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Abstract Cultivated rice was domesticated from com-
mon wild rice. However, little is known about genetic
adaptation under domestication. We investigated the
nucleotide variation of both cultivated rice and its wild
progenitors at 22 R-gene and 10 non—R-gene loci. A sig-
nificant regression was observed between wild rice and rice
cultivars in their polymorphic levels, particularly in their
nonsynonymous substitutions (6,). Our data also showed
that a similar proportion (approximately 60%) of nucleo-
tide variation in wild rice was retained in cultivated rice in
both R-genes and non—R-genes. Interestingly, the slope
always was >1 and the intercept always >0 in linear
regressions when a cultivar’s polymorphism was x-axis.
The slope and intercept values can provide a basis by
which to estimate the founder effect and the strength of
artificial direct selection. A larger founder effect than
previously reported and a strong direct-selection effect
were shown in rice genes. In addition, two-directional
selection was commonly found in differentiated genes
between indica and japonica rice subspecies. This kind of
selection may explain the mosaic origins of indica and
Jjaponica rice subspecies. Furthermore, in most R-genes, no
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significant differentiation between cultivated and wild rice
was detected. We found evidence for genetic introgression
from wild rice, which may have played an important role
during the domestication of rice R-genes.
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Introduction

Asian cultivated rice, including the indica and japonica
subspecies, was domesticated approximately 10,000 years
ago (Brar and Khush 1997; Sang and Ge 2007). The origins
of Asian cultivated rice from its wild ancestors have been
debated for decades, mainly regarding the question of
whether it originated monophyletically or polyphyletically.
The monophyletic origin hypothesis suggests that common
wild rice (Oryza rufipogon) evolved into the indica and
Jjaponica subspecies in different locations and at different
times (Vitte et al. 2004; Ma and Bennetzen 2004). In
contrast, the polyphyletic origin hypothesis postulates that
diversification of indica and japonica subspecies occurred
before they were separately domesticated and subsequently
developed into two major subspecies (Second 1982; Wang
and Sun 1996; Tang et al. 2006). During the process of
domestication, founder events can decrease genetic diver-
sity, change allele frequencies, increase linkage
disequilibrium (LD), and eliminate rare alleles in the
resulting population (Ross-Ibarra et al. 2007). Recent
research has shown that only 10 to 20% of the genetic
diversity in wild rice relatives was retained in cultivated
rice, indicating a severe genetic bottleneck during domes-
tication (Zhu et al. 2007). Therefore, common wild rice
serves as a vast, important genetic reservoir and germplasm
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resource to improve traits of agronomic importance and
broaden genetic diversity in rice breeding (Song et al.
2005). Many agronomically beneficial traits in wild rice,
such as rice tungro virus resistance, bacterial leaf blight
(Xa21) resistance, and acid sulfate soil tolerance, play
important roles in rice breeding (Song et al. 2005).

Plant disease resistance (R) genes have been used in
resistance-breeding programs for decades, which have been
proven to be the most economic and effective strategy by
which to control crop diseases (Moffat 2001). Compared
with rice domesticates, more genetic diversity was located
in its wild relatives, and these were valuable sources for
resistance to disease or insect pests (Moffat 2001). Some of
these genes have successfully been transferred or intro-
gressed into varieties of cultivated rice. For example,
bacterial leaf blight R-genes Xa2l, Xa23, and Xa27 have
been introgressed into rice cultivars from Oryza longi-
staminata, O. rufipