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ABSTRACT
Pathogen resistance genes represent some of the most abundant and diverse gene families found within

plant genomes. However, evolutionary mechanisms generating resistance gene diversity at the genome
level are not well understood. We used the complete Arabidopsis thaliana genome sequence to show that
most duplication of individual NBS-LRR sequences occurs at close physical proximity to the parent sequence
and generates clusters of closely related NBS-LRR sequences. Deploying the statistical strength of phylogeo-
graphic approaches and using chromosomal location as a proxy for spatial location, we show that apparent
duplication of NBS-LRR genes to ectopic chromosomal locations is largely the consequence of segmental
chromosome duplication and rearrangement, rather than the independent duplication of individual
sequences. Although accounting for a smaller fraction of NBS-LRR gene duplications, segmental chromo-
some duplication and rearrangement events have a large impact on the evolution of this multigene family.
Intergenic exchange is dramatically lower between NBS-LRR sequences located in different chromosome
regions as compared to exchange between sequences within the same chromosome region. Consequently,
once translocated to new chromosome locations, NBS-LRR gene copies have a greater likelihood of
escaping intergenic exchange and adopting new functions than do gene copies located within the same
chromosomal region. We propose an evolutionary model that relates processes of genome evolution to
mechanisms of evolution for the large, diverse, NBS-LRR gene family.

IN the dynamic interaction between plants and patho- and defense genes, members of the NBS-LRR gene fam-
gens, plants counter the evolution of pathogen aviru- ily are found widely distributed throughout plant ge-

lence genes with the evolution of new resistance genes nomes (Leister et al. 1998; Meyers et al. 1999; Grube
(Flor 1956; Clay and Kover 1996; Stahl et al. 1999). et al. 2000; Wang et al. 2001) but are clustered within
Although our understanding of the molecular pathways discrete chromosomal regions. Within such clusters, di-
and the genomic architecture underlying pathogen re- verse NBS-LRR genes often control recognition of evolu-
sistance traits has greatly advanced over the last decade tionarily diverse pests and pathogens (Meyers et al.
(Baker et al. 1997; Leister et al. 1998; Meyers et al. 1999; Gebhardt and Valkonen 2001). To account for
1999; Grube et al. 2000; Pan et al. 2000), the genome- the diversity of resistance genes, it has been suggested
level mechanisms generating resistance gene diversity that resistance gene families evolve by a birth-death pro-
over relatively short time scales are not well understood. cess rather than in a concerted fashion (Michelmore
To address this problem, we borrowed from phylogeo- and Meyers 1998). Further, several authors have pro-
graphic approaches (Avise 2000) to determine the evo- posed that sequence similarity and function of ortholo-
lutionary mechanisms by which numerous and diverse gous resistance genes is conserved because sequence
pathogen resistance genes have become dispersed across exchange between alleles occurs more frequently than
plant genomes. In this article, we focus on genes encod- sequence exchange between paralogous gene copies
ing proteins containing nucleotide binding site and leu- (Michelmore and Meyers 1998; Noël et al. 1999; Par-
cine rich repeat domains (NBS-LRR) because these are niske and Jones 1999).
the most common class of the resistance genes thus far While molecular mechanisms generating variation in
characterized within plant genomes (reviewed in Baker NBS-LRR gene copies within chromosomal clusters are
et al. 1997; Hulbert et al. 2001). Like many resistance becoming better understood, controversy surrounds

models of the evolution of diverse NBS-LRR genes and
their observed distribution within plant genomes. In
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encoding the Toll interleukin receptor motif (TIR genes)topic chromosomal locations scatters closely related
and sequences not encoding the TIR motif (non-TIR genes).gene copies across the genome, reminiscent of mobile
Except for the region encompassing the TIR, the N-terminal

genetic elements (Gallego et al. 1998; Leister et al. region through the NBS region of NBS-LRR genes is fairly
1998; Dubcovsky et al. 2001; Richly et al. 2002). In well conserved and suitable for describing evolutionary rela-

tionships among diverse sequences. We aligned the aminocontrast, comparative mapping studies within the family
acid sequence of this region using an iterative hidden MarkovSolanaceae provide evidence for a conserved synteny
model (HMM) algorithm found in the program HMMPROmodel in which duplication of NBS-LRR genes to non-
(Baldi et al. 1994; http://www.netid.com). Gap characters in-

syntenic regions is uncommon (Grube et al. 2000; Pan serted in the region of the TIR motif to achieve alignment
et al. 2000). The conserved synteny and rapid rearrange- were subsequently removed and an alignment of 425 amino

