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Abstract The use of plant disease resistance (R) genes in
breeding programs needs an understanding of their varia-
tion patterns. In our current study, we investigated the poly-
morphisms of 44 NBS-LRR class R-genes among 21 rice
cultivars and 14 wild rice populations. Our data suggested
that there were four basic types of variations: conserved,
diversified, intermediate-diversified, and present/absent
patterns. Common characteristics at a locus of conserved R-
genes were: copy-number uniformity, clear divergence
(long branches) with other paralogs, and highly identical
alleles. On the other hand, copy-number variability, a
nearly equal and non-zero branch lengths, and high levels
of nucleotide diversity were observed at the loci of highly
diversified R-genes. Research suggests that the ratio of
diverse alleles to the total number of genes at a locus is one
of the best criteria to characterize the variation pattern of an
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R-gene. Our data suggested that a significant genetic reduc-
tion was detected only in four present/absent R-genes, com-
pared with the variation observed in wild rice. In general,
no difference was detected between wild rice and cultivars,
japonica and indica rice, or between lines from different
geographic regions. Our results also suggested that R-genes
were under strong selection, which shaped R-gene variation
patterns.

Introduction

Rice (Oryza sativa) is a staple food consumed by nearly
half the world’s population (Delseny et al. 2001). Although
rice production has doubled over the past few decades, due
to the introduction of high-yielding varieties/hybrids and
improved cultivation practices, producers are still unable to
meet ever-increasing global demands. Pathogens are a
major threat to the global human food supply (McDowell
and Woffenden 2003). Breeding for disease resistance is,
therefore, a key component of most breeding programs and
has proven to be a highly efficient cultivation strategy
(McDowell and Woffenden 2003). It has been well estab-
lished that in crop monocultures, some R-genes impose
strong selection on pathogen Avr genes resulting in muta-
tions to virulence; consequently, plant breeders must con-
tinuously recruit new R-genes from wild relatives.
However, detecting and screening R-gene variation patterns
for individual disease in a large scale is a costly and time-
consuming process (Pink 2002). It is necessary to have a
greater understanding of the variation patterns of resistant
germplasms, so that we may develop effective approaches
to protect the world’s food supply and facilitate breeding of
resistant rice species (Jia etal. 2003; McDowell and
Woffenden 2003).
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Among all R-genes, the most prevalent one is the nucle-
otide-binding site plus leucine-rich repeat (NBS-LRR)
genes (Meyers et al. 2003). Previous research has identified
149 and 480 NBS-LRR genes in Arabidopsis and rice
genomes, respectively (Meyers etal. 2003; Zhou et al.
2004; Yang et al. 2007). Additionally, three blast NBS-
LRR resistance disease genes in rice, Pib (Wang et al.
1999), Pi-ta (Bryan et al. 2000) and Pi9 (Qu et al. 2006),
have been cloned. Polymorphic studies have demonstrated
extremely high level of diversity between different popula-
tions or even within populations in some R-genes, which
was assumed to evolve rapidly in response to changes in
pathogen populations, e.g., the rpp5 and rpp13 loci in Ara-
bidopsis (Noé€l et al. 1999; Allen et al. 2004; Ding et al.
2007b), L in flax (Ellis et al. 1999), and Type I of RGC2
genes in lettuce (Kuang et al. 2004). However, molecular
analysis of R-gene orthologs and paralogs demonstrated
that at least some resistance genes were evolving slowly,
e.g., type II of RGC2 paralogs in lettuce (Kuang et al.
2004), rps4 in Arabidopsis (Bergelson et al. 2001) and Pi-
ta in rice (Jia et al. 2003). A genome-wide survey of R-gene
polymorphisms confirmed all variation patterns above in
Arabidopsis (Bakker et al. 2006).

Recent investigations of allelic comparisons of rice R-
genes between two fully sequenced genomes, Oryza sativa
L. var. Nipponbare and 93-11, demonstrated variation pat-
terns of R-genes in crops (Yang et al. 2006). In this study,
Yang and co-workers characterized four types of NBS-LRR
genes based on their allelic diversity, genomic organiza-
tion, and genealogical relationship: the single-copy-
gene dominant group (type I), with the lowest diversity
(<0.005); the clustered-gene dominant group (type III),
with a high level of diversity and the intermediate one
between type I and III (type II). The remaining R-genes
were present in one genome, but absent in another (P/A R-
genes, type IV). Notably, this study suggested that the alle-
lic diversity of R-genes was high only in approximately
one-third of the genome, with the remaining two-thirds
displaying very low diversity (0.34% on average). Confir-
mation of these variation patterns in additional rice lines
would be extremely useful, not only to further elucidate R-
gene evolution in the other crops, but also to facilitate
efficient resistance breeding. In our current study, we
investigated the polymorphisms of 44 NBS-LRR genes
(approximately one-tenth of all the NBS-LRR R-genes in
rice genome; Zhou et al. 2004) among 21 cultivars and 14
wild rice populations. Our data suggested that the variation
pattern in each of these types was generally consistent with
the patterns of two rice genomes reported by Yang and col-
leagues. Additionally, our results indicated that the varia-
tion pattern of most R-genes reflected strong natural
selection pressure, and a few R-genes were under artificial
selection.
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Materials and methods
Plant material and DNA isolation

The variation patterns of R-genes in 21 worldwide cultivars
and 14 wild rice accessions were investigated (Table S1 of
Electronic supplementary material for details). Rice culti-
vars were obtained from USDA, the National Plant Germ-
plasm System, USA and from Dr. Cailin Wang at the
Institute of Food Crops, Jiangsu Academy of Agricultural
Sciences, China. Wild rice was a gift from Dr. Dajian Pan,
at the National Guangzhou Wild-Rice Conservation, China.
Genomic DNA was extracted from plant leaves using the
general CTAB DNA isolation procedures.

