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Summary

The nucleotide binding site (NBS) is a characteristic
domain of many plant resistance gene products. An
increasing number of NBS-encoding sequences are being
identified through gene cloning, PCR amplification with
degenerate primers, and genome sequencing projects.
The NBS domain was analyzed from 14 known plant
resistance genes and more than 400 homologs,
representing 26 genera of monocotyledonous, dicotyle-
donous and one coniferous species. Two distinct groups
of diverse sequences were identified, indicating
divergence during evolution and an ancient origin for
these sequences. One group was comprised of
sequences encoding an N-terminal domain with Toll/
Interleukin-1 receptor homology (TIR), including the
known resistance genes, N, M, L6, RPP1 and RPP5.
Surprisingly, this group was entirely absent from
monocot species in searches of both random genomic
sequences and large collections of ESTs. A second group
contained monocot and dicot sequences, including the
known resistance genes, RPS2, RPM1, 12, Mi, Dm3, Pi-B,
Xa1l, RPP8, RPS5 and Prf. Amino acid signatures in the
conserved motifs comprising the NBS domain clearly
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distinguished these two groups. The Arabidopsis
genome is estimated to contain approximately 200
genes that encode related NBS motifs; TIR sequences
were more abundant and outnumber non-TIR sequences
threefold. The Arabidopsis NBS sequences currently in
the databases are located in approximately 21 genomic
clusters and 14 isolated loci. NBS-encoding sequences
may be more prevalent in rice. The wide distribution of
these sequences in the plant kingdom and their
prevalence in the Arabidopsis and rice genomes indicate
that they are ancient, diverse and common in plants.
Sequence inferences suggest that these genes encode a
novel class of nucleotide-binding proteins.

Introduction

The nucleotide binding site (NBS) is a common protein
element essential for the catalytic activity of various
prokaryotic and eukaryotic proteins. This functional do-
main, which occurs in several related structural forms, is
required for ATP- and GTP-binding (Saraste etal., 1990;
Walker etal., 1982). The primary sequence of the NBS is so
distinct that protein sequences can be assigned to separate
subgroups based on the conserved motifs found within
the domain (Saraste etal., 1990; Traut, 1994). These motifs
are conserved in many, if not all, nucleotide binding
proteins (Bourne etal., 1991). The most common con-
served motif is the phosphate-binding loop or ‘P-loop’
(also referred to as ‘motif A’ or ‘Walker A’, after Walker
etal., 1982), found in both ATP- and GTP-binding proteins
(Saraste etal., 1990). Additional conserved sites can also
occur in nucleotide binding proteins (Traut, 1994) and
these motifs are often used to classify sequences.

Genes that encode an NBS-containing sequence are
common in plant genomes. For example, the superfamily
of GTP-binding proteins is prevalent in plants, including
signal transducing proteins such as the small GTP-binding
proteins (reviewed in Bourne etal., 1991; Downward, 1990)
and the G-protein family (Kaziro etal., 1991), as well as
translational factors such as the Arabidopsis tufM
(Kuhlman and Palmer, 1995). The majority of plant disease
resistance genes (R-genes) cloned to date, including at
least 14 genes from six plant species, also encode a
predicted NBS region attached to a C-terminal leucine-rich
repeat (LRR) of variable length (reviewed in Baker etal.,
1997; Bent, 1996; Hammond-Kosack and Jones, 1997). In
the case of these R-genes, nucleotide binding has been
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predicted based on sequence similarity only; their bio-
chemical function(s) are yet to be demonstrated. NBS
sequences of R-genes have been recognized by the
presence of at least five conserved domains including a
P-loop, indicating that they are related to the ATP- and
GTP-binding superfamily of proteins (Grant etal., 1995;
Lawrence etal., 1995; Ori etal., 1997). Initial comparisons
suggested that R-genes comprise of at least two groups.
One group, including N, L6, RPP5, M and RPP1, encodes
proteins containing a Toll/Interleukin-1 receptor homology
region (TIR) N-terminal to the NBS (Anderson etal., 1997;
Botella etal., 1998; Lawrence etal., 1995; Parker etal., 1997;
Whitham etal., 1994). Other R-genes do not encode a TIR
domain, although sequence analysis predicted a leucine
zipper motif in the N-terminal region of RPS2, RPM1, Prf,
Mi, RPS5 and RPPS8, but not Xal, Dm3 or PiB (Bent etal.,
1994; Grant etal., 1995; McDowell et al., 1998; Meyers etal.,
1998; Milligan et al., 1998; Mindrinos etal., 1994; Salmeron
etal., 1996; Song etal., 1995; Wang etal., 1999; Warren
etal., 1998). In Arabidopsis, subsets of R-genes signal
through either EDS1 or NDR7; initial studies suggest that
there may be an association between signaling pathways
and structural features of the R-genes (Aarts etal., 1998b).

Sequences with homology to the NBS of R-genes are
currently being isolated from plants by three different
methods. The original members of this group were
identified as parts of disease resistance genes. The
Arabidopsis genome sequencing initiative (http:/gen-
ome-www.stanford.edu/Arabidopsis/) has uncovered ad-
ditional genomic and cDNA sequences related to the NBS-
LRR class of R-genes. Finally, R-gene candidate sequences
have been amplified using degenerate oligonucleotide
primers designed from conserved amino acids in the NBS
motifs. Primers designed from the conserved P-loop and
‘kinase’ or ‘GLPL’ motifs have resulted in the isolation of
numerous NBS homologs from a variety of plant species
(Kanazin etal., 1996; Leister etal., 1996; Shen etal., 1998;
Yu etal., 1996). Significantly, the genetic positions of these
sequences are frequently at or near R-gene loci, indicating
that these NBS sequences may be, or at least are related
to, the linked R-genes (Kanazin etal., 1996; Leister etal.,
1996; Shen etal, 1998; Yu etal., 1996). Although NBS
sequences related to plant R-genes are being frequently
discovered as part of genome initiatives and from
amplification using PCR with degenerate primers, it is
not currently known how exclusive this type of NBS
sequence is to resistance gene products, and therefore it
is difficult to infer function on the basis of sequence alone.

In this paper, we collected and analyzed hundreds of
plant NBS sequences in order to examine NBS sequences
isolated by the three methods described above. This
enabled us to address a variety of questions regarding
the evolution and function of the NBS domain in plants
related to R-genes: (i) What proportions of plant genomes

are comprised of NBS-encoding sequences? (ii) What are
the evolutionary relationships among such NBS se-
quences? (iii) How many distinct groups of sequences
have been isolated from plants and are they monophy-
letic? (iv) What are the characteristics of these groups? (v)
How diverse are the members of these groups? (vi) Do
groups identified by sequence analysis correlate with
other characteristics of cloned R-genes? (vii) Are cladistic
or sequence analyses useful to infer whether new
sequences are likely to be resistance genes? (viii)
Similarly, are there groups of related sequences that do
not contain known R-genes and therefore may encode
genes of different functions? (ix) In addition, does variation
between the aligned sequences provide information on
functional domains or conserved residues in the NBS?

Results

NBS sequences identified by database searches and PCR

Four hundred and eighty-one plant NBS sequences were
identified from three sources: known R-genes, related NBS-
encoding genes in public databases, and sequences
isolated by PCR using degenerate oligonucleotide primers
(Table 1). At the time of our analysis 14 R-genes had been
cloned from plants and shown to be members of the NBS-
LRR class of resistance genes (Table 1). A total of 146 related
full-length sequences from Arabidopsis BAC and PAC
clones were identified by BLAST analysis of the NR
database. Little or no sequence-related bias is expected
among these genes as they represent randomly generated
genomic sequences from over 50% of the genome. Among
dbGSS (BAC-end sequences), dbEST (expressed sequence
tags) and dbHTGS (unfinished genomic sequencing), a
total of 121, 32 and 3 sequences, respectively, were
identified, largely from rice and Arabidopsis. Another 50
genomic clones came from a wide variety of plant species,
isolated by means other than random genomic sequencing.
These sequences included cloned genes of known function.
Finally, 129 sequences derived from PCR amplification with
degenerate primers fell into several categories; those
recovered by BLAST searches of the NR database, both
published and unpublished, as well as 25 unpublished NBS
sequences identified by us or co-operating laboratories
(GenBank accession numbers AF186623-AF186644). Due to
the few primer sequences used, these collections of PCR-
derived sequences potentially represent biased samples.
Information about these NBS-encoding sequences has
been deposited and organized at the NCGR web site (http://
www.ncgr.org/rgenes). This specialized, thematic database
of plant NBS sequences includes links to the underlying
database records and source, BLAST scores relating the
NBS sequences to known R-genes, organisms, map posi-
tions in Arabidopsis when known, and graphic descriptions
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Table1. Summary of sequences in public databases showing homology to known plant R-genes

GENUS BAC? EST? GSS®  HTGS® PCR® Genomic ¢ Total Known R-genes
Arabidopsis 146 15 45 3 20 19 248 RPM1, RPS2, RPP1, RPP5, RPP8
Avena 2 2

Brassica 2 2 4

Cajanus 7 7

Cicer 7 7

Glycine 3 1 14

Helianthus 2 2

Hordeum 12 12

Irvingia 1 1

Lactuca 2 10 12 RGC2B (Dm3)
Linum 2 2 L6, M
Lycopersicon 6 1 1 6 14 12C, Mi (Meu1), PRF
Medicago 1 1

Nicotiana 1 1 N

Oryza 2 74 23 5 104 Xal, PiB
Pennisetum 2 2

Phaseolus 4 1 5

Pinus 1 1

Populus 1 1

Prunus 2 2

Saccharum 1 1

Solanum 1 4 15

Sorghum 5 5

Triticum 6 1 7

Vigna 1 1

Zea 1 10 1 12

Total 146 32 121 3 129 50 481

#BAC =sequences isolated from BAC or PAC clones sequenced in the Arabidopsis genome initiative.
PEST, GSS and HTGS databases are described in Experimental procedures.

°PCR =sequences isolated using degenerate primers to amplify R-gene homologs.
dGenomic = sequences isolated from genomic clones, including cloned R-genes.

of motif organization (see below). A complete copy of the
file can be downloaded in a tab-delimited format and
analyzed on the user’'s machine with a typical spreadsheet
or database program. We anticipate that the database will
be updated periodically with regular curation.

These 481 NBS sequences originated from 26 different
plant genera (Table 1). Eight of these genera came from
monocots and 17 from dicots. Nine angiosperm families
(one monocot and eight dicot) are represented. One
sequence originated from conifers. Substantial numbers
of NBS sequences from Arabidopsis and Oryza already
reside in public databases due to genome sequencing
initiatives; 50.4% of the 481 sequences came from
Arabidopsis and 23.4% came from Oryza. A few of the
Arabidopsis sequences were redundant (see below). The
majority was from the genomic sequence of ecotype Col-0;
some cloned R-genes and degenerate PCR products were
isolated from other Arabidopsis ecotypes. In addition, the
majority of the Oryza sequences are short fragments from
BAC-end sequencing and therefore could only be used for
analysis of genomic copy number (see below). Among the
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481 sequences, there were also significant contributions
from Lycopersicon, Solanum, Glycine and Hordeum
(Table 1). Three non-plant sequences were identified,
including two mammalian homologs of APAF-1 and a
sequence from Streptomyces (accession number P25941).
Apaf-1 encodes a regulator of cell death with sequence
similarity to plant R-genes (Van der Biezen and Jones,
1998).

Phylogenetic analyses revealed two distinct subfamilies

The complete set of sequences was filtered to remove
partial and redundant sequences. Removal of these
sequences simplified this analysis while retaining the
overall level of sequence diversity. To make comparisons
between sequences consistent, only the region between
the P-loop and GLPL motifs was used for the phylogenetic
analysis. Because of this constraint, sequences without full-
length NBS domains were not included in the analysis.
These sequences were primarily PCR products, but also
included ESTs and BAC-end sequences that were trun-
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cated. For example, all of the Glycine sequences uncovered
in Yu etal. (1996), and some of the Zea sequences from
Collins etal. (1998) were not included in the final dataset.
This parsed set of NBS-encoding sequences was comprised
of 248 members, of which 90 came from the Arabidopsis
genome initiative, 30 from known R-genes or other
genomic sources (including additional Arabidopsis se-
quences), and 113 were products of PCR amplification.
Two alignment approaches were used that produced
essentially similar alignments: an iterative CLUSTALW
alignment (Thompson etal., 1994) and a hidden-Markov
model alignment (Krogh et al., 1994). Because of the overall
similarity of the alignment from the two algorithms (data
not shown), we concluded that the alignments were robust
in spite of numerous sequence differences in regions of
high variation.

A neighbor-joining tree (Saitou and Nei, 1987) con-
structed for the parsed and aligned NBS sequences
confirmed that these sequences fall into two well-
supported, distinct groups (Figure 1a,b). This supports
conclusions drawn previously from sequence compari-
sons and genetic data that indicate TIR-encoding R-genes
comprise a distinct and more closely related class (Aarts
etal., 1998b; Baker etal., 1997). These two major groups
differed for sequences both N- and C-terminal to the NBS
region (discussed in detail below in the context of the
motifs identified by MEME analysis). The phylogenetic
trees and further analyses of these two groups (TIR and
non-TIR) were performed separately because the prepon-
derance of data supports such a distinction and analysis of
our entire set of sequences produced a tree with a well-
supported split between the two groups (data not shown).

