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Abstract The rice nucleotide-binding site—leucine-rich
repeat (NBS-LRR)-encoding resistance (R) gene Pi9 con-
fers broad-spectrum resistance to the fungal pathogen
Magnaporthe oryzae. The Pi9 locus comprises many
NBS-LRR-like genes and is an ancient locus that is highly
conserved in cultivated and wild rice species. To understand
the genetic variation and molecular evolutionary mecha-
nism of the Pi9 alleles in different rice species, we studied
five AA genome Oryza species including two cultivated
rice species (Oryza sativa and Oryza glaberrima) and three
wild rice species (Oryza nivara, Oryza rufipogon, and
Oryza barthii). A 2.9-kb fragment spanning the NBS-LRR
core region of the Pi9 gene was amplified and sequenced
from 40 accessions. Sequence comparison revealed that the
Pi9 alleles had an intermediate-diversified nucleotide
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polymorphism among the AA genome Oryza species.
Sequence variations were more abundant in the LRR region
than in the NBS region, indicating that the LRR region has
played a more important role for the evolution of the Pi9
alleles. Furthermore, positive selection was found to be the
main force promoting the divergence of the Pi9 alleles,
especially in the LRR region. Our results reveal the
characteristics and evolutionary dynamics of the Pi9 alleles
among the two cultivated and three wild rice species.

Keywords Oryza species - Rice blast - Pi9 -
Polymorphism - Evolution - Rice resistance gene -
Magnaporthe oryzae

Resistance (R) genes have been effectively used to control
crop diseases for over a century. During the past decade,
more than 70 R genes have been molecularly characterized
in different plant pathogen systems (Liu et al. 2007). The
largest group of R genes encodes a nucleotide-binding site
(NBS) and leucine-rich repeat (LRR) protein, which confer
resistance to a variety of pathogens including viruses,
bacteria, fungi, and oomycetes (Collier and Moffett 2009).
Two sub-groups of NBS-LRR R genes have been classified
and are distinguished by differences in their N-terminal,
which contains either the Drosophila Toll and mammalian
interleukin-1 receptor homology region (TIR) or the coiled-
coil (CC) motif (Meyers et al. 1999). Multiple evolutionary
mechanisms involving genetic recombination, gene dupli-
cation, and gene conversion affect the generation of NBS-
LRR genes (Liu et al. 2007). Studies of R gene allelic
polymorphism revealed that two types of evolution (fast
and slow) maintain resistance specificity to different sets of
pathogen populations (Shen et al. 2006; Yang et al. 2008).
A high level of polymorphism generally promotes a rapid
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evolution of R genes that enables the host to adapt to a
rapid change in pathogen populations (Bergelson et al.
2001). This relationship between high polymorphism and
evolution rate has been supported by observations of the
R gene clusters Rpp8 (McDowell et al. 1998) and Rppl
(Botella et al. 1998) of Arabidopsis, Cf4/9 of tomato
(Parniske et al. 1997), and RGC?2 of lettuce (Kuang et al.
2004), and also by observations of the single gene locus
Rpp13 of Arabidopsis (Bittner-Eddy et al. 2000; Rose et
al. 2004; Allen et al. 2004; Ding et al. 2007). In contrast,
a low-level polymorphism was observed in Rps4 and
RPWS of Arabidopsis (Gassmann et al. 1999; Orgil et al.
2007), Pita of rice (Jia et al. 2003), type Il of RGC2
paralogs of lettuce (Kuang et al. 2004), and Pfo of tomato
(Rose et al. 2007).