Selection of R-gene loci

In order to investigate a wider range of variation patterns,
44 of the 480 NBS-LRR genes (Zhou et al. 2004; Yang
et al. 2006), all of which have been confirmed containing
both NBS and LRR domains by using Pfam (http:/
pfam.wustl.edu/) and SMART (http://smart.embl-heidel-
berg.de/), were chosen based on the allelic diversities (1)
between the two sequenced genomes (Nipponbare and
93-11). We assumed that each of the selected genes was
functional at least in some alleles, as their sequences were
identical (or almost identical) to the full-length cDNA and
EST sequences identified in GenBank. Previous research in
our laboratory (Yang et al. 2006) identified 175, 138 and 84
pairs of R-genes with an allelic diversity of <0.5, 0.5-5 and
>5%, respectively. The remaining 105 R-genes were P/A R-
genes. R-genes were categorized as conserved (7 < 0.5%),
highly diversified (n>5%), intermediate-diversified
(m =0.5-5%) or present/absent (P/A) genes. Gene members
were defined as a gene family if nucleotide identity >60%
in a genome (Wang et al. 2005). Therefore, a multi-gene
family contains >2 paralogous members (multi-copy
genes), and a single-gene family contains only one paralog
(single-copy gene). Based on this classification, the ran-
domly selected genes in the current study were as follows:
12 conserved (9 single-copy and 3 multi-copy genes;
Table 1), 3 intermediate-diversified single-copy genes
(Table 1) and 16 P/A R-genes (Table 2). To further select
the highly diversified R-genes, additional criteria, such as
genomic arrangement, were applied. A total of 10 R-genes,
within a multi-gene family in a complex-cluster, were cho-
sen because of their particular arrangement (AC134922
cluster in Table 1 and Table S3 of Electronic supplemen-
tary material). An additional cluster with two Pib homo-
logues were selected, as previous research demonstrated
that Pib was a functional resistance gene (Wang et al.
1999). Another highly diversified single R-gene was also
randomly selected for this study.
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Table 1 Nucleotide variation of the sampled conserved, diversified and intermediate-diversified R-genes among rice lines

Gene loci  Gene name Type Cultivar  Copy Sequenced Diversity between Diversity among  Diversity among
(wild rice) no.*  length CDSs in Nipponbare all cultivars (%) wild rices
and 9311 (%)°

1 0s01g23380 Conserved 17 (4) 1 975 0.12 (0.10) 0.35 0.51

2 050729820 Conserved 17 (4) 1 948 0.34 (0.42) 0.24 0.28

3 AL006613 Conserved 17 (4) 1 621 0.12 (0.18) 0.08 0.16

4 050225900 Conserved 17 (4) 1 738 0.19 (0.28) 0.21 0.18

5 0s01g72390 Conserved 17 (4) 1 630 0.00 (0.00) 0.26 0.31

6 0s01g16390 Conserved 17 (4) 1 549 0.00 (0.00) 0.37 0.90

7 0s01g16400 Conserved 17 (4) 1 528 0.03 (0.00) 0.37 0.53

8 0s01g33690 Conserved 17 (4) 1 348 0.09 (0.00) 0.00 0.00

9 0508g09430 Conserved 17 (4) 1 375 0.41 (0.53) 0.32 0.31

AP005828 0s06g06380 Conserved 8 (4) 1 894 0.00 (0.00) 0.00 13.70°¢ 0.18 13.70°¢
0s506g06390 Conserved 8 (4) 1 786 0.00 (0.00) 0.00 0.06
0506206400 Conserved 8 (4) 1 834 0.00 (0.00) 0.00 0.06

11 0s506g48520 Intermediate 13 (4) 1 465 1.31 (1.01) 0.54 0.57

12 0s04g02110 Intermediate 11 (4) 1 735 0.61 (0.79) 0.63 0.79

13 050218510 Intermediate 10 (4) 1 678 1.71 (2.22) 0.84 1.05

14 0s12g28250 Diversified 12 (4) 1 529 5.26 (8.62) 2.61 4.37

pib Pib homologs Diversified 13 (4) 14 854 8.73 (7.60) 6.09°¢ 447°¢

AC134922 ACI134922 homologs Diversified 8 (4) 3-5 1034 8.53 (9.15) 13.50 ¢ 14.28 ¢

# Copy number represents that the number of genes in a cultivar can be amplified by a PCR method
® Value in parentheses refers to the allelic diversity of the sequenced LRR region between Nipponbare and 93-11

¢ This is an average of the pairwise diversities among the all homologues (include paralogs and orthologs)

Table 2 Nucleotide variation of sampled P/A R-genes among rice lines

Gene name Presence No. of cultivars ~ No. of present cultivars ~ Sequenced cultivars ~ Diversity among  Diversity among
in genome (wild rice) (wild rice) (wild rice) cultivars (%) wild rice (%)

AAAA02018013 93-11 18 (14) 9(7) 9(7) 0.15 0.51
AAAA02015568 93-11 18 (14) 12(4) 8(4) 0.09 0.13
AAAA02032841 93-11 18 (14) 5(6) 5(6) 0.06 0.30
AAAA02024519 93-11 18 (14) 7 (6) 7(6) 0.29 0.26
AAAA02021826A  93-11 18 (14) 8(8) 8(8) 0.00 0.42
AAAA02035731A  93-11 18 (14) 8(3) 503) 0.00 0.09
AAAA02036172 93-11 18 (14) 9(7) 9(7) 1.00 1.72
AAAA02032153 93-11 18 (14) 14 (7 7(7) 5.26 2.99
AAAA02032009 93-11 18 (14) 7(8) 5(8) 0.00 3.00
AAAA02032842 93-11 18 (14) 6(3) 6(3) 0.13 1.98
0s12g09730 Nipponbare 18 (14) 15 (6) 9 (6) 0.17 2.49
0Os10g04670 Nipponbare 18 (14) 114) 8(4) 0.00 1.25
Os11g45330 Nipponbare 18 (14) 12 (2) 8(2) 0.05 0.43
Os12g31620 Nipponbare 18 (14) 7(1) 3() 0.00 -
0s06g16790 Nipponbare 18 (14) 4(2) 4(2) 0.00 0.00
Osligl1550 Nipponbare 18 (14) 73) 4(3) 0.07 0.28
Average 49% (37%)* 0.45 1.06

* Presence %
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PCR amplification and DNA sequencing

Several studies have shown that the LRR domains of R-
gene are the major determinants of recognition specificity
for Avr factors (Elli et al. 2000), and that these domains
have the highest nucleotide polymorphism (Jiang et al.
2007). Therefore, the LRR region was chosen to detect R-
gene variation pattern. PCR primers were designed based
on conserved sites within the R-gene LRR region in Nip-
ponbare and 93-11 (Table S2 of Electronic supplementary
material). For most of the selected R-genes, PCR products
were directly sequenced. For the multi-copy genes, how-
ever, the PCR products were cloned into a PGEM-T Easy
Vector (Promega), and >20 colonies for each cultivar or
wild rice were then sequenced separately until no new
homologue sequence could be identified. To further con-
firm the allelism of the three multi-copy conserved genes,
additional primers for each gene were designed to amplify
specific regions, including a small part of the gene as well
as a sequence of about 1 kb downstream from the stop
codon. PCR products were sequenced by using an ABI
3100A automated sequencer. Sequence data were deposited
in EMBL and GenBank data libraries under accession num-
bers, EF641964 to EF642487.