Both the TIR and non-TIR trees have long branch lengths
and closely clustered nodes, reflecting a high level of
sequence divergence (Figure 1a,b). Bootstrapping provided
an estimate of the confidence for each branch point. The
nodes closest to the branch tips were most highly
supported, although increased support would probably
be found for more of the internal nodes if the number of
sequences was reduced. The trees are robust, however, as
phylogenetic analysis using both distance and parsimony
algorithms produced similar trees (data not shown).
Furthermore, the major motifs identified monophyletic
groups, providing further evidence that the trees are correct
(see below). The distribution of motifs on the tree indicates
that the TIR and non-TIR groups are mutually exclusive.
Sequence P25941 from Streptomyces is used as an out-
group to root the trees. The non-plant proteins APAF-1 and
CED-4 were not used in the phylogenetic analysis because
they are more distantly related to plant NBS-encoding
R-genes than the Streptomyces sequence (data not shown).
It could not be determined which of the TIR and non-TIR
predates the other, relative to the outgroup. Other than
several Arabidopsis-specific branches, PCR-derived

sequences were found in most branches on the trees,
indicating that the degenerate primer approach success-
fully isolates a wide variety of sequences.

Products predicted from known disease resistance
genes were found in distantly related clades distributed
throughout both trees. There are only three major clades
that did not include a product from a known R-gene.
Therefore, most NBS-encoding genes were similar to at
least one known resistance gene and consequently may
encode resistance gene products of as yet unknown
specificity. It is possible that some of these genes may
have diverged to encode functions other than disease
resistance, particularly in the clades that currently lack a
known resistance gene product. However, because no
function other than disease resistance has been attributed
to any of these genes, this seems unlikely.

The TIR group (Figure 1a) contained several distinct
subgroups of sequences, demonstrating recent diversifi-
cation within a single species and within closely related
plant families. This tree included the predicted products of
known resistance genes L6, M, N and three linked genes
from the RPP1 cluster. Physical mapping information
(Figure 1a) reveals that several types of duplication and
divergence events have occurred. For example, the RPP5
family at location 4.0548 on the Arabidopsis map has
expanded locally on chromosome IV to 10 members, but
branch lengths within this family suggest that either some
members have changed more rapidly, or some duplication
events are more ancient. These sequences are members of
a much larger Arabidopsis group that includes at least 50
members. Because this group was monophyletic yet
physically spread over four of the five Arabidopsis
chromosomes, NBS-encoding sequences seem to have
diversified, duplicated and moved extensively within this
species; this is discussed in greater detail below. Several
subgroups in the TIR group contained members from
closely related species yet were also present multiple
times within a single species; this indicates that NBS-
encoding sequences have diverged both prior to and since
speciation. Conservation of intron position had also been
previously noted for the TIR group of cloned resistance
genes (Hammond-Kossack and Jones, 1997; Parker etal.,
1997). Although the TIR group contained the single Pinus
sequence, no monocot sequences were found in this tree.

The second group of sequences was those lacking a TIR
region; this included the products of the NBS-encoding
genes Prf, RPM1, RPS2, 12, Mi, Pi-B, Xa1, RPP8, RPS5 and
Dm3, and was subdivided roughly into two subgroups
(Figure 1b). Overall, branch lengths within these sub-
groups were comparable to those of the TIR tree,
suggesting the level of sequence conservation within
non-TIR sequences is similar to that of the TIR group.
One well-supported subgroup contained RPS2, RPS5 and
Dm3; the other loosely defined subgroup included Prf, Mi,
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12, Xal, RPP8 and RPM1. Both subgroups contained
several species- or monocot-specific clades; however,
both also contained numerous paraphyletic branches.
The monocot sequences in the non-TIR group were not
monophyletic, indicating that the ancient ancestor of
monocots and dicots contained numerous non-TIR resis-
tance genes. An ancient origin for the non-TIR family is
supported by a lack of intron conservation: Prf, Mi and 12
all contain introns in and near the 5" untranslated region,
while Prf contains an additional intron within the encoded
LRR (Milligan etal., 1998; Salmeron etal., 1996; Simons
etal., 1998); XaT contains two introns located 5 of the
encoded NBS (Yoshimura et al., 1998); RPP8 contains three
introns, two of which within the NBS-encoding region
(McDowell etal, 1998); Dm3 contains seven introns
(Meyers etal., 1998); there are no introns in RPM1 and
RPS2 (Hammond-Kosack and Jones, 1997).

Shorter NBS sequences were also recovered from the
databases that originally had been obtained using degen-
erate primers to amplify sequences internal to those used
in our phylogenetic analyses. We examined these se-
quences to determine if different types of sequences had
been obtained due to the use of different primers.
Nineteen sequences were obtained that had been ampli-
fied using primers designed between the P-loop and the
GLPL (see below) motif (Collins etal., 1998; Yu etal., 1996).
Phylogenetic analysis using these sequences showed no
significant differences from the rest of the sequences we
analyzed (data not shown); 17 were of the TIR class and
two of the non-TIR class. There was no evidence that the
use of degenerate primers for different motifs isolated a
novel set of sequences. However, these sequences repre-
sent only a small subset of the total predicted for any
single genome; therefore, combinations of different pri-
mers will probably be necessary to isolate a comprehen-
sive range of sequences.

NBS sequences are abundant in plant genomes

To predict the total number of NBS-encoding sequences in
Arabidopsis we analyzed the prevalence of such sequences
in the BAC and PAC clones so far sequenced in the
Arabidopsis genome project. Approximately 67.6X 107
base pairs (~52%) of the Arabidopsis genome sequence
had been deposited into the NR database at the time of our
analysis. After the elimination of redundant sequences, 120
predicted gene products from Arabidopsis with partial or
full homology to the NBS or TIR domains encoded by plant
R-genes. Ninety of these NBS-encoding sequences in-
cluded NBS motifs characteristic of TIR-associated se-
quences (see below) and 27 were non-TIR NBS-encoding
sequences, while three could not be classified. Of the 90
with TIR features, 23 Arabidopsis sequences encoded only
aTIRdomain but no NBS region; no gene of known function

© Blackwell Science Ltd, The Plant Journal, (1999), 20, 317-332
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has been characterized in plants with such a sequence.
Based on a current estimate of the Arabidopsis genome of
1.30 X 108 bp (http:/genome-www3.stanford.edu), and as-
suming a similar distribution of genes in the other ~50% of
the genome, approximately 200 NBS-encoding genes are
present in Arabidopsis (approximately 150 of the TIR-type
and 50 of the non-TIR type). This would represent close to
1% of all Arabidopsis genes, assuming a total of 21000
genes in the genome (Bevan etal., 1998).

