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Plant resistance genes (R genes), especially the nucleotide
binding site leucine-rich repeat (NBS-LRR) family of
sequences, have been extensively studied in terms of structural
organization, sequence evolution and genome distribution.
These studies indicate that NBS-LRR sequences can be split
into two related groups that have distinct amino-acid motif
organizations, evolutionary histories and signal transduction
pathways. One NBS-LRR group, characterized by the
presence of a Toll/interleukin receptor domain at the amino-
terminal end, seems to be absent from the Poaceae.
Phylogenetic analysis suggests that a small number of
NBS-LRR sequences existed among ancient Angiosperms and
that these ancestral sequences diversified after the separation
into distinct taxonomic families. There are probably hundreds,
perhaps thousands, of NBS-LRR sequences and other types
of R gene-like sequences within a typical plant genome. These
sequences frequently reside in ‘mega-clusters’ consisting of
smaller clusters with several members each, all localized within
a few million base pairs of one another. The organization of
R-gene clusters highlights a tension between diversifying and
conservative selection that may be relevant to gene families
that are unrelated to disease resistance.
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Abbreviations
BAC bacterial artificial chromosome
CC coiled-coil
IL interleukin
kb kilobases
LRR leucine-rich repeat
Mb Megabases
NBS nucleotide binding site
PCR polymerase chain reaction
R resistance
TIR Toll/interleukin receptor

Introduction
Disease resistance (R) genes comprise a large and diverse
group of related sequences in plant genomes. Most plant R
genes seem to be members of an ancient gene family that
encode nucleotide-binding proteins [1••,2••]. Because of their
distinctive domain structure, these proteins are known as
‘nucleotide binding site-leucine rich repeats’ (NBS-LRRs).
Research on the genes encoding NBS-LRRs and other R pro-
teins sheds light on the global genome organization, sequence
variability and evolutionary history of R genes. The results of
this research provide a pivotal foundation for understanding
the generation of diversity, molecular evolution, mechanisms

of recognition and modes of signal transduction involving R
proteins. The discoveries arise from large-scale genome
sequencing, re-sequencing of R gene clusters, the use of
degenerate PCR (polymerase chain reaction) primers to har-
vest R-gene candidates, comparative genomics and
phylogenetic analysis. Increased understanding of R genes
also reflects the growing power of computational biology to
describe and model genome structure.

In addition to NBS-LRRs, other types of plant R proteins
have been described. For example, several plant proteins
consisting of an LRR bound to a transmembrane domain
have been shown to be encoded by functional R genes,
including the Hcr9 family of tomato [3]. The Hcr9 family is
known to provide resistance to different races of
Cladosporium fulvum. The tomato gene Pto is a serine-threo-
nine kinase that confers resistance to Pseudomonas
syringae [4], the rice gene Xa21 combines LRR and kinase
domains to confer resistance to Xanthomonas oryzae [5] and
the sugar beet gene Hs1pro-1 contains a modified LRR struc-
ture and confers resistance to Heterodera schachtii [6].
Nevertheless, the NBS-LRR family is the largest group of
known R-gene products, including at least 15 known R
genes from six plant species [1••]. NBS-LRRs have been the
focus of intense research during the past few years and the
fruits of this research are the primary subject of this review.
For excellent previous reviews on plant R genes, see [7–9].

Structural organization of NBS-LRR sequences
NBS-LRR proteins possess a putative nucleotide binding
domain that is probably involved in signal transduction [8].
This domain is composed of several short amino-acid
motifs that are highly conserved among family members
and that are interspersed among other largely divergent
sequences [1••,2••]. The conserved motifs have been exten-
sively characterized and are described in further detail
below. Plant NBS domains show sequence similarity to
nematode CED-4 and mammalian Apaf-1, which have been
implicated in protease-mediated apoptosis [10]. Apaf-1 has
also been shown to form oligomers [11], which may be rele-
vant in the function of plant R-gene NBS domains. 