Genotyping of presence/absence R-genes

A total of 18 cultivars and 14 wild rice accessions were
genotyped by a PCR method to identify presence/absence
(P/A) R-genes within the 16 selected P/A genes (10 in 93-
11 and 6 in Nipponbare). PCR was repeated for two addi-
tional times, once at 5°C below the annealing temperature
(45-50°C). If no PCR products were obtained, the PCR
reaction was repeated using a newly designed primer pair,
which increased our ability to exclude false PCR results
due to heterogenic sequences.

Sequence analysis

Sequences were aligned first by ClustalW 1.83 (Thompson
et al. 1994) and then by MEGA version 3.1(Kumar et al.
2004) for manual corrections of alignment. Nucleotide
diversity (m) was calculated by DnaSP v4.0 (Rozas et al.
2003). Phylogenetic trees were constructed based on the
Bootstrap neighbor-joining (NJ) method with a Kimura
2-parameter model by MEGA version 3.1 (Kumar et al.
2004). The diverse ratio (DR) was defined as the percent-
age of different alleles (n > 0.5%) from all alleles at a
locus.

In order to detect positive selection, we estimated the
ratio of non-synonymous (Ka) to synonymous (Ks) nucleo-
tide substitutions (Ka/Ks) on all R-genes loci. Pathogen rec-
ognition was assumed to mainly take place at the R-gene LRR
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region. More specifically, R-gene specificity appeared to
reside in the solvent-exposed residues in the x xLxLx x
motif that was located within the LRR region. Significant
clustering of amino acid replacements in the solvent-
exposed residues in the x xLxLx x motif was tested as
described in Wang etal. (1998). Accession pairs were
ranked for their interallelic Ka:Ks ratios at the x xLxLx x
motif and the two flanking domains. P values were subse-
quently compared with a Bonferroni-corrected threshold
value based on all interallelic comparisons. Protein
sequences were initially aligned by ClustalW, and the
resulting amino acid sequence alignments were then used to
guide the alignments of nucleotide coding sequences
(CDSs) using MEGA version 3.1. The Ka/Ks ratio was cal-
culated by DnaSP v4.0 based on the equations of Nei and
Gojobori (1986).

Sequence exchange was investigated utilizing GEN-
ECONV 1.81 (http://www.math.wustl.edu/~sawyer/gen-
econv/). Gene conversion was tested by finding identical
fragments between pairs of sequences within a nucleotide
alignment. Global and pairwise P values were calculated to
assess the statistical significance of the observed fragment
lengths. A default setting with 10,000 permutations was
used for the analysis with P < 0.05 defined as statistically
significant.

Results
Genetic variation of conserved R-genes

A total of 12 selected conserved NBS-LRR class R-genes
contained 9 single-copy genes (locus 1-9; Table 1) with an
average allelic diversity (r) of 0.14% (0.17% in the exam-
ined part of LRR regions) and 3 multiple-copy genes (locus
AP005828), without single nucleotide polymorphism
between Nipponbare and 93-11 (Table 1). Further amplifi-
cation and sequencing of the same LRR region for the 9
single-copy genes among 17 rice cultivars and 4 wild rice
accessions (Table 1), resulted in the amplification of only
one copy from each cultivar or wild rice, with continued
low allelic nucleotide diversities (0.24% on average and
IQR (inter quartile range) = 0.14% in cultivars, and 0.35 on
average and IQR = 0.33% in wild rice).

An additional three conserved R-genes resided within
the 18 kb region, as tandem arrays in a cluster of Nippon-
bare genome and displayed a high level of nucleotide
similarity (average 80.3%). A PCR-cloning strategy was
utilized to sequence the tandem arrays among rice lines.
A total of 36 non-redundant clones, displaying varying
degrees of sequence homology to these genes, were
obtained from 8 rice cultivars and 4 wild rice accessions.
Interestingly, only three copies of R-genes were amplified
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from each of these lines. No nucleotide diversity was
observed for each of these genes among cultivars (locus
AP005828; Table 1). In comparison, the pairwise diver-
gence among three paralogs was 17.5, 19.3 and 22.3%,
respectively. These data demonstrated that it was feasible to
unambiguously identify the allelic relationship for each of
the genes in the studied tandem arrays. Downstream
sequence of each R-gene also confirmed the allelism of the
three multi-copy conserved genes (see Materials and meth-
ods for details). Members of the R-gene family were highly
identical among alleles and highly different among para-
logs, suggesting this may be a characteristic of conserved
multi-copy R-genes.

A neighbor-joining tree was constructed for the 225
fragments of the 12 conserved R-genes using MEGA 3.1
(Fig. 1a). We noted that this type of R-gene usually had
long branches between loci, but very short branches within
a clade (among alleles). In other words, low nucleotide
diversity was observed within each of the clades. Almost
all of the pairwise diversities within a clade were <0.5%,
with the exception of one clade (Os01g23380), in which
one allele (Fig. la, Minghui 63 in Os01g23380 locus)
diverged from the others at >1% nucleotide diversity. This
low level (0.24%) of nucleotide diversity was comparable
to the average diversity (0.32%, Yang et al. 2006) of house-
keeping genes between Nipponbare and 93-11, the highly
conserved genes. These data suggested that most R-genes
were highly conserved in these loci, although rapid diver-
gence could be found within just a few alleles.