acid sites resulted. The genealogy of all 149 NBS-LRR se-ment models are not mutually exclusive but are used
quences was generated using the Bayesian likelihood program,here as a heuristic tool to generate testable predictions
Mr. Bayes (Huelsenbeck 2000), to create a 50% majority rulefor the distribution of paralogous NBS-LRR sequences
consensus tree of 8000 estimated maximum likelihood (ML)

across plant genomes. The rapid rearrangement model trees. Statistical support for the topology of the tree was evalu-
predicts that closely related NBS-LRR sequences, the ated using PAUP *4.0b8 (Swofford 2001) to calculate the fre-

quency of branches present among the 8000 ML trees. Branchesproducts of recent gene duplication events, will be
present in �50% of these trees were collapsed to polytomies. Thefound across ectopic chromosomal locations. The con-
consensus tree (Figure 1) was midpoint rooted at the ancientserved synteny model predicts that closely related NBS- division of TIR genes and non-TIR genes (Meyers et al. 1999).

LRR genes will be located near each other on the same The physical position of each NBS-LRR sequence within the
chromosome and that relocation of NBS-LRR gene cop- A. thaliana genome was determined from the The Arabidopsis

Information Resource website (http://www.arabidopsis.org;ies to new chromosome regions is the result of genome-
Huala et al. 2001) and mapped onto the consensus tree aslevel evolutionary processes such as polyploid events,
an unordered character state using MacClade 4.0 (Maddisonchromosome doubling, or recombination between over- and Maddison 2000). Phylogenetic clades (clades A–K, Figure

lapping inversions. The genomes of many plant species 1) were delimited to include NBS-LRR sequences similar
enough to allow full-length nucleotide sequence alignmentsuch as soybean (Grant et al. 2000), maize (Wilson
[average pairwise distances within a clade were 0.57–1.57 sub-et al. 1999), and A. thaliana (Vision et al. 2000) consist
stitutions per amino acid site; Felsenstein (2001)] but suchof several duplicated chromosomal regions.
that each clade also contains sequences located on at least

We test the fit of data to the differing predictions pre- two different chromosomes.
sented by the conserved synteny and rapid rearrange- Genome location of NBS-LRR genes and of duplicated chro-

mosome segments: The relative frequency at which NBS-LRRment model by reconstructing the history of NBS-LRR
genes duplicate to syntenic or to nonsyntenic genomic regionsgene duplication and rearrangement within the A. thali-
was estimated by analyzing changes in chromosome locationana genome. Our data set and resulting gene tree are state reconstructed at each node of the genealogy using Mac-

much the same as that of Richly et al. (2002), but in Clade 4.0 (Maddison and Maddison 2000). Genome location
this article we draw on the statistical power of phyloge- of NBS-LRR sequences was first defined by their chromosomal

location and next, by their location within clusters of NBS-netic and phylogeographic approaches to examine the
LRR genes located in close physical proximity on the chromo-correlation between the phylogenetic relationship of
some. In our analyses, chromosomal clusters of NBS-LRR genesNBS-LRR sequences and their physical location in the were defined by the occurrence of sequences within 2 Mb of

genome. We find that most ectopic relocation of NBS- one another (2-Mb linked clusters) and are largely the same
LRR gene copies is almost entirely explained by duplica- as those evident in Meyers et al. (1999; http://www.niblrrs.

ucdavis.edu/At_RGenes/).tion and rearrangement of the chromosome segments
We used the previously identified breakpoints of segmen-on which those genes reside, rather than the indepen-

tally duplicated regions within the A. thaliana genome to de-
dent duplication of individual sequences as inferred in termine which NBS-LRR gene sequences were found within
several reports (Leister et al. 1998; Pan et al. 2000; duplicate regions of the genome (Arabidopsis Genome Ini-

tiative 2000; Blanc et al. 2000; Grant et al. 2000; VisionRichly et al. 2002). Further, we demonstrate for the
et al. 2000). For our purposes, breakpoints of segmentallyfirst time the impact of physical chromosomal location
duplicated regions were defined by the position of the moston the frequency of intergenic exchange between NBS-
telomeric and centromeric genes found within the segment.

