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ABSTRACT

While the presence/absence polymorphism is commonly observed in disease resistance (R-) genes in
Arabidopsis, only a few R-genes under the presence/absence polymorphism (R-P/A) have been investigated.
To understand the mechanism of the molecular evolution of R-P/A, we investigated genetic variation of nine
R-P/A in A. thaliana from worldwide populations. The number of possessed Rgenes varied widely among
accessions (two to nine, on average 4.3 * 1.6/accession). No pair of accessions shared the same haplotype,
and no clear geographic differentiation was observed with respect to the pattern of presence/absence of the
Rgenes investigated. Presence allele frequencies also varied among loci (25-70%), and no linkage
disequilibrium was detected among them. Although the LRR region in regular R-genes is known to be highly
polymorphic and has a high K,/K; ratio in A. thaliana, nucleotide sequences of this region in the R-P/A
showed a relatively low level of genetic variation (m = 0.0002-0.016) and low K,/K; (0.03-0.70, <1). In
contrast, the nucleotide diversities around the deletion junction of R-P/A were constantly high between
presence and absence accessions for the Rgenes (D,, = 0.031-0.103). Our results suggest that R-P/A loci
evolved differently from other Rgene loci and that balancing selection plays an important role in molecular

evolution of R-P/A.

OST of the disease resistance (R) genes in plants
share partial structures and genetic similarity,
even though their target organisms of resistance are
quite diverged (BELKHADIR et al. 2004). However, ge-
nomic arrangements and distribution of the Rgenes
vary notably among species, and even within species
(HammonD-KosAck and JoNEs 1997; ZHOU el al. 2004).
Many Rgenes compose gene families, which are often
physically clustered on a plant genome. Rpp1, Rpp5, RppS,
and Rps4 are in this category in Arabidopsis (BOTELLA
et al. 1998; MCDOWELL e¢f al. 1998; GASSMANN e¢f al. 1999;
NoEL et al. 1999), aswell as Cf9/4in tomato (PARNISKE et al.
1997) and RGC2 in lettuce (KUANG et al. 2004). The R
gene atasingle locusisalsocommonin plants, e.g., Rpp13
and Rps2 in Arabidopsis and L locus in flax (CAICEDO
et al. 1999; ELLIS et al. 1999; BITTNER-EDDY ef al. 2000).
However, some Rgenes are under presence/absence
polymorphism (P/A), which are present in some eco-
types but absent in the others within species. RpmI and
Rps5 are examples in this category (GRANT et al. 1998;
HENK et al. 1999).
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BERGELSON et al. (2001) showed that the leucine-rich
repeat (LRR) regions in R-genes are subject to rapid
evolution but also represent a high level of polymor-
phism, indicating a complex evolutionary mechanism
of R-genes (see also MICHELMORE and MEYERs 1998).
For example, Rpp5 in Arabidopsis compose a gene
cluster that contains nine homologs in an ecotype Ler
and seven in Col (NOEL ef al. 1999), and the ratio of
evolutionary rate in nonsynonymous sites to that in
synonymous sites, K,/K;, was 2.14, while the nucleotide
diversity among these clusters was up to 0.23. The high
level of polymorphism in Rgene clusters were also
reported at Rpp8 and Rppl in Arabidopsis (BOTELLA
et al. 1998; McDoOwELL et al. 1998), Cf4/9 in tomato
(PARNISKE ¢t al. 1997), and RGC2in lettuce (KUANG el al.
2004). At a single R-gene locus, the high levels of
polymorphism were observed in RppI3 and Rps2 in
Arabidopsis (CAICEDO et al. 1999; BITTNER-EDDY et al.
2000; MAURICIO et al. 2003; ROSE et al. 2004) and in L
gene in flax (ELLIS et al. 1999), while the low level of
polymorphism was observed only in Rps4in Arabidopsis
(GASSMANN et al. 1999) and pita in rice (JIA et al. 2003).

The high level of polymorphism and fast rate of evolu-
tion in R-genes may be explained by natural selection
adapting to rapidly changing pathogen populations
under the arms race hypothesis with gene-for-gene inter-
action (MICHELMORE and MEYERS 1998; BERGELSON
et al. 2001). The coevolutionary conflict between the
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host and pathogen indicates that the attempts to evade
host resistance by pathogens are followed by the devel-
opments of new detection capabilities by their hosts. A
typical example of the coevolution between a host and a
pathogen is Rppl3 in Arabidopsis and ATRI3 in the
pathogen Peronospora parasitica (ALLEN et al. 2004).
Interestingly, however, population genetics studies
on a few Rgenes under the presence/absence poly-
morphism (R-P/A) in Arabidopsis exhibited a different
pattern of evolution. Analyses on RpmI and Rps5showed
that the presence/absence polymorphism of these loci
directly corresponded to the resistance phenotypes of
individuals and that the origin of the presence/absence
polymorphism was quite old (STAHL et al. 1999; TiaN
et al. 2002). These examples suggested that at least some
R-P/A genes are under balancing selection, which con-
trasts to the expectation by the arms race hypothesis.
In this research, we studied the genetic variation of
nine R-P/Aloci in Arabidopsis thaliana to understand the
general mechanism of molecular evolution of R-P/A.
We identified seven R-P/A loci in A. thaliana and in-
vestigated their genetic variations, including two known
RP/A (Rpml and Rps5). The allelic and nucleotide
diversities of these R-P/A were surveyed in >33 acces-
sions of A. thaliana from worldwide populations. We also
investigate the nucleotide diversity of the flanking se-
quences in six R-P /A loci and discuss the origin of R-P/A.
This is the first study that systematically evaluates the ef-
fect of balancing selection on many R-P/A in A. thaliana.

MATERIALS AND METHODS

Determination of R-P/A: Except for RpmlI and Rps5, the
other seven Rgenes as R-P/A in Arabidopsis were screened
by two approaches. In the first approach, we used all single
Rgenes without closely a related paralog (<30% nucleotide
diversity) in the Col genome (MEYERS et al. 2003) for the
BLAST search in the incompletely sequenced genome Ler
(http:/www.arabidopsis.org/cereon) to find the candidates
that are absent in Ler. Then we randomly selected 10 R-genes
from these candidates to perform PCR amplification in Ler
(primers were designed on the basis of the sequence in-
formation of R-genes in Col) to check if these genes are absent
in Ler. In the second approach, we selected 20 single R-genes
of the Col genome (excluding the candidates identified in the
first approach) to perform PCR amplification in 20 Arabidop-
sis accessions to check if these genes are absent in some
accessions. After genotyping by PCR, we determined the
junction region of insertion/deletion in these genes con-
firmed with the P/A by multiple PCRs. The primer pairs used
in multiple PCRs were designed to be every 1 kb away from
both flanking regions of the Rgene until a positive PCR
product of the junction region was obtained in absent ac-
cessions. Finally, we sequenced the PCR product to confirm
the breaking points of the insertion/deletion of these R-genes.

Genotyping and DNA sequencing: Thirty-six to 50 acces-
sions of A. thaliana and three individual samples of A. lyrata
were randomly chosen from worldwide populations for this
study (DNA of Arabidopsis accessions was a gift from Joy
Bergelson) to perform the PCR amplification for determi-
nation of their genotypes in nine R-P/A. For each of these

Rgenes, a three-primer PCR was used (see Figure 1; two primers
are designed in 3'- and 5'-flanking regions of the breaking
point and one in the insertion of the Rgene) to give an alter-
native product for the present or the absent genotype or a two-
primer PCR was used to give a positive product for the present
but a negative one for the absent genotypes. On the basis of
the results of genotyping, 9-18 accessions were randomly
selected from the present genotypes for sequencing of the
Rgene, in which ~800 bp of the LRR region was sequenced for
the evaluation of diversity. Meanwhile, ~10 absent and 10 pre-
sent accessions were also randomly chosen to sequence their
3’-and/or 5'-flanking regions of breaking point (~600 bp) for
estimation of the age of the insertions. All sequencing reactions
were run on an ABI 3100-Avant automated sequencer.

Data analysis: Multiple alignments of the DNA sequences
were performed by Sequencer 4.0 (Gene Codes, Ann Arbor,
MI). The rooted tree of genealogy was determined by the
neighborjoining method (PAUP 4.0; Sworrorp 2000) in
which either A. lyrata, if an ortholog could be identified, or
the closest paralog in Arabidopsis was used as outgroup gene.
Parameter estimation of population genetics (such as nucleo-
tide divergence between population [d,,], average nucleotide
diversity [w], and K,/K;) was carried out using the program
DnaSP 4.0 (Rozas and Rozas 1999).

RESULTS

Identification of R-P/A: In the first method for iden-
tifying R-P/A, 130 of 149 single Rgenes in A. thaliana
Col (MEYERS et al. 2003) were surveyed by the BLAST
search in an incompletely sequenced genome of A.
thaliana Ler. Nineteen candidate loci were identified
by this method, and 10 were selected for further iden-
tification. Two of 10 loci were recognized to have the
R-gene in both accessions by the PCR method (i.e., no
R-P/A), but 8 loci remained as R-P/A candidates. The
second approach provided two candidate loci of 20 sin-
gle Rgene loci investigated. Including RpmI and Rps5
(GRANT et al. 1998; HENK et al. 1999), we identified a
total of 12 R-P/A candidate loci, and 9 of them were
selected for further analysis (Table 1).

Of the nine R-P/A, five (At4gl10780, At5g05400,
At3g07040, At4g27220, and At1g12220) were coiled-coil
motif (CC)-nucleotide binding site (NBS)-LRR and four
(Atbg49140, Atbg45240, At5g18350, and Atl1g63870) were
TIR-NBS-LRR genes (MEYERS et al. 2003). The size of the
CC-NBS-LRR genes was very similar (Table 1), ranging
from 2625 to 2781 bp (2703 bp on average), but the size in
four Toll/interleukin-1 receptor (TIR)-NBS-LRR genes
varied from 4047 to 5384 bp (including introns; data not
shown). All TIR types of R-genes contained introns but
there was no intron in the CC type of Rgenes.

To confirm that they were truly R-P/A, we sequenced
the deletion junction of P/A (see MATERIALS AND
METHODS). We could identify six R-P/A loci, including
the two known R-P/A (Figure 1). The efforts to determine
the junction sequences in the other three genes failed
due to the repeat sequences around these loci, which
made the clear determination of the deletion junction
difficult. Although the other three failed to identify the
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TABLE 1

Summaries of insertions, R-genes, and their flanking sequences

Locus R-P/A-1 2 -3 -4 -5 -6 -7 RPM1 Rps5
Type CC TIR CC TIR CC TIR TIR CC CC
Insertion
Exon (bp) 2679 2943 2625 3582 2760 2439 3096 2781 2670
LRR sequenced (bp) 819 659 1011 1182 989 1032 1158 855 674
7 in LRR® 0.00019 0.00018 0.0030 0.016 0.00035 0.00040 0.015  0.00069 0.0011
Weighted 0.00046 0.00028 0.0067 0.022 0.00092 0.0016 0.043 0.0010 0.0017
D, between species* / / / 0.069 / / 0.061 0.047 0.058
K./K. / / / 0.70 / / 0.034 0.22 0.26
Flanking of junction
Position to junction —253, 341 —-601, -1 —266, 636 —179, 272 / / / —568, 534 —608, 697
Length (bp) 594 601 902 451 / / / 1102 1305
Total 7 0.02229 0.05523 0.01782 0.01436 / / / 0.02574 0.02097
T within P alleles, 0.00208 0.00033 0.00097 0.00070 / / / 0.00235 0.00091
T within A alleles, mo  0.01082 0.00338 0.00530 0.00000 / / / 0.00030 0.00411
(m + me)/m 0.579 0.067 0.352 0.049 / / / 0.103 0.239
E[(mw, + o) /m]" 0.700 0.731 0.694 0.763 / / / 0.745 0.722
D,, between P/A’ 0.037 0.103 0.031 0.043 / / / 0.048 0.038
Tajima’s D 2.23% 3.34%:% 1.58 2.28% / / / 3.03%* 2.477%%