Balancing selection and positive selection are two major
evolutionary forces that maintain R gene allelic polymor-
phism. In Arabidopsis, for example, balancing selection
plays a unique role in the evolution of several R loci such
as Rpml, Rps5, and Rppl3, in which multiple alleles co-
exist in natural populations (Tian et al. 2002; Rose et al.
2004, 2007; Shen et al. 2006). Conversely, positive
selection is the evolutionary force that maintains polymor-
phism and resistance specificity of many R genes in the
arms race between R genes and avirulence (Avr) genes (Sun
et al. 2006; Zhou et al. 2007; Seeholzer et al. 2010). It is
well documented that the LRR domain in NBS-LRR R
genes is the main target for positive selection (Bent and
Mackey 2007). For example, Mondragoén-Palomino et al.
(2002) showed that 4% to 20% of the amino acid sites in
different phylogenetic groups of the Arabidopsis NBS-LRR
genes are subjected to positive selection and that 70% of
the positive-selection sites are located in the LRR domain.
In the same study, however, a whole-genome polymorphism
survey of the LRR regions in 27 R genes of 96 Arabidopsis
accessions indicated a lack of convincing evidence for
positive selection. Only a few alleles are candidates for the
rapid increases in frequency expected under positive
selection. Mondragén-Palomino et al. (2002) concluded
that balancing selection is more important than positive
selection in the evolution of most of the R loci in the
Arabidopsis genome.

Rice blast, caused by the fungal pathogen Magnaporthe
oryzae, is one of the most destructive diseases of rice. This
disease is most effectively controlled by use of resistant rice
cultivars. More than 70 R genes in the rice genome have
been molecularly mapped. Among the 13 R genes that have
been cloned, 11 encode NBS-LRR proteins (Liu et al. 2010),
suggesting that rice may use a highly conserved and
common resistance pathway to reduce rice blast infection.
Therefore, elucidating the evolutionary behavior of the blast
NBS-LRR R genes could provide important insights into R
gene evolutionary mechanisms. Allele polymorphism studies

in rice cultivars have revealed a strikingly low diversity at
the Pita locus, suggesting a selective sweep by artificial
domestication at that locus (Jia et al. 2003; Huang et al.
2008; Lee et al. 2009). In addition, an interspecies
divergence of the Pi-ta locus was recently reported (Lee et
al. 2009). For example, balancing selection was observed in
the two cultivated rice species Oryza sativa and Oryza
glaberrima and in the wild species Oryza barthii. In contrast,
directional selection was found in the wild rice species O.
rufipogon (Lee et al. 2009).

The rice R gene Pi9 confers broad-spectrum resistance
to M. oryzae and is a member of an NBS-LRR gene
cluster (Qu et al. 2006). At this locus, at least six
resistance alleles with different specificities to rice blast
have been identified (Liu et al. 2010). To date, three of the
alleles (Pi9, Pi2, and Piz-f) have been cloned (Qu et al.
2006; Zhou et al. 2006). In their study of five cultivars and
four wild rice species, Zhou et al. (2007) and Dai et al.
(2010) found that genome structure is highly conserved at
this locus and that strong positive selection in the LRR
region occurs in the NBS-LRR members of the Pi9 locus.
To increase our understanding of the genetic polymor-
phism and molecular evolution mechanisms of the Pi9
alleles, we analyzed a 2.9-kb region of the Pi9 gene in 40
accessions of cultivated rice and wild AA genome species.
Our results indicated that the Pi9 alleles have an
intermediate-diversified nucleotide diversity among the
tested AA genome Oryza species. The LRR region has
greater sequence variations than the NBS region, suggest-
ing an important role of the LRR domain for the evolution
of the Pi9 alleles. Positive selection has occurred in the
African cultivated rice O. glaberrima and its ancestor O.
barthii, but balancing selection tends to be a stabilizing
force for the evolution of the Pi9 alleles in the Asian
cultivated rice O. sativa. Therefore, our data suggest that
complex selection forces maintain the genetic variation
and thereby mediate the evolution of Pi9 alleles in two
cultivated rice species and their corresponding wild
ancestor species.

