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Abstract The availability of the rice genome sequence
enabled the global characterization of nucleotide-binding
site (NBS)—leucine-rich repeat (LRR) genes, the largest
class of plant disease resistance genes. The rice genome
carries approximately 500 NBS—-LRR genes that are very
similar to the non-Toll/interleukin-1 receptor homology
region (TIR) class (class 2) genes of Arabidopsis but none
that are homologous to the TIR class genes. Over 100 of
these genes were predicted to be pseudogenes in the rice
cultivar Nipponbare, but some of these are functional in
other rice lines. Over 80 other NBS-encoding genes were
identified that belonged to four different classes, only two
of which are present in dicotyledonous plant sequences
present in databases. Map positions of the identified genes
show that these genes occur in clusters, many of which
included members from distantly related groups. Members
of phylogenetic subgroups of the class 2 NBS—-LRR genes
mapped to as many as ten different chromosomes. The
patterns of duplication of the NBS-LRR genes indicate
that they were duplicated by many independent genetic
events that have occurred continuously through the
expansion of the NBS-LRR superfamily and the evolution
of the modern rice genome. Genetic events, such as
inversions, that inhibit the ability of recently duplicated
genes to recombine promote the divergence of their
sequences by inhibiting concerted evolution.
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Introduction

Plants use a variety of strategies to defend themselves
against microbial attack. One important defense mecha-
nism is the plant’s ability to recognize the presence of
specific pathogens and initiate defense responses. Patho-
gen recognition is mediated by resistance genes, most of
which belong to an ancient family encoding proteins with
nucleotide-binding site (NBS) and leucine-rich repeat
(LRR) domains (Bai et al. 2002; Cannon et al. 2002;
Michelmore and Meyers 1998; Young 2000). They control
resistance to a wide variety of pathogens and pests
including viruses, bacteria, fungi, nematodes, and insects
(Dangl and Jones 2001). NBS—LRR genes are abundant in
plant genomes, with approximately 150 described in the
Colombia ecotype of Arabidopsis (Meyers et al. 2003) and
many more estimated in the rice genome (Bai et al. 2002;
Goff et al. 2002).

NBS-LRR genes of dicotyledonous plants can be
subdivided into two distinct classes based on the structure
of the N terminus of the protein, upstream of the NBS
domain. To some extent, the classes are thought to
correspond to the defense signaling pathways that the gene
controls (Aarts et al. 1998). The first class codes for a TIR
domain, so called because of sequence homology to the
intracellular domain of the Drosophila Toll and mamma-
lian interleukin-1 receptors in the N terminus (Pan et al.
2000b). The second class typically codes for a domain
with a predicted coiled-coil (CC) motif, sometimes in the
form of a leucine zipper, at the N terminus. Variant types
with different structures exist in both these classes (Meyers
et al. 2003), but they can generally be classified into the
TIR or non-TIR (nT) classes based on their NBS-coding
sequences. For example, genes of both classes exist that
are lacking LRR-coding domains. While the TIR class
genes account for most of the NBS-LRR genes in
Arabidopsis, they have not been found in cereal
sequences. Most NBS-LRR proteins of cereals are very
similar to the non-TIR class genes of dicots. Many of these
genes do not code for predicted CC motifs, but their N-
terminal domains have good homology to those of dicots.
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The cereal genes typically code for a conserved nT motif
that is also present in the dicot genes (Bai et al. 2002).
Examination of cereal sequences identified a third class
that codes for an NBS domain and an amino terminus with
homology to those of the nT class. No homologues of this
class were identified in Arabidopsis or other dicot
sequences in the database. It therefore appears that the
resistance gene arsenals of dicot and cereal species have
diverged considerably during their independent evolution
since monocot and dicot lineages diverged approximately
200 million years ago (Wolfe et al. 1989).

The nearly complete sequence of the rice genome (Goff
et al. 2002; Feng et al. 2002; Sasaki et al. 2002) allows a
close inspection of the diversity of resistance gene
sequences, including searches for classes that may be
different from those in dicots. Since the Rice Genome
Project (RGP) has now anchored nearly all of this
sequence to a fine-structure genetic map, it is also possible
to examine the genomic distribution of the genes.
Comparing the genetic relationships of the different
genes, together with their genetic proximity on rice
chromosomes, provides a global view of the types of
evolutionary events that allowed this gene superfamily to
amplify and diverge. In this study, we identify and
examine the NBS-LRR and related genes in the rice
cultivar Nipponbare. The genes are classified into classes
and subgroups based on sequence similarity and their map
positions compared. The analysis provides a picture of
how the NBS-LRR superfamily became the premier
pathogen surveillance system in cereal genomes, account-
ing for approximately 1% of the genes.

Materials and methods

Database searches, gene prediction, and gene
localization

Several searches of the Nipponbare rice genome sequence,
produced by the Rice Genome Project Consortium, were
carried out to identify NBS-encoding sequences. A variety
of types of sequences were used in tBLASTN searches,
using the NCBI and TIGR (http://tigrblast.tigr.org/euk-
blast/index.cgi?project=osal) databases. Initial searches
were conducted with six NBS-LRR-coding sequences that
were selected from different branches of a previously
generated phylogenetic tree (Bai et al. 2002). Hidden
Markov model (HMM) searches were also performed for
sequences encoding NBS domains, using the NB-ARC
Pfam HMM (PF00931). Additional searches of the
genomic sequences were conducted with novel classes of
genes related to NBS-LRR genes that showed limited
homology in the initial searches. Once consensus
sequences were identified for the novel gene classes,
they were used to conduct additional searches. Final
searches were conducted of the TIGR predicted protein
database (September 2003), using an HMM search to
identify recently generated sequences, but few new
sequences were identified in the final 3 months of the
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analysis. The genomic sequences that were collected were
in the form of completely or incompletely sequenced
genomic (BAC or PAC) clones.