A similar estimate of NBS-encoding genes was per-
formed with rice genomic sequences. This estimate was
made in September 1999, from a database consisting of
BAC-end sequences at Clemson University (www.genome.
clemson.edu). A total of 41862 rice BAC-end sequences
were analyzed that comprised 3.1x10” bp. Seventy-four
NBS-encoding sequences were identified. All were of the
non-TIR type. These 74 sequences clustered into 54 unique
groups. Sequences with greater than 96% identity in the
first 400 bp were assumed to be the same gene. Because
only 353 bp of the rice BAC-ends is estimated to be high
quality sequence (www.genome.clemson.edu), we used
two values for the number of base pairs analyzed: the
3.1x107 bp in the database, and the 1.48x10’ bp of high
quality sequence. By extrapolation,using an estimated
genome size of 4.3x10% bp for rice (Arumuganathan and
Earle, 1991), this suggests that there are 750-1550 non-TIR
NBS-encoding sequences in the rice genome. This is four
to eight times the total number predicted for Arabidopsis,
and 15 to 31 times the estimated number of non-TIR
sequences in the Arabidopsis genome. No TIR-encoding
sequences were detected by BLASTX searches with this
domain. In addition, we searched the DuPont database of
wheat, maize, rice and soybean EST sequences (unpub-
lished results), which contained more than 750000
sequences at the time of the search (Table2). Seventy-
one unique EST sequences were identified from wheat,
maize and rice with similarity to NBS-encoding sequences;
however, none of these had homology to the TIR class of
NBS-encoding sequences. In contrast, a search of approxi-
mately 183000 DuPont soybean ESTs identified 24 NBS
sequences, of which eight were similar to the NBS-
encoding sequences of the TIR type (Table2). Using the
TIR domain only (excluding the NBS), BLASTX analysis of
the DuPont database identified 41 soybean ESTs but none
from wheat, maize and rice. Therefore, non-TIR NBS
sequences are highly abundant in the rice genome, but
TIR-encoding sequences are rare, absent, or have diverged
beyond recognition in monocots.

Analysis of the physical map information demonstrated
that NBS-encoding sequences tended to cluster in the
Arabidopsis genome. We examined BAC and PAC clones
to determine if sequences were near one another or
randomly distributed through the genome; two or more
NBS-encoding genes that mapped to the same position on
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Figure 1. Phylogenetic relationship of TIR-class and non-TIR-class sequences.

Neighbor-joining trees from distance matrices were constructed according to Kimura's two-parameter method by using the aligned amino acid sequences
between the P-loop and GLPL domains. The branch lengths are proportional to genetic distance in PAM units. IC, GenBank numbers, or unique names are
given for each sequence followed by genus names in italics; Arabidopsis sequences are identified by ‘A.t.". Arabidopsis sequences followed by a number
are mapped; numbers refer to the genetic map location of the closest marker (the first digit is the chromosome number; digits after the decimal refer to
the location on that chromosome to the tenth of a centiMorgan, such that 5.0963 indicates chromosome V, map location 96.3 cm). Colored map locations
distinguish chromosomes. Map data were obtained from GenBank and AtDB (http://genome-wwwa3.stanford.edu/). Names of known resistance gene
products are indicated in bold. Sequences derived from PCR using degenerate primers are denoted by *; + indicates a GSS sequence; # indicates an EST
sequence. Bootstrap values are indicated on branches for nodes supported with >70% of 100 replicates. Sequences without an accession number and
followed by ‘NEW’ are novel PCR-derived NBS sequences. The prefix indicates the species from which they were derived: PP=Cajanus cajan,
SFlower = Helianthus annuus, M= Pennisetum glaucum, GN = Vigna subterranea, CT=Prunus persica, Sor=Sorghum bicolor, CP= Cicer arietinum. All
sequences are approximately 170 amino acids in length. These sequences were submitted to GenBank with accession numbers AF186623-AF186644.
SflowerA was generated by M. Ayele Gedil, M.B. Slabaugh and S.J. Knapp (Oregon State University, Corvallis). CT101 and CT400 was generated by C.
Thurmann and F. Bliss (University of California — Davis).

(a) TIR-class sequences.

(b) Non-TIR-class sequences.
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Table2. ESTs related to the NBS of plant R-gene products

ESTs in DuPont database®

ESTs in public databases

Wheat Maize Rice Soybean Arabidopsis® Rice®
Non-TIR 13 35 23 16 1 2
Non-TIR, clustered® 1 18 18 12 1 2
TIR 0 0 0 8 13 0
TIR, clustered® 0 0 0 8 1 0
Total ESTs searched 127 247 389733 114162 183663 37745 40499

@Unpublished results.
Phttp://www.cbc.umn.edu/
http://www.ncbi.nlm.nih.gov/dbEST/

dESTs were clustered on the basis of BLASTN comparisons. To avoid over-estimating prevalence due to sequencing errors and
multiple sequences from the same gene, sequences with more than 80% identity over a minimum overlap of 50 bp were considered

potentially identical.
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Figure 2. Arabidopsis sequences related to NBS-encoding plant R-
genes.

Arrowheads above the chromosome designate the position of known
Arabidopsis R-genes; regions MRC-F, H and J are clusters of known
R-genes (Holub, 1997; Kunkel, 1996). Letters below each chromosome
designate the approximate locations of 97 NBS-encoding sequences:
‘T' indicates a TIR-type sequence; ‘N’ indicates a non-TIR sequence.
Locations of an additional 22 sequences with similarity to the TIR
only of NBS-encoding genes are indicated by a ‘t. Sequencing
progress of Arabidopsis at the time of the analysis is indicated by
shading on the chromosomes: black indicates regions sequenced and
in the databases; white regions had not yet been sequenced.
Chromosome lengths are shown in centiMorgans. Modified from
http://genome-www3.stanford.edu/cgi-bin/AtDB/Schrom.

the Arabidopsis genetic map were considered to be a
‘cluster’. The 97 NBS-encoding genes were clustered in 21

clusters of two or more sequences along with 14
‘singletons’: this is consistent with previous observations
(Aarts etal., 1998a; Botella etal., 1997; Speulman etal.,
1998). The number of NBS sequences per cluster ranged
from two to 18, with an average of 4.9 (Figure 2).
Arabidopsis chromosomes IV and V contained the largest
NBS clusters and the highest number of NBS sequences
(21 and 40, respectively). Two clusters between map
positions 50 and 60 on chromosome IV contained 12
NBS sequences in total, 11 of which were of the TIR-type
(described in part by Bevan etal., 1998). A second highly
populated region contained 30 sequences in six clusters
on chromosome V (4.6Mb; map positions 70-102).
Thirteen additional open reading frames in this region
encoded only a TIR domain but no NBS region. Numerous
phenotypically defined resistance loci map to these
regions on chromosomes IV and V (Holub, 1997; Kunkel,
1996). Another cluster of resistance loci has been identified
on Arabidopsis chromosome |l using classical genetic
techniques (Holub, 1997; Kunkel, 1996); it is likely that
sequence analysis of this region will also identify numer-
ous NBS-encoding sequences