Carboxy-terminal to the NBS, R genes usually contain an
LRR domain that is thought to be involved in ligand
binding and pathogen recognition. Other types of
R genes, including the Hcr9 family, Cf2/5 and Xa21, also
encode LRR domains. LRRs consist of repeated imper-
fect amino-acid segments that fold into solvent exposed
β-strand β-turn structures [12]. In studies on NBS-LRRs,
Meyers et al. [13] systematically compared the LRR
regions of the lettuce Dm3, tomato I2C, tomato Mi, rice
Xa21 and flax L/M gene families and found an alternating
pattern of conservation and hypervariability. The vari-
ability was highest for codons (x) positioned around the
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two conserved aliphatic amino acids in the LRR consen-
sus xx(a)x(a)xx (where a is the conserved aliphatic amino
acid). Based on the ratio of synonymous to non-synony-
mous amino-acid substitutions, the results indicate that
these sites have experienced diversifying selection.
Nonetheless, detailed studies on RPS2 [14] and Rpm1
[15] of Arabidopsis suggest that variation at disease resis-
tance loci can also be explained by other mechanisms.
The actual number of LRR repeats can differ among fam-
ily members. Among sequences at the Cf2/5 locus of
tomato, the number of LRR repeats ranges from 25 to 38
[16]. Finally, in studies of the L locus of flax, experimen-
tally-derived chimeric proteins exhibited the pathogen
specificity of either the donor LRR domain or entirely
novel specificities [17•]. Together, these observations
provide growing support for the model in which LRR
domains undergo high rates of change that are crucial in
the evolution of pathogen recognition. LRR domains may
also play a role in signal transduction. Warren et al. [18]
found that a single amino-acid substitution within the
LRR domain of Arabidopsis RPS5 partially compromises
the functions of several R-gene responses. An extensive
review of LRRs and their possible roles in plant resis-
tance can be found in [12].

Another striking feature of some NBS-LRR proteins is the
presence of an amino-terminal domain showing homology to
both Toll of Drosophila and interleukin-receptor-like proteins
of mammals [19]. This domain is generally referred to as the
TIR (Toll/interleukin receptor) domain. Toll, IL-1R (i.e.
interleukin-1R) and related proteins have been shown to be
involved in non-specific cellular immunity in animals. By
analogy to these animal proteins, plant TIRs are thought to
function in signal transduction [8]. However, recent work sug-
gests that TIRs may also be involved in pathogen recognition.
In a study of 13 alleles of the flax resistance gene L, variation
in the TIR domain was associated with changes in pathogen
recognition [17•]. The authors sequenced 13 alleles at the L
locus, each conferring a distinct specificity for a different flax
rust isolate. Two alleles with differing specificities were found
to possess changes only in their TIR domains. Thus, it
appears that both the TIR and LRR domains play a role in
pathogen recognition. Indeed, a bioinformatic survey of
known R-genes and predicted TIR-NBS-LRR sequences of
Arabidopsis indicated there are at least eight different config-
urations of conserved motifs within the TIR domain [1••]. 

Previously, many NBS-LRRs lacking an amino-terminal
TIR were thought to possess a leucine-zipper motif
[20,21]. However, recent analysis of a wide array of NBS-
LRRs indicates the most striking feature may be a
coiled-coiled (CC) structure in place of the TIR [2••].
CCs are bundles of two to five helices that have a dis-
tinctive packing of amino-acid side chains at the
helix–helix interface [22]. The CC structure typically
exhibits a seven-residue-repeat organization with the
hydrophobic side chains of two of the amino acids form-
ing an interface for interactions between coils. Leucine

zippers are members of this broader class of structural
elements. Pan et al. [2••] have referred to NBS-LRR
sequences bound to a TIR domain as ‘Group I’ and those
without a TIR as ‘Group II’, whereas Meyers et al. [1••]
refer to these groups as ‘TIR’ and ‘non-TIR’.

