1% of the entire genome may be represented by
NBS-LRR-like genes (Meyers et al. 1999). Large sets of
related sequences with different recognition specificities
were found within a single plant species; this may reflect
an ongoing competition between pathogens and plants that
causes rapid evolution of such genes (Parniske et al.
1997).

NBS-LRR sequences are usually divided into two main
groups (Meyers et al. 1999; Pan et al. 2000b): type I
contains the TIR element (toll-interleukin-1 receptor-like
domain) and has been found only among dicots, while
type II lacks the TIR domain and has been found both in
dicots and monocots. The partial sequence of the NBS
portion is usually sufficient to assign a given gene to either
type I or II. Therefore it was possible to divide the cloned
ARGH sequences into TIR and non-TIR-NBS according
to the sequence data analysis. Seventeen of the ARGH
fragments clustered with typical TIR genes such as
tobacco N and flax L6, while ten sequences clustered
with Arabidopsis RPS2 and RPM1, tomato I2C-2, and
barley MLA6, which belong to the non-TIR group (Fig. 3).
Moreover ARGH-TIR sequences seemed to be divided
into at least three different groups. Also in other species,
phylogenetic analyses clustered TIR-NBS gene homo-
logues into different major groups (Cordero and Skinner
2002). However it is not known whether this divergence is
functionally significant.

Fig. 3 Phylogenetic tree based on the alignment of amino acid
sequences from ARGH clones and six known resistance genes.
Bootstrap values based on 1,000 replications are indicated on the
branches
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The development of molecular markers using the cloned
ARGH sequences was not an easy task. When specific
primers designed on the cloned sequences were used to
amplify genomic DNA from the two cultivars, in only one
case (ARGH42) could we detect a presence/absence
polymorphism. In all other cases, a single band was
visible on a 2% agarose gel and no polymorphism was
detected. Even after digestion with a panel of four-cutter
restriction enzymes, only 3 out of 26 ARGHs showed
polymorphisms on agarose gel, indicating that very few
differences were present at the Fiesta and Discovery
alleles. To obtain greater resolution, the digested PCR
products were denatured and loaded onto nondenaturing
polyacrylamide gel. Under these conditions, the single-
strand DNA fragments migrate according to their primary
nucleotide sequence and not their length (Orita et al.
1989). DNA fragments with sequences that differ by one
or few nucleotides usually migrate differently, allowing
very similar alleles to be distinguished. Using the SSCP

technique, a polymorphism between Fiesta and Discovery
could be identified in 14 additional sequences.

When mapped, the ARGHs appeared to be widely
distributed in the apple genome, covering 12 out of 17
linkage groups. In many species, the RGH sequences have
been shown to map in clusters that are sometimes
composed of several related genes. In soybean, one
reported gene cluster contained two phenotypically
defined resistances against Phytophtora and powdery
mildew, and five RGH clones (Kanazin et al. 1996). The
fact that different resistance genes are organized in clusters
could be of evolutionary importance, as clusters of
resistance genes and their homologues may undergo
unequal crossover and generate new alleles. We also
found that in apple, several of the cloned RGHs appeared
to map in clusters. At the Vf locus, Vinatzer et al. (2001)
identified a cluster of genes homologous to the Cf gene
family of tomato called HcrVf (homologue to the Clado-
sporium fulvum resistance genes of the Vf region). These
genes encode proteins containing an extracellular LRR

Table 2 Polymorphisms identified with ARGH-derived primers
and the corresponding type of marker obtained. All polymorphisms
were detected between the two parental lines, cultivars Fiesta and

Discovery. In some cases, more than one enzyme could produce
polymorphism, but the segregation was always the same. The only
exception was ARGH23

RGH clones Primers Polymorphisms Marker type

Forward Reverse

ARGH 2 GTTCATGAGAAAATTGCTTGTC TCATAGTCTCTTTTGGGTTGC MboI CAPS
ARGH 4 GTATTCAACAACAAAAATGATGC CTGGTTTTCCACTATTAACTTC None
ARGH 6 TTCTAGAGCAGACCCTACTCT TGCGCCTTTATCTAACACTTG None
ARGH 8 CTAAAATAAACCGTACTCTAATTG GTCTTTCTTAGGTTGTTCTTTC TruI SSCP
ARGH 9 CTTGATGACGTTAACGACACT TATCAGGCCAACTATTTCCAAG None
ARGH 11 GTTAGAGAGGTTTCTAACGTTG CTGCGCCTTTATCTAACACTTG None
ARGH 12 GTTTACGAGAGAATTTCTCATG GAGAAAAAGAGCTTCATCTTGG AluI CAPS
ARGH 16 AACAAAATTCATCACAACTTCCA ATGATATTCTTCATTAGGCAAAC None
ARGH 17 TTGCCGACGTTCGTGATGCT GATATCCTTTGTTTGGACAACC RsaI SSCP
ARGH 20 GTTAGTCTATAATGATGCCAATG CAAGGACAAGAAGAAACTTTAC Hin6I SSCP
ARGH 21 TCAGCTCCTTTACAATAATGAC ATCATCAAGGACAAATAGAAATC None
ARGH 23 CATTGCTTCCAGTTTAAATGTC CAAATGTATACCAACTGAAAAGC AluI CAPS
ARGH 23b CATTGCTTCCAGTTTAAATGTC CAAATGTATACCAACTGAAAAGC Cfr13I SSCP
ARGH 24 ATTTATAACCAGGTTTATCATAAG GATATCCTTCATTCGGATAACTA None
ARGH 25 CAAACATCATCGTAATTTTGACG CATACTCTTCATGAGGATAATTC Cfr13I SSCP
ARGH 26 CAATTATCAGCAAAGTTTTAGTC TTCGTTGGGACTAGGATTTTC Cfr13I SSCP
ARGH 30 GAGTAAAGGGTAAGTTTAATCC ACAATCAGATACCTCTTACCAG RsaI SSCP
ARGH 31 CCCAAGTCCTTTACAATGATG ATCATCCAGCACAAATAAAAATG MboI SSCP
ARGH 32 CTCAACTGCTTTACAATGATGG CATCCAGGACAAGTAAAAATC TaqI, RsaI SSCP
ARGH 34 TGTATGACCAGCCGAAGGTG CCAGGACAACAATGTACCTC TaqI SSCP
ARGH 35 GTCTACGATGATGATGAAGTG TCAGGTACCTCCTTTTCTGC TaqI, Cfr13I SSCP
ARGH 37 TGCACGACATTAGCAACACTG GAAACAACTTCTTTTGAGAGTTC AluI SSCP
ARGH 38 TATAATGATAAGAGGGTAGTGC AATCTGCTTGGGAATCAGAAC None
ARGH 39 AACTTTAGAAGCTTTAAAGGAAG TCTTCTAGAGCTTATGGCACTT AluI SSCP
ARGH 40 TTTTCAACAAATATCCGGATAAG GTAGATGACATATCCTATCCG None
ARGH 41 AAATTTTATTGGCTTTGAAAGAAG TTTTCTAGAGCTTATGGCGCTT None
ARGH 42 ACGATGAACAAGTTACAGAGC CTCTTTCCTATCAATTGTTGCC P/Aa