R-P/A-1-7 corresponds to loci At4g10780, Atbg49140, Atbg05400, Atg18350, At4g27220, Atbg45240, and Atlg63870, respec-
tively. The relative position is labeled as — or + bp for 5" and 3’ flanking regions, respectively, from the insertion/deletion junction
(as 0). /, not analyzed because of the lack of data.

“mr represents the average number of nucleotide differences (NEr 1987).

"Weighted m was calculated by weighting by the proportion of presence alleles in the population (Table 2, INNAN and TAjiMA
1997). This is an estimate of 8 = 4N, where N, is the effective population size and w is the mutation rate.

‘D, represents the average nucleotide diversity between two groups (xand y). We calculated D,, between species (A. thalianaand
A. lyrata) for LRR regions and between presence (P) and absence (A) alleles within species for flanking regions.

“Expected values of (m; + )/ were calculated on the basis of allele frequencies (INNAN and Tajima 1997). Selective neu-
trality and no recombination were assumed.

‘Tajima’s D statistic (Tajima 1989) was obtained by DnaSP v. 4.0 (Rozas and Rozas 1999). * and ** represent significance levels
of 5 and 1%, respectively.

sequences of the deletion junctions, they were likely to The architectures of the deletion junctions in R-P/A
be R-P/A because the multiple PCR in our efforts among were very similar among loci (Figure 1). The insertions
accessions for each gene gave very consistent results of commonly contained a 4- to 7-kb-long fragment, in-
the presence/absence genotype for each accession. cluding a 2.6-to 4.3-kb-long R-gene without any other
A 3100bp 2679bp 686bp B  970bp 2625bp 648bp
ATG TAG ATG TAA
Atdg10780 At5g05400
|7 rrrrr 1 [ e | rrrrrr 1 L B FiGure 1.—Schematic com-
|rarrerr T | ) | rrrrrri T 3L e | 1
639bp 238bp parison of Rgene presence

and absence alleles. Insertions

with the R-gene are represented
C  ©60bp 4311bp 66bp D 1479bp 3582bp 2304bp o At4g10g7 80 (A), £t5g05400
(B), Atbg49140 (C), Atbg18350
(D), Rpml1 (E), and Rps5 (F).
(E and F are drawn on the basis
of reports by HENK el al. 1999

ATG at5918350 TAG

e “2635p — a1bp === and GranT e al 1998.) In all
absence alleles examined, the
E 350bp 2781bp 532bp F 1100bp 2670bp 45bp Rgenes were replaced by 98-
~639-bp junk DNA of unknown
ATG Rprnf TAA ATG Rps5 TAA Origin_
| g B FZZZIIA I e ) R |

1
98bp 192bp
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TABLE 2

Distribution of allelic polymorphism in R-P/A among A. thaliana accessions
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Edi-0 +
Ang-0 +
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Ms-0 —
Kz-9 —
Rrs-7 +
Ler-1 —
Up-14 -
Zu-0 —
Mt-0 — -
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Ws-0 — — — —

e LI i e S S
Ll+++ 1 1l +++++1T++1 1 +++1 +++++
L+ + 0 L+ L ++ 1+ 0L+ 1+ 1+ ++1 1 1 +++
e T e e B B e o S B S B S e L I e L T e i

+
|

Fpresence] 15/36 30/46  20/45  28/40
% 41.7 65.2 44.4 70.0

19/50
38.0 25.0 35.1 67.4 63.6

+ +
+
+

\
+ 4+
o+ttt

|
+
|
T e i S S

I

L
L1

+ 4+ o+

|+ 1+

e e

\
\
+
o+ o+t

+ 4
QOO R R R R R R CIOLOLOTOTLOTOTE O O O O 3 ©

+ 1
I+
[
(.