The collected genomic DNA sequences were analyzed
using the gene prediction programs GENSCAN (Burge
and Karlin 1997; http://genes.mit.edu/GENSCAN.html)
and FGENESH (Salamov and Solovyev 2001; http://www.
softberry.com). Default settings for Arabidopsis were used
with GENSCAN and default settings for monocots with
FGENESH. Gene predictions were also compared to
GenBank annotations when available. Some genes were
manually annotated by translation into the six reading
frames, using the six-frame translation program from
BCM sequence utilities site (http://searchlauncher.bcm.
tme.edu/seq-util/seq-util.html) and determining the proper
frame(s) and orientation in which the motifs occur. Splice
site positions previously (Bai et al. 2002) found to be
common in rice NBS-LRR genes were used as guides to
predict mRNA splice sites. Genes were predicted to be
pseudogenes if they were found to contain one or more in-
frame stop codons in sequences predicted to be coding by
comparisons to closely related genes. Other genes were
predicted to be pseudogenes if their alignments with
closely related predicted genes indicated that they lacked
one or more of the conserved motifs characteristic of that
class of gene. Translations of the DNA sequence were
examined for these sequences to ensure that the gene
prediction programs did not delete these sequences by
predicting intron splicing incorrectly. It was found that
automatic annotations commonly inserted introns to
remove stop codons or frameshift mutations. Genes
thought to be correctly predicted by the gene-prediction
programs and manual predictions were compiled into a
database, using the BLAST server package from NCBI,
which enables local searches to be carried out against the
predicted genes. Further manual gene/protein predictions
were facilitated by translated alignments (BLASTX) of the
predicted genes against the genes in the database. Searches
of the rice EST database in GenBank, including 28,000
full-length cDNAs (Kikuchi et al. 2003), were also used to
identify transcripts and check gene predictions. The
predicted proteins are available at http://www.oznet.ksu.
edu/plantpath/hulbertlab/nbsPredictions.htm.

Sequences of the predicted NBS-containing proteins
were compared to each other by BLASTP searches of the
local database, allowing the identification of redundant
entries from overlapping genomic clones. Clones with
similar map positions were examined to determine
whether they carried overlapping genomic fragments to
determine the physical distances between the closely
linked genes. Map positions (in centiMorgans) corre-
sponding to individual BAC or PAC clones were
determined using marker-based physical maps of each
rice chromosome, developed by the International Rice
Genome Sequencing Project (http://rgp.dna.affrc.go.jp/
IRGSP/download). While some BAC clones carried the
actual sequences corresponding to genetically mapped
DNA markers, the positions of others were inferred from
the physical distances to the two closest flanking markers.
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Estimated map positions for each of the predicted NBS-
encoding genes were compiled in an Excel file (available
at http://www.oznet.ksu.edu/plantpath/hulbertlab/nbsPosi-
tions.htm). Disease resistance genes that have been
genetically mapped within 1-5 ¢cM of DNA markers
were correlated with the positions of NBS—LRR
sequences by estimating their approximate map positions
on the RGP map. The positions of DNA markers flanking
the resistance genes were found using the Rice Genome
Browser at the Gramene Web site (Ware et al. 2002).

Sequence alignment and phylogenetic tree
construction

A multiple sequence alignment of the amino acid sequence
of the predicted nT-NBS-LRR genes was performed and
a phylogenetic tree constructed from the alignment. The
sequences were trimmed so that the sequence region used
in the multiple sequence alignment spanned from the nT
sequence through the NBS-coding region to a motif before
the start of the LRR, where the amino acids M, H, and D
are partially conserved (MHD motif). The region spanned
approximately 450-500 amino acids, depending on the
gene. Where no clear nT sequence or MHD motif was
identified in a predicted gene, homologous sequences were
identified by alignments with related genes. The sequences
were aligned utilizing the Clustal X, version 1.81, program
(Jeanmougin et al. 1988), using default settings and edited
using GeneDoc (Nicholas et al. 1997). A neighbor-joining
distance tree was constructed using the tree-drawing
application in Clustal X, also set at default settings.
Bootstrap analysis was performed to evaluate the degree of
support for each group in the tree.

Results
NBS-LRR genes in the Nipponbare genome

tBLASTN searches of the rice genome database and
HMM searches of the TIGR predicted protein database
(September 2003) identified 462 different rice genomic
clones (BAC or PAC) related to NBS-LRR-encoding
sequences. A nonredundant set of 581 potential NBS-
encoding sequences were identified in the genomic
sequences collected. Of these, 489 genes belonged to the
nT class of NBS—LRR genes (class 2, Table 1) and none
belonged to the TIR-NBS-LRR class (class 1, Table 1).
Of the 489 class 2 genes, 100 (20%) were predicted to be
probable pseudogenes; these either had in-frame stop
codons in predicted exons or were missing conserved
motifs that were present in closely related genes. Genes
that had normal nT and NBS domains but little or no LRR-
coding domain were not classified as probable pseudo-
genes, because these genes are common in dicots (Meyers
et al. 2003) and have also been identified in cereal cDNAs
(Collins et al. 1999). Predicted LRR-coding domains were
not carefully scrutinized for the presence of consensus
sequences because of the lack of conserved features in
these domains in cereal NBS—LRR genes. The LRR of
some of the cereal resistance gene proteins characterized to
date are typically leucine-rich but sometimes have few
regions where these leucines are arranged in the
LxxLxLxxL signature (e.g., Pi-ta; Bryan et al. 2000).

To verify the manual gene predictions, a cDNA search
was performed so that the sequences of transcripts could
be compared to gene predictions to verify manual
annotation, particularly for those gene predictions with
multiple predicted splices or predictions in which the
splice sites were not at conserved sites (Bai et al. 2002).
Most of the rice EST sequences in databases prior to June
2003 were of limited use for checking gene predictions
because of their short sequence length. However, the Rice
Full-Length ¢cDNA Consortium (Kikuchi et al. 2003)
released the full sequences of over 28,000 cDNA clones in
July 2003. From this set, 190 cDNAs were identified,

Table 1 Different classes of nucleotide-binding site (NBS)—leucine-rich repeat (LRR)-related genes in rice

Class Features N terminus to C terminus No. in rice® No. in Arabidopsis®
1 TIR®, NBS, LRR 0 117

2 nT¢, NBS, LRR® 392 (101) 60

3 Divergent nT, divergent NBS 45 (6) 0

4 Divergent nT, partial NBS, L-rich 21 (5) 0

5 Partial NBS, LRR 9 (1) 2

6 S-rich, divergent TIR, divergent NBS 5 2

7 TIR (no NBS or LRR) 1 30

“Number of genes identified in the rice cultivar Nipponbare genome sequences. Rice sequences predicted to be probable pseudogenes are

not included in the totals and are listed in parentheses
®Arabidopsis numbers taken from Meyers et al. 2003
°TIR Toll/interleukin-1 homology region

T non-TIR

“Not all class 1 and class 2 proteins have LRR domains. Totals for rice include four cDNA sequences not found in the genomic sequences



representing 153 different predicted NBS-encoding genes,
many of which corresponded to the full coding regions of
the gene predictions. Only four cDNAs (GenBank
accession nos. AK102672, AK102485, AK069428, and
AK110806) were observed that were not present in
Nipponbare genomic sequences (October 2003), indicat-
ing that the available sequences represented approximately
98% of the genome.