Genetic variation of highly diversified R-genes

In addition to the complex-cluster AC134922, two other
highly diversified loci, Os12g28250 and Pib, were chosen
due to their allelic diversity of >5% (5.26-8.73% in CDS
and 7.6-8.62% in the examined part of LRR region;
Table 1) between Nipponbare and 93-11. The locus
Os12g28250 contains a single-copy R-gene. The locus Pib
is a two R-paralogs cluster within an 80 kb region (Wang
etal. 1999). The two pib paralogs were reported to be
remarkably similar (nucleotide identity >95%; Wang et al.
1999). In our study, 24 non-redundant clones were obtained
from 17 rice lines, as the copy number in each cultivar var-
ied from 1 to 4 (Table 1; Fig. 1e). PCR-cloning resulted in a
minimal estimate of copy-numbers within a cultivar. There-
fore, probably, there were >4 pib paralogs in Tianxiang
cultivar (Fig. 1e), Four cultivars, 93-11, Calrose, Hokuriku
and Tohoku IL-9, and one wild rice (W0120), had >2 para-
logs, and only one Pib copy was detected in each of the
other 8 cultivars and 3 wild rice accessions (Fig. le).
Neighbor-joining tree data suggested that most of the
copy-number variation occurred in one homologous group
(Group II at Pib locus, Fig. 1e). Copy-number varied from

0 to 4, and almost every copy was different from the other.
Additionally, from branch length data we were not able to
identify alleles from paralogs. Pairwise nucleotide diversity
within this group was 5.28 £ 0.43%. The non-zero and
nearly equal branch lengths might be the characteristic of
highly diversified R-genes. In contrast, the characteristics
of another Pib group (Group I, Fig. 1e) were quite different,
with 8.09% difference from Group II noted in nucleotide
substitutions. Additionally, almost each cultivar had only
one copy, and almost no differences was found between
allelic sequences (0.18%), with the exception of one allele
from cultivar, Hokuriku. Although this level of diversity
was similar to the 0.24% noted in conserved R-genes, it was
significantly less than the average diversity (5.28%) of
Group II among genes from different rice lines (r-test,
P <0.001). These data suggested that different evolutionary
forces affected the two Pib-homologous groups, resulting in
the slower evolution of Group I compared to Group II
genes, known to be similar with Rppl3 in Arabidopsis
(Ding et al. 2007a).

The  highly  diversified  single-copy  R-gene
(Os12g28250) might be a true single-copy locus, where
only one copy had been amplified in each of the 12 rice cul-
tivars and 4 wild rice accessions. However, two distinct
divergent groups were identified by a bootstrap value of
100% (Fig. le) and by a divergence of 8.51% at this locus.
Although the average allelic diversity (n) was 3.93%, alle-
les were completely identical within one group, and slightly
different within another.

Structural divergence of the AC134922 Locus

If the non-zero and nearly equal branch lengths were used
as the criteria to identify highly diversified R-gene family,
the AC134922 locus was one (the largest) of eight candi-
dates identified in a genome-wide investigation between
Nipponbare and 93-11 (Yang et al. 2006). This locus con-
tained 10-12 R-paralogs in each of the two genomes, dis-
persed in approximately 130 and 420 kb DNA sequences,
respectively (Fig. 2). Additionally, six R-homologues were
also identified in a 93 kb sequence from cultivar GLA 4
(GenBank accession: BX005352). However, the total num-
ber of copies in GLA 4 is unknown as only one BAC clone
was available for this locus. All Nipponbare homologues
were approximately located on about 112.9 ¢cM of chromo-
some 11, while the others were presumably on the same
chromosome. Variable copy numbers, as well as the vari-
able length of intergenic and intronic sequences among
these three genomes demonstrated that the genomic struc-
ture was highly diversified among the studied populations.
A neighbor-joining tree (Fig. 1d), from full-length cod-
ing sequences of the three rice cultivars, further demon-
strated the highly divergent nature among homologues at
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Fig. 1 Phylogenetic trees of sampled R-genes and their alleles from
different rice lines. a conserved R-genes, b P/A R-genes, ¢ intermedi-
ate-diversified R-genes, d R-genes at AC134922 locus from three rice
cultivars (the genes in shaded area were used to design the PCR prim-

Nipponbure * @‘ *
.

Guangluai_4 g ) o

14

93-11

Fig. 2 Non-colinear distribution of R-genes from groups A, B, C and
D at locus AC134922 among three rice genomes. Genes in group A
(gray arrow), group B (black arrow), group C (striped arrow) and

this locus. Although the nucleotide similarity among the
homologues was >60% (Table 3), the homologues were
divided into four groups of R-genes (named group A, B, C
and D; Fig. 1d, Table S3 of Electronic supplementary mate-
rial). The nucleotide diversity among these groups was
approximately >30%, and the physical location of genes
within one group was dispersed in this region without
colinearity. For example, homologues from the same group
did not reside in corresponding positions among the three
cultivars (Figs. 1d, 2). Therefore, orthologous relationships
were difficult to discern among members within this locus.
Analysis of pairwise nucleotide diversity showed that there
was no significant difference between homologues within
cultivars (paralogs) and between cultivars (#-test, P = 0.310
to 0.998; Table 3), which statistically meets the criteria of
non-zero and nearly equal branch lengths.

Further analysis of nucleotide diversity between inter-
genic sequences showed that almost no sequences were
alignable between corresponding counterparts. Taken
together, these data demonstrated that the AC134922 locus
was a complex gene cluster, similar to the Rpp5 cluster in
Arabidopsis (Noél et al. 1999) and to the RGC2 type I in
Lettuce (Kuang et al. 2004). These results suggested that
the particular genome arrangement, the non-colinearity,
and the non-zero and nearly equal branch lengths might

@

ers), and e diversified R-genes (the genes for AC134922 are from shad-
ed area in d). The triangle wild rice. The Pib gene (Accession No.
ABO013448) and Pib pseudogene (Accession No. AB013450) sequence
coming from GenBank

oy

& «@a

group D (open arrow). The genes of group A, B, C and D are based on
their divergences in Table 3 and in Fig. 1d

contribute to the maintenance of higher genetic diversity
among populations. Interestingly, many R-genes in this
kind of cluster are members of gene families that can carry
several distinct pathogen recognition specificities (Ham-
mond-Kosack and Jones 1997).