+ |

©o

[
[
[
+ + + |
+ |
0o WO Lo WO

|
|
|
+ +
|
N NN

12/48  13/37 29/43  28/44

Genotypes of these accessions are represented by + (presence) or — (absence). R-P/A-1-7 correspond to loci
At4g10780, Atbg49140, Atbg05400, Atbg18350, At4g27220, Atbg45240, and Atlg63870, respectively. Frequency
and percentage of the presence allele in each locus are shown at the bottom.

OREF. The similar architectures of R-P/A indicate a com-
mon mechanism to create R-P/A. These R-P/A genes
could be created by simple insertion/deletion or by
transposable elements. The independent deletion
events were proposed for the absence of Rpml in
Arabidopsis and in Brassica (GRANT ef al. 1998). An
insertion event could be responsible for the presence of
Rps5 because a transposon (TAG2) target sequence and
a perfect 17-bp reverse repeat were identified at 4 bp
away from the deletion junction in the absence acces-
sions. At exactly the same target site, Rps5 and another 4-
kb insert were uncovered in different accessions (HENK
et al. 1999). Two independent inserts at the same site
suggest that Rps5 was created by a simple insertion
event, probably by a transposable element. Except for
Rps5, no transposon target sequence and reverse repeats

could be identified around deletion junctions of the
other R-P/A genes.

R-P/A allele frequency in population samples: Alle-
lic diversities of the nine R-P/A were investigated in 36—
50 accessions of A. thaliana (Table 2). The number of
present Rgenes per accession varied widely, ranging
from two to nine (only in the reference accession Col).
Of 36 accessions, 91.6% (33 accessions), which were
completely genotyped, harbored an intermediate num-
ber of R-genes investigated (three to six genes of the
nine loci). An average number of present Rgenes
among the 33 accessions was 4.3 (¥1.6 SD). No single
pair of accessions shared the same haplotype with
respect to the nine R-P/A in these accessions, and no
linkage disequilibrium between any pair of loci was
detected (x*test, P> 0.075). These results suggest no
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strong interaction among R-P /A loci investigated. Given
allele frequencies of the nine R-P/A (Table 2), the ex-
pected number of identical haplotype pairs in 33 sam-
ples was calculated as 2.4, assuming no interaction and
free recombination among R-P/A. The lack of identical
haplotype pairs can be caused by diversifying selection
among sets of R-P/A loci, while our observation of
having no identical haplotype pairs did not significantly
deviate from the neutral expectation (P = 0.094).

No clear geographic differentiation was observed in
the pattern of presence/absence of the R-genes among
the accessions (Figure 2). Although we had only two
sets of accession pairs from the same population (Pu
and Kz), these accessions showed no similarities within
populations.

Allele frequencies in the nine R-P/A loci varied widely
(Table 2). Within up to 50 accessions, R-P/A-6
(Atbg45240) showed the lowest presence allele fre-
quency (25.0%), while R-P/A-4 (At5g18350) showed
the highest (70.0%). The average allele frequency of
presence alleles was 50.1% (+16.6 SD). Further study is
required for testing selective neutrality of R-P/A on the
basis of allele frequency distribution. Such study must be
conducted on randomly selected R-P/Aloci with respect
to allele frequency and on a higher number of loci that
provide enough power to distinguish distributions pre-
dicted by different models (WriGHT 1931).