Full-length ¢cDNAs were identified for all of the
predicted classes of NBS-encoding genes. Most of the
cDNAs (130/153) represented class 2 NBS-LRR genes.
cDNAs were identified for many of the genes that were
predicted to be pseudogenes, based on the genomic
sequence and the aberrant sequences (e.g., stop codons)
that were verified. Interestingly, approximately 20%
(27/130) of the genes represented by the cDNAs were
predicted to be pseudogenes, indicating that many of the
pseudogenes are transcribed. The second largest class of
sequences was the class 3 (Table 1) or nT-NBS class
described by Bai et al. (2002). The Nipponbare genomic
sequences included 51 different predicted class 3 genes,
but at least five of these were predicted to be pseudogenes.
Fully sequenced cDNAs were identified for 11 of these
genes. cDNAs (accession nos. AK108636 and AK101847)

A
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were identified corresponding for two of the five predicted
TIR-NBS (class 6) genes (on genomic accessions
AP000364, AP003873, AP003256, AP005392, and
AC109929) and one cDNA accession (AK108970) was
identified which corresponded to the single TIR (class 7)
gene identified in the genomic sequences (on accessions
AP003866 and AP003932).

Most of the class 2 genes have structures very similar to
characterized cereal resistance genes such as Pi-ta (Bryan
et al. 2000), Xal (Yoshimura et al. 1998), or members of
the Mla (Zhou et al. 2001), RpI (Collins et al. 1999), or
Rp3 (Webb et al. 2002) gene families. All but 25 of these
class 2 genes coded for predicted nT domains at their N
termini. The distance between the nT domain and the P-
loop (phosphate-binding) motif at the beginning of the
NBS domain was variable, with most genes having ~130
amino acids between the two domains. None of the
predicted rice genes coded for large N termini like that of
the PRF protein with more than 1,000 amino acids before
the P-loop motif (Salmeron et al. 1996). Only one of the
predicted rice proteins had an N terminus consisting of
more than 350 amino acids before the P-loop motif (from
accession AP003862), and this prediction included an
intron splice, which might have been predicted incorrectly.

mtelaagavssLLGVIRDEARLLGGVRGDVQFIKDEMESMNSFLxHLa r sapqgge HDEQVRTHWMKOVRELAYDCONC i d
lylysgnpeihrtkgrlrrhlwwyywslrkmvaQHRAATRIRELKDRARDVGERRl rygveipattkaaapdatggyvae
ddeeededdreggfavatptlahhsarwpvieppslddyveakllewiggvpgnaivtlsiaivapdadnkevlaiahet
lvapnyyyrrsimvnvpavhldvliplrpkevlyyilrelereeaagsqgkgptdggeweeedpdpwgdyykkegiyvrskks
vlgkikrnikkmniyekldkiksdiregghksnkllllglgkkgadgvdlhvllgllvlgsqgdgaknkavdthklpewn
dnlieklamrlkdhmeadektkklnegtgveeetavrgggggereedekdergdgeeegkeerrdmekggeerkeqggee
gekegrkeegnevrketegrkegvageeeekedhdadndedsndddddeeeeecedddddeeepihlhedgyeqgilrevit
knasskagegdklvaegatktaattldeerikgmineakgdvlrelrgretdkngatgepdvppdkngatgghavvldgn
eeayfeevegkieeikgelkeglkikwivdkikhhlgdgcpliilkfdqmmdgsrweeirkalsllelsadalifttgst
egakgycypprepidheslvglyyytvlkltskhknedndnagifrgileeceghefenkifthavyanpkrsneelrkl
hstlgspkksfdtiakkmfmFCYNDLPNEYKSCLWYLSIFPRGYKIRRSTLVRRWVAEGLt fkedwpssvyganrcfdal
irrwlvypddisat GKVKSCTVNDPVHDFITaiarkghivetrlshhlarhfsifndlrlrssdrigtffgglsrssrvs
LLEKVLDLEGCQCLaskngrylkdicnkml ILKYLSLRGTDITQLPKEINNLOQELETLDIRQTKVpanatvhvlllklkrl
lagasqidptprnfvSTVRIPRGIGKMTNME ILSHVKagghdnledigKLWQLRKLGVVIdgkkshlgsllkaisdlhas
lrslsitiptttlevtpsspelgdiasrl kdhPRLLESLSISGakhlfplltkggnkklakvtlsntplngddlkffagl
pmlgcvrlrhisctesvinfkkddfkelkylliegsnltnitfedeaacelekmvlsstciesisgvhglpkfeelelns
sscgrllsscfynveriakltlrgtllkggdlriiarelnicclvllensfdisgngitfekeefiwlkllsvdcstitk
infitgsaprlkkivwssftslsginnlprlkelefngysvpndveeaiknnksinlkhnkp

B

mstpeaeaegeggcilfskyiddgiltpllsslgvigdaksfrgaesssdlagldsirdmmrelgaifvkmgenerrivh
lfdpieelvddvlinslaaggeistlgpklagvgvgigiireaisgsykikigeepspdrgrdvedsasaptmagirrevr
dgegmahl rravhgLDTQLROCLLCFAVFPENAVIKKRLLIHWWIGEk fvssledgnel fgglvdlrfvrtvrrrghedt
ahactwhpwirrmlvavarssafleidpdgngasasnndfsrthraclhdggllggsrfhpglstiynvggsyvklstaw
ftyrsglgtvglggwrvadpvdgiayprkshieliddhhlkgigacknlrylslrgisrimaIPSSIGNLROQLVVLDLNA
CHNLEQLCAEITSLxKLEYLDMSECYLLEPMPKGInkmsglgvlkgflvvnsnkrntenlgelvslsnlrklsisvskkl
kraedelkvlanfaALESLTITWGmvsprdaadesdaakfnlvLPPNLEKLDLRCFPsrgfgtissdslkklyftggklh
sleigngeckvevlrlrclkdlgfcweelrelypmlefveaghcsgvanwpldnnkvwtkdaetsnaasagseeptapdv
cpeiveeg

Fig. 1a, b Consensus sequences of the class 4 and class 5 genes.
Conserved sequences, as determined using BLOCKMAKER, are
shown in boldface and uppercase. Underlined sequences are those
that align well with class 2 genes. a Consensus sequence of the class
4 genes, generated by aligning 20 genes from this class. The shaded
sequence at the N terminus aligns with the non-Toll/interleukin-1
receptor homology region (nT) domain of the class 2 genes. Other
shaded sequences correspond to the kinase 2, GLPL, and MHD
(amino acids M, H, and D) motifs (N terminus to C terminus,

respectively). The class 4 genes align with the class 2 genes at the
first 80—150 amino acids at the N terminus and again starting at
~670 amino acids to near the end of the sequence (underlined
region). b Consensus sequence of the class 5 genes generated by
alignment of the nine genes from this class. The shaded sequence
(vhp) aligns with the MHD motif that occurs in class 2 genes at the
C terminus of the NBS domain, before the start of the leucine-rich
repeat (LRR) domain. Leucine residues in the predicted LRR
domain are also shaded
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The majority of the class 2 genes had large LRR-coding
regions, but some were small or nonexistent. Twenty-one
predicted genes either coded for fewer than 100 amino
acids after the conserved MHD motif (12 genes) or the
coding regions ended before the MHD motif (nine genes).
Other than the lack of an LRR, these genes were typically
indistinguishable from the class 2 genes. Fourteen of the
21 clustered closely with normal NBS-LRR genes in the
phylogenetic analysis (below).