Genetic variation of R-genes in the AC134922 Locus

In order to further investigate the variation patterns in addi-
tional rice lines, we designed a pair of primers, based on
conserved sites within the LRR region of group A (Fig. 1d;
shaded area) to amplify the homologues at locus
AC134922. A total of 49 non-redundant clones were
obtained from eight rice cultivars and four wild rice acces-
sions (Table 1 and Fig. le), as the copy number in each line
varied from 3 to 5 (Fig. 1e). The nucleotide diversity varied
from 0.00 to 25.2% among homologues, with the average
diversity 14.4 + 6.89%. Of the 1,176 pairwise compari-
sons, most (87.9%) have a nucleotide diversity of >5%,
only 35 alignments <1%. The average divergence among
paralogs varied from 9.7 to 16.1%, similar to the average
diversity (8.5 to 14.9%) noted among homologues between
cultivars (Table 4). There was no significant difference
(z-test, P > 0.10) between the divergence among paralogs
and among orthologs. These results, obtained from more

Table 3 Nucleotide diversity (n) of R-genes at locus AC/34922 among three rice genomes

Group 7 between inter-cultivars 7 between inter-cultivars Average
Nip versus 9311 versus Nip versus Nip 9311 GLA4
9311 GLA4 GLA4
A Range  0.0101-0.153  0.034-0.278  0.007-0.271 0.0062-0.278  0.0191-0.269 0.078-0.264  0.0062-0.278
Average 0.085 £ 0.0406 0.131 £0.063 0.129 £ 0.081 0.071 £0.057  0.090 £ 0.057 0.160 &+ 0.067 0.118 & 0.065
P value 0.998
B Range  0.0135-0.223 - - 0.057-0.099 0.054-0.200 - 0.034-0.223
Average 0.124 +0.048 - - 0.0802 £0.017 0.126 £ 0.045 — 0.117 £ 0.046
P value 0.310
C Pairwise 0.0857 - - 0.034 - - 0.0686
D - - 0.018 - - - 0.018

The P values represent two tailed z-test results’ comparisons between inter-cultivars and intra-cultivars
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Table 4 Nucleotide diversity (n) and Ka/Ks of R-genes at locus A of AC134922 among rice cultivars

Copy Nipponbare 9311 Dadaotou IR24 GLA4 Beiguang Dular Calrose ALO00912R

e T KalKs n KalKs n KalKs n KalKs n KalKs 11 KalKs n Ka/Ks © Ka/Ks n Ka/Ks
Nipponbare 3 0.102 0.787 0.761 0.784 0.713 0.719 0.784 0.732 0.750 0.776
9311 4 0.088 0.097 0.750 0.726 0.575 0.669 0.749 0.657 0.678 0.735
Dadaotou 5 0.146 0.153 0.146 0.730 0.780 0.952 0.765 0.726 0.731 0.759
IR24 5 0.130 0.131 0.133 0.155 0.673 0.609 0.688 0.655 0.677 0.870
GLA4 3 0.085 0.096 0.143 0.128 0.158 0.746 0.756 0.717 0.732 0.904
Beiguang 5 0.113 0.107 0.150 0.134 0.126 0.114 0.688 0.684 0.719 0.861
Dular 4 0.142 0.140 0.137 0.136 0.148 0.121 0.161 0.712 0.701 0.794
Calrose 4 0.141 0.140 0.137 0.136 0.148 0.121 0.121 0.160 0.730 0.806
ALO0912R 5 0.126 0.133 0.135 0.134 0.129 0.140 0.138 0.138 0.158 0.813

cultivars, showed a variable paralogous number among cul-
tivars and an ambiguous relationship between paralogs and
orthologs in this complex R-cluster, consistent with analy-
sis results of the three genomes at this locus.

Genetic variation of intermediate-diversified R-genes

The three intermediate-diversified R-genes, selected from
138 such genes, had an average allelic diversity (m) of
121% (1.34% in the examined part of LRR region,
Table 1). The amplification and sequencing of these genes,
within the same part of LRR regions and among 14-17 rice
lines, resulted in the amplification of only one copy in each
of these lines, with allelic diversities still considered inter-
mediate (0.67% on average, ranging from 0.54 to 0.84%;
Table 1). This level of diversity was only 50% of that noted
between two sequenced genomes, a reduction that resulted
from the grouping of alleles (Fig. 1¢). For example, when
Nipponbare and 93-11 alleles were sampled from different
allelic groups, the level of diversity was larger. However, it
decreased after adding more alleles into the two same
groups. Data from two or more allelic groups indicated that
the average level of diversity (1.49%; Yang et al. 2006)
from two genomes might have been slightly over-esti-
mated. However, in comparison to conserved R-genes as a
whole, these R-genes were real intermediate-diversified
genes, due to their higher diversity, higher level of differen-
tiation (the process of divergence), and greater number of
diverse alleles (Fig. 1c; Table 1).

Genetic variation of present/absent R-genes

Genotyping of the 18 rice cultivars and 14 wild rice acces-
sions confirmed that all the 16 P/A genes (10 from 93-11
and 6 from Nipponbare) were under the present/absent
polymorphism in both cultivars and wild rice (Table 2).
Allele-presence frequencies ranged from 4 to 15 out of 18
cultivars and from 1 to 8 out of 14 wild accessions
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(Table 2). Among the 16 P/A R-genes, Os06g16790 had the
lowest allele-presence frequency (22.2%) and Os12g09730
the highest (83.3%) in cultivars, with the average frequency
of 48.9 £ 18.0%, suggesting that a P/A R-gene was present
in half of the cultivar population. However, the average fre-
quency (37.0 £ 16.0%) in wild rice was significantly
smaller than that in cultivars (z-test, P < 0.01).

Previous research has suggested that P/A polymor-
phisms could potentially result from geographic differen-
tiation. Under this scenario, a P/A R-gene would be
present only in a given geographic area. However, our
phylogenetic data (NJ method) revealed no signs of geo-
graphic differentiation (Fig. 1b). These results suggested
that the high proportion of asymmetric R-genes observed
between 93-11 and Nipponbare was common among rice
populations.

