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Abstract The conserved sequences in the nucleotide-
binding sites of the nucleotide-binding site-leucine-rich
repeat (NBS-LRR) class of disease resistance (R) genes
have been used for PCR-based R-gene isolation and
subsequent development of molecular markers. Here we
present a PCR-based approach (NBS profiling) that
efficiently targets R genes and R-gene analogs (RGAs)
and, at the same time, produces polymorphic markers in
these genes. In NBS profiling, genomic DNA is digested
with a restriction enzyme, and an NBS-specific (degener-
ate) primer is used in a PCR reaction towards an adapter
linked to the resulting DNA fragments. The NBS profiling
protocol generates a reproducible polymorphic multilocus
marker profile on a sequencing gel that is highly enriched
for R genes and RGAs. NBS profiling was successfully
used in potato with several restriction enzymes, and
several primers targeted to different conserved motifs in
the NBS. Across primers and enzymes, the NBS profiles
contained 50–90% fragments that were significantly
similar to known R-gene and RGA sequences. The
protocol was similarly successful in other crops (including
tomato, barley, and lettuce) without modifications. NBS

profiling can thus be used to produce markers tightly
linked to R genes and R-gene clusters for genomic
mapping and positional cloning and to mine for new
alleles and new sources of disease resistance in available
germplasm.

Introduction

Plants often use a defense mechanism based on the gene-
for-gene principle, which means that the product of a
resistance (R) gene recognizes a specific avirulence gene
product specified by the pathogen (Flor 1971; Keen 1990).
A number of these receptor-like R genes have been cloned
and characterized. Based on these genes, several classes of
R genes can be distinguished. Most R genes identified up
till now are members of the cytoplasmic nucleotide-
binding site-leucine-rich repeat (NBS-LRR)-containing R-
gene family. The NBS region is thought to be important
for ATP binding and overall functionality of the R-gene
product (Walker et al. 1982; Saraste et al.1990). The LRRs
may be the main determinant in recognition of the
avirulence gene product (Kobe and Deisenhofer 1995;
Jones and Jones 1996; Jia et al. 2000). The NBS-LRR
gene family is divided in two subclasses. One class has an
upstream conserved domain that resembles the Toll-
interleukin receptor (TIR) domain. This class includes
the N gene from tobacco, M and L6 from flax, and RPP5
from Arabidopsis thaliana (Whitham et al. 1994; Law-
rence et al. 1995; Anderson et al. 1997; Parker et al.1997).
Members of the other group (including RPM1 from
Arabidopsis, Dm3 from lettuce, Rx1 and Gpa2 from
potato, and Prf and Mi from tomato) often contain the
consensus for a coiled-coil domain structure at a similar
position (Salmeron et al. 1996; Bent et al. 1997; Botella et
al. 1998; Meyers et al. 1998; Milligan et al. 1998; van der
Vossen et al. 2000). NBS-containing R genes are
numerous in plant genomes—163 in Arabidopsis and
over 600 in rice (TAGI 2000; Goff et al. 2002)—and are
often organized in clusters. Within these clusters, repeats
of similar genes (paralogues) as well as several different
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genes can be recognized (Michelmore and Meyers 1998;
Young 2000).

The NBS regions of characterized R genes and of R-
gene analogs (RGAs) share several common motifs that
are highly conserved. These include the P loop (phos-
phate-binding domain), the kinase-2 motif, and the GLPL
motif (Saraste et al. 1990; Traut 1994; Meyers et al. 1999).
These motifs have been widely used to clone NBS regions
of RGAs from a variety of species, primarily by
amplifying sequences between two motifs (Aarts et al.
1998; Collins et al. 1998; Leister et al. 1998; Shen et al.
1998; Mago et al. 1999; Deng et al. 2000; Noir et al. 2001;
Vicente and King 2001). A number of these sequences
were mapped and shown to be genetically linked to known
R genes, indicating that genomic regions likely to specify
resistance, or even candidate R genes, can be identified
through cloning and mapping of new RGA sequences
(Meyers et al. 1999; Timmerman-Vaughan et al. 2000). In
most cases, mapping of these amplified RGA fragments
required cloning of the fragments, finding genetic
polymorphisms, and turning these polymorphisms into a
marker that could be used in segregating populations.