LRR gene copies. We develop a genome-wide model Because the breakpoints of more divergent duplicated regions
for the evolution of NBS-LRR genes in A. thaliana by are difficult to identify by the similarity searches used in the

above studies, we accommodated uncertainty in breakpointsbringing together the relationship of NBS-LRR gene
by including NBS-LRR genes falling within 0.5 Mb of estimatedduplication, segmental chromosomal duplication, and
breakpoints. Further, we used comparative maps betweenlevels of intergenic recombination events. A. thaliana and Brassica nigra (Lagercrantz et al. 1998) to
determine if NBS-LRR genes presently found in different re-
gions of the A. thaliana genome might have once been clus-
tered together within an ancestral genome. In these compara-MATERIALS AND METHODS
tive maps, breakpoints were estimated using marker sequences

NBS-LRR genealogical reconstruction: We extracted 149 mapped in both A. thaliana and B. nigra genomes, and as
NBS-LRR gene sequences from the MIPS A. thaliana (Colum- above, NBS-LRR genes were included within a chromosome
bia) database (http://www.mips.biochem.mpg.de/proj/thal/ segment if they fell within 0.5 Mb of the mapped sequence

in the A. thaliana genome.db/index.html). The NBS-LRR sequences include both those
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Association test for the role of segmental duplication and the consensus tree as an estimate of support for character
rearrangement: We employed an index of association test (IA; state changes at each node. An alternative approach using
Brown et al. 1980; Agapow and Burt 1999; http://www.bio. the 8000 ML trees to generate confidence intervals onic.ac.uk/evolve/software/multilocus) to provide a second test

the inferences of chromosomal location state changes isof the data’s fit to the conserved synteny or rapid rearrange-
worthy of development but beyond the scope of our work.ment models. The IA is a summary statistic used to describe

the extent of multilocus associations of alleles across popula- First, we conducted analyses to estimate the fraction
tions. For the purpose of the IA test, we treated 2-Mb linked of duplication events moving gene copies to the same
clusters as populations and plotted the occurrence of distantly or different chromosomes. We found that 81.1% of NBS-related NBS-LRR sequences representing different phyloge-

LRR duplications (90 of 111 reconstructed characternetic clades (Figure 1, A–K) within these clusters and across
states) resulted in gene copies located on the samechromosomal locations. Sequences representing the different

phylogenetic clades were recorded as a single data point within chromosome as the most closely related paralogous se-
the 2-Mb linked clusters. This approach also limited the effect quence. To further refine the analysis, duplication
of variation in numbers of NBS-LRR genes within the same within and between 2-Mb linked clusters was examined
2-Mb linked cluster on IA test significance values. The statisti-

by assigning location within 2-Mb linked clusters as acal significance of observed IA values was obtained by compar-
character state of each sequence and counting changesing the observed IA values with a null distribution of associa-

tion values derived from 1000 permutations of NBS-LRR in character state reconstructed at each node with Mac-
sequence locations across 2-Mb linked clusters. The permuta- Clade 4.0 (Maddison and Maddison 2000). Even using
tions serve to create expectations for association of gene copies more restricted chromosomal regions, we found that
by chance. Sensitivity analyses were conducted by defining

79.8% of duplication events (71 of 89 reconstructedsmaller clusters of NBS-LRR genes on the basis of sequences
character states) occur close to one another and withinlocated within 0.5 Mb (0.5-Mb linked clusters) of one another
the same 2-Mb linked cluster. These data demonstrateand modifying the number of sequences included within a

phylogenetic clade. a strong correlation between a close phylogenetic rela-
Intergenic sequence exchange: We examined nucleotide tionship and physical proximity of NBS-LRR gene cop-

alignments of NBS-LRR genes for evidence of intergenic se- ies, an observation expected under the model of con-quence exchange. The full-length DNA sequences of NBS-LRR
served synteny.genes, both with and without introns, were aligned using

Role of segmental duplication and rearrangement:CLUSTALW (Thompson et al. 1994). If lengths of aligned se-
quences varied greatly such that large gaps were introduced The majority of observations from our genealogical
into the alignment, the shortest sequence was removed from analyses support the conserved synteny model but do
the data set and the sequences were realigned. All nucleotide not fully exclude the rapid rearrangement model be-
sites in the resulting alignments were examined with GENE-

cause some closely related NBS-LRR genes were alsoCONV (Sawyer 2000), which searches for tracts of shared,
found in different regions of the A. thaliana genomephylogenetically informative sites between three or more
(Figure 1). Of the 89 duplication events resolved in thealigned sequences and thus detects sequence exchange events

resulting from reciprocal exchange, unequal crossover, or phylogenetic analyses, 18 apparently involved duplica-
gene conversion events. Only intergenic exchange events tion to a new, ectopic chromosomal location. Infrequent
maintaining global Bonferroni corrected P values �0.05 were duplication of individual sequences to a new chromo-considered significant. Sequence mismatch penalties were var-

some location coupled with more frequent duplicationied at 0, 1, and 2 to provide the range of detected intergenic
within a region could result in much the same distri-exchange events shown in Tables 1 and 2.
bution of NBS-LRR sequences as we present above.
However, the A. thaliana genome has endured multiple
chromosome duplication and rearrangement events,RESULTS
suggesting that segmental duplication and rearrange-