Five predicted genes had a partially duplicated NBS
structure that was first described for the rice Pib gene
(Wang et al. 1999). Similar structures in NBS-coding
regions of TIR-NBS-LRR (class 1) genes have also been
found in Arabidopsis (Meyers et al. 2002). Three of the
genes (on accession AP003862) are related to Pib but map
to chromosome &, while the fourth (on accessions
AP004048 and AP004028) shows the highest sequence
homology and maps to chromosome 2 like Pib. This Pib
allele was predicted to be a pseudogene, illustrating how
the resistance genes that are pseudogenes in one cultivar
may represent functional genes in other germplasm. The
fifth gene with a partially duplicated NBS structure was
found on genomic accession AP005064 and matched
cDNA clone AK073893. This gene was more distantly
related to the other four, and its predicted protein showed
only 30-35% amino acid identity to the other predicted
proteins in the NBS-encoding region.

Identification of two novel gene classes related to
NBS-LRR genes

Two novel classes of genes (classes 4 and 5, Table 1) were
identified that have not yet been previously described.
Members of both classes of genes were occasionally
observed in database searches with class 1 or class 2 NBS—
LRR genes, although homology was weak. Conserved-
domain (CD) searches (http://www.ncbi.nlm.nih.gov/
Structure/cdd/wrpsb.cgi) with predicted proteins from
both types of genes found homology to NBS domains,
but homology was weak and confined to the C-terminal
portion of the NBS domains. No homology was observed
to the P-loop motif and the sequences aligning with other
conserved motifs, such as the kinase 2 and Gly-Leu-Pro-
Leu (GLPL) motifs, fit the consensus sequences poorly.
The CD search also identified a small LRR domain in the
proteins predicted for the class 5 genes, but not the class 4
genes (Fig. 1). The N termini of the proteins encoded by
the class 4 genes had significant homology to the N
termini of class 2 NBS-LRR proteins, including the
conserved nT domain.

To better examine the protein structures of these classes
of genes, consensus sequences of the proteins from each
class were constructed using BLOCKMAKER (Henikoff
et al. 2000). The predicted proteins within each class
aligned well but showed variable levels of homology, as
expected for very old gene families. Nine predicted
proteins from class 5 genes, which varied from 58% to
95% amino acid identity, were used to construct a

consensus sequence of the class 5 proteins (Fig. 1b).
Twenty predicted proteins from class 4 genes, ranging
from 52% to 90% amino acid identity, were used for the
class 4 consensus sequence (Fig. la). Alignments of
predicted proteins from several class 2 genes with the
consensus sequence of class 4 predicted proteins demon-
strated that they align well at amino acid positions 1-150
in consensus sequence and again at amino acid position
670 until the end of the sequence (Fig. 1). The first region
of homology included the nT domain, and the second
corresponded to most of the NBS domain, from the kinase
2 motif through the MHD motif, and continued through
the LRR. Although an LRR structure was not predicted for
this class of genes, it is likely derived from an LRR; the C-
terminal 500-amino acid region comprises 16.6% leucine
residues and aligns well with the LRR of many of the class
2 genes. Interestingly, the conserved motifs in the NBS
regions of class 2 genes did not correspond to regions
conserved in the class 4 genes. The lack of an apparent P
loop and poor conservation of the other conserved
domains indicates that these NBS-homologous regions
may not function as NBS domains. Alternatively, the
region corresponding to the nT domain is conserved in
both the class 2 and class 4 genes.

The consensus sequence of the proteins from the class 5
genes aligns well with most class 2 NBS-LRR genes
through the middle of its coding region (amino acids 165—
496, Fig. 1). The corresponding region of homology in
class 2 proteins reaches from the C-terminal end of the
NBS domain (after the GLPL) into the LRR domain.

Rice cDNA sequences were identified for several of the
class 4 and class 5 genes, providing support for their
predicted structures. Sequences were identified for 6 of the
27 class 4 genes (GenBank accession nos. AK073869,
AK103061, AK105315, AK100243, AK103156, and
AK103545) and four of the nine class 5 genes (accession
nos. AK069045, AK101164, AK106733, and AK066757).
When the class 4 sequences were used to screen the EST
and genomic sequences in databases at NCBI, no similar
genes were identified from dicot species. EST sequences
from similar genes were identified from wheat (e.g.,
accession BE400398) and sorghum (BG487725), but the
most similar sequences in dicot genomes were typical
class 2 genes like Rpmi of Arabidopsis. In contrast, two
Arabidopsis genes (At5g45500 and At5g45520) were
identified that were similar to the rice class 5 genes
(tBLASTN probabilities = 3¢ >* and 2¢**). The two
genes map within 20 kb of each other on Arabidopsis
chromosome 5. When the predicted proteins from two
genes were aligned with ten of the rice class 5 proteins,
they showed regions of sequence similarity with the
regions that were conserved within the class 5 genes, but
the sequence identity between the genes was low, as would
be expected of genes that have diverged long ago (Fig. 2).
Both Arabidopsis genes formed a group with two of the
rice class 5 genes in the phylogenetic analysis.
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Fig. 2a, b Phylogenetic analysis of two distinct classes of
nucleotide-binding site (NBS)-encoding genes. The numbers on
the trees are bootstrap values (percentage of trees of 1,000
generated) that support each node. a Tree generated from alignment
of 20 class 4 genes. No dicot sequences homologous to this class
were identified. b Tree generated from alignment of nine class 5
genes together with two homologous predicted proteins from two
Arabidopsis loci: At5g45500 and At5g45520

Phylogenetic analysis of the class 2 NBS-LRR genes

A phylogenetic approach was taken to identify subfamilies
and relationships between the class 2 genes. Amino acid
sequences from the nT motif (consensus WVxxIRELAY-
DIED) through the MHD motif were utilized, typically
providing 450-500 amino acids for comparison. A total of
400 sequences were used with Clustal X-derived align-
ments to produce neighbor-joining trees with 1,000
bootstrap iterations (Electronic Supplementary Material,
Fig. 4). Because of the large number of sequences in the
analysis, genes that grouped together in more that 900 of
1,000 bootstrap cycles were represented as a single branch
having the average branch length within that group.
Members of groups with more than two members were
given number designations (1—43) and are listed in Table 2
along with the bootstrap values for the group. The class 2
genes formed varying branch lengths on the phylogenetic
tree reflecting the ancient divergence of these genes from
each other. Genes that were not clustered together on the
neighbor-joining tree showed very poor sequence identity
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to each other, typically less than 30%. Some of the genes
did not cluster with any others and thus formed their own
branches, indicating that these genes evolved indepen-
dently of the rest of the class 2 genes for most of their
evolutionary history.