Here we describe an approach (termed “NBS profiling”)
that generates a large collection of R-gene and RGA
fragments and at the same time samples genetic variation
in these genes, thus providing molecular markers that are
tightly linked to R genes and RGAs. NBS profiling is
based on amplification from conserved NBS motifs
towards restriction enzyme sites. Our results demonstrate
that NBS profiling generates multiple fragments, the
majority of which is sequence-related to NBS-containing
R genes and RGAs. We show here that this approach can
be applied to a wide range of crops without modifications.

Materials and methods

Plant material

Potato (Solanum tuberosum L.) and barley (Hordeum vulgare L.)
varieties were obtained from the Scottish Crop Research Institute,
Dundee, Scotland. Tomato (Lycopersicon esculentum Mill.) and
lettuce (Lactuca sativa L.) varieties were from the Centre for
Genetic Resources, The Netherlands. Seeds of tomato and barley
were allowed to germinate, and young leaves were harvested and
lyophilized. Potato tubers were cut in half, allowed to germinate,
and leaves of young plants were sampled and lyophilized. For
lettuce, young leaves were collected from individual young plants.

Methods

Leaf material from seedlings was lyophilized. DNA was isolated
essentially as described by Fulton et al. (1995). Four hundred
nanograms of DNA was digested with a restriction enzyme in the
appropriate reaction buffer for a total of 4 h, with fresh enzyme
added after 2 h. The reaction was terminated by heat inactivation.
An adapter was ligated to the ends of the restriction fragments.

This adapter was based on the one described in Fischer et al. (1995),
but the 3′ end of the short strand was blocked for extension with Taq
DNA polymerase by the presence of an amino group. The 5′ end
was phosphorylated to facilitate ligation to blunt-end fragments. For
MseI ligations, the short strand of the adapter was extended to match

the Mse1 restriction fragments. Adapter ligation was performed
using high-concentrate ligase (5 U/μl) for 16 h at 20°C. The reaction
was terminated by heat inactivation.
Amplification of NBS-specific fragments involved a two-step

PCR procedure. The first step was a linear (asymmetric) PCR in a
PTC-200 thermocycler (MJ Research) with a limited amount of the
NBS-specific primer (1.5 mM), 10 μM dNTPs, 0.4 U HotStarTaq
(Qiagen, Germany), and 2.5 μl HotStarTaq PCR buffer in a reaction
volume of 25 μl. The program consisted of 30 cycles of 30 s at
95°C, 1 min 40 s at 55–60°C annealing, and 2 min at 72°C.
Annealing temperature was 55°C for NBS5 and NBS7 primers and
60°C for NBS2. The asymmetric PCR was followed by an
exponential PCR with NBS primer and an adapter primer by adding
to the linear PCR product: 15 pmol of each primer, 200 μM dNTPs,
0.4 U HotStarTaq, and 2.5 μl HotStarTaq PCR buffer in an end
volume of 50 μl. The cycling program and thermocycler were
similar to that of the linear PCR.
Finally, the PCR products were labeled by primer extension using

the [γ -33P]ATP-end-labeled NBS-specific primer in a thermocycler
for 10 cycles with HotStarTaq at conditions similar to the NBS-
adapter primer PCR. The labeled PCR products were separated on a
6% polyacrylamide gel, and the individual fragments visualized by
autoradiography.

Adapter and adapter primers

– Adapter long arm: 5′-ACTCGATTCTCAACCCGAAAGTATA-
GATCCCA-3′

– Adapter short arm: 5′-TGGGATCTATACTT-3′ (with 3′ amino
group)

– Adapter primer: 5′-ACTCGATTCTCAACCCGAAAG-3′
– NBS-selective primers (location and orientation in NBS, see

Fig. 1):

NBS2 5′-GTWGTYTTICCYRAICCISSCAT-3′
NBS5 5′-YYTKRTHGTMITKGATGATGTITGG-3′
NBS7 5′-ATTGTTGGRATGGGMGGIMTIGG-3′

Identification of bands

Fragments were excised from the gel using a sharp razor blade,
eluted in TE for 5 min at 100°C, and reamplified with the NBS
primer and the adapter primer using conditions similar to the
exponential PCR protocol. PCR products were checked on agarose
gels and purified with Qiaquick PCR purification spin columns
(Qiagen). Fragments were directly sequenced using the adapter
primer as a sequencing primer with the BigDye Terminator kit and
an ABI 3700 automated sequencer from Applied Biosystems (USA).
Sequences were identified by comparison with entries in the public
protein and nucleotide databases using locally installed BLASTX
and BLASTN programs (Altschul et al. 1997).