Materials and Methods
Plant Materials and DNA Isolation

A total of 40 accessions belonging to two cultivated rice
species and three wild species were used (Table 1). The
detailed information concerning the 40 accessions is
provided in Table S1. Wild rice accessions were kindly
provided by the National Institute of Crop Science, Korea.
Genomic DNA of the cultivated accessions was extracted
from leaf tissue using the CTAB DNA extraction method
(Saghai-Maroof et al. 1994). For wild rice, the genomic
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Table 1 The Oryza species used in this study

Group Species No. of accessions ~ Genome

Cultivated rice  Oryza sativa 17 AA
Oryza glaberrima 10 AA

Wild rice Oryza nivara 4 AA
Oryza rufipogon 5 AA
Oryza barthii 4 AA
Total 40 AA

DNA was extracted using the protocol described by Chen
and Ronald (1999).

PCR Amplification, Cloning, and Sequencing

For PCR amplification, a pair of primers was designed
based on the conserved regions in the three cloned blast R
genes, Pi9, Pi2, and Piz-t (Fig. 1). The sequence of the
forward primer, named NBSE was 5'-CAT GGATTC CTA
TGC AGA AGA C-3' (nucleotides 4279-4290; GenBank
accession No. DQ285630.1), and the sequence of the
reverse primer, named PIR, was 5-AAT ATT TAA TTA
AGC CTC ATT GAT CAT-3’ (nucleotides 7177-7203) (Fig.
S1). PCR amplification was performed using the high
fidelity Taq enzyme ExTaq (Takara) with the following PCR
conditions: 95°C for 4 min followed by 28 cycles of 95°C
for 30 s, 55°C for 30 s, and 72°C for 3 min. Amplified
DNA products were then cloned into the pGEM-Teasy
vector from Promega following the manufacturer's instruc-
tions. At least five independent DNA clones for each PCR
product were analyzed. DNA sequencing (both strands) was
performed by Shanghai Yingjun Biotechnology Company
(Shanghai, China).

Sequence Editing, Alignment, and Phylogenetic Analysis
The DNA sequences were edited with MEGA 4.0 (Tamura

et al. 2007), and the edited sequences were aligned with the
Clustal W 2.0 (Larkin et al. 2007) and manually corrected

by MEGA 4.0. Gene coding regions were predicted with
GeneScan (http://genes.mit.edu/GENSCAN.html) and
Fegenesh (http://linux1.softberry.com/berry.phtml?topic=
fgenesh&group=programs&subgroup=gfind) using the Pi9
sequence as the reference. The NBS and LRR domain regions
were determined using the online tools Pfam (http://pfam.
wustl.edu/) and SMART (http://smart.embl-heidelberg.de/)
with the Pi9 protein as the reference. Phylogenetic
analysis was performed with MEGA 4.0 using the
deduced protein sequences of the full-length fragment,
NBS regions, and LRR regions. A neighbor-joining tree
was generated using p-distance.

Nucleotide Polymorphisms Analysis

The DnaSP 5.10 program (Rozas et al. 2003) was used for
the analysis of nucleotide and indel polymorphism. The
aligned DNA sequences were imported into the DnaSP
program to calculate S (number of polymorphic or
segregating sites), 7 (nucleotide diversity), 6 (Theta from
S, Theta-W), and D (Tajima's D), and to draw the sliding
window of nucleotide diversity (7). The BioEdit program
(http://www.mbio.ncsu.edu/BioEdit/bioedit.html) was used
for the calculation of DNA and protein sequence pairwise
identity, and the data were imported into Microsoft Excel
for editing and analysis.

Positive-Selection Analysis

The online program “Selection Server” (http://selecton.tau.ac.
il/) was used for the positive-selection analysis. Five
calculation models were used to identify the positive-
selection sites under the query of Pi9: M8 (positive selection
enabled, beta+w>=1; Yang et al. 2000), M8a (beta+w=1,
null model; Swanson et al. 2003), M7 (beta, null model;
Yang et al. 2000), M5 (positive selection enabled, gamma;
Yang et al. 2000), and mechanistic empirical combination
(MEC model; Doron-Faigenboim and Pupko 2006). The
data were then imported into Microsoft Excel for statistical
analysis and for the drawing of the sliding window.