TIR and non-TIR NBS-LRRs can also be distinguished by
the amino-acid motifs found within the NBS domain itself.
Nearly all plant NBS domains are characterized by several
highly conserved amino-acid motifs, including the well-
described P-loop, Kin-1a and ‘GLPL’ sites [1••,2••].
However, recent analysis demonstrates that most
TIR-NBS-LRRs also contain a stretch of conserved amino
acids just after the P-loop with the consensus sequence
LQKKLLSKLL (using single-letter code for amino acids),
as well as a second amino acid-motif preceding the LRR
domain (FLHIACFF). (For both of the motifs described in
this paragraph, sequences indicate the most frequent amino-
acid residue at each position. Biochemically similar amino
acids can also be present.) Both are absent from non-TIR
NBS-LRRs. In contrast, non-TIR NBS-LRRs typically con-
tain a distinctive amino-acid motif near the P-loop
(FDLxAWVCVSQxF) and another motif near the carboxy-
terminus of the NBS domain (CFLYCALFP), both of which
are absent from TIR-containing NBS-LRRs. A single
residue in the highly conserved motif within the NBS known
as kinase-2 (LLVLDDVW/D) can be used to predict the
presence of the TIR domain with 95% accuracy; a trypto-
phan (W) residue is found in non-TIR proteins whereas an
aspartic acid (D) residue is found in TIR-containing proteins.
Overall, these motifs are so diagnostic that it has been possi-
ble to develop degenerate primers that specifically amplify
either one of the two groups of NBS-LRRs ([2••]; S Peñuela,
ND Young, unpublished data). These observations are espe-
cially important for researchers who hope to ‘harvest’ R-gene
sequences from plant genomes using degenerate primers.
First, it should now be possible to design group-specific
primers that amplify specific subsets of NBS sequences.
Second, researchers should have a road map for designing
combinations of primers that are most likely to uncover the
widest array of resistance-gene candidates.

Structural differences between TIR and non-TIR
NBS-LRR sequences appear to have functional significance
as well. Two different Arabidopsis mutations, eds1 [23] and
ndr1 [22], have been shown to eliminate R responses to mul-
tiple pathogens. NDR1 encodes a putative transmembrane
protein of unknown function [24], whereas EDS1 encodes a
putative lipase [25]. The mutations are thought to affect the
signal transduction pathway downstream of R-gene mediat-
ed recognition of pathogens. Further analysis of these
mutants indicates that TIR-NBS-LRR sequences, including
RPP5, operate through an EDS1-dependent pathway, where-
as many non-TIR NBS-LRR sequences, including RPS2
and RPM1, operate through a NDR1-pathway [26].
Conceivably, the amino-terminal TIR or CC domains and/or
related NBS motifs could play a role in the bifurcation of the
signal transduction pathway.
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Phylogenetic analysis of NBS-LRR sequences
Phylogenetic analysis of NBS-LRR sequences supports the
division into TIR and non-TIR groups [1••,2••]. One note-
worthy result of these studies has been the observation that
TIR NBS-LRRs are undetectable and probably absent in
the Poaceae. Efforts to uncover TIR-containing sequences
in the Poaceae in large public databases, as well as even
larger proprietary databases, have uniformly failed. In con-
trast, non-TIR NBS-LRR sequences are found in all of the
Angiosperm species tested. Targeted PCR amplification
experiments add further support to these observations
[2••]. Degenerate PCR primers specific for either TIR or
non-TIR sequences successfully amplified both types of
products with tomato genomic DNA as template, but only
non-TIR products when wheat was used as template. To
explain these observations, Pan et al. [2••] noted that a TIR-
containing NBS-LRR sequence has been reported in Pinus
(Genbank accession number AF038649) as well as the fact
that TIRs are found in animals. This led them to propose a
model in which the common ancestor of Angiosperms and
Gymnosperms contained both types of NBS-LRR
sequences with the branch leading to modern grasses losing
the TIR class of NBS-LRR sequences after divergence. It
will be especially interesting to learn whether other mono-
cots lack TIR sequences. Indeed, it will also be valuable to
examine other Gymnosperms and more ancient taxa of
green plants to discover what sort of NBS-LRRs, if any,
exist in the ancestors of Angiosperms. Preliminary results
suggest that NBS-LRR sequences do exist among 
primitive land plants [27].