Genome location of NBS-LRR gene duplication events: ment might have distributed NBS-LRR gene copies
The relative frequency at which NBS-LRR gene duplica- across different chromosome regions (Lagercrantz
tion occurs to syntenic or to nonsyntenic regions of the 1998; Koch et al. 1999; Arabidopsis Genome Initia-
genome was estimated by counting the changes of chro- tive 2000; Blanc et al. 2000; Grant et al. 2000; Vision
mosome location state reconstructed at each node of et al. 2000).
the genealogy and dividing by the total number of nodes Using previously identified breakpoints of segmen-
involved (Figure 1). Since the A. thaliana sequence rep- tally duplicated regions within the A. thaliana genome
resents a single haploid genome, each node within the (Lagercrantz 1998; Arabidopsis Genome Initiative
NBS-LRR genealogy represents a gene duplication event. 2000; Blanc et al. 2000; Grant et al. 2000; Vision et al.
Thus, we counted each character state change in chro- 2000), we determined that 15 of the 18 apparent ectopic
mosomal location as duplication to a new location. As duplications also fell within segmentally duplicated re-
a conservative test, we counted only those nodes at which gions of the genome. Only 3 NBS-LRR gene duplication
changes of location state or no changes of location state events of 89 total events are left unexplained by the
were unambiguously assigned by using MacClade 4.0 conserved synteny model and could possibly reflect in-
(Maddison and Maddison 2000). Implicitly, our ap- dependent duplication and rearrangement of NBS-LRR

genes as predicted by the rapid rearrangement model.proach uses the branches with �50% representation on
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Thus, we show that almost all NBS-LRR duplication and rearrangement. Taking the results of phylogenetic
analyses and segmental duplication together, data stronglyevents involving apparent relocation to a new chromo-

somal region are explained by segmental duplication support the conserved synteny model because most
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NBS-LRR duplication events (96.6% or 86 of 89 total) F and G are found together in regions of chromosomes
2, 3, 4, and 5. The prevalent associations of distantlyoccur within local chromosomal regions.

Association test for the role of segmental duplication related NBS-LRR gene copies across 2-Mb linked clus-
ters led to significant IA tests (P � 0.05) and significanceand rearrangement: Our estimates for the contribution

of segmental duplication and rearrangement to the ge- levels were not sensitive to varying the size of linked
clusters (2- or 0.5-Mb linked clusters) or varying thenomic distribution of NBS-LRR sequences are based on

the reconstruction of recent duplication events on the delimitation of phylogenetic clades on Figure 1. The
correlated occurrence of divergent NBS-LRR sequencesgene tree. These inferences will be limited by gene loss,

intergenic sequence exchange, and ambiguity in as- across different genomic regions strongly supports the
hypothesis that segmental chromosome duplication andsigning character state changes. As a second test of the

conserved synteny and rapid rearrangement models, rearrangement have distributed members of the NBS-
LRR gene family throughout the A. thaliana genomeindependent of tree topology, we used an IA test (see

materials and methods) to examine the correlated and not the independent duplication and rearrange-
ment of individual genes.occurrence of NBS-LRR gene copies across the genome.

The conserved synteny model predicts that duplication Intergenic sequence exchange: We next used GENE-
CONV (Sawyer 2000) to investigate the impact of physi-and rearrangement of NBS-LRR gene sequences to new

chromosomal locations is accomplished by the duplica- cal location and sequence similarity on the frequency of
intergenic exchange. The global GENECONV analysistion and rearrangement of entire chromosomal seg-

ments on which those NBS-LRR genes reside. If this is looks for shared phylogenetically informative character
states between two sequences as evidence of recombina-true, we will observe the co-occurrence of gene copies

across several chromosome locations. For example, if tion and results are insensitive to varying substitution
models. GENECONV may be considered conservativegenes A and B are represented together on one chromo-

somal segment, their gene copies, A� and B�, will be in its estimate of recombination rates but is useful in
detecting intergenic recombination between divergentrepresented together on another, duplicate chromo-

somal segment. In contrast, the rapid rearrangement sequences (Posada and Crandall 2001). As above,
closely related NBS-LRR genes were defined as belong-model predicts that individual NBS-LRR sequences du-

plicate to new chromosome locations independently of ing to the same phylogenetic clade (Figure 1, A–K) and
physical location was defined by 2-Mb linked clusters.other gene sequences. As a result, genomic locations of

distantly related gene copies will not be correlated with We first examined the frequency of exchange between
distantly related sequences and could not detect signifi-each other or with segmental duplications. Note, how-

ever, that the ectopic duplication of a single NBS-LRR cant sequence exchange events even when we restricted
our attention to sequences lying in close chromosomalsequence, followed by rapid duplication within a chro-

mosome location, could generate significant IA values proximity and used relaxed sequence mismatch para-
meters.if these recent duplicates were included in the analysis.