Fig. 1 Schematic representation of the nucleotide-binding site
(NBS domain) of disease resistance (R) genes. Positions of the
degenerate primers (NBS2, NBS5, and NBS7) used in this study are
indicated
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Results

Experimental design

The experimental approach described here and termed
“NBS-profiling” resembles SSAP (sequence-specific am-
plification polymorphism) as reported by Waugh et al.
(1997) and the R gene-targeted SSAP approach reported
by Hayes and Saghai Maroof (2000), but clearly differs at
some essential points.

For NBS profiling, genomic DNA was digested with a
single restriction enzyme that generated fragments with an
average length of 300–400 bp. Next, an adapter was
ligated to the ends of the fragments. The adapter had a
short and a long arm, leaving the 5′ part of the adapter
single stranded. The adapter primer used in the exponen-
tial PCR was identical to the single-stranded part of the
primer, so adapter primer annealing completely relied on
synthesis of a complementary strand. Extension of the 3′
end of the short arm in the subsequent PCR reaction was
effectively blocked by an amino linker. The adapter primer
can thus only participate in the PCR reaction after
extension of the selective NBS primer. Consequently,
amplification highly depended on the selectivity and
specificity of this NBS primer. To further increase the
specificity of the PCR procedure, the actual amplification
(exponential PCR) was preceded by asymmetric (linear)
PCR with only the NBS primer. In our experience, this
asymmetric PCR was essential for obtaining reproducible
results. Finally, PCR products were radioactively labeled
and separated by polyacrylamide electrophoresis.

Designing PCR primers for targeting RGAs

In the NBS region of R genes, several conserved motifs
have been identified (Meyers et al. 1999; Pan et al. 2000),
including the P loop, the kinase-2 motif, and the GLPL
motif (Fig. 1). For the design of degenerate primers that
would recognize a broad spectrum of R genes and RGAs,
protein sequences of NBS regions of R genes from a range
of species were aligned and conserved amino acid motifs
in these sequences identified. These conserved regions (P
loop, kinase-2 motif) have been used in a number of
studies to isolate NBS regions of R genes and RGAs
between two NBS-derived primers. However, the criteria
for a primer to be used in our NBS profiling are expected
to be different since a single primer, rather than two
primers, determines the specificity of the PCR in NBS
profiling. Therefore, we aligned the DNA sequences of the
conserved motifs of the R genes and based the NBS-

profiling primers on this alignment. With several amino
acids, a clear codon bias was observed, which allowed
minimizing the degree of degeneracy of the primers, while
still retaining the ability of the primer to recognize a broad
set of RGAs. No clear set of criteria could be formulated to
guarantee a successful NBS-profiling primer (success
depends on specific sequence of the target region and the
putative number of targets), and obtaining a good primer is
partly trial and error. We did observe that the success rate
was higher when no degeneracy was allowed in the
primers within two nucleotides of the 3′ end and the
annealing temperature was higher than 50°C. Sequences of
primers that produced optimal NBS profiles are given in
the Materials and methods section.

Reproducibility, specificity, and polymorphism

The procedure was optimized with material from 12 potato
cultivars with a wide genetic background. RsaI was used
to digest the DNA of the cultivars. This enzyme produces
blunt-ended DNA fragments with an average length of
300–400 bp. NBS profiling was performed with a primer
(NBS5) targeted to the kinase-2 motif (Fig. 1), pointing to
the 3′ end of the NBS, in combination with the adapter
primer. Figure 2 demonstrates that a number of clearly
visible bands were present on the gel (typically 50–60
bands), of which at least 15 were polymorphic in the set of
potato varieties used. Reproducibility was illustrated by
the fact that banding patterns of duplicates (profiles of the
same plant material that was split before DNA extraction
and processed in separately performed experiments) were
identical (Fig. 2).

Bands present in the NBS profile were characterized by
sequencing. Seventy six percent of 33 bands collected
from several NBS5/RsaI profiles produced a readable
sequence by direct sequencing on an ABI 3700 with the
adapter primer (a subset of which is indicated in Fig. 2 by
arrows). All fragments analyzed (ranging in size from
70 bp to 600 bp) contained an adapter sequence at one end
and an NBS primer sequence on the other end, indicating
that the procedure efficiently excludes adapter-adapter
fragments. The specificity of the two-step PCR procedure
is further illustrated by the fact that identical profiling
patterns were produced by labeling of the NBS-profiling
PCR reaction with either the NBS-selective primer or the
adapter primer and subsequent electrophoresis (data not
shown).