Extension of the sequence region used for phylogenetic
analysis from the nT to the end of the NBS (450-500
amino acids) improved the resolving power of the
analysis, increasing the number of phylogenetically related
groups over that achieved previously (Bai et al. 2002)
when only the NBS region (~300 amino acids) was used
for comparison. The use of longer sequence lengths
enabled larger groups of evolutionarily related sequences
to be identified with greater confidence (e.g., >90%
bootstrap values) than what was possible with only ~300
amino acids. The 43 groups with more than two members
were well supported by bootstrap analysis and separated
by long branch lengths. The genes within each group are
therefore presumed to have a common origin and arose by
duplication from a single ancestral gene. The amplification
of many of these groups occurred long ago as indicated by
the low amino acid similarity within them (data not
shown). The sequence divergence between members in a
group ranged from ~36% (group 9) to ~69% (group 14).
Some of the groups with more homogeneous members
mapped to single clusters in the genome. For example, the
three members of group 14 occurred in a cluster on
chromosomes 2 and were found on sequence accession
AC083751. The genes in such groups are likely derived
from duplications of a single gene in recent evolutionary
history.

Genome organization of rice NBS-LRR genes

To determine the distribution of rice NBS—-LRR genes in
the genome, a genetic map with the positions of the
predicted genes was constructed (Fig. 3). Most of the
Nipponbare sequence contigs in the database have been
anchored on the high-density genetic map constructed by
the RGP (Chen et al. 2002; Harushima et al. 1998; Sasaki
et al. 2002). The approximate genetic map position of
sequences carried on a single BAC clone was determined
by identifying sequences corresponding to genetic markers
on the BAC clones or on overlapping clones. Genes from a
single BAC sequence were placed on the map at the
position of the genetic marker residing on that BAC clone
sequence. In genomic areas with high levels of recombi-
nation, some BAC clones that carried more than one
marker spanned 1 ¢cM or more. Gene(s) on these clones
were then drawn at an average map position for the
markers. Genes on two overlapping BAC sequences
marked by the same genetic marker or genes on BACs
with markers closer than 1 ¢cM to each other were drawn as
mapping to the same position.

Many of the groups of closely related genes included
members that were located at different positions within
one chromosome or on different chromosomes (Table 2).
Some of the groups map to a surprising number of
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Irflig)sk—:LzRIfagréﬁslii;toérgkss 2 Group Bgotstrap Rangge of Identities Genes designated by GenBank accession numbers® c!
together in phylogenetic analy- 10 % (%)
sis (complete table in Electronic
Supplementary Material) 1 100 36-96 AP003219-1 1
AP005777-2, AP005924-2, AP005924-1 2
AL606669 4
AC098834 5
AP004010 7
AP003617, AP003621-1 -2, -3 6
AC079128-2 10
AL713909-1, —2 12
5 100 42-92 AP005694-1, -2, -3, -4 2
AC104282-1, -2, -3, -4 4
10 91 30-98 AP002540-1, —2 1
AP005696 2
AC097277-1, 2 3
AC137001, AC104274-2 5
AP003839-1, —2 7
AP005151, AP004256 8
AP005782-1, AC090057, AP005876, AP005926-3 9
AC092388, AC078948 10
AC134922-2, -3, —4, =5, AC135643-1, -2, -3, —4, 11
AL713947-1
AC135460, AC114012-5 11
AC134045 12
13 99 36-84 AC107314-1 10
AC135644-4, -5, —6, =8, AC135190-2, AC133005-2, 11
ACI119072-1, —2
AL772421 12
29 99 30-68 AP003859-1, AP004137-2 8
AC092548, AC107314-2 10
AC137113-1, AC119072-3, AC119073-1, AC133005-1 11
ACI135190-3, -5, AC135644-7, —9 11
AL772419-2, AL954153-2 12
30 100 54-78 AP003276 1
AC074283, AC093093 10
AC135643-5, AC136905 11
38 94 24-94 AP003226, AP003345 1
AC134234, AC105928-1, —2 3
“Bootstrap % refers to the per- AL606441 4
centage of trees in which the AP005700, AP005547, AP005879, AP005586-1, ~2, =3 9
members formed a clade in the
phylogenetic analysis AC114011, AC108871 11
Refers to the range in predicted AL731630, BX000346-3, AL935067-1, -2 12
?}?nﬁ? Efbidride?iiﬁieesrl;eutw?gl:he 39 99 38-97 AP003275-3, —4, —5 1
n1?7N€I:3S (?oili(;g reg%on i AP005009 2
“Gene designations in boldface AC092559-1, -2, =3 3
italics do not code for LRR AC105767-1, =2, AC136222-2 5
domains . AP003914-1, -2, -3, —4 8
Chromosome on which the ACI22147-1, -2, —4 10
genes map

different positions. For example, groups 1 and 10 had
members that mapped to eight and ten different chromo-
somes, respectively. Similarly, groups 38 and 39 both had
members mapping to six different chromosomes. In
addition, genes from a single phylogenetic group that lay
on the same chromosome did not always cluster at a single
locus. For example, the genes in group 38 on chromosome

9 map approximately 2, 21, 29, and 35 map units from the
top of the chromosome on the RGP map. The distribution
of the duplicated genes around the genome indicates that
the events that duplicated the genes from the different
phylogenetic groups occurred for the most part indepen-
dently. There were, however, genes that were apparently
duplicated as a group. For instance, unrelated genes from
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groups 1, 5, 10, and 39 occurred together on chromosome each of these groups. Duplications of blocks of NBS-LRR
2 and on chromosome 5, where they are clustered together genes were also predicted to be important in the ampli-
at the 40- to 50-cM region in both chromosomes. fication of the NBS—LRR genes in Arabidopsis (Baum-

Similarly, genes from groups 29 and 13 are interspersed garten et al. 2003).
If the cytological events that duplicated the members of

in two distant locations of chromosome 11. One cluster,

composed of genes from accessions ACI136998, these families to different chromosomal regions all
AC135190, and AC135644, mapped at position 115 occurred at one time, the amount of divergence between
while the other, composed of genes from AC133005 and the duplicated members would be expected to be similar.
AC119072, mapped near position 35 (Electronic Supple- Alternatively, if duplication and dispersion is a continuous
mentary Material, Fig. 5). The simplest explanation for process in the rice genome, then a range of divergences
this type of arrangement is an event that duplicated a would be expected. A very broad range of similarities was
chromosome segment carrying at least one member of observed between the members of groups when the nT—