To further elucidate the variation pattern of P/A R-genes,
450-1,200 bp fragments were sequenced for each of the 16
P/A R-genes. The average nucleotide diversity was 0.45%
(0~5.26%; Table 2) in cultivars, significantly lower than
the 1.06% (0~3.00%) observed in wild rice accessions
(P <0.05). The nucleotide diversity was not significantly
correlated between cultivars and wild accessions (r = 0.28,
P =0.31) due to the noticeable reduction in genetic diver-
sity in cultivars at four of the 16 R-loci (locus
AAAA02032009, AAAA02032842, Os12g09730 and
Os10g04670 in Table 2; Fig. 1b). The average nucleotide
diversity in these R-loci in cultivars was 0.075%, smaller
than the 2.18% noted in wild rice (P < 0.005). Additionally,
there was a positive correlation between the diversity of
cultivars and wild rice at the remaining R-loci (r = 0.93,
P <0.001). Most (14 of 16) of the P/A loci had a nucleotide
diversity of <0.50% among cultivars, suggesting they were
conserved. However, this group did not share a uniform
level of nucleotide diversity, as two loci displayed a nucle-
otide diversity >1.0%, suggesting that some of the P/A R-
genes were under rapid differentiation, e.g., the locus
AAAA02032153 and AAAA02036172.
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Detection of the natural selection and gene conversion

Pathogen recognition is assumed to mainly take place at the
R-gene LRR region (Jones and Jones 1997). Based on the
LRR protein structure model, solvent-exposed residues in
the x xLxLx x motif often exhibit strikingly fast rates of
evolution; however, other regions within the LRRs also
evolve by positive selection. In the current study, six R-
genes were detected and displayed significantly greater Ka
versus Ks in the x xLxLx x motif (P <0.05, Table 5).
Interestingly, four out of the six R-genes (Table 5) had no
silent nucleotide variation (Ks = 0) but contained segregat-
ing protein variants (Ka > 0) in the x xLxLx x motif of
rice lines, suggesting a strong positive selection in this
region. Additionally, four to six R-genes revealed signifi-
cantly Ka > Ks between alleles flanking the x xLxLx x
motif (P < 0.05; Table 5) to the left and/or to the right, sug-
gesting that selection might be occurring at sites outside the
x xLxLx x motif.

Potential targets for selection include identical
sequences or those that have significantly low nucleotide
diversity (Innan and Kim 2004). R-genes with low nucleo-
tide diversity among cultivars were further investigated for
artificial selection by identifying the silent nucleotide diver-
sity between R-genes and their nearest neighbors. The slid-
ing window method, with a window size of 1,000 bp and a
step size of 500 bp, was used to test whether the nucleotide
diversity of flanking sequence of R-genes between Nippon-
bare and 93-11 was low similarly, as might be expected if
there was an artificial selection in the R-locus. Our data
suggested that the AP005828 locus, a cluster locus includ-
ing three R-genes (0Os06g06380, 0Os06g06390 and
0s06g06400) with a 100% nucleotide identity among culti-
vars, was a potential candidate (Fig. 3). The three R-genes
were relatively invariant among cultivars, suggesting young
alleles; and all contained segregating protein variants when
compared to wild rice. We analyzed a region with low
polymorphism in the genome scan and found a 130 kb
stretch of DNA encompassing the three cluster R-genes that
almost completely lacked variation in the two sequenced
genomes (Fig. 3). The nucleotide diversity of the 130 kb
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Fig. 3 Sliding window analysis of nucleotide diversity in and around
the three low diversity R-genes. Window size is 1 kb with a 500-bp
increment. The broken line stands for the average diversity between the
two sequenced rice genomes. The gray box is the position of the three
R-genes in the 190-kb sequence

sequence (including 23 genes, from Os06g06230 to
0s06g06460) was significantly lower than the average
diversity of the genomes (Fig.3; International Rice
Genome Sequencing Project 2005).

We further analyzed gene conversion (and/or unequal
crossing-over) at all R-loci utilizing the GENECONYV pro-
gram, trying to find out the evolutionary forces affecting R-
genes diversification. Significant gene conversion (and/or
unequal crossing-over) was identified among the 28 full-
coding DNA in three rice cultivars, as well as among the 49
cloned LRR sequences in 12 different rice lines at the
AC134922 locus. In total, there were 18 and 146 significant
gene-conversion events in the full coding and LRR
sequences, respectively. Gene conversion fragments ranged
from 31 to 787 bp, with approximately 78% of fragments
larger than 100 bp. All gene conversion events among the
28 full coding R-genes were found in the LRR regions, with
none detected in the NBS domains. These results suggested
that gene conversion might be an important evolutionary
force driving the diversification of the AC134922 family

Table 5 Interallelic mean

Ka:Ks ratios for the Left domain x xLxLx x motif Right domain

x xLxLx x Motif and its two Ka Ks Ka:Ks Ka Ks Ka:Ks Ka Ks Ka:Ks

flanking domain within the LRR

modules AL006613  0.004  0.003 1.333 0.004 0.000 Ka>Ks* 0.000 0.002 0.000
0508209430  0.004  0.000 Ka>Ks* 0.008 0.000 Ka>Ks* 0.007 0.007 1.000
0s02g18510  0.000  0.014  0.000 0.012  0.008 1.464* 0.004 0.000 Ka > Ks*
0s04g02110  0.007  0.003  2.333* 0.014 0.000 Ka>Ks* 0005 0.003 1.667*

Statistical significance for Ka 0s06g48520  0.000  0.000 0.006 0.000 Ka>Ks* 0.008 0013 0.615

being greater than K is indi- 0s12g28250  0.0244  0.083  0.294 0.102 0028 3.643%*  0.055 0036 1.528%

cated by an asterisk (P < 0.05)
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LRR domain and might be a further adaptation to produce
novel resistance alleles. As noted at other loci (Michelmore
and Meyers 1998), the frequent occurrence of sequence
exchange between paralogs would have made it impossible
to detect orthologs by comparison of two haplotypes. In the
Pib locus, 39 significant gene conversion events were also
identified. The exchanged fragments ranged from 51 to
650 bp (average 249 &£ 185 bp), with 72% of fragments
larger than 100 bp.