To avoid confounding recent gene duplication with cor- Subsequent tests for sequence exchange were con-
ducted by comparing more closely related NBS-LRRrelated dispersal, we examined only the association of

more distantly related NBS-LRR gene copies. We plotted sequences. The effect of genome location was deter-
mined by comparing the frequencies of intergenic ex-the genomic location of more distantly related NBS-LRR

sequences representing different phylogenetic clades change events detected for sequences located within
and between different 2-Mb linked clusters. Among se-(Figure 1, A–K) onto their sequence position within the

A. thaliana genome, with each occurrence within 2-Mb quences located within the same 2-Mb linked cluster,
many significant intergenic sequence exchange eventslinked clusters represented as a single point (Figure 2).

From inspection of Figure 2, it is evident that sequences (P � 0.05) were found regardless of parameters defined.
The inclusion of intron sequences provided a largerrepresenting different clades co-occur within more than

one distinct genomic region. For example, sequences number of polymorphic sites and increased the number
and length of sequence exchange events detected (Ta-representative of clades D and E are found together in

two separate regions of chromosome 1, in one region ble 1). Between closely related NBS-LRR sequences lo-
cated in different 2-Mb linked clusters, a number ofof chromosome 4, and in two separate regions of chro-

mosome 5. Similarly, sequences representative of clades significant sequence exchange events (P � 0.05) were

Figure 1.—Phylogeny of A. thaliana NBS-LRR gene sequences. Phylogeny shown represents the 50% majority-rule consensus
tree of 8000 estimated ML trees and is rooted at the ancient divergence of sequences containing the TIR motif and those
sequences lacking a TIR motif (non-TIR). Branches are colored to show the chromosome location reconstructed for that
branch by MacClade 4.0 (Maddison and Maddison 2000). Black branches represent chromosome locations that could not be
unambiguously reconstructed by MacClade 4.0. Phylogenetic clades (A–K) were delimited to define more closely related sequences
within a clade and more distantly related sequences falling in different clades.
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Figure 2.—Genomic position of
sequences representing different
phylogenetic clades within the NBS-
LRR phylogeny. Sequence member-
ship in phylogenetic clades is plotted
on the x-axis and the chromosome
location and position of the sequence
within the chromosome is plotted on
the y-axis. Position within chromo-
somes is in megabases from the telo-
mere of the top arm of each chromo-
some. An X plots the occurrence of
a sequence representing a phyloge-
netic clade at the corresponding
chromosomal location. The relation-
ship of clades is illustrated by a skele-
ton phylogeny at the top of the dia-
gram and has the same topology as
Figure 1. Phylogenetic clades are de-
limited as in Figure 1, except that
additional sequences were included
in clades C, H, and I to conduct the
index of association tests.

also detected and again, inclusion of intron sequences exchanges. Altogether, our results show that frequency
of exchange detected between NBS-LRR sequencesallowed more events to be detected (Table 2). Consider-

able variation in the frequency and length of recombina- from different chromosomal regions is detectable but
much lower than the frequency of intergenic exchangetion events is evident along chromosomes (Table 1) and

across different clades (Table 2). Comparing the two observed within chromosomal regions.
sets of results, the average frequency of exchange de-
tected among sequences residing within the same 2-Mb

DISCUSSION
linked cluster was �20-fold higher and involved longer
exchange tracts (Table 1) than exchanges between Using a novel phylogeographic approach treating

chromosomal regions as geographic populations, wesequences residing in different 2-Mb linked clusters
(Table 2). Most intergenic exchange between NBS- provide strong support for a conserved synteny model

of NBS-LRR gene evolution in which most NBS-LRRLRR sequences on different chromosomes involved se-
quences located within duplicated genomic regions, gene duplications occur within restricted chromosomal

regions.suggesting that some of these exchanges might have
occurred before segmental duplication or rearrange- Previously, the observation that closely related resis-

tance gene sequences are located across widespreadment events. Mutations and gene loss following a dupli-
cation event would obscure the history of sequence ex- chromosomal locations has been interpreted as support

for a model of rapid rearrangement of duplicated resis-change and lower the probability of detecting ancestral
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TABLE 1

Number and length of significant (P � 0.05) intergenic exchange events detected between NBS-LRR sequences located within
chromosome clusters and grouped within the same phylogenetic clade (Figure 1, A–K)