1442

NBS portions of their coding regions were compared, even
between group members that were duplicated on different
chromosomes. Many groups have members mapping to
different chromosomes that have as little as 30% amino
acid sequence identity (Table 2). At the other extreme,
some groups have members that appear to be duplicated to
different chromosomes relatively recently. For example,
gene AC135643-5 on chromosome 11 (group 30, Table 2)
was 78% identical to gene AC093093 on chromosome 10
and 69% identical to AP003276 on chromosome 1. The
five genes in this group map to three different chromo-
somes, and none of the members are within 15 ¢cM of each
other, yet the most dissimilar ones are 55% identical.
Some groups have both distantly and closely related
members dispersed throughout the genome. For example,
group 10 has members with only 30% identity but also
includes genes like AC134045 on chromosome 11 and
AC104274-2 on chromosome 5, which are 73% identical.

The NBS-LRR genes were noticeably clustered in the
rice genome. The numbers of genes in these clusters
ranged from 2—12 or more (Fig. 3). A few of the smaller
gene clusters were composed of a single family of closely
related genes, but most of these are within 1-2 ¢cM of
unrelated NBS—LRR genes. Thus, a surprising number of
clusters are composed of class 2 genes from two or more
phylogenetic groups or even two different gene classes.
These “mixed class” clusters are typically composed of
class 2 genes together with genes from one of the other
classes. Most of the class 4 and class 5 genes occur in
close proximity to class 2 genes. This arrangement
probably reflects the original pattern of duplication
where the ancestral class 4 or class 5 gene arose by an
ancient local duplication of a class 2 gene followed
extensive divergence. These original mixed class clusters
were then duplicated together as chromosome segments to
other regions of the genome. The observation that certain
groups of class 2 genes are associated with the class 4 and
class 5 genes supports this model of segmental duplication
and divergence. Class 2 genes from phylogenetic group 38
are clustered with class 5 genes at two positions on
chromosome 1 (map positions ~137 and ~170). Another
class 5 gene is flanked by group 38 genes on chromosome
4 (positions ~70-78).

Some of the clustered NBS—LRR regions extend over
several centiMorgans and average more than two NBS-
encoding genes per centiMorgan. A few of these clusters
are in regions of low recombination, as in the vicinity of
the centromeres of chromosomes 1 and 5. The genes
appear closely clustered genetically, but cover a large
physical distance. Other clusters do have a higher density
of NBS-encoding genes. Some of the largest clusters map
to chromosome 11, where they cover much of the
chromosome. Over 25% of the physically mapped NBS-
encoding genes we identified (153/592) mapped to
chromosome 11.

Sequence divergence among linked NBS-LRR family
members

Some of the resistance genes characterized in maize are
members of large families of closely linked, highly
homologous (>90% amino acid identity) NBS-LRR
genes (Sun et al. 2001; Webb et al. 2002). Such large
families of closely related sequences were not found to be
common among the class 2 genes in the rice genome. The
relative homology of linked NBS-LRR genes was
assessed as percent amino acid identity in alignments of
the deduced sequences from their amino terminal portions
(nT through NBS domains). Linked genes with high levels
of sequence identity were not uncommon, but there were
usually only two to four highly similar genes in these
clusters (Electronic Supplementary Material, Fig. 5).
Larger families of linked genes were not uncommon, but
they typically showed lower levels of sequence homology.
The most homogeneous large families included four genes
on AC104282 (chromosome 4) that showed 79-92%
identity and six genes on accession AC104848 (chromo-
some 11) with from 59% to 87% sequence identity.
Interestingly, a gene on chromosome 7 (AP005258) was
more similar to five of the six chromosome 11 genes than
was the sixth gene in the cluster. Neither of the clusters of
related genes was arranged as a simple tandem array of
genes; unrelated genes were predicted between at least
some of the family members. Thus, the closely related
genes in linked clusters were not always close in
proximity. In one extreme example, a gene on accession
AL713900 was approximately 9 cM from a closely related
(up to 94% identical) cluster of three genes on accession
AL954871.

Most of the class 3 genes in rice were found in three
tightly linked clusters on chromosomes 1 (on accession
AP003293), 7 (AP003810), and 10 (AC079843 and
AC074283). As with the class 2 clusters, the members
of the class 3 clusters were not all closely related. The
chromosome 1 cluster carried nine genes with less than
74% predicted amino acid sequence identity between
members, and with less than 40% between some members.
The chromosome 7 cluster was very similar: ten predicted
genes (plus one pseudogene) with 74% identity among the
most similar and less than 40% among the least similar.
The chromosome 10 cluster carried 11 predicted class 3
genes. Again, the least closely related had less than 40%
amino acid sequence identity, but one pair of adjacent
genes showed 84% sequence identity, and another three
were also more than 80% identical to each other. These
gene clusters all had members that are tandemly arranged
but they were not simple tandem arrays, because they have
other predicted genes interspersed with them. The chro-
mosome 10 cluster had one class 2 gene within the array.

The rate and extent of divergence of linked gene
families is thought to be affected by the extent to which
they recombine with each other (Baumgarten et al. 2003;
Hulbert et al. 2001). The orientation of linked genes
affects whether they can mispair and crossover, since the
products of unequal crossing over between inverted genes



are dicentric and acentric chromosomes. To examine the
effect of orientation on divergence, the extent of diver-
gence between adjacent class 2 NBS-LRR genes was
therefore compared for pairs of genes in the same or
opposite orientations. Genes with close physical linkages
were identified by selecting BAC or PAC clones, or
adjacent overlapping clones that carried two or more NBS-
encoding genes (Electronic Supplementary Material, Fig.
5). While many of the clusters had genes in only a single
orientation, 33 of the fragments had NBS-encoding genes
in both orientations (excluding pseudogenes). This
allowed for the comparison of 92 pairs of adjacent genes
in the same orientation to 55 gene pairs in opposite
orientation. Orientation of genes with respect to each other
had a pronounced effect on the extent of sequence
homology between them. The NBS-coding regions (nT
to MHD motifs) of the genes in the same orientation
averaged 63% amino acid identity, while those in the
opposite orientation averaged only 40%. The distance
between the duplicated genes appeared to have much less,
if any, effect on their divergence. When gene pairs in the
same orientation were classified by whether their NBS-
encoding sequences were more or less than 20 kb apart,
the genes within 20 kb of each other (63 gene pairs)
averaged 64% identity, while the genes more than 20 kb
apart (29 pairs) averaged 62%. This similarity was
surprising, considering that NBS—-LRR genes more than
20 kb apart typically had unrelated genes predicted
between them, while the closer genes frequently did not.
A second possible explanation for lower levels of
sequence identity between oppositely oriented genes is if
gene clusters with such genes are typically formed
differently than clusters with genes in the same orientation.
For example, if two genes in opposite orientation were
brought together by a chromosomal rearrangement that
brings genes from distant locations together, they would
be expected to be unrelated. Many of the divergent genes
linked in opposite orientation are members of the same
phylogenetic group, however, indicating that they arose by
local duplications from a single progenitor gene. Examples
include group 2 genes on accession AP005305 (43%
identical) and group 10 genes on AP003839 (36%) and
AC097277 (45%). The results therefore suggest that many,
if not most, of the closely linked gene clusters arose by
divergence from one or a few progenitor genes and that
duplications that invert the orientation of the genes
promote divergence by inhibiting recombination.