ARGH 46 AATATCAGGATACGTTTGAAGG CCACAGTAGTCAGCAGTTTC TruI SSCP

aP/A Indicates presence or absence of the DNA band
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domain and a transmembrane domain, but not the NBS
region. An NBS-containing gene cluster could be
represented by ARGH17 and ARGH37, which were
placed in the same position on linkage group 2 and are
very similar to each other (Fig. 3). ARGH30 and ARGH02
cannot be considered members of a gene cluster due to
their phylogenetic distance, in spite of the fact that they are
tightly linked on the map. Nevertheless the presence of
members of two different ARGH families in the same
position could indicate the presence of a “hot spot” on the
apple genome containing multiple NBS-LRR sequences.

Finally, ARGH31 and ARGH42 were placed on linkage
group 3. Even if from our data these ARGHs are not
tightly linked, only 2 cM separated the two phylogeneti-
cally similar sequences, indicating the possible presence of
a cluster of genes.

Genomic analysis of clusters with multiple LRR gene
members could be used to identify functional genes
responding to different signals. In tomato, the Pto gene
belongs to a complex locus consisting of five to seven
genes. While Pto confers resistance to P. syringae, a
tightly linked homologue, Fen, confers sensitivity to an
organophosphate insecticide (Martin et al. 1993, 1994).
Examples of related genes that have acquired different
roles can be found in several gene families involved in the
regulation of floral identity, light reception, and cell
differentiation (Pickett and Meeks-Wagner 1995).

In some cases, the ARGH sequences were located in the
proximity of loci known to contain genes or QTLs for
disease resistance. On linkage group 2, several apple scab-
resistance genes have been mapped; Vbj co-segregates
with the SSR CH05e03 (Gygax, personal comunication),
Vr has been mapped between the SSRs CH05e03 and

Fig. 4 Linkage maps showing
the position of RGH sequences
on apple linkage groups. Map-
ping was obtained using a
progeny of cultivars Fiesta (F) ×
Discovery (D). Linkage groups
are numbered from F1 to F17
and from D1 to D17 for Fiesta
and Discovery, respectively.
Map positions of Vbj, Vr, and
Vr2 are deduced
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CH02c06 (Hemmat et al. 2002), and Vr2 has been found to
cosegregate with CH02c02a (Patocchi, unpublished).
Therefore none of the three ARGHs mapped on this
linkage group can be considered as candidate apple scab-
resistance genes (Fig. 4). On linkage group 11, a powdery
mildew resistance gene was mapped (Seglias 1997);
however, the gene was mapped close to the SSRCH04H02
and therefore, also in this case, the NBS ARGH20 cannot
be considered a candidate resistance gene. Nevertheless
our mapping data indicate that in some cases, RGH
sequences are present near sources of resistance on the
apple genome. If this observation can be confirmed by
further studies, these gene families could become a
possible source of markers associated to disease-resistance
genes.

QTLs for leaf and fruit scab resistance were found on
linkage groups 6, 7, 10, 11, 12, 15, and 17 by Liebhard et
al. (2003a) and on linkage group 1 and again on linkage
groups 11 and 17 by Durel et al. (2003). In almost all
cases, an ARGH was also present on the same linkage
group (Fig. 4). Two ARGHs (ARGH20 and ARGH34)
mapped inside the QTL regions. ARGH20 maps on
linkage group D11 in the region of a QTL for leaf scab
resistance (Liebhard et al. 2003a), while ARGH34 maps
near the Vf locus in a region that could be associated with a
QTL for scab resistance (Durel et al. 2003). Further studies
are, however, necessary to prove this association.

In apple, relatively few genes conferring resistance
against the most common pathogens have been studied
and characterized, and only for Vf has the positional
cloning led to the cloning of the first scab resistance gene,
HcrVf2 (Belfanti et al. 2004; Patocchi et al. 1999a, 1999b;
Vinatzer et al. 2001). Locating NBS-LRR homologues, as
well as RGH appertaining to other classes, on apple maps
may therefore help to accelerate the identification of
genomic regions containing functional resistance genes.
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