Fig. 1 The Pi9, Pi2, and Piz-t L 5364 2952 12831
gene structure and the specific Pio &
amplification primer position F>nasF PIR <]
used in this study 116 3837 2052 128 31
Pi2 |
NBSF PIR<+]
116 3852 2952 12831
Piz-t i
[>NBSF PIR «+—|
.............. 2642 12831 124
L L LL ]
L>NBsF PIRe
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Results
Sequence Characteristics of the Pi9 Alleles

A total of 40 sequences of about 2.9 kb were obtained from
the 40 AA genome rice accessions (Table 1 and Table S1).
The pairwise alignment showed that all 40 sequences are
highly homologous with the Pi9 sequence, with an average
identity of 96.7% (range 93.3% to 99.6%) at the DNA level
and 93.1% (range 87.1% to 98.7%) at the protein level
(Table S2). The phylogenetic analysis showed that these
sequences are highly homologous and clustered into a huge
clade against the cloned NBS-LRR R protein Pib as
described below, suggesting that the amplified sequences
are the Pi9 alleles in their corresponding accessions.

Nucleotide Polymorphism of the Pi9 Alleles

Of 2,927 nucleotides, 435 polymorphic sites including
alignment gaps (~18.9%) were detected among the 40
sequences using the DnaSP program (Table 2). An
intermediate-diversified nucleotide diversity (71=0.03348,
P=0.000293; Table 2) for the Pi9 alleles was observed
based on the previously published criteria (Yang et al.
2008). The average nucleotide diversity of the LRR region
(71=0.04554, P=0.00354; 6=0.04307, P=0.01263) is much
higher than that of the NBS region (71=0.02098, P=0.00194;
0=0.02746, P=0.00816) (Table 2; Fig. 2). Both values are
similar in cultivated rice and wild rice groups (Table 2;
Fig. 2). These results suggest that the LRR domain is
important in the variation of the Pi9 alleles.

Table 2 Nucleotide polymorphism of the Pi9 alleles

A total of 132 and 304 polymorphic sites were observed in
the cultivated rice O. sativa and O. glaberrima, respectively
(Table 2). The O. sativa group expresses a low polymorphism
(m=0.01484, P=0.00124; 6=0.01342, P=0.00481) whereas
O. glaberrima shows an intermediate -diversified nucleotide
diversity (7=0.03918, P=0.00874; 0=0.03816, P=0.01546;
Table 2). This result revealed that a polymorphism divergence
has independently occurred in the two cultivated rice species,
possibly because differences in breeding and artificial
selection pressures in the field have led to different
polymorphic levels of the Pi9 alleles in the two species.
Given their breeding histories, O. sativa has been under
strong breeding selection in Asia while O. glaberrima has not
been extensively selected in Africa (Linares 2002; Londo et
al. 2006).

In the wild rice group, a total of 270 nucleotide
polymorphic sites were found. The value of the nucleotide
diversity (7) was 0.03476 (P=0.00277), and the value of
from segregating sites was 0.03131 (P=0.01209), indicat-
ing an intermediate-diversified polymorphism (Table 2).
Furthermore, the polymorphism of the wild rice O. nivara
and O. rufipogon, which are the ancestors of Asian
cultivated rice, also showed an intermediate-diversified
polymorphism (Table S3; Fig. S1). The polymorphism
level of the LRR region (7=0.04493, P=0.00404; 0=
0.03764, P=0.01465) in the wild rice group was also
much higher than that of the NBS region (7=0.02413, P=
0.00205; 6=0.02395, P=0.00943) (Table 2). Interestingly,
however, O. barthii showed an extremely low nucleotide
diversity (7=0.00361, P=0.00078; §=0.00362, P=0.00206)
(Table S3). Additionally, the nucleotide diversity was lower