Homology with NBS—LRR genes from other cereals

Bai et al. (2002) found that many of the wheat, barley, and
maize NBS-encoding sequences available in GenBank
were highly homologous (up to 85% identical in amino
acid sequence) to the NBS domains of rice proteins. Other
NBS-encoding genes showed much lower homology
between genera. Ten of 28 families of NBS-encoding
genes from other cereals showed 60% or less amino acid
identity in their predicted NBS domains to the most
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similar rice sequence available at that time. Since the rice
databases were nearly complete, the genomic sequences in
GenBank were searched (June 2003) to determine whether
more similar homologues were available. While sequences
were identified that were slightly more homologous to two
of the families, eight gene families were still only 60% or
less identical to the closest rice sequences. The result
explains why many of the NBS-LRR genes cross-
hybridize poorly between cereals in gel blot hybridization
experiments (Bai et al. 2002; Leister et al. 1998).

Association of the NBS—LRR genes with major genes
for disease resistance

A large number of disease resistance genes have been
described in rice, and many of these have been roughly
placed on the genetic maps. At least three NBS-LRR
resistance genes have been isolated and sequenced (Bryan
et al. 2000; Wang et al. 1999; Yoshimura et al. 1998). The
rice blast resistance genes Pib and Pi-ta are allelic to
Nipponbare sequences on chromosomes 2 and 12,
respectively (Fig. 3), and the bacterial blight resistance
gene Xal is allelic to a gene on chromosome 4. The
approximate map positions of many other blast resistance
(Pi) and blight resistance (Xa) genes suggest that the
NBS-LRR genes may be candidates for some of them. For
example, most of the Pi and Xa genes on chromosome 11
are closely associated with clusters of NBS-LRR genes.
Several other resistance genes are not near NBS-LRR
genes, like the xa5 and Pi-26 genes at the top of
chromosome 5. It is possible that these resistances are
conferred by other types of genes. However, it is also
possible there are NBS-LRR genes in some regions that
have not yet been identified, since the genomic sequence
is not complete and gaps in the physical map remain. Two
NBS-LRR genes on genomic sequences (on accession
AC145395) and four cDNAs were identified for which the
map locations are not yet known.

Discussion

The characterization of the NBS-encoding genes in the
rice genome provides an initial view of a large component
of the defense gene arsenal in cereal genomes, a view that
is somewhat different from that provided by the
Arabidopsis genome. The identification of 585 predicted
NBS-encoding genes verifies earlier predictions (Bai et al.
2002; Meyers et al. 2002) that rice carries many more of
these sequences than Arabidopsis (Meyers et al. 2003),
and that this class of genes probably accounts for
approximately 1% or more of the genes in rice (Feng et
al. 2002; Goff et al. 2002; Yu et al. 2002). The lack of
class 1 (TIR-NBS—LRR) genes, the largest class of NBS—
LRR genes in Arabidopsis, is apparently compensated for
by a greatly amplified class 2 complement with over 500
predicted members (including pseudogenes). In addition,
rice carries two additional classes of genes related to
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NBS-LRR genes, totaling approximately 80 genes, with
no homologues in Arabidopsis or other dicot sequences in
databases. As in dicots, several class 2 genes have
demonstrated functions in cereals as resistance genes
(Bryan et al. 2000; Collins et al. 1999; Wang et al. 1999;
Yoshimura et al. 1998; Zhou et al. 2001), and no other
phenotypes have been associated with them. No pheno-
types have yet been associated with the class 3 through
class 6 NBS-encoding genes. The largest of these classes
is the class 3 genes, with more than 50 members in rice.
These are the most similar in sequence homology to the
class 1 and class 2 NBS-LRR genes and appear to be
confined to monocot genomes. The lack of an LRR-
encoding domain may be an indication that they are not
directly involved in pathogen recognition. Alternatively,
the class 4 and class 5 genes both lack an apparent P-loop
motif and, therefore, do not likely have a functional
nucleotide-binding domain. Mutagenesis studies have
shown that the NBS domain is critical for function in
signaling defense responses by NBS—LRR genes (Axtell et
al. 2001; Dinesh-Kumar and Baker 2000; Tao et al. 2000;
Tornero et al. 2002). Therefore, if the class 4 and class 5
genes are involved in defense signaling, they may perform
this function differently than other NBS—-LRR genes. Like
the class 3 genes, the class 4 genes do not have
homologues in Arabidopsis. Two class 5 genes were
identified in the Arabidopsis genome, but no phenotypes
have yet been associated with them.

Approximately 20% of the NBS-LRR genes in the
Nipponbare genome were predicted to be pseudogenes. A
similar estimate was derived when only transcribed
sequences were considered. While this seems very high,
it may actually be an underestimate of the number of genes
that are nonfunctional, since only fragmented genes or
those with obvious mutations such as in-frame stop codons
were classified as pseudogenes. There are, however,
functional alleles for at least some of these genes in
other rice germplasm. An example is Pib; the allele in the
indica cultivar Engkatek confers resistance to isolates of
the rice blast fungus Magnaporthe grisea, but the allele
from Nipponbare is an apparent pseudogene. Meyers et al.
(2003) found that nearly 10% of the NBS—LRR genes in
the Columbia ecotype of Arabidopsis were apparent
pseudogenes. Pan et al. (2000a) also noticed a high
frequency of pseudogenes in tomato, for which seven of
70 NBS-homologous gene fragments cloned had in-frame
stop codons. A few of the clusters of related NBS—-LRR
genes in rice carried multiple pseudogenes (Fig. 3;
Electronic Supplementary Material, Fig. 5). This has also
been observed at the Rpp5 gene cluster in Arabidopsis,
where most of the Rpp5 paralogues in the Ler and
Colombia haplotypes were predicted to be pseudogenes.
The high frequency of pseudogenes is consistent with the
idea that these genes perform no useful function in
environments without specific pathogens or even specific
pathogen races, and the functional alleles may even confer
a fitness cost (Tian et al. 2003).