Nucleotide diversity of R-P/A: The LRR region in
the Rgenes, which is suggested to be involved in patho-
gen recognition, is known to be highly polymorphic
(MicHELMORE and MEYERS 1998; BERGELSON e¢f al. 2001).
To evaluate the level of genetic variation of this region in
R-P/Aloci, we sequenced 659-1182 bp fragments in the
LRR region of the nine R-P/A (Table 1). The observed
nucleotide diversities (m, NEI 1987) were low in seven
R-P/A loci (0.00018-0.00297), relative to those in the

— — Gu- 8 (Genmmany)
| Lip-8 fPoland)
Kz=-? (Kazakhstan)

Hr-5 (England)
|£ Pu2-8 (Czach Republic)
Ws-8 (Ukrane)
2u- 0 (Svrtzerland)

' Zdr-6 (Czech Republic)

using PAUP*4.0 (Sworrorp 2000).

other two loci (0.0155 and 0.0152 in At5g18350 and
Atl1g63870, respectively). Although nucleotide diversi-
ties in one allele class (e.g., presence alleles) are ex-
pected to be lower than those in total (INNAN and
TajiMa 1997), the average genetic diversity of the
weighted w for the nine R-P/A (Table 1) was 0.011,
which was still lower than thatin the other R-genes in this
species (m = 0.05-0.26, 0.088, >0.1, 0.08, and 0.013
in Rpp5, Rppl, Rppl3, RppS, and Rps2, respectively
(BOTELLA et al. 1998; CAICEDO et al. 1999; NOEL et al.
1999; TaAkaHASHI ef al. 2002; ROSE et al. 2004; see also
BERGELSON ¢f al. 2001). In addition, the K, /K ratio was
<1 (0.03-0.70) in the LRR regions in four R-P/A
for which homologs from an outgroup were available
(Table 1), while many other Rgenes have K,/K; > 1
(BERGELSON ¢t al. 2001). These results suggest that the
evolutionary mechanism of R-P /A is not the same as that
of other Rgenes.

Nucleotide diversity around the deletion junctions:
In Rpml and Rps5, high levels of genetic diversity
between presence and absence alleles were observed,
as a consequence of balancing selection on these loci
(StAHL et al. 1999; T1aN et al. 2002) . To examine whether
this observation is general for R-P/A or not, we obtained
451- to 902-bp-long flanking sequences of the insert of
the four R-P/Aloci (Table 1). The 1102- to 1305-bp-long
flanking sequences of RpmIand Rps5 were also obtained
from GenBank (STAHL ef al. 1999; TIAN ef al. 2002). A
high level of total genetic diversities and those between
presence and absence alleles were observed in all the six
R-P/A (Table 1, average total w = 0.025, D,, = 0.050),
compared with their genetic background (<0.01,
NORDBORG et al. 2005). A high level of genetic diversity
itself is not surprising because we intentionally selected
regions linked to P/A loci. Interestingly, however,
genetic diversities within presence and absence alleles
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(m; and e, respectively) varied widely, and the observed
ratio of the sum of them to total m, (7w + me)/m, was
constantly and notably lower than the expected values
under selective neutrality (6-83% of the neutral expec-
tations, Table 1; see also INNAN and Tajima 1997).
Furthermore, Tajima’s D statistic (TAjiMa 1989) was all
positive (1.58-3.34, Table 1) and statistically significant
for all but one of six loci. Positive D can be expected even
under the neutrality in this case (because of the inten-
tional selection of regions), but the statistical signifi-
cance of this relatively conservative test, as well as low
(m; + me)/mw, suggests that balancing selection is re-
sponsible for the genetic variation around the R-P/A
loci in general, as suggested in Rpml and Rps5 (STAHL
et al. 1999; T1AN et al. 2002).