Group Component Location (nt) S T P 0 P’ Tajima's D

All Total 1-2,927 435 0.03348* 0.00293 0.03646 0.01058 —0.61538
NBS 1-1,290 150 0.02098* 0.00194 0.02746* 0.00816 —1.01643
LRR 1,291-2,645 242 0.04554* 0.00354 0.04307 0.01263 —0.28403

O. sativa Total 1-2,927 132 0.01484* 0.00124 0.01342* 0.00481 0.21518
NBS 1-1,290 31 0.00594** 0.00083 0.00712* 0.00276 —0.88702
LRR 1,291-2,645 93 0.02501* 0.00207 0.02036* 0.00738 0.70395

O. glaberrima Total 1-2,927 304 0.03918* 0.00874 0.03816 0.01546 —0.18329
NBS 1-1,290 94 0.02519* 0.00499 0.02576 0.01063 —0.30781
LRR 1,291-2,645 180 0.05008 0.01152 0.04813 0.01961 —0.22200

Wild rice Total 1-2,927 270 0.03476* 0.00277 0.03131 0.01209 0.03328
NBS 1-1,290 93 0.02413* 0.00205 0.02395* 0.00943 —0.06335
LRR 1,291-2,645 153 0.04493* 0.00404 0.03764 0.01465 0.62944

For Tajima's D, no value is significant at 0.01 level (P>0.01)

S number of polymorphic or segregating sites; m nucleotide diversity, the average number of nucleotide differences per site between two
sequences; # Watterson's nucleotide diversity estimator based on silent site; Zjima's D Tajima's D statistic (1989) based on the differences between

the number of segregating sites and the average number of nucleotide differences

*P<0.01, statistical significance
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Table 3 Positive-selection sites

of the Pi9 alleles as indicated by Group Model Significance Positive sites Positive sites Total positive
the M8, MEC, and M5 models level of NBS of LRR sites
All M3 P<0.001* 11 43 54
M5 - 4 30 34
MEC AIC<MB8a® 0 15 15
O. sativa M3 P<0.001 3 25 28
The positive-selection sites with M5 - 3 26 29
a statistical significance (the MEC AIC<M8a 1 0 1
lower bound of confidence 0. glaberrima M8 P<0.001 9 32 41
interval>1) under Bayesian test
was used for calculation here M5 - 1 14 15
*Represents a significance level MEC AIC<M3a 0 4 4
at 0.001 Wild rice M8 P<0.001 8 36 44
*1If the score of AIC under MEC M5 - 3 27 30
model is less than the value of MEC AIC<M8a 0 13 13

MB&a, it is statistically significant

for the LRR region (7=0.00235, P=0.00064; #=0.00243, P=
0.00155) than for the NBS region (7=0.00478, P=0.00110;
0=0.00465, P=0.00276) in O. barthii, which is opposite to
the pattern of nucleotide diversity of the other two wild rice
species and the two cultivated rice species (Table S3; Fig. S1).

Phylogenetic Relationship of the Pi9 Alleles

To evaluate the phylogenetic relationship among the Pi9
alleles, we constructed neighbor-joining trees using the full-
length fragment (Fig. S2a), the NBS region (Fig. S2b), and
the LRR region (Fig. S2c). The analysis indicated that all
these alleles are clustered into the same clade and belong to
the same NBS-LRR sub-family (Fig. S2a, b, and c). Two
obvious haplotypes are distinguishable in the phylogenetic
tree (Fig. S2¢). Group I is mainly composed of the Asian
cultivated rice O. sativa and its two ancestors, O. nivara, and
O. rufipogon. Most of the African cultivated rice O.
glaberrima and its ancestor O. barthii are clustered in group
II. These results suggest that different selection pressures
have occurred in the two unique groups of the Oryza species
during domestication and/or natural selection.