Exon sequence Exon and intron sequence

Cluster Phylogenetic Exchanges per Exchange lengths Exchanges per Exchange lengths
locationa clade pairwise comparison (bp) pairwise comparison (bp)

Chromosome 1: H 0.10 52–80 0.10 52–106
4.2 Mb

Chromosome 1: C 0.10–0.19 68–411 0.05–0.33 37–334
19.5 Mb

Chromosome 1: H 0.20–0.38 7–496 0.42–1.62 43–2623
21.1 Mb

Chromosome 1: I 0.07–0.13 43–277 0.4–0.73 24–651
22.3 Mb

Chromosome 1: E 0.05–0.10 23–308 0.05–0.10 23–302
27.1 Mb

Chromosome 3: B 1.10–1.80 17–1232 1.70–3.50 26–1917
17.0 Mb

Chromosome 3: I 0.17 16–25 0.00 NA
17.6 Mb

Chromosome 4: A 1.50–1.90 20–1522 1.53–3.86 23–2969
7.1 Mb

Chromosome 5: B 0.00–0.01 83 0.00–0.10 83
6.1 Mb

Chromosome 5: C 0.14–0.19 53–831 0.23–0.47 31–1160
16.7 Mb

Chromosome 5: F 0.00 NA 0.00 NA
18.2 Mb

Chromosome 5: G 0.00 NA 0.00 NA
18.3 Mb

Chromosome 5: A 0.35–0.46 23–2081 1.07–1.25 21–2697
18.7 Mb

Average
0.41 252 0.77 288

Standard deviation
0.59 401 1.06 500

Reported number and exchange lengths represent the range of values for intergenic exchange events detected using sequence
mismatch penalties of 0, 1, and 2. Values of intergenic exchange represent the number of exchange events detected per pairwise
comparison. NA, not applicable.

a Midpoint position of cluster on the chromosome in megabases from the telomere.

tance genes (Gallego et al. 1998; Leister et al. 1998; within larger chromosomal regions that carry diverse
genes encoding resistance to several different patho-Pan et al. 2000; Dubcovsky et al. 2001; Richly et al. 2002),

as might our evidence for sequence exchange between gens (Gebhardt and Valkonen 2001). Here, we build
on previous models for the evolutionary dynamics withingenes in ectopic locations. In contrast, we derive support

for the conserved synteny model by showing that dupli- NBS-LRR gene clusters (Hulbert 1997; Parniske et al.
1997; Michelmore and Meyers 1998; Noël et al. 1999;cation and rearrangement of chromosomal segments,

rather than duplication of individual gene sequences, Parniske and Jones 1999; Chin et al. 2001; Dodds et al.
2001; Sun et al. 2001) to develop a genome-level modeldrives the genomic distribution and apparent ectopic

duplication of NBS-LRR gene sequences. for the evolutionary dynamics of NBS-LRR genes.
We took advantage of detailed information for seg-Our finding that most recent gene duplication events

have occurred within a local chromosomal region is mental duplication and rearrangement in the evolution
of the A. thaliana genome (Lagercrantz 1998; Arabi-supported by results from comparative mapping and

plant genome projects (see Hulbert et al. 2001), which dopsis Genome Initiative 2000; Blanc et al. 2000;
Grant et al. 2000; Vision et al. 2000) to correlate seg-show that several closely related gene copies are clus-

tered together within local chromosomal regions. Such mental duplication and rearrangement events with gene
duplication events. Tracking changes in chromosomalresistance gene clusters may themselves be located
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TABLE 2

Number and length of significant (P � 0.05) intergenic exchange events detected between NBS-LRR sequences
located on different chromosomes and grouped within the same phylogenetic clade (Figure 1, A–K)

Exon sequence Exon and intron sequence

Phylogenetic Exchanges per pairwise Exchange length Exchanges per pairwise Exchange length
clade comparison (bp) comparison (bp)

A 0.01–0.07 593 0.00–0.04 17–1085
B 0.00–0.02 36–93 0.00–0.02 72
C 0.00–0.05 288–440 0.00–0.07 78–1012
D 0.00–0.05 42–132 0.00–0.05 33–196
E 0.00 0 0.00–0.19 14–256
F 0.00–0.04 38–190 0.00–0.04 52–146
G 0.03–0.05 46–104 0.06–0.08 20–104
H 0.00 0 0.00 123–1262
I 0.00 0 0.00–0.03 128–230
J 0.00 0 0.00 0
K 0.00 0 0.00 0

Average
0.02 152 0.03 222

Standard deviation
0.03 156 0.05 257

Reported number and exchange lengths represent range of values for intergenic exchange events detected
using sequence mismatch penalties of 0, 1, and 2. Values of intergenic exchange represent the number of
exchange events detected per pairwise comparison.