The relationship between phylogenetic position and
chromosomal location is complex. In several cases, se-
quences are clustered both physically and phylogeneti-
cally, suggesting local duplications within gene families.
Among the TIR group, the best examples are physically
located at chromosomal positions 1.0390, 5.0963 and
4.0548 (Figure 1a). Several similar examples are found for
the non-TIR sequences (e.g. 4.0728 and 1.0844; Figure 1b),
although this tree is less populated with informative
sequences. Some clusters contain very diverse sequences;
for example, the largest cluster, at position 5.0963, includes
four non-TIR and 12 TIR sequences. Some clades include
both localized and dispersed sequences; for example, the
clade containing the large gene family at 4.0548 is most
closely related to several sequences on chromosome V.
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Table3. Conserved amino acids of R-genes and sequences used to search databases: motifs present in the N-terminal region of the

aligned sequences

Gene or identifier® TIR-1 TIR-2 TIR-3 Pre-P-loop
Consensus®: VFPSFRGEDVRKTFLSH YASSSWCLDEL VIPIFYKVDPSDVRKQTGEFG VRMVGIWG

N 13VFLSFRGEDTRKTFTSH 76 YATSRWCLNEL 100VIPIFYDVDPSHVRNQKESFA 208VRIMGIWG
RPP5 13VFPSFSGVDVRKTFLSH 25YASSTWCLNEL 99VIPVFYDVDPSEVRKQTGEFG 20sARMVGIWG
L6 62VFLSFRGPDTREQFTDF 105 YADSKWCLMEL 150ILPIFYMVDPSDVRHQTGCYK 257VTMVGLYG
M 77VFLSFRGPDTRYQITDI 120YADSKWCLMEL 165/IPIFYMVDPKDVRHQTGPYR 272VTMVGLYG
AB012242.7° 15VFLSFRGEDTRRTIVSH 26YTTSRWCLMEL 102VLPLFYEVDPSDVRHQRGSFG 207VCMVGIWG
AB006706.2° 19VFVSFRGEDVRKTFVSH s2YAASSWCLDEL 103IVPIFYEVDPSDVRRQRGSFG 206 VRMLGIWG
AB012242.8° 13VFLSFQGLDTRRTFVSH 76YASSPLCLDSL 100LIPIFYEVDPMDVRKQIGKLY 207VRHIKIWG

#Predicted proteins from genes 12, Xa1, RGC2B/Dm3, RPM1, RPS2, RPS5, RPP8, Mi/Meu, Prf, 3451069 and AB008271.3 are not shown

as no TIR motifs were present.

"The consensus is given only as an approximation of the profiles produced from the MEME analysis (complete data are available at

http://www.ncgr.org/rgenes).

°Hypothetical proteins selected from the phylogenetic tree to represent diverse NBS-encoding sequences.

This suggests that sequences may have moved between
chromosomes IV and V. Evidence of more complex
duplication events exists: there are clades containing
members from different chromosomal locations; for ex-
ample, sequences at 5.0844 are found paired with 4.0242 in
three clades (Figure 1a). An even more complex example is
seen in two clades that each contain sequences from
locations 5.0963, 4.0848, 2.031 and 4.0613 (Figure 1a). These
data suggest that regions containing relatively dissimilar
genes have been duplicated within the Arabidopsis
genome.

NBS-encoding sequences that are related to plant
R-genes are rare in EST databases (Table 2). Despite the
prevalence of NBS-encoding genes in genomic sequences,
only 14 Arabidopsis EST sequences were found among
37000 Arabidopsis ESTs in the public databases. ESTs with
homology to the LRR (in the 3’ end of R-genes) are more
abundant in databases (Botella etal., 1997). However, not
all LRR-encoding genes contain NBSs and many are not R-
genes (Jones and Jones, 1997). Seven of the 15 ESTs
corresponded to NBS sequences on finished BAC or PAC
clones, one of which was found three times (from PAC
clone MHK?7). These five unique ESTs came from chromo-
somes |V and V, where the majority of the NBS-encoding
genes are located. For rice, the public databases contained
only two related sequences among 35000 ESTs. Among
750000 entries in the DuPont EST database for maize,
wheat, sorghum and soybean, 87 NBS-encoding sequences
were found, representing 67 non-redundant sequences
(Table 2). This low abundance may be the consequence of a
combination of low expression levels and several experi-
mental artifacts. Many disease resistance genes are large
genes and cDNAs may be prematurely truncated at the 5’
end in libraries that are synthesized using 3’ cDNA priming.
Normalization of libraries prior to sequencing will tend to
result in over- rather than under-representation.
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Estimations of expression levels from prevalence in EST
libraries are further complicated because the EST collec-
tions represent a pool of libraries from a large number of
tissues and developmental stages that may express R-
genes at different levels.

Several conserved motifs characterize the NBS region in
plant resistance genes

Seven major motifs were identified in the NBS region,
some of which were specific to the non-TIR class of
predicted proteins. To search for patterns adjacent to and
including the previously defined P-loop (kinase-1a) and
kinase-2 motifs (Traut, 1994), we used a weighted matrix
approach based on the MEME algorithm (Bailey and Elkan,
1994). Log-likelihood matrices, derived from the corre-
sponding amino acid frequency matrices, were then used
to identify putative motifs within the input sequences
(Tables 3 and 4). The 10 most significant motifs identified
by the MEME software were considered robust since the
least significant of these 10 (TIR1 and an LRR repeat motif)
had been described previously (Baker etal., 1997; Jones
and Jones, 1997). The next 20 were not found universally
in either the TIR or non-TIR sequence sets, although
several were specific to single branches within the trees
(data not shown). For motif names, previously defined
terms were used; an arbitrary descriptor, Resistance
Nucleotide Binding Site (RNBS), was used to name novel
motifs that may be unique to plant R-genes (Table 4). The
RNBS-B motif may play the same functional role as the
previously defined kinase-3 motif (interaction with the
purine or ribose; Traut, 1994); however, we have assigned
it a distinct name because there is positional but no
sequence similarity between RNBS-B and kinase-3 motif.
Two domains within the NBS clearly distinguished TIR
and non-TIR sequences; we have called these novel motifs
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‘RNBS-A’ and ‘RNBS-D’ (Table 4). The RNBS-D motif was
especially well-conserved among non-TIR sequences and
could be used to design novel degenerate primers for
amplification of NBS sequences without N-terminal TIR
domains (S. Penuela and N.D. Young, unpublished
results). The final residue in the kinase-2 motif can be
used to predict the presence of the TIR domain in more
than 95% of the cases: a tryptophan residue (W) was found
in the non-TIR class, corresponding to an aspartic acid
residue (D) in the TIR class (Table4). Although not the
focus of this study, it was also apparent from the MEME
analysis that conserved motifs also could be identified in
the TIR domain N-terminal to the NBS region. Regions of
sequence conservation have been noted previously in the
TIR region of cloned resistance genes (Hammond-Kosack
and Jones, 1997). In the current analysis, three distinct and
highly conserved motifs were uncovered within the TIR
domain (TIR-1, TIR-2, and TIR-3; Table 3) and these motifs,
compared across all Arabidopsis homologs, were found in
a surprisingly wide array of combinations and permuta-
tions (http://www.ncgr.org/rgenes). Similar motifs are
found in Toll-related proteins (Rock etal., 1998). An
additional TIR-specific motif was found adjacent to the
P-loop (the ‘Pre-P-loop’ motif listed in Table 3). The motifs
in the TIR domain were frequently duplicated and/or
reorganized at the N-terminus of NBS sequences; eight
different motif arrangements preceding the NBS were
observed among known R-genes and full-length NBS
sequences derived from the Arabidopsis (data not shown).