Selection of the Pi9 Alleles

To test the evolutionary selection dynamics of the Pi9
alleles in the AA genome rice species, we evaluated the
neutral selection with the Tajima's D test. Although the
Tajima's D test result was not statistically significant
(Table 2, S3), a negative Tajima's D (—0.61538) was
observed among all five AA species (Table 2), suggesting
that the Pi9 alleles may have experienced a positive
selection; by definition, a negative value of Tajima's D
indicates positive selection and a positive value indicates
balancing selection (Tajima 1989). Therefore, we used the
program Selection Server (http://selecton.tau.ac.il/) to fur-

@ Springer

ther identify the positive-selection sites in the Pi9 alleles,
and we calculated the value of Ka/Ks (Ka=the rate of non-
synonymous substitution, Ks=the rate of synonymous
substitution) of each amino acid of the deduced Pi9-like
protein sequences from the 40 accessions. Five models
including three positive-selection models, M8 (Yang et al.
2000), M5 (Yang et al. 2000) and MEC, and two null
models, M8a (Swanson et al. 2003) and M7 (Yang et al.
2000), were tested using the selection program (http://
selecton.tau.ac.il/). In comparison to the null model M8&a,
the likelihood ratio test (LRT) of the M8 model was
significant at P=0.001 except that the LRT of the O. nivara
group was significant at P=0.01 (Table 3; S4). In the MEC
model, the LRT was also significant and had a lower Akaike
information content score of MEC than that of the M8a
model for all groups except a nonsignificant level for O.
rufipogon sub-species (Table 3; S4). The results of three
calculating models were highly consistent (Table 3; S4;
Fig. 3; S3). The sliding windows were drawn to show the
distribution of the Ka/Ks values across the all 890 amino
acids under the M8, M5, and MEC models (Fig. 3; S3).
The results showed that the Ka/Ks value of most sites
(~80%) was <1, suggesting that these sites were potentially
subjected to a purifying selection. Many positive-selection
sites (Ka/Ks>1) with a statistically significant Bayesian test
were found in both NBS and LRR regions, and the
frequency of the positive-selection sites was much higher
in the LRR region than in the NBS region (Table S5;
Fig. 3; S3, S4).

The M8 model was selected for further analysis of the
positive-selection sites, and 54 potential positive-selection
sites with statistical significance (6.07% of the 890 sites)
were detected among the 890 sites making up the Pi9-like
proteins (Table 3, S5; Fig. S4). Of the 54 positive-selection
sites, 11 were located in the NBS region, and the other 43
were in the LRR region. In the Asian cultivated rice, only
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map below the sliding window is the encoding structure of the Pi9
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28 positive sites (3.15% of the total 890 sites) were found,
of which three were in NBS and 25 were in LRR region.
(Table 3). A total of 41 positive-selection sites (4.61% of
the total sites) were found in O. glaberrima, suggesting that
positive selection is much stronger in the African cultivated
rice O. glaberrima than in O. sativa.

Of the 890 total sites in the wild rice group, 44 positive-
selection sites (4.94%) were found among all three wild
species (Table 3). However, many fewer positive-selection
sites were observed in each species, with only 12 sites
(1.35%) in O. barthii, 14 sites (1.57%) in O. nivara, and 30
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represents the intron and 3’ UTR region. The nucleotide diversity of
all AA genome Oryza species (a), and comparison of nucleotide
diversity between O. sativa and O. glaberrima (b), between O. sativa
and O. nivara (c¢), between O. sativa and O. rufipogon (d), and
between O. glaberrima and O. barthii (e)

sites (3.37%) in O. rufipogon (Table S4). These results
suggest that the selection strength differs more between
species than within species, which may be caused by
differences in evolution pathways or in natural selection
forces for the different rice species.