Sequences of the excised bands were further character-
ized by sequence similarity searches in the public
nucleotide databases using the BLASTN and BLASTX

Table 1 Resistance-gene ana-
log (RGA) frequency in nucle-
otide-binding site (NBS)-profile
bands

Number of sequenced
bands (number of enzymes)

Number of bands
with RGA homology

Unidentified Other
genes

NBS2 12 (4) 8 3 1 (retrotransposon)
NBS5 25 (4) 22 2 1 (protein kinase)
NBS7 6 (3) 3 1 Protein kinase; 5S rDNA
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programs (Altschul et al. 1997). The majority of the
sequences (close to 90% for the NBS5 primer, see Table 1)
was found to be significantly similar to known NBS
sequences of R genes and RGAs of several plant species.
These included sequences that were close to identical to
known R genes and RGAs, as well as sequences that were
significantly similar to other RGAs (35–60% on translated
protein sequence) to classify them as such, but clearly
were new RGAs, as can be seen in Fig. 3. Band 57 has
limited homology to other RGAs, but includes the TTR
motif, a characteristic motif for a subset of NBS-LRR
genes downstream of the kinase-2 motif, at the expected
location.

Expansion of RGA marker set

We performed NBS profiling with a range of frequently
cutting restriction enzymes (RsaI, MseI, HaeIII, AluI) and
the NBS5 primer. All of the profiles generated with
different restriction enzymes contained reproducible band-
ing patterns (not shown). The majority of the analyzed
fragments in each profile were sequence related to NBS-
containing R genes or RGAs (based on BLAST analyses),
and the degree of polymorphism was comparable between
profiles with different restriction enzymes.

We also expanded the NBS-profiling marker set by
using other primers. NBS2 and NBS7 are primers
designed on the consensus of the P-loop motif, located
at the 5′ end of the NBS domain. NBS2 points towards the
5′ end of the NBS; NBS7 points to the 3′ end (Fig. 1).
Both primers were tested on potato samples digested with
several restriction enzymes and were found to produce
polymorphic banding patterns. Bands were characterized
by excision from the gel, reamplification and sequencing,
and subsequent BLAST similarity searches. In addition,
bands were isolated from NBS2 profiles of other crops
(barley, tomato). The NBS2-dependent PCR amplified the
5′-flanking region of the NBS of R genes. In contrast to
sequences within the NBS (like those of the NBS5
profiles), these sequences are not well conserved between
RGAs. Nevertheless, 66% of the fragments generated with

Fig. 2 NBS profile of potato varieties with primer NBS5 and
restriction enzyme RsaI. NBS profiling was performed with 12
potato varieties. Numbers on top indicate varieties profiled in
duplicate (the same DNA sample was used twice in the profiling
procedure). A number of bands were excised from the gel,
reamplified, and sequenced directly. The sequences from bands
indicated by arrows (band numbers in parentheses) were compared
to the nucleotide databases with BLASTX/BLASTN programs
(Altschul et al. 1997) (see alignment in Fig. 3). The profile
contained fragments with high similarity to known R-gene analogs
(RGAs), new RGA sequences, and fragments with sequences that
displayed no significant similarity

Table 2 NBS-profile bands with high identity to known resistance (R) genes and R-gene cluster members

Species Band no. Primer/enzyme Homologue Identity-DNA
(no. of nucleotides)

Resistance against

Potato 51 NBS3/RsaI NL27 (potato) 92% (100) Synchytrium endobioticum (Schilb.) Perc
Potato 162 NBS5/HaeIII Hero (tomato) 87% (270) Globodera pallida (Stone) Behrens
Tomato 107 NBS5/MseI Mi (tomato) 99% (308) Meloidogyne incognita

(Kofoid and White 1919) Chitwood 1949
Tomato 118 NBS2/RsaI Mi (tomato) 93% (270) Meloidogyne incognita

(Kofoid and White 1919) Chitwood 1949
Tomato 251 NBS5/RsaI Hero (tomato) 92% (229) Globodera pallida (Stone) Behrens
Tomato Le 8.6 NBS2/RsaI Prf (tomato) 100% (278) Pseudomonas syringae (van Hall 1902)
Tomato Le 1.2 NBS2/RsaI I2C2 (tomato) 100% (300) Fusarium oxysporum f.sp. lycopersici
Barley 89 NBS5/RsaI PIC25 (barley) 98% (281) Puccinia graminis Pers.
Lettuce 5.04 NBS5/RsaI RCG2 genes (Lettuce) 80–90% (200) Bremia lactucae Regel
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NBS2 showed significant similarity to known RGAs and
R genes (see Fig. 4 for protein alignment). A small number
of bands from the NBS7 primer were sequenced
successfully, and half of these were similar to known
RGAs.