Discussion
Variation pattern of R-genes in rice genome

Knowledge of the variation patterns of R-genes is of funda-
mental importance for plant breeders attempting to preserve
a resistant germplasm. Based on the genome-wide allelic
analysis of R-genes between two rice cultivars, Yang and
co-workers (2006) proposed to use pairwise allelic diver-
sity, the genomic organization and the genealogical rela-
tionship with other genes as criteria to characterize
variation patterns, resulting in the following categories:
conserved (type I; m <0.5%), highly diversified (type III;
7 > 5%), intermediate-diversified (type II; = = 0.5-5%) and
present/absent genes (type IV). Investigation of the allelic
variation among rice lines in about one-tenth of the NBS-
LRR genes has resulted in a greater understanding of varia-
tion patterns. With the additional investigation of more rice
lines, the sampled 44 NBS-LRR genes were still generally
considered as the same type of R-genes classified by Yang
et al. (2006), with one exception (Os12g28250). This con-
clusion was demonstrated by a significantly positive corre-
lation between the 7 from the two genomes (7,,,,) and the
from additional alleles in other populations (7T ..
(r=0.89, P<0.001; Table 1). This correlation indicated
that the variation level of an R-gene was generally constant
among rice lines, and that the estimation of genetic richness
for an R-gene from two genomes by the above-mentioned
criteria was generally reliable.

However, additional detailed criteria could be inferred
from our polymorphic data of a large number of R-genes.
For example, the 12 conserved NBS-LRR genes contained
only one-copy in each of the cultivars, in addition to the
low nucleotide diversity (<0.5% in each of these genes).
Moreover, simple differentiation, which was defined as the
lack of sequence exchange among the genes in the process
of divergence, was found among conserved R-genes, i.e.,
AP005828 family genes (Os6g06380-06400 in Fig. la).
We hypothesize that simple differentiation would lead to
the long branches between the conserved R-genes, which
might also explain why so many single-copy genes are con-
served R-genes (57.1% in type I; Yang et al. 2006).
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Our data suggested that highly diversified R-genes pre-
cisely displayed the contrary characters, i.e., variable copy
numbers (04 at the group I of pib), complex differentiation
(the differentiation which resulted in the non-zero and
nearly equal branch lengths), sequence exchange among
branches, and high diversity among homologues. This kind
of complex differentiation could potentially create or main-
tain the greatest numbers of homologues that differed from
each other but did not show much divergence at a locus.
For instance, 13 different alleles (n > 0.5% for each pair of
them and 5.28 £ 0.43% on average) were detected from a
total of 14 genes at group II of pib (Fig. 1c). The diverse
ratio (DR; See Materials and Methods for definition) was
92.8% at pib 11, 93.8% at AC134922, 37.8% at three loci of
intermediate-diversified, and <11% at each of the 12 con-
served R-genes. This criterion could potentially be an ideal
measure of characterization of variation patterns of an R-
gene, because once minimal diversity was set (i.e., > 0.5%),
the different alleles could recognize different molecules
from pathogens. Consequently, the more diverse alleles are
at a locus, the more the molecules (i.e., the products of Avr
genes or elicitors released from pathogens) could be per-
ceived by this locus. Interestingly, many cloned functional
R-genes were located at the loci with a high DR. For exam-
ple, there were three functional R-genes at the Rpp8 locus
(5.5 £ 3.1%; DR = 100% when five alleles were sampled
from GenBank) and one at the RppI3 locus (8.9 + 3.9%;
DR =53.3% when 60 sampled; Ding et al. 2007a) in Ara-
bidopsis thaliana, four at Cf9/4 in tomato (7.0 £ 2.3%;
DR =100% when 10 sampled; Parniske et al. 1997), three
at L in flax (4.2 £ 1.6%; DR =96.2% when 12 sampled;
Ellis etal. 1999), and one at pib 11 (5.28 & 0.43%;
DR =92.8%). The high proportion of functional R-genes
revealed at the highly diversified locus suggested that the
R-loci, with higher DR and intermediate diversity, were
important resistance loci in plants. By this criterion, the
proportion of truly diversified R-genes in rice genome
should be less than the estimated (84 genes or 17.9%) by
comparison of the two genomes (Yang et al. 2006). For
example, the locus Os12¢28250 (Fig. 1e) was not qualified
as the highly diversified R-genes, due to its low DR
(18.7%).

The polymorphic data of 44 R-genes revealed another
distinct type of R-genes, those with two-directional differ-
entiation at a locus, similar to the locus of Rppl3 reported
to have multi-directional differentiation (Ding et al. 2007a).
For example two differentiated groups of alleles were
identified at the locus Os12g28250, AAAA02032153,
AAAA02036172, 0s01g23380, Os01g16390, Os01g72390,
0s502g25900 and two loci of intermediate-diversified R-
genes (Fig. 1), and the nucleotide diversity was much
higher between groups (3.83 &+ 3.63%; ranging from 1.09
to 10.93%) than within a group (0.14 £ 0.18%; ranging
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from 0.00 to 0.48%). While the alleles within groups were
conserved, they were more divergent between groups.
Based on our polymorphic data, there were three basic vari-
ation patterns: the conserved, the diversified and the inter-
mediate-diversified pattern, which seemed to be determined
by the patterns of differentiation: the simple, the complex
and the two- or multi-directional differentiation, respec-
tively. Therefore, the differentiation pattern resulted in alle-
les with low-diversity, equal-diversity, or grouped-diversity.

The R-gene polymorphic classes may correlate with their
corresponding pathogen evolution and therefore may have
distinct expression patterns. Indeed for the rapidly evolving
R-genes, i.e., L in flax and RPPI3 in Arabidopsis, the
highly divergent Avr alleles in pathogens (i.e., AvrL567
and ATR13) are also observed (Dodds et al. 2004; Allen
et al. 2004), indicting that the polymorphic patterns in both
hosts and pathogens are locked in a co-evolutionary pro-
cess. In contrast, i.e., in Bs2 of pepper plant and in AvrBs2
of Xanthomonas, the highly conserved alleles are revealed
in both host and pathogen (Wichmann et al., 2005). How-
ever, the limited studies on R-gene expression cannot dis-
tinguish the assumption that the rapidly evolving R
members might have dramatic expression changes in differ-
ent ecotypes, while those highly conserved genes might
have more conserved expression pattern. Further study will
increase our understanding of the correlation between poly-
morphism and expression patterns of R-genes.