Phylogenetic studies have also shed light on diversity with-
in the NBS-LRR family. Phylogenies of NBS-LRR
sequences tend to have long branch lengths and closely
clustered nodes, indicating ancient divergence into separate
lineages followed by more recent diversification [1••,2••].
Phylogenies of TIR-NBS-LRR sequences contain several
distinct subgroups of sequences, reflecting recent diversi-
fication within individual species or closely related plant
taxa. Several subgroups contain sequences from closely
related species that are present multiple times within a sin-
gle species. This indicates that some TIR-NBS-LRR
sequences have diverged both prior to and since specia-
tion. Trees of non-TIR sequences are composed almost
exclusively of species- or family-specific clades, though
some branches containing sequences from multiple taxa do
exist. Still, monocot sequences are not monophyletic with
respect to dicot sequences, suggesting that the ancient
ancestor of moncots and dicots contained multiple non-TIR
NBS-LRR sequences that have since diverged [1••,2••].
Finally, nearly every branch of both TIR and non-TIR
trees contains at least one confirmed R gene, suggesting
that most NBS-containing sequences are similar to known
R genes and may therefore encode functional R proteins.
This is especially significant because so many of the NBS-
LRR sequences reported to date have been isolated by
PCR amplification with degenerate primers and no direct
connection to actual resistance phenotypes.

In a detailed phylogenetic analysis of tomato and other
Solanaceous NBS-LRR sequences, Pan et al. [28] observed
that sequences from different Solanaceous species are well
distributed among branches of the tomato phylogenetic
tree. This suggests that these NBS-LRRs probably arose
from common ancestors that existed before speciation
within the Solanaceae. Potato and tomato sequences form
tight clusters on the phylogenetic tree, and some tomato
NBS-LRRs are more closely related to potato than other
tomato-derived sequences. Potentially these NBS-LRRs
represent sequence orthologs or sequences derived from
common ancestors. Even after dozens of Arabidopsis
NBS-LRRs were added to the phylogenetic tree, all
branches remained plant family specific. From this, Pan
et al. infer that major gene duplication events occurred dur-
ing dicot divergence into various taxa, followed by recent
radiation from common ancestors.

Genomic architecture of R-gene sequences
The NBS-LRR family of sequences is one of the largest
known in plants. Recent estimates for the number of
NBS-LRR sequences in Arabidopsis range from 200–300
[1••,2••]. In rice, the estimates are even higher (though
far less certain) with values as high as 1500. Even if pre-
sent at the lower frequencies estimated for Arabidopsis,
NBS-LRR sequences probably account for 1–2% of the
total coding capacity of the genome (assuming a total of
21,000 genes [29]). On chromosome IV alone, resistance-
related LRR-containing sequences (primarily NBS-LRR
and Hcr9-like sequences) account for nearly 3.7% of all
gene sequences [30•]. Based on genomic-sequencing
analysis of the NBS-LRR sequences of Arabidopsis, TIR-
containing sequences outnumber non-TIR sequences by
roughly three to one [1••].