location associated with gene duplication events on the that lands in an ectopic location will be counted as an
independent and rapid rearrangement event (Leistergenealogy, we demonstrate that �80% of duplication

events occur within relatively restricted chromosomal et al. 1998; Richly et al. 2002). With genome-level data,
we find that most all NBS-LRR gene duplications involv-regions while the remaining 20% involve duplication

to new chromosomal locations. ing ectopic relocation (16% of the total number of
duplications) are explained by duplication of the chro-Our estimate for the level of local duplication (80%)

is larger than that of Richly et al. (2002) who estimated mosomal segments on which they reside. The conserved
synteny model accounts for the genome-wide distribu-that 50% of gene copies remain in local chromosomal

regions. Differences in these estimates arise from two tion of 96% of the total NBS-LRR gene duplications.
The conclusions resulting from phylogenetic recon-sources. Richly et al. (2002) defined clusters of NBS-

LRR sequences as genes occurring within eight open read- struction were further supported by results for the co-
occurrence of distantly related genes within more thaning frames of each other, regions that may be smaller

than the physically delimited distances (2- or 0.5-Mb one distinct genomic region. We reasoned that if seg-
mental duplication and rearrangement drive the geno-linked clusters) used in this study. More importantly,

the pairwise approach of Richly et al. (2002) considers mic distribution of NBS-LRR genes, then all genes lo-
cated on these segments will be duplicated together. Aschanges in chromosome location states only at terminal

branches of the genealogy. Using character state recon- a result, gene copies will occur together in different
genome locations more often than expected under in-struction accounts for the inherent correlation of events

within a genealogy and thus avoids overestimation of dependent duplication and rearrangement of individ-
ual genes. We treated NBS-LRR gene clusters as popula-character state changes. Both the results presented here

and those of Richly et al. (2002) estimate that the tions across the genome and examined the correlated
occurrence of NBS-LRR gene copies in these popula-majority of NBS-LRR duplication events occur locally

but the studies differ in their attribution of evolutionary tions using an index of association test. The index of
association provides a robust statistical test of whethermechanisms for genome-wide dispersal of gene copies.

The most striking results were obtained when we included observed association of sequences in different chromo-
somal regions deviates significantly from random associ-additional information concerning the evolutionary his-

tory of segmental duplication and rearrangement within ations expected under the rapid rearrangement model.
The results demonstrate significant associations of genesthe A. thaliana genome (Lagercrantz 1998; Grant

et al. 2000; Vision et al. 2000). Without incorporation representing different phylogenetic clades across several
genomic locations. The impact of intergenic exchange onof genome-level processes, each NBS-LRR gene copy
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the IA results is negligible because measurable levels of lution (Takahata and Satta 1998; Martinsohn et al.
1999) imply that intergenic exchange is limited and thatintergenic exchange do not occur between divergent

sequences representative of different phylogenetic clades mutation, interallelic sequence exchange, and diver-
gent selection drive the diversification of gene copies(see below). Together, the results of phylogenetic and

association tests demonstrate that segmental duplica- within physical clusters. While the complete genome
sequence of Arabidopsis does not allow evaluation oftion and rearrangement are the most important mecha-

nisms in distributing NBS-LRR gene family members interallelic exchange, we did detect significant intergenic
exchange between paralogous NBS-LRR genes within lo-across the genome.

Intergenic exchange between NBS-LRR genes: Find- cal chromosomal regions and our conclusions contrast
somewhat with the Michelmore and Meyers (1998)ing that the genomic distribution of NBS-LRR sequences

is dependent on segmental duplication and rearrange- model. Finding intergenic exchange is not itself surpris-
ing, since the rates of intergenic sequence exchangement has profound implications for mechanisms of mo-

lecular evolution in this gene family. In this study, we between duplicate genes found in close physical proxim-
ity have been estimated well above the neutral mutationexamined the relationship of sequence similarity and

genomic position to the frequency of intergenic ex- rate in plants (Hulbert 1997; Parniske et al. 1997;
Jelesko et al. 1999; Chin et al. 2001; Dodds et al. 2001;change between NBS-LRR gene copies. Evidence of nu-

merous sequence exchange events was detected be- Sun et al. 2001). Sequence exchange rates and their
effects on NBS-LRR gene function vary widely acrosstween closely related NBS-LRR genes, confirming the

results of Chin et al. (2001) and Sun et al. (2001), while different plant systems (Hulbert 1997; Parniske et al.
1997; Chin et al. 2001; Dodds et al. 2001; Sun et al.no intergenic exchange events were detected between