Several clades were characterized by the appearance of
a motif along a unique lineage. Motifs detected for each
sequence were converted into a format that could be easily
visualized, searched and sorted (http://www.ncgr.org/
rgenes). Nearly all NBS sequences (both TIR and non-
TIR) had an ordered backbone consisting of P-loop/kinase-
2/RNBS-C/RNBS-D/GLPL spanning the NBS domain (http://
www.ncgr.org/rgenes). The P-loop (same as ‘kinase-1a’ or
‘G-1") and kinase-2 (or ‘G-3’) domains have been well
characterized in the NBS of many ATP- and GTP-binding
proteins (Bourne etal., 1991; Traut, 1994; Walker etal.,
1982). These two motifs were expected to have high levels
of conservation as they are important domains for the
binding of the nucleotide triphosphate (Traut, 1994). The
P-loop interacts directly with the phosphate of the bound
NTP (Saraste etal., 1990), while the kinase-2 domain
contains an aspartate critical for co-ordinating the metal
jon (Mg?*) required for phospho-transfer reactions (Traut,
1994). The leucine zipper motif has been reported in RPS2,
RPM1, Prf, Mi, RPS5 and RPP8 (Bent etal., 1994; Grant
etal., 1995; McDowell etal., 1999; Milligan etal., 1998;
Mindrinos etal., 1994; Salmeron etal., 1996; Warren etal.,
1998) and has been proposed as characteristic of the non-
TIR group of R-gene homologs. We searched the
Arabidopsis full-length sequences for the pattern of four
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heptad repeats which define this motif (PROSITE pattern
PS00029); only a single match was found. This suggests
that the leucine zipper motif is not a reliable characteristic
motif of the non-TIR group of R-gene homologs.

Note added in proof: The coiled-coil motif, of which the
leucine zipper is a specific example, has recently been
identified N-terminal to the NBS of most but not all non-
TIR resistance gene products (Pan etal., 1999). Therefore,
the coiled-coil motif may be a useful diagnostic motif for
the non-TIR group.

Discussion

NBS sequences are common in plant genomes

NBS-encoding sequences are members of one of the
largest and most diverse families of genes currently known
in plants. We recovered 481 NBS-encoding sequences from
the public databases. Data from the Arabidopsis genome-
sequencing project enabled us to estimate that approxi-
mately 200 NBS-encoding genes will eventually be found
(although sequence analysis suggests that a significant
proportion may be pseudogenes). This implies that nearly
~1% of all Arabidopsis genes are committed to just this one
component of disease resistance. Physical mapping data
revealed that a large number of these sequences are
clustered near one another. This suggests that many of
these genes have arisen through duplication events.
Duplication, divergence and deletions are thought to play
important roles in the evolution of this class of genes
(Michelmore and Meyers, 1998). In addition to the NBS-
encoding genes, plant genomes are likely to contain
numerous homologs of other R-genes that do not encode
an NBS, such as Xa21 (Song etal., 1995), Cf2/5 and Cf4/9
(Dixon et al., 1996; Hammond-Kosack et al., 1998; Jones and
Jones, 1997; Thomas et al., 1997), and Mlo (Buschges etal.,
1997). In addition, many other gene products are necessary
to participate in the signal transduction cascade and
mediate the defense response, and therefore a substantial
fraction of plant genomes is dedicated to defense.

Two distinct types of R-gene related NBS sequences exist
in plants

We used a combination of analytical methods to organize
NBS-encoding sequences into biologically meaningful
groups and then to characterize them. Valid phylogenetic
analyses are dependent upon an alignment of sequences
that reflects real biological events. However, for large
numbers of diverse sequences there is no methodological
consensus on the optimal approach for constructing the
most accurate alignment. Alignments are relatively
straightforward for sequences that are closely related,
such as the plant actin genes (McDowell etal., 1996) or the
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developmental MADS-box genes (Theissen etal., 1996).
The difficulty in aligning diverse sequences can diminish
the accuracy of phylogenetic analysis (Nei, 1996). The NBS
sequences identified in this analysis have a high level of
diversity; this is most apparent in the long branch lengths
of the tree and in the multiple sequence alignment (http://
www.ncgr.org/rgenes). This level of diversity suggests that
amino acid substitutions have reached saturation at non-
conserved residues and that indels (insertions/deletions)
have accumulated in these sequences. Advances in
alignment algorithms, including the use of hidden
Markov models (Krogh et al., 1994) and genetic algorithms
(Notredame and Higgins, 1996), complement and may
ultimately provide superior alignment results to the
common ‘progressive alignment’ approach (Feng and
Doolittle, 1987). In our analysis, CLUSTALW and a hidden
Markov model produced essentially similar alignments
giving us confidence that we were close to the optimal
alignment.

Phylogenetic analysis indicates that plant NBS domains
can be categorized into two major types, the TIR and non-
TIR containing groups. The TIR branch of the tree consists
exclusively of sequences from dicot species, including a
large number of Arabidopsis sequences. The high propor-
tion of Arabidopsis genes reflects the relative abundance of
Arabidopsis genomic sequences in the databases.
However, our analysis demonstrates that within
Arabidopsis, TIR sequences outnumber the non-TIR se-
quences by a factor of three. In contrast, all the NBS
sequences available from monocots are all non-TIR and
largely found in one of two non-TIR subgroups. Further
analysis of the Oryza BAC-end sequences at Clemson
University and the DuPont EST databases provided further
evidence for the absence of detectable TIR-encoding
sequences; sequencing of the rice genome will provide
comprehensive data on the absence of TIR-containing
sequences in this grass species. It is now important to
analyze a variety of other monocot species outside the
Poaceae to determine whether the absence of non-TIR
encoding genes is a characteristic of all monocot species. It
is also interesting that a Pinus sequence was found among
the TIR-containing sequences. Assuming that this PCR
product is not an experimental artifact, this sequence
suggests that TIR-NBS-encoding genes pre-date the diver-
gence of angiosperms and gymnosperms. Furthermore,
sequences with homology to TIR motifs are abundant in
both Drosophila and mammalian genomes (Gay and Keith,
1991; Rock et al., 1998); therefore, the TIR motif is ancient.
Although many of these mammalian proteins also contain
LRRs, outside of plants, only one gene encoding an NBS
has been found with weak homology to a TIR motif (Aravind
etal., 1999). If TIR sequences are truly absent from
monocots, this family of genes must have either evolved
rapidly beyond recognition or have been lost from mono-

cots early in the evolution of this taxon. Furthermore, the
TIR and NBS domains must have been linked either before
or early in the evolution of angiosperms.