The near completion of the rice genome sequencing
efforts and integration with the genetic map has allowed a

global view of the distribution of NBS-encoding genes.
Coupled with a phylogenetic analysis of these sequences,
the genome distribution provides a picture of how the
NBS-encoding genes expanded in the rice genome. The
presence of monophyletic groups of genes at multiple map
positions shows that the extensive duplication events that
amplified them also spread them through the genome. The
majority (31/42=74%) of groups of class 2 NBS-LRR
genes with more than two members were mapped to
multiple chromosomes. All 12 rice chromosomes carried
members of at least five different dispersed groups.
Segmental duplication of chromosomal fragments carrying
multiple NBS-encoding genes accounted for some of the
duplications, but many appeared duplicated independently.
Baumgarten et al. (2003) estimated that most of the
duplications moving NBS—-LRR genes to ectopic chromo-
somal locations were the same chromosomal segmental
duplications that amplified much of the Arabidopsis
genome. The history of chromosomal duplications that
occurred during the evolution of the rice genome is still
unclear, but the picture emerging is somewhat different
from the patterns of duplications observed here for NBS—
LRR genes (Vandepoele et al. 2003). A major fraction of
the previously detected segmental (block) duplications in
the rice genome involved chromosome 2. In contrast,
chromosomes 11 and 12 included the most members of
different multi-chromosome groups of NBS-LRR genes,
each carrying members of 15 different groups that mapped
to multiple chromosomes. As with the segmental duplica-
tions previously described in the rice genome, the NBS—
LRR gene duplication events occurred independently
many times, as evidenced by the broad range of
homologies between different duplicated sequences.
Both segmental duplications and duplications of indivi-
dual NBS-LRR genes were clearly important in dispersing
these genes in the rice genome. Whether they were
dispersed individually more frequently than other classes
of rice genes will not be clear until a very thorough
analysis of gene duplication through the whole rice
genome is performed.

The most frequent duplications of NBS-LRR genes are
to adjacent genomic positions. It is these localized
duplications that cause the clustering of NBS-encoding
genes in the rice genome, as is also observed in the
Arabidopsis genome (Baumgarten et al. 2003; Meyers et
al. 2003; Richly et al. 2002; Young 2000) and inferred by
mapping experiments in other plants. The most surprising
aspects of the clustering in the rice genome are the
diversity of the different genes in the clusters and the lack
of large homogeneous arrays of genes. Many of the
clusters are composed of genes from different classes as
well as different phylogenetic groups of class 2 genes. The
genes in the Rpl and Rp3 complexes of maize typically
code for proteins with approximately 90-99% sequence
identity. Different maize lines carry different numbers of
genes in their haplotypes because they recombine
unequally, but haplotypes with a dozen or more genes
are common, and some Rp/ haplotypes carry more than 50
tightly clustered family members (S. Smith and S. Hulbert,



unpublished data). Rice also carries clusters of closely
related genes, but they typically are small or have more
divergent members. It is not clear whether this represents a
difference in the organization of NBS—LRR genes in the
maize and rice genomes, because is it not known how
representative Rp/ and Rp3 are of the genes in the maize
genome.

The extent to which recently duplicated genes can
recombine influences how rapidly they diverge. Recom-
bination between linked genes is thought to homogenize
their sequences so they evolve in a concerted fashion
(Arnheim 1983; Dover 1982). Duplications to unlinked
locations allow the genes largely to escape these effects,
although rare recombination events may still occur
(Parniske and Jones 1999). Comparisons of closely linked
NBS-LRR genes in the rice genome indicated that
localized duplications that invert the orientation of the
genes also allow the genes to evolve more independently
and diverge from the other members of the cluster.
Unequal crossing over between inverted repeats would
effectively be inhibited, since the products cause chromo-
somal aberrations. Once members of a gene family have
diverged, they are less likely to recombine with each other,
since sequence heterogeneity tends to reduce recombina-
tion (Dooner and Martinez-Ferez 1997). Previous esti-
mates of copy number of specific NBS—LRR gene families
in different rice lines implied that unequal crossover
events are not common in most rice families. Only one of
73 NBS probes hybridized detected noticeable differences
in copy numbers among the different rice cultivars (Bai et
al. 2002). This is consistent with the idea that most of
these families are similar enough to cross-hybridize in gel-
blot experiments but divergent enough that they mispair
infrequently.

Some of the NBS—LRR gene duplication events in the
rice genome occurred relatively recently, possibly after
many of the grass genera diverged from each other. These
recent duplication events may partly explain the poor
synteny that has been observed in comparisons of
positions of NBS-LRR genes between cereal genomes
(Leister et al. 1998; Ramalingam et al. 2003). A possibly
more important contributor to this apparent reduced
synteny is resistance gene loss. This is supported by the
relatively poor homology exhibited by many cereal NBS
sequences when compared to the closest homologues in
the rice genome. The evolution of many NBS—LRR genes
is influenced by diversifying selection, which might cause
different genes to evolve at different rates. However, this is
mainly true of the LRR domain (Mondragon-Palomino et
al. 2003). The sequences used in the present analysis,
including the NBS domain, are generally the most
conserved regions of these gene families, and it is not
clear why these sequences would evolve at noticeably
different rates. The simplest explanation for the poor
intergenus conservation for many of the NBS sequences in
cereal genomes is the loss of genes from specific grass
lineages. The poorly homologous sequences under com-
parison are likely paralogues and not true orthologues. The
rice genome is now considered an important tool for map-
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based gene identification of genes controlling important
traits in other cereals (Bennetzen and Freeling 1993). The
map positions of all the rice NBS-LRR genes could
therefore be very useful in predicting whether related
genes correspond to resistance genes in other cereals if
syntenic regions can be identified in rice. The utility of this
approach is often limited by breakdown of microsynteny
caused by small-scale rearrangements, duplications, and
deletions (Bennetzen and Ramakrishna 2003; Kilian et al.
1999). More comparative analysis between the cereals is
needed to determine whether this approach will be less
effective for resistance genes than for genes controlling
other phenotypes.

The detailed map positions of the NBS-LRR encoding
genes in the rice genome provide candidate genes for
many simply inherited resistances that have been or will
be placed on the genetic map. Most resistance genes
characterized to date belong to the NBS-LRR family
(Hulbert et al. 2001). Until we better understand the nature
of genes that contribute to quantitative levels of resistance,
the NBS-LRR genes are also viable candidates for these
genes. The integration of the annotated genome sequence
and the genetic map of rice will allow the molecular
dissection of both simply inherited and complicated traits
in a crop plant with unprecedented efficiency. The
localization of all the genes known to be involved in
disease resistance is an important step in this direction.
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