Diversity of R-genes among wild rice, indica rice
and japonica rice

Rice cultivars are the products of thousands of years of
human selection. During crop improvement after domesti-
cation, growers exercised extremely strong selective pres-
sure on target genes controlling key morphological and
agronomic traits. Indeed, reduced genetic diversity was
observed relative to unselected genes (Innan and Kim
2004). Artificial selection can result in a reduced level of
variation at neighboring loci as a result of genetic hitchhik-
ing (Maynard-Smith and Haigh 1974) and is believed to be
the main evolutionary force acting on domesticated species
since their origin 10,000 years ago (Innan and Kim 2004).
These beneficial phenotypes were therefore fixed in the
founder population of domesticated species in a short
(probably very short) time. In cultivated crops, polymor-
phism is typically reduced by 60-80% (Innan and Kim
2004). One R-locus (AP005828 locus) was detected as a
potential artificial selective candidate including a valley of
reduced heterozygosity of 130 kb by the polymorphism
analysis in the neighboring sequence (Fig. 3). However, no
remarkable reduction of nucleotide diversity was detected
in the neighboring sequences of other R-genes which had a
low level of diversity.

Given that the R-gene was one of the genes targeted by
artificial selection, it would be feasible to expect there
would be a different level of polymorphism between culti-
var and wild rice. Indeed, a significantly lower diversity
was detected at four loci of P/A R-genes. However in gen-
eral, no remarkable difference was detected by our poly-
morphic data (#-test, P =0.21). Almost all the other R-
genes from wild rice lines (triangles, Fig. 1) were located as
common members of R-genes at that locus, with no clearly
particular branch for any of the R-genes from wild rice
lines. Additionally, almost no difference was detected at the
level of nucleotide diversity between wild rice and cultivars
(Table 1). The average diversity within cultivars (0.20%)
was only slightly smaller than 0.29% in the conserved and
in the intermediate-diversified R-genes. Similarly in the
diversified type of R-genes, R-genes from wild rice were
not clearly divergent from those in cultivars in the same
branch (Fig. le). These results indicated that there was no
remarkable reduction of genetic diversity in most R-genes
of domesticated rice.

Interestingly, the differentiation of R-genes between
indica and japonica rice lines could not be detected in the
conserved, intermediate-diversified and diversified R-
genes, although the sequence divergence between these
subspecies has been identified in many genes (Nasu et al.
2002; Garris et al. 2005; McNally et al. 2006). As noted in
the genealogical tree of Fig. 1a, c—e, there was no grouping
of indica from japonica R-genes. The subspecies grouping
could only be detected in six loci out of the 16 P/A R-genes,
where two (Os10g04670 and Os11g011550) contained only
japonica and four loci (AAAA02035731A, AAAA02018013,
AAAA02032009 and AAAA02024519) only had indica
members (Fig. 1b). It is interesting to note that these indica
or japonica specific P/A R-genes reflected those genes that
were randomly lost or selectively maintained in a subspe-
cies. Similarly, no obvious geographic relationship with the
branches was observed, in spite of the fact that worldwide
rice lines were used to investigate possible groupings which
might arise geographically, from distant populations. Our
data suggested that R-genes were under strong selection
from similar ranges of pathogens, and that this kind of
selective pressure shapes the variation patterns of R-genes,
over-riding the possible effects from the differentiation
between subspecies, the geographic distance and the differ-
ence of domesticated and wild rice.

Abundance and origin of present/absent R-genes

It was of note that there was a high proportion (22.2% or
105 P/A R-genes in two genomes; Yang et al. 2006) of
present/absent R-genes between Nipponbare and 93-11,
and, even more impressive, that the large number of P/A
was not a result of sub-species differentiation. These results
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suggested there was a large number of P/A R-genes among
populations, and that these genes could be a major contrib-
utor to the genetic variation of plant resistance germplasm.
If a rice line contained 10 unique P/A R-genes (estimating
about 1/5 of P/A in Nipponbare or 93-11), there should
potentially be >1,000 different P/A R-genes maintained in
rice (assuming 100 independent lines in this species). Our
genotyping and sequencing data of cultivars and wild rice
revealed that no single pair of lines shared the same haplo-
type with respect to the 16 P/A R-genes. Additionally, no
linkage disequilibrium between any pair of loci was
detected (Chi-square test, P > (.10), suggesting there was
no strong interaction between each P/A locus investigated.
These data supported the expectation of large numbers of P/
A R-genes maintained among populations. However, it
remains to be seen how many unique P/A R-genes can still
be identified in each of these lines.

It is clear that the P/A R-genes in Arabidopsis were from
the old duplicates and were maintained by selection (Shen
et al. 2006). The long branches between any pair of the 105
P/A R-genes (Fig. S1 of Electronic supplementary material)
suggested that rice P/A R-genes were from old duplicates as
well. Our genotyping and sequencing among rice lines did
not find more than one copy (the possible young paralog) in
a genome, consistent with the expectation of old duplicates.
The fact that there was no grouping of indica from japonica
in the other types of R-genes suggested that the japonica or
indica grouping in a few P/A R-genes could be the result of
adaptive selection, due to the different spectrum of patho-
gens between environments used for cultivating japonica
and indica rice. This is consistent with the hypothesis of
selectively maintained P/A polymorphism (Shen et al.
2006).

Interestingly, the two-directional differentiation at an R-
locus noted in the tree in Fig. 1 was very similar to the P/A
tree at early stages. For example, two groups of R-genes
were highly divergent in the tree for Os12g28250 (Fig. le),
0s01g16390 or Os01g23380 (Fig. 1a), and each branch of
these trees contained only parts of alleles at either of these
loci. This leads us to hypothesize that as the divergence
continues, each branch may develop into a P/A R-locus,
suggesting that P/A R-genes could originate from the two-
or more-directional differentiation. In this scenario, an
allele from a rice line should be present and absent in two
closely related P/A R-loci. However, only 12 pairs of
closely related P/A R-genes (Fig. S1 of Electronic supple-
mentary material), each pair of which contained one allele
from Nipponbare and one from 93-11, were identified. If
these pairs resulted from two-directional differentiation,
this origin of P/A could account for 22.9% (24/105) of P/A
R-genes. Future research is, however, necessary to fully
elucidate the origin of P/A R-genes.
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