All NBS sequences, both TIR and non-TIR, have a highly
conserved backbone of amino acid motifs. TIR-containing
sequences, however, lack two motifs within the NBS
domain found in non-TIR sequences. The motifs in
common between TIR and non-TIR sequences also differ
in specific residues, most notably the kinase-2 motif.
Therefore, these residues are predictive of the N-terminal
features of the protein. With a similar approach, we
characterized three conserved motifs within the TIR region,
although the order of these motifs within the TIR region is
not highly conserved (http://www.ncgr.org/rgenes).
Sequences that are related to the Drosophila Toll protein
and active in host defense have also been isolated from
insects and mammals (Qureshi etal, 1999; Rock etal.,
1998). The interaction of specific ligands with the TIR
regions of these proteins activates intracellular signaling
pathways leading to a cascade of cytoplasmic events
(Hoffmann etal., 1999). The relative conservation of the
NBS may be critical to the activation of the signal
transduction pathway involving hydrolysis of NTPs, while
the variation in the TIR organisation could lead to diverse
specificities.

NBS sequences are being increasingly isolated from a
variety of plant species using PCR primers designed to the
conserved motifs of the NBS region. In Arabidopsis, this
approach produced largely non-TIR sequences related to
RPS2 (Aarts etal., 1998a; Speulman etal., 1998), while in
soybean (Glycine max) most sequences were TIR-related
(Kanazin etal., 1996; Yu etal., 1996). In these experiments,
only five to 11 different groups of sequences were isolated;
the TIR/non-TIR bias may be due to low sample sizes or
may result from the slightly different primers used by each
laboratory. With the large number of sequences available
and grouped into several clades, it is now possible to
redesign degenerate primers to isolate specific classes of
R-gene homologs. It should be possible to design primers
to the motifs defined in Tables 3 and 4 for the specific
amplification of particular groups of NBS-encoding se-
quences. Comprehensive attempts to isolate the full range
of NBS-encoding sequences from a particular genome will
require the use of a variety of primer pairs and PCR
conditions.

Plant NBS-LRR R-genes encode a novel class of
nucleotide binding proteins

The P-loop and other NBS motifs are highly conserved
within protein families of related function. Consequently, it
is possible to use a sequence consensus from ATP- and
GTP-binding proteins to categorize and predict the func-
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tion of a novel NBS protein based solely on its sequence
(Saraste etal., 1990; Traut, 1994). A search of the SwissProt
databases using an example set of seven P-loop con-
sensus sequences identified distinct families of ATP- and
GTP-binding proteins (Saraste etal, 1990). All of these
families were based on conserved residues in a 15 amino
acid sequence around the P-loop, and the conservation of
the sequence signatures was strict enough to identify and
correctly predict the function of over 160 protein se-
quences based on the partial sequence of the NBS
contained therein (Saraste etal, 1990). A more specific
classification of members of the GTPase superfamily could
similarly identify members of functional groups from a
diverse set of genes based on conservation within the four
conserved motifs of the GTPase nucleotide binding site
(Bourne etal, 1991). The sequence signatures in the
conserved motifs are probably no less specific to the
various classes of NBS-encoding plant genes. Our se-
quence analysis of diverse R-gene homologs identified
novel consensus sequences (Table 3), indicating that this is
a new class of nucleotide binding proteins. The G-4 region
that is characteristic of the GTPase superfamily (Bourne
etal., 1991) and critical for specific recognition of the
guanine base (Hopp, 1995) is absent in the NBS of
sequences used in this study. This suggests that plant R-
gene homologs do not belong to the GTPase superfamily;
therefore, these gene products may bind ATP rather than
GTP. Interestingly, biochemical data for the related
mammalian Apaf-1 gene product demonstrate that the
NBS forms oligomers through self-association (Srinivasula
etal., 1998), indicating that the NBS may be important for
both nucleotide binding and oligomerization. However,
this has yet to be demonstrated for any plant R-genes.
The consistent structural arrangement of motifs suggests
that the NBS domains of R-gene products have similar or
identical biochemical functions. However, the multiple
sequence alignment demonstrates that segments between
the conserved motifs are highly divergent (http://
www.ncgr.org/rgenes). One possible explanation for the
variability among plant NBS sequences is that regions
between conserved motifs are not critical to biochemical
function and therefore diverse sequences can function in
similar ways. Previous alignments of diverse NBS-encod-
ing sequences from a variety of organisms identified
conserved residues critical to nucleotide binding (Bourne
etal., 1991; Saraste etal., 1990; Traut, 1994; Walker etal.,
1982). The topology of these domains is quite similar over a
variety of proteins, although the conserved regions are
often separated by highly diverse sequences (Bourne etal.,
1991). Alterations in the size and composition of the
residues that intervene between the conserved motifs
may subtly alter the position of the bound ATP (Traut,
1994). If the spacing and relative position of the motifs is
conserved, the underlying activity of the NBS is maintained
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and insertions of varying sizes are tolerated in the loops
that connect the critical residues (Milner-White et al., 1991).

It is possible that some of the differences between the
NBS sequences encoded by R-genes influence the specifi-
city of interactions either with a pathogen elicitor or with
proteins downstream in the signal transduction cascade.
Diversity among NBS sequences could be critical to
directing participation in the distinct signaling pathways
that have been identified by genetic analysis (Aarts etal.,
1998b). Receptor-like functions, such as protein binding
and recognition, are probably determined elsewhere in the
protein, possibly by the LRR. The LRR is known to be
involved in protein—protein interactions and ligand-binding
in diverse proteins (Kobe and Deisenhofer, 1994).
Biochemical evidence of this binding by the LRR has yet
to be reported for R-gene products. Sequence comparisons
in cloned R-genes suggest that the LRR region rather than
the NBS domain determines specificity to pathogen
elicitors (Botella etal, 1998; Dangl and Holub, 1997;
Hammond-Kosack and Jones, 1997; McDowell et al., 1998;
Meyers etal., 1998; Warren etal., 1998). The TIR domain
may also be responsible for some aspects of pathogen
recognition; the allelic L6 and L7 R-genes of flax differ only
in their N-terminal (TIR) region, yet have different specifi-
cities (Ellis etal., 1999). Further biochemical and genetic
analyses as well as studies utilizing site-directed mutagen-
esis and X-ray crystallography are necessary to better
define the structural and functional roles of particular
motifs and of diversity within the NBS domain.