Transferability to other crops

We have performed NBS profiling on sets of tomato,
barley, and lettuce cultivars. In all crops, reproducible
polymorphic multilocus patterns were produced using the
same or slightly adapted NBS primers and without

Fig. 3 NBS5 band sequences
alignment. Alignment (Clus-
talW) of translated amino acid
sequences of fragments in a
potato NBS profiling with
primer NBS5 and known R
genes and RGAs. Alignment of
the tomato Hero gene sequence
and bands 53 and 162 was
performed separately from the
other sequences. Band names
correspond to the band numbers
indicated in Fig. 2. Lined boxes
indicate amino acid motifs typ-
ical for most NBS domains of
NBS-LRR R genes (Meyers et
al. 1999). The dashed box
indicates the location of the
NBS5 primer

Fig. 4 NBS2 band sequences
alignment. Alignment (Clus-
talW) of translated amino acid
sequences of bands excised
from NBS2-profiles (tomato and
potato) and known R genes and
RGAs. The position of the P
loop is boxed. The NBS2 primer
is located in the sequence 3′
flanking the represented se-
quences, in the P loop
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modifications to the experimental protocol (Fig. 5). In
tomato, we have used the NBS2 primer on a set of tomato
cultivars, and analyzed 15 bands from the profiles. Ten
bands (67%) were significantly homologous in BLASTX
analysis to known R genes and RGAs. These included
fragments identical to known R genes (see below; Table 2)
as well as new RGAs. Similar results were found with the
NBS2 primer. With barley, eight analyzed bands from a
profile with another primer from the P-loop motif (directed
upstream) yielded four RGA-like sequences. These
included a sequence that was 56% identical (protein
level, 44 amino acids) to the putative MLA6 protein from
rice (accession number AAK52524) and another with 67%
identity (protein level, 76 amino acids) to the barley RGA
S-9202 (accession number CAD45030). Lettuce profiles
with the NBS5 primer included several RGC2-like
sequences (see also below) as well as RGC1 and RGC4
homologues.

Other results from our laboratory indicate that NBS
profiling can also be used without modifications in pepper,
wheat and apple (data not shown).

NBS profiling markers in known R genes and R-gene
clusters

The fragments present in NBS profiles that were (close to)
identical to previously characterized R genes, or to RGAs
mapped in major R-gene clusters, are listed in Table 2.
Several bands from an NBS5/RsaI profile (including band
53 present in the translated protein sequence alignment of
Fig. 3) were highly similar (90% or more) to members of
the tomato Hero gene cluster (Ernst et al. 2002). The Hero
gene is a broad-spectrum potato cyst nematode R gene that
is part of a cluster of at least 14 genes. In tomato, two
bands in an NBS5/Rsa1 tomato profile also strongly
resembled the tomato Hero gene (indicated in Fig. 5).

The sequence of a fragment (band 107) from a tomato
NBS profiling with NBS5 and MseI as the restriction
enzyme was identical to the tomato root knot nematode R
gene Mi and the Mi-copy genes (Milligan et al. 1998; Vos
et al. 1998). Sequence identity with Mi-1, as well as Mi-
1.1 and Mi-copy2, was 304 out of 308 nucleotides.
However, the differences were not located at the same
positions for each of these genes. Band 107 may therefore
originate from another Mi-like gene, or be one of the
mentioned Mi genes, with the differences representing
allelic variation between genotypes (none of the genotypes
used for isolation of the published Mi genes were used for
isolation of band 107). The sequence of the tomato band
Le 8.6 (see Fig. 4) was 100% identical to the Prf gene,
which is located in the Pto cluster and is essential for
resistance to Pseudomonas syringae (van Hall 1902) pv.
tomato and insecticide sensitivity, together with the Pto
gene (Salmeron et al. 1996). Band Le 1.2 was identical
(100% in 300 bp) to the I2C2 gene from tomato (see also
Fig. 4), a member of the family of I2 genes that confer
resistance to Fusarium oxysporum f.sp. lycopersici (Ori et
al. 1997; Sela-Buurlage et al. 2001).

Barley profiles with NBS5/RsaI contained a polymor-
phic band (indicated in Fig. 5) with a sequence that was
close to identical to the PIC25 gene (275 bp out of 281 bp
identical). The PIC25 gene maps close the RPG1 locus for
stem rust resistance (Collins et al. 2001).