NBS-LRR sequences representative of different phyloge- 2001) and different chromosomal regions (this study)
but could contribute to gene structural and functionalnetic clades, even when those sequences were in proxim-

ity to one another. Similarly, the recent study of positive conservation among members of a physical cluster.
Given our observation of frequent intergenic exchange,selection on NBS-LRR genes in A. thaliana (Mondra-

gón-Palomino et al. 2002) detected little to no recombi- the divergence of duplicate NBS-LRR genes within clus-
ters must be rapid to escape relentless sequence homog-nation between more distantly related NBS-LRR genes

located in different chromosomal regions. Interestingly, enization by intergenic exchange (Walsh 1985, 1987).
Divergence between paralogous gene copies has beenthe position of recombination events we detected within

NBS-LRR coding sequences did not correlate with the proposed to occur by relaxation of selection on gene
copies following duplication (Lynch and Conery 2000)codon sites shown by Mondragón-Palomino et al. (2002)

to be under positive selection, indicating that conver- and interallelic recombination at rates greater than
intergenic recombination (Michelmore and Meyersgent evolution did not significantly inflate our estimates

of recombination events between NBS-LRR genes. 1998). Regardless of mechanisms generating sequence
diversity, strong diversifying selection must push theIn our study, the number and length of detected inter-

genic exchange events varied among chromosomal clus- evolution of paralogous gene copies at a rate greater
than the rate of conversion or accumulation of muta-ters and phylogenetic clades. Resolution of major clades

within the genealogy was not impeded by intergenic tions to pseudogenes for sequences to escape homoge-
nization by intergenic exchange (Walsh 1985, 1995).exchange but exchange rates are high enough to con-

tribute to homoplasy and phylogenetic grouping of se- Our results do not directly address selection levels but
we note that divergent NBS-LRR gene sequences arequences within clades (Wiuf and Hein 1999, 2000;

Schierup and Hein 2000), similar to the results of Dodds found in close physical proximity and demonstrate that
these experience few exchange events. For example,et al. (2001) for the N locus of flax. However, as pre-

viously shown for the major histocompatibility complex sequences from clades D and E are always found within
close physical proximity. An extreme example is found(MHC; Takahata and Satta 1998; Martinsohn et al.

1999), we infer that intergenic exchange rates have not on the bottom arm of chromosome 5, where sequences
representing all clades except J are found together inbeen high enough to cause the concerted evolution of

NBS-LRR sequences since phylogenetic relationships are a “supercluster” (Richly et al. 2002). These dissimilar
and yet clustered genes are likely records of strong di-resolved and polytomies are not common within clades.

While several studies have examined intergenic ex- versifying selection (Meyers et al. 1999; Mondragón-
Palomino et al. 2002).change between NBS-LRR gene copies within the same

chromosome region (Hulbert 1997; Michelmore and Effect of segmental duplication on the rates of inter-
genic exchange: Segmental duplication and rearrange-Meyers 1998; Chin et al. 2001; Sun et al. 2001), few studies

have compared rates of sequence exchange within and ment account for a small proportion of NBS-LRR gene
duplications but put gene copies into a new evolutionarybetween different chromosome regions (see Parniske

and Jones 1999). Examining evolution within gene clus- context, out of the reach of intergenic exchange. We
present the first empirical evidence validating modelsters, birth-death models used to describe NBS-LRR

(Michelmore and Meyers 1998), and MHC gene evo- of Ohta and Dover (1983), which predicted lower lev-
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els of intergenic exchange rates between gene copies presented here describes the relationship between ge-
nomic architecture and evolutionary processes in anlocated on different chromosomes, as we show that inter-

genic sequence exchange is much more limited among important gene family and thus provides a model to be
tested in other systems and compared to the findingsduplicate NBS-LRR sequences located in different chro-

mosomal regions than among sequences located within for A. thaliana.
the same region. The limited intergenic exchange that We thank Anja Forche, James Garton, Andrew Munkasci, and Ron-
we inferred between NBS-LRR genes in different geno- ald Phillips for many helpful discussions and Christine Ramos for

computer assistance. Research was supported by a National Sciencemic regions could result from intergenic exchange that
Foundation Plant Genome Initiative grant to G. May (DBI-9975866),occurred before segmental duplication or actual in-
a Plant Molecular Genetics Institute graduate fellowship to A. Baum-tergenic exchange between NBS-LRR genes in different
garten, and a U. S. Department of Agriculture National Needs gradu-

genomic locations. Nevertheless, as Ohta and Dover ate fellowship to S. Cannon.
realized, distributing duplicate sequences to different
chromosomal regions reduces the introduction of new
sequence into a cluster of gene copies by intergenic
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