Most NBS-LRR and other R-gene-like sequences reside in
large, extended arrays. Some of these ‘mega-clusters’ can be
huge, spanning millions of base pairs and consisting of
dozens of R-gene sequences. The physical structure of
these clusters is thought to be involved in both the genera-
tion and maintenance of R-gene diversity. In Arabidopsis, for
example, several NBS-LRR sequences on chromosome IV
are co-localized with the phenotypically defined R-gene
cluster known as MRC-H [31]. This mega-cluster, which
has been partially described in [1••,29,32], includes two
smaller clusters that each have seven or eight NBS-LRR
sequences [30•]. These two clusters are located approxi-
mately 1 Megabase (Mb) apart near the center of the
chromosome. One of the clusters contains RPP5 plus seven
other NBS-LRR genes over a stretch of 90 kilobases (kb).
Relative to the remainder of the Arabidopsis genome, this
cluster exhibits extremely high levels of intraspecific poly-
morphism and many of the NBS-LRR sequences are
pseudogenes [32]. The two clusters are located near four
smaller NBS-LRR clusters that together contain 11 addi-
tional sequences, with all six clusters located within a
4.6 Mb stretch [33]. In a second mega-cluster on Arabidopsis
chromosome V, there are more than 14 NBS-LRR
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sequences within 300 kb co-localized with MRC-J [34]. Of
these sequences, 12 are TIR-containing sequences in two
tandem arrays along with two isolated non-TIR NBS-LRRs.
Nearby, there are eight additional NBS-LRR sequences
within 300 kb. In fact, there are a total of 30 NBS-LRRs in
the 4.5 Mb region encompassing these sequences on chro-
mosome V. At least some of the sequences appear to encode
TIR domains not associated with NBS-LRRs.

Molecular studies based on long-range physical mapping
and DNA sequencing suggest that R genes in other plant
species are also organized in large clusters. The M locus of
flax consists of 15 or more gene family members spread over
a distance of less than 1 Mb [35], the Xa21 locus of rice con-
sists of eight or more sequences spanning 230 kb [36] and
the Cf4/9 locus of tomato contains five closely related mem-
bers spanning 35 kb [37]. In a detailed study of the Dm3
cluster of lettuce, at least 24 non-TIR NBS-LRR sequences
were found to span approximately 3.5 Mb [38]. To charac-
terize this region, the authors used a combination of high
resolution genetic mapping, deletion break-point lines and
bacterial artificial chromosome (BAC) clones — an indica-
tion of the scale of work required to dissect the structure of
extended genomic regions in non-model organisms. The
data suggest that the spacing between NBS-LRRs in the
Dm3 cluster is at least 150 kb, and sequence sampling
throughout the region indicates few, if any, intervening
functional genes apart from NBS-LRRs. Of these Dm3-like
sequences, at least eight appear to be expressed.

R-gene clusters and the evolution of specificity
Equipped with detailed knowledge of the genomic organi-
zation of NBS-LRR sequences, it is possible to ask
whether physical genomic distance is related to phyloge-
netic distance; in other words, are genes that are close
together on the chromosome also closely related in evolu-
tion? Examined at the fine structure level, physical and
phylogenetic distance do not strictly correspond at the
Dm3 cluster [38]. Sequences that are adjacent on the
genome frequently lie on separate branches of the phylo-
genetic tree. For example, two physically adjacent
NBS-LRR sequences in the Dm3 cluster (RGC2I and
RGC2B, the Dm3 locus itself) lie on distinct and strongly
supported branches on the phylogenetic tree with only
71% amino-acid similarity. In contrast, four other
NBS-LRR sequences lie on the chromosome between
RGC2B and the sequence to which it is most closely relat-
ed evolutionarily, RGC2S. In other cases, NBS-LRR gene
clusters have even been shown to consist of members from
distinct sub-families. At the Mla cluster of barley, for exam-
ple, at least three different sub-families of NBS-LRRs are
found within a 240 kb region and the amino-acid similarity
among the sub-families is as low as 33% [39•].

One possible explanation for the existence of of R-gene
clusters composed of different families of sequences could
be interlocus exchange between physically separated clus-
ters. This has been shown to have occurred in the Hcr9

gene family of tomato. Hcr9 genes reside in three distinct
clusters spanning 20 centimorgans on chromosome I [40].
Sequence analysis indicates that each cluster is composed
of sequences that are more closely related to one another
than to those of neighboring clusters, an indication that
Hcr9 duplication and movement preceded diversification
within clusters. However, one exceptional member exhibits
sequence features that are specific for Hcr9 sequences at
separate clusters, suggesting a recent interlocus recombina-
tion event [41••]. The possibility that R-gene sequences
translocate from one genomic location to another goes
directly to the question of how R-gene diversity might be
generated and maintained within large, extended clusters.
Reservoirs of non-identical R-gene sequences coming from
distant genomic locations would certainly provide the start-
ing material for creating novel specificities.