The sequence of a polymorphic band in a lettuce NBS5/
RsaI profile (indicated in Fig. 5) was highly homologous
(ca. 90% at both protein and DNA level) to several
members of the family of RGC2 genes of lettuce (Meyers
et al. 1998, 1999; Shen et al. 1998). The RGC2 family
members mostly map to a single major resistance cluster in
lettuce, which also harbors at least ten R genes for downy
mildew (Dm genes for Bremia lactucae Regel).

Discussion

In the last decade, a number of R genes have been cloned.
In most cases, these genes are of the NBS-LRR class of R
genes, encoding receptor-like proteins that most likely
recognize an avirulence factor and trigger a defense
response. Knowledge about the sequences of the large
number of R genes present in the plant genome, as well as

Fig. 5 NBS profiling in different crops. NBS profiles of barley and
tomato varieties and lettuce cultivars and wild species (lanes 1–4:
Lactuca sativa, lanes 5–6: L. serriola, lane 7: L. saligna, lane 8: L.
virosa) with primer NBS5 and RsaI (numbers indicate single/
duplicate samples). Arrows indicate bands that were shown to be
identical (PIC25) or close to identical to already known and mapped
R genes and RGAs
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the genomic location and organization, will help the
understanding of the mechanisms underlying pathogen
resistance, which will be of great value for crop
improvement strategies related to disease resistance.

In this paper, we describe NBS profiling, a method that
efficiently and effectively produces a multilocus marker
pattern consisting for the larger part of a diverse collection
of R gene and RGA fragments that can easily be isolated
from the gel and sequenced. NBS profiling combines the
isolation of a wide variety of R genes with monitoring
genetic variation in these genes. This opens new
possibilities for efficient generation of R gene-associated
markers, as well as for evaluation and characterization of
germplasm that present new resistance sources.

NBS profiles and markers in resistance loci

The power of NBS profiling was illustrated by the diverse
set of RGAs and R genes present as polymorphic markers
in the profiles with different primers and enzymes. A
single NBS5/RsaI potato profile contained 90% markers
with similarity (approximately 50% identity at protein
level) to (amongst others) genes from the potato Gpa2
cluster (Gpa2, RGC1, Rx genes), RPP13 from Arabidopsis
(downy mildew resistance), as well as several new RGAs.
These RGAs may very well map in close proximity to
functional R genes. Numerous RGA sequences have been
isolated by others using PCR approaches on conserved
NBS motifs (Leister et al. 1996; Aarts et al.1998; Collins
et al. 1998; Shen et al. 1998; Mago et al. 1999;
Timmerman-Vaughan et al. 2000), and many of these
RGAs map close to or within known R-gene clusters.

Within a single potato NBS5/RsaI profile, five bands
were found to be highly similar to the tomato Hero gene,
which confers a high level of resistance to the potato cyst
nematode Globodera pallida (Stone) Behrens (Ernst et
al.2002). It is not unlikely that the genes represented by
the NBS-profile bands are members of a potato Hero-
homologous cluster. The markers display different poly-
morphic patterns in the varieties tested, indicating that they
represent different haplotypes. It will be interesting to see
where these markers are located on the potato chromo-
somal map and whether they co-localize with known
clusters and/or quantitative trait loci for G. pallida
resistance.

A band present in a tomato profile with the NBS2
primer (Le 8.6) was 100% identical to the Prf gene
sequence published in accession number AF220603 (P.
syringae pv. tomato-susceptible cultivar VFNT Cherry).
The sequenced band was generated with the Lycopersicon
esculentum Mill. cultivar Moneymaker, which is also
susceptible to Pseudomonas. Interestingly, this sequence
differed at three nucleotides from the sequence of
accession number AF220602 [resistant Pto locus of L.
pimpinellifolium (L.) Mill.] and U65391 (mRNA from
cultivar Rio Grande with L. pimpinellifolium Pto locus
introgressed). No stop codons are introduced by the
nucleotide substitutions, but two of the three nucleotide

changes introduce amino acid substitutions, which may
affect correct functioning of the PRF protein.