With this and future characterizations of NBS sequences,
it is becoming possible to predict the class and function of
new sequences. The profiles derived from the sequences
used in this study are available through the World Wide
Web (http://www.ncgr.org/rgenes). Newly identified se-
quences can be compared and classified using these
profiles and by analysis of regions flanking the NBS, such
as the 5" end that may encode a TIR domain. Further
sequence analysis in Arabidopsis and other plant species
may reveal additional families of closely related NBS
sequences. However, our study utilized half of the
Arabidopsis genome plus hundreds of NBS sequences
from other sources, so it seems unlikely than any major
classes will have escaped our analysis. Phenotypic char-
acterization of plant NBS-encoding genes will determine if
these sequences play a functional role outside of disease
resistance.

Experimental procedures

Isolation of sequences using degenerate primers

DNA templates were prepared using genomic DNA isolated from
each plant species using a modified CTAB extraction protocol
(Bernatzky and Tanksley, 1986). PCR conditions were as pre-
viously described using the degenerate oligonucleotide primers
from Shen etal. (1998).



330 Blake C. Meyers et al.

Similarity searches for sequences encoding resistance
gene-like NBS motifs

BLAST version 2.0.3 (Altschul etal., 1997) was used to search the
GenBank non-redundant (NR) database and the Genome
Sequence Database (GSDB) at the National Center for Genome
Resources (http://www.ncgr.org). TBLASTN searches were per-
formed on dbEST (expressed sequence tags), dbGSS (genome
sequence survey, a database comprised of BAC end sequences),
and HTGS (unfinished genome sequences) at NCGR, as well as
the Oryza GSS database (http://www.genome.clemson.edu) and
the EST database at DuPont (unpublished). Nine known NBS-
encoding R-gene protein sequences were used to query the
databases: N (A54810), L6 (LUU27081), M (LUU73916), RPP5
(ATU97106), Prf (LEU65391), RPM1 (A57072), RPS2 (A54809), 12C-
1 (AF004878) and Mi/Meu1 (AF039682). In addition, several
divergent NBS sequences selected on the basis of their outlying
phylogenetic positions were also used: P25941; AF113948,
AB008271 (Kazusa identifier MUK11.3, [http://www.kazusa.or.jp/
arabi/]), AB012242 (Kazusa identifier K24G6.8) and AL031326.
Searches were conducted using the N-terminal portion of the
sequence as defined by the amino acid sequence up to 120 amino
acids C-terminal to the GLPL motif in the NBS. This avoided the
identification of sequences with similarity to only the leucine-rich
repeat (LRR) region of resistance genes. The searches were
performed during the last week of March 1999. The threshold
expectation value was set to 0.0001, a value empirically deter-
mined to filter out most irrelevant hits. Other numerical options
were left at default values.

The BLAST output was parsed and organized by a series of Perl
scripts. Individual target sequences found multiple times in the
output were coalesced; these occurred because of introns and
single DNA sequences, such as BACs, containing multiple distinct
R-genes. Regions of similarity separated by less than 1.2kb were
interpreted as parts of a single gene. These parsed data can be
obtained as a tab-delimited spreadsheet from http:/
www.ncgr.org/rgenes.

Alignment and phylogenetic analysis of sequences

For the purpose of alignment and analysis, predicted protein
sequences were trimmed to include the amino acids from the
conserved P-loop to the ‘GLPL’ motif (defined in Table 3). A Markov
model was produced from this region using Hmmer 2.0 (S. Eddy,
http://hmmer.wustl.edu/). Only sequences that matched at least
138 amino acids against the Markov model were considered. At
this stage, sequences were filtered to remove exact duplicates,
which resulted from searching multiple databases. Sequences
were then aligned by five iterations of alignment using CLUSTALW
(Thompson etal., 1994). In each iteration, a neighbor-joining tree
was generated which was then used as the guide tree for the next
cycle of alignment. The reiterative process was necessary because
of the mutual dependency between the alignment and the tree. The
initial alignment used the CLUSTALW default options. For
subsequent alignments, a distance matrix was constructed with
the Protdist program of the PHYLIP package (Felsenstein, 1993)
using the PAM distance measure. In each round, the matrix was
used to build a neighbor-joining tree (Saitou and Nei, 1987) using
the Neighbor program from pPHYLIP. The tree topology was used as
the guide tree in the next round of alignment by CLUSTALW.

The final alignment was also used to derive trees by parsimony
analyses using the Protpars program of PHYLIP. The optimality
criterion of Protpars was included to minimize the number of
replacement substitutions needed to place the observed se-

quences in a tree, taking the genetic code into account
(Felsenstein, 1993). Because both distance and parsimony trees
supported separate TIR and non-TIR groups, these two sets of
sequences were segregated for subsequent analyses.

Bootstrapping was performed by resampling with replacement
of alignment positions using the Segboot program of PHYLIP. This
yielded an arbitrary number of pseudo-replicate data matrices
that reflected the variability of the original data set. One hundred
such pseudo-replicates were analyzed by both distance and
parsimony analyses. The multiple trees resulting from each
tree-building algorithm were summarized by the Consense
program of PHYLIP.

Analysis of conserved motif structures

Multiple Expectation Maximization for Motif Elicitation or ‘MEME’
(Bailey and Elkan, 1994) was used to analyze conserved motif
structures among NBS sequences. The output of MEME consists
of a profile, a mathematical description of a gapless conserved
sequence pattern. Each position in the profile corresponds to a
numerical vector that describes the probability of observing each
amino acid at that position. Using MEME, a matrix was
constructed containing the ratio of logarithms of an amino acid
frequency at a given position over its overall frequency in the
database. Matches between the profile and any sequence was
scored by summing the log-ratios for each amino acid along the
width of the profile. Regions with substantial conservation were
identified based on their information content; those that exceeded
a minimum criterion were declared a putative motif. A program
was written to read and search for MEME motifs using MEME
threshold values to identify significant matches in our data set.

MEME version 2.2 (Bailey and Elkan, 1995a; Bailey and Elkan,
1995b) was used to find conserved regions in a training set of 418
NBS-encoding sequences, trimmed as described above. The
training set was selected from sequences found in the NR
database by BLASTP using a range of query sequences. After an
initial exploration, we specified a limit of 30 motifs with other
options set to default values. The biological significance of the
motifs was determined based on both the distribution in the
phylogenetic trees and on previous descriptions of such motifs
(Baker etal., 1997; Ori etal., 1997). An individual profile describing
amino acid frequencies was generated for each motif.
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