Nevertheless, frequent unequal crossing-over and gene
conversion events would inevitably lead to sequence
homogenization and concerted evolution within clusters.
Comparisons between R haplotypes (defined in [42] as the
aggregate allelic composition across a gene cluster) reveal
that orthologs (sequences separated by speciation and
occupying allelic positions within a gene cluster) are gen-
erally more similar than paralogs (duplicated sequences
within a gene cluster). Michelmore and Meyers [42] inter-
pret these observations as evidence for a ‘birth and death’
model of plant R-gene evolution. Under this model, inter-
genic unequal crossing-over and gene conversion are
important in creating new members, but novel specificities
derive primarily from divergent selection acting on
pathogen recognition regions within R genes. Given the
results with the Hcr9 gene family, this model must be
expanded to include the possibility that interlocus recom-
bination between R-gene clusters also occurs. In this way,
novel sequence combinations could be introduced by
exchange between physically separate loci. Following such
events, unequal crossing-over and gene conversion would
initiate novel lineages of sequence evolution.

Is the genetic architecture of R genes special?
It is clear that NBS-LRR and other R genes are organized
in large, extended clusters in the genome, but how about
other plant gene families? The recent publication of com-
plete genome sequences for chromosomes II and IV of
Arabidopsis reveals that gene clusters and genome duplica-
tions are quite commonplace — even in a genome that is as
structurally ‘simple’ as Arabidopsis [28,43•,44]. Nearly 12%
of the genes and predicted genes on chromosome IV exist
in gene clusters, primarily as tandem duplications. Clusters
with larger numbers of related sequences are also common,
including one with 15 contiguous receptor-kinase-like pro-
teins (of course, the possibility that these genes might be
involved in resistance can not be ruled out). Additional
large clusters consist of genes encoding cytochrome-P450-
like proteins as well as proteins involved in a wide variety
of metabolic pathways. On chromosome II, a single BAC
clone (F16P2) contains repeats of 12 putative tropinone
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reductase genes plus another array with seven glutathione
S-transferase genes. Is it possible that new substrate speci-
ficities might be generated through this type of genome
organization as tandem gene clusters, just like R genes?
Certainly it makes sense that the balancing forces of con-
servative and diversifying selection should play a role in
gene families other than R genes? If so, detailed studies of
the genome architecture and molecular evolution of plant
R genes could have important implications beyond the
field of plant–microbe interactions.

Conclusions
Over the past few years, the sequence organization, genome
distribution and evolutionary history of plant R genes, espe-
cially NBS-LRRs, have become much better understood.
The ancient nature of NBS-LRR sequences, their separation
into distinct lineages and more recent diversification helps to
explain the observed sequence diversity and structural fea-
tures of this gene family. At a genomic level, extensive gene
clusters are a striking property of most R genes that is prob-
ably related to a balance between creating new specificites
and conserving old ones. The possibility of exchanges
between clusters magnifies the opportunities for generating
novel specificities. Future research must integrate our grow-
ing knowledge of R-gene sequence diversity, pathogen
recognition and genome organization. Extensive genome
sequencing, especially re-sequencing of R-gene clusters, will
provide valuable data. At the same time, new bioinformatic
tools and coordinated efforts in structural and functional
genomics will be essential.

Update
Recent work is beginning to unravel the molecular inter-
actions of NBS-LRR proteins. Using a yeast two-hybrid
system, Van der Biezen and co-workers discovered that
the Arabidopsis TIR-NBS-LRR gene, RPP5, interacts
with At-RSH1 [45]. This plant protein shows strong
homology to RelA and SpoT of Escherichia coli, proteins that
determine the levels of guanosine tetraphosphate and
guanosine pentaphosphate. Thus, it is possible that these
molecules could have a role as second messengers in
plants through which R-genes such as RPP5 communicate
the recognition of pathogens.
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