Methodological considerations

Several factors may contribute to the ability of NBS
profiling to target NBS-containing RGA sequences
efficiently. Most importantly, the primer needs to be
selective for R genes and RGAs, while at the same time
recognizing a maximum number of different genes. The
success of a primer in the NBS-profiling procedure
depends on the number of degeneracies, the length, the
nucleotide composition, and the positions of the degen-
eracies within the primer, as well as the number of putative
targets in the genomic DNA tested. The chances of a
primer to be successful in NBS profiling appear to be
highest when no degeneracies are allowed in the last two
positions at the 3′ end and the number of degeneracies is
kept to a minimum.

Other steps in the protocol also contribute to the
specificity and reliability. The use of a single adapter at
both sides with a blocked 3′ end of the short strand was
essential for the production of fingerprints with low or no
background of adapter-adapter PCR fragments. The
asymmetric PCR with the selective primer that precedes
the adapter-to-NBS PCR was shown to enhance reprodu-
cibility. Furthermore, the use of a Taq polymerase with a
hot start appeared to be essential for obtaining high-quality
fingerprints (not shown).

As specificity of NBS profiling relies on a single
degenerate NBS-specific primer that is designed on the
basis of an alignment of known R-gene sequences, it is
conceivable that the primer selectivity is biased towards
already known R genes. For the profiles with the NBS
primers used in this study, more than half of the sequenced
bands that were classified as RGAs were structurally
similar to other RGAs (containing other conserved motifs,
overall similarity at protein level close to 50%), but not
highly similar to known R genes. This demonstrates that
although identified R genes were targeted (see Table 2), a
significant proportion of new RGAs is also present in the
profiles. A bias towards known R genes may still be
present, but NBS profiling as presented in this paper
produces a large fraction of new RGAs as well.

Using different primers

Primers targeted to the same motif but at slightly different
positions and with slightly different nucleotide composi-
tions can produce completely different NBS-profiling
fingerprints, indicating that the genetic variation detected
by NBS profiling can be increased by adapting primer
sequences to target new RGAs. The NBS5 primer
recognizes the kinase-2 domain and is directed to the 3′
part of the RGAs. The 3′ end of the primer is based on the
highly conserved amino acid sequence DD(I/V)W. Con-
servation of the tryptophan at this location is tightly linked
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to the class of non-TIR R genes (Meyers et al. 1999; Pan et
al. 2000). Targeting the TIR-containing R-gene family
would require a primer that is also targeted at the kinase-2
domain, but with a adapted 3′ end to match the DD(I/V)D
conserved sequence of this subclass of R genes. In the
Arabidopsis genome, 30% of 161 putative NBS-contain-
ing R genes are of the non-TIR class (TAGI 2000).
Interestingly, the R genes and RGAs identified in
monocotyledonous species up until now are exclusively
of the non-TIR class (Pan et al. 2000). The NBS5 primer
should be able to target NBS-containing genes in
monocots as well as dicots, which is confirmed by the
fact that in barley, we have identified in profiles with
NBS5 a number of RGAs. A DD(I/V)D-targeted primer
would potentially recognize more R genes and RGAs in
dicotyledons, but may be useless in monocots.

Another possibility of expanding the RGA-targeted
marker set would be to sample genetic variation in the
LRR of NBS-LRR genes. A high mutation rate in the LRR
contributes to a genetic source of a large set of pathogen
specificities (Michelmore and Meyers 1998; Sicard et al.
1999). This may be possible by targeting the (not-so-well
conserved) motifs downstream of the kinase-2 domain—
for instance, the GLPL motif. Alternatively, the NBS5
primer may be used in an NBS profiling with restriction
enzymes that cut less frequent, generating longer frag-
ments that run into the LRR region.

With sequence information accumulating in a number of
crops, it should be possible to further optimize primer
sequences to efficiently target RGAs in these crops and
even target specific clusters or subsets of R genes and
RGAs. The primers presented in this paper appear to be
widely applicable, with good results (polymorphic profiles
with sufficient number of bands and a large fraction of
bands related to RGA sequences) in a number of crops. In
addition to the Solanaceae species (potato, pepper and
tomato), NBS profiles with these primers were produced
for cultivars and wild relatives of amongst others barley,
lettuce, apple, wheat, and rice.

Other RGA-targeting marker approaches

Several other approaches have been published that use
conserved regions in R genes and RGAs to assess
biodiversity at disease resistance loci. Chen et al. (1998)
used a PCR approach with degenerate primer pairs to
amplify part of the NBS of a number of RGAs as reported
by Leister et al. (1996) and others, and length polymorph-
isms of the PCR product were detected with the high-
resolution electrophoresis RGA polymorphism technique.
NBS profiling differs from this approach by using a single
degenerate RGA primer in combination with an adapter
ligated to a restriction-enzyme site. This enables the
detection of length polymorphisms as well as polymorph-
isms within the recognition site of the restriction enzyme.
The possibility to screen the targeted RGAs and R genes
with a number of restriction enzymes increases the

chances of finding genetic variation that is closely linked
to the resistance trait of interest.