Discussion

The allelic variation at an R gene provides important
genetic materials for the generation of new resistance
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specificity (Shen et al. 2006). Previous research on R genes
has revealed that both high and low levels of sequence
diversity occur at different R gene loci (Yang et al. 2008). In
this study, we investigated the polymorphism of the Pi9
alleles in 40 accessions of five AA genome Oryza species
(Table 1). Our results showed that the alleles share a
strikingly high identity at nucleotide and protein levels
among cultivated rice and wild rice species (Table S2;
Fig. S5), suggesting the Pi9 locus is extremely conserved in
the Oryza genus. Based on a genome-wide R gene allelic
diversity analysis of the rice genome, Yang et al. (2008)
described four classes of diversified R genes including
conserved (type I; 7<0.5%), intermediate-diversified (type
II; 7=0.5-5%), highly diversified (type II; 7>5%), and
present/absent genes (type IV). Our analysis indicated that
the Pi9 alleles in the AA genome species likely belong to
the intermediate-diversified class. Several studies demon-
strated that a high level of polymorphism of R genes
generally leads to rapid evolution. In contrast, an R locus
with a low level of polymorphism usually has a relatively
slow evolutionary rate (Shen et al. 2006; Yang et al. 2008).
Therefore, the intermediate level of polymorphism of the
Pi9 alleles suggests that the Pi9 alleles may have
experienced an intermediate rate of evolution during the
co-evolution with the rice blast pathogen (Ding et al. 2007;
Yang et al. 2008). In addition, our results showed that two
obvious clades were clustered in the phylogenetic tree
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sliding window, the shaded area is the NBS region, and the empty area
represents the LRR region. The sliding window of the total AA
genome Oryza intra-species (a), of the O. sativa species (b), of the
wild rice intra-species (c¢), and of the O. glaberrima species (d)

(Fig. S2). Interestingly, these two clades corresponded to
two main kinds of cultivated rice species, African and
Asian, suggesting that human and natural selection after
the rice species differentiated substantially influenced the
evolutionary divergence of the rice blast R gene Pi9. The
LRR region is known to be a major determinant of R gene
resistance specificity and plays a role in the variation of
the NBS-LRR genes (Collier and Moffett 2009). Our
results also showed that, except in the wild rice O.
barthii, sequence variation is higher for the LRR region
than for the NBS region among and within Oryza species
(Table 3; S3).

Both balancing and positive-selections have been observed
for the evolution of R genes. To determine which kinds of
selection forces are driving R gene evolution, researchers
have developed a variety of tests including the HKA test,
Tajima's D test, and the McDonald—Kreitman test (Hudson et
al. 1987; Tajima 1989; McDonald and Kreitman 1991). This
study used the Tajima's D test to evaluate the evolution of the
Pi9 gene among and within Oryza species. Although the
values were not statistically significant (perhaps because the
sample population was small), the negative values for
Tajima's D test suggest that the Pi9 gene have been subjected
to positive selection (Table 2; S3). Therefore, we calculated
the value of Ka/Ks of each amino acid using the online
program Selection Server to evaluate which sites are under
positive selection (Table S5). The analysis led us to three
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major conclusions. First, about 6.07% of the sites are
potentially subjected to positive selection across all five
species (Table 3; S4). Second, the LRR region is the major
positive-selection location; about 79.63% (43 in LRR and 11
in NBS) of the positive-selection sites are in the LRR region
(Table 3; S4). Third, the strength of the selection differs
among Oryza species, with the percentage of positive-
selection sites ranging from 1.35% in O. barthii to
4.61% in O. glaberrima (Table 3; S4). In the current
study, however, a divergence in selection strength was also
observed among the AA genome Oryza species (Table 3;
S4). The selection strength of O. sativa (3.15% of
positive-selection sites) significantly differed from that of
its wild ancestor O. nivara (1.57% of positive-selection
sites) but did not significantly differ from that of O.
rufipogon (3.37% of positive-selection sites). In addition,
an obvious selection difference was found between O.
glaberrima (4.61% of positive-selection sites) and its wild
ancestor O. barthii (only 1.35% of positive sites). These
results demonstrate that a divergent selection strength has
affected the evolution of the Pi9 locus in cultivated and
wild rice species.
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