DISCUSSION

Abundance of R-P/A in Arabidopsis genome: In our
first approach toward identifying R-P/A, 19 candidate
loci were identified by the BLAST search in the Ler
genome, compared with 130 single R-gene loci in the
Col genome in A. thaliana (MEYERS et al. 2003). Of 10
candidate loci selected for PCR identification from the
19 candidates, 8 loci were confirmed as R-P/A. There-
fore, the first approach can theoretically provide 15.2
R-P/A loci (= 19 X 0.8). In the second approach, we
randomly selected 20 from 109 single Rgenes (109 =
130 — 19 identified — Rps5 — RpmI) and found 2 R-P/A
in Col. If we assume this proportion (2/20) as a pro-
portion of R-P/Ain the 109 single Rgenes in A. thaliana,
we predict another 10.9 R-P/A loci found by this ap-
proach (=109 X 0.1). Including RpmI and Rps5 (GRANT
et al. 1998; HENK et al. 1999), we expect ~28 R-P/A in
a genome, which account for 18.8% of the total 149
Rgenes (MEYERS et al. 2003). This result indicates that
R-P/A is common phenomenon in R-genes in Arabi-
dopsis. In fact, this number in A. thaliana can be even
higher, because the estimate above does not take into
account R-P/A that are absent in Col. The ongoing
genome sequencing in the other accession of A. thaliana
Ler will reveal that such R-P/A is present in Ler but
absent in Col. The high proportion of R-P/A in plants
was also observed in the rice genome (22.2%; J. DING,
J. Q. CHEN, H. Arakl, P. F. ZHANG, J. YANG and D. T1aN,
unpublished results), suggesting that the R-P/A is com-
mon in plant genomes.

Evolutionary mechanism of R-P/A: Rgenes are often
arranged as tandem arrays as gene clusters. For exam-
ple, there are 8-10 genes spanning 90 kb in the Rpp5
gene cluster in Arabidopsis (NOEL et al. 1999), 8 genes
in 230 kb in the Xa21 cluster in rice (SONG et al. 1997),
8 genes in 261 kb in Mla in barley (WEI et al. 2002),
5 genes in 36 kb in Cf4/Cf9 in tomato (PARNISKE ef al.
1997), 1->50 genes in RpI in maize (SMITH et al. 2004),
and 12-32 genes in RGC2in lettuce (KUANG et al. 2004).

0.8 T T T

0.7F x 4

0.6 1

o5 J

F [presence]

04F .
X

03 i

0.2

0 0.005 0.01 0.015
Nucleotide diversity (1)

FiIGure 3.—Relationship between presence allele fre-
quency (Fipresence]) and nucleotide diversity of the LRR
region in the nine R-P/A. Correlation coefficient was 0.093.

The clustered genes are usually members of multigene
families, and the sequence diversity in these genes is
notably high. For instance, the diversity of genes is 0.05—
0.26 in the Rpp5 cluster, normally >0.1 in Rp1, Mla, and
RGC2, and >0.05 in general in Cf4/Cf9. In these gene
families, high K,/K; is common, and the genes in clus-
ters are ready for the “birth-and-death process” to adapt
higher divergent genes (MICHELMORE and MEYERS 1998),
similar to the vertebrate immune system (NEI et al. 1997).

In contrast, molecular evolution of R-P /A seems quite
different from that of R-genes in the multigene family.
The LRR region of R-P/A in A. thaliana showed a re-
latively low level of polymorphism and had low K,/K..
Why does R-P/A have a low level of polymorphism? One
possible explanation is a suppressed recombination rate
because of a lack of recombining pairs in the hetero-
zygotes at the R-P/A loci. In this scenario, we expect
a positive correlation between the presence allele fre-
quency and the level of polymorphism, because the
more presence alleles in a population, the more the
alleles have chances to recombine in individuals. How-
ever, we did not find a clear correlation between these
values in the nine R-P/A in this study (Figure 3, r =
0.093). This result indicates that a lower effective recom-
bination rate alone may not explain the unique pattern
of genetic variation in R-P/A, although it is noteworthy
that we may not have enough power to detect the cor-
relation (we have only nine plots available) and that our
samples were collected from worldwide populations,
not from a single natural population. In fact, observed
values of (m; + 9)/m were much lower than selectively
neutral expectations without recombination (Table 1),
suggesting that some kind of balancing selection plays
an important role in R-P/A.