The approach used for NBS profiling has similarities to
the modified AFLP approach of Hayes et al. (2000), which
is based on the SSAP protocol introduced by Waugh et al.
(1997) for targeting the BARE-1 transposon in barley, and
to ligation-mediated PCR (LM-PCR) (Hornstra and Yang
1993). In the modified AFLP approach, digestion of the
DNA, adapter ligation, and the pre-amplification steps are
according to the AFLP protocol. Subsequently, the PCR
reaction with the (labeled) EcoR1 primer and a degenerate
NBS-specific primer generates the PCR fragments of the
fingerprint. However, the frequency of RGAs in finger-
prints based on the modified AFLP procedure with
degenerate NBS-selective primers was at best 20–25%
(Hayes et al. 2000). In contrast, NBS profiles of potato
with the NBS5 primer contained 88% sequenced frag-
ments that could be positively identified as NBS-contain-
ing RGAs. Across primers, enzymes, and species, the
NBS-profiles contained 40–90% RGAs.

LM-PCR was introduced as a fingerprinting technique
by Hornstra and Yang (1993) and adapted by Trognitz et
al. (2002) for targeting defense-related genes. The LM-
PCR strategy in the latter study utilized primers designed
to target defense-related genes and produced bands (13%)
that were associated with QTLs for resistance. Trognitz et
al. did not use the LM-PCR technique in combination with
primers targeted to the NBS-LRR genes. LM-PCR
significantly differs from NBS profiling in the use of six
basepair-recognizing restriction enzymes rather that fre-
quently cutting enzymes and the use of less degenerate
gene-specific primers. This results in footprints that
consist of a single or just a few loci per assay, in contrast
to the multi-locus profile of NBS profiling.

Prospects of NBS profiling

The results presented in this paper clearly demonstrate that
NBS profiling is a powerful technique that produces
markers in R genes and RGAs with relative ease. It can be
used across species with little or no modifications to
primers or protocol. NBS profiling can therefore be an
important new tool in crop improvement strategies,
germplasm characterization, and biodiversity studies.

NBS profiling can be a gateway to reliable markers for
disease resistance. In segregating crosses, NBS profiling
can be used to tag disease R genes. Starting with a bulked
segregant analysis, primer-enzyme combinations produ-
cing polymorphic bands can be quickly identified.
Markers that cosegregate with resistance can be further
characterized and possibly converted into a high-through-
put, codominantly scorable marker. Preliminary results
indicate that polymorphic loci can be easily mapped on the
genome using a segregating population in several crops.
By carefully choosing the primer sequences, it is possible
to target subsets of R genes and specific clusters, allowing
an even more focused search for markers closely linked to
a disease resistance locus. In addition, new members of
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existing clusters as well as new putative R-gene clusters
can thus be identified. It is anticipated that with the
availability of a BAC library for the genome under
investigation, NBS profiling or NBS profiling-derived
markers may be used to identify a specific BAC clone that
can then be further characterized.

Molecular markers are used to characterize collections.
NBS profiling can be used to identify genetic diversity in
resistance loci. Collections can thus be characterized for
this type of important characters. This will facilitate a
more efficient use of the collections. In addition, wild
relatives of agronomically important crops can be
specifically mined for new resistance sources.

At least part of the markers in an NBS profile will most
likely be under selection. This will have implications for
the way the profiling marker data can be used in ecological
and phylogenetic biodiversity studies as discussed by van
Tienderen et al. (2002). Comparative studies of NBS
profiling and random marker systems like AFLP on the
same set of genotypes may shed light on the role of
disease R genes in speciation.

Targeting other gene families: motif-directed profiling

NBS profiling enables the amplification and generation of
molecular markers in or near R genes and RGAs. The
approach can easily be extended to gene families. This so-
called motif-directed profiling may be carried out on any
set of targets for amplification in the genome with
sufficient conservation to allow selective binding of a
(degenerate) primer. Targets may include interesting gene
families in plants as well as other organisms (including
humans), such as protein kinases, cytochrome P450 genes,
and MADS-box genes, as well as other conserved DNA
motifs like promoter elements involved in regulation of
gene transcription.
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