Frequency-dependent selection, in which R-P/A is
maintained in a spatio-temporal manner (STAHL et al.
1999), is one of the alternative explanations of balancing
selection. In this scenario, a low level of genetic diversity
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Ficure 4.—Phylogenetic relationship of Rgenes in the Col genome in A. thaliana. The tree was dissected from the one con-
structed by MEYERS ef al. (2003), using amino acid sequences of the NBS domain of Rgenes by the neighborjoining method. Nine
R-P/A loci investigated in this study are indicated by boldface type. The Streptomyces sequence rooted the tree as the outgroup

(MEYERS et al. 2003).

in the presence allele is expected independently of al-
lele frequencies because of the fluctuation of allele fre-
quencies. Significantly positive Tajima’s D (TAajiva 1989)
supports this scenario, and low K,/K; in R-P/A is also
understandable if we assume selective constraint on pres-
ence Rgenes under balancing selection between P and A.

The reason why the evolutionary mechanism of R-P/A
differs from that of the other R-genes remains unknown.
At the genome level, the number of Rgenes varied
largely among species, from 149 in Arabidopsis to 480
in rice (MEYERS et al. 2003; ZHOU et al. 2004), indicating
that the maximum number of Rgenes obtainable for
individuals is different among species. The fitness cost
of Rgenes may limit the total number of Rgenes in a
genome (TIAN et al. 2003), while it seems insufficient to
confer resistance to the multitude of pathogens that
a plant is likely to encounter (DaNGL and JoNEs 2001).
R-P/A may provide a potential for plants to hold the
necessary and sufficient number of divergent Rgenes
without incurring too much cost. The unique haplotype
of the set of nine R-P/A in each accession investigated
(Table 2) is consistent with this scenario, but further
study is required to address this question.

Origin of R-P/A: Because all NBS-LRR genes share
similar sequences and structural motifs (KANAZIN et al.
1996), they are believed to share a common ancestor.
Nucleotide sequencing of R-P/A and its flanking re-
gion in a closely related species, A. lyrata, enabled us
to identify four orthologous genes out of nine R-P/A
(At5g18350 and Atlg63870 and Rpml and Rps5 from
BERGELSON et al. 2001). Interestingly, the first two loci
showed notably high nucleotide diversities in the LRR
regions, supporting that they are the ancestral alleles in

this species. The other five loci might be either under P/A
in A. lyrata or acquired in A. thaliana after speciation.
However, we found no similar paralogs for these five
R-P/A on the basis of a conserved NBS region in R-genes
in A. thaliana (Figure 4), indicating that duplication
within A. thaliana after speciation is less likely. The
possibility that the similar paralogs for these R-genes are
missing in the Col genome by P/A of the paralogous loci
remains, but the fact that all R-P/A found in Col shared
a very old common ancestor (Figure 4) indicates that
this possibility is low. Relatively high genetic variation of
the flanking regions of R-P/A within absence alleles in
R-P/A-1-R-P/A-3 (Table 1) may reflect that the absence
alleles are the ancestral state in these loci, although this
is not necessarily true if allele frequencies of these R-P/A
fluctuated recently. In fact, we observed the same
phenomenon (higher genetic variation of the flanking
region of R-P/A among absence alleles than among
presence alleles) in Rps5, where we know that the pres-
ence alleles are the ancestral state.

Regardless, our results suggest that these R-P/A have
been maintained in A. thaliana for a long evolutionary
time and that the balancing selection plays an impor-
tant role in the molecular evolution of R-P/A. Further
studies on the profiling of R-P/A in wild plants will
reveal their disease resistance mechanisms in variable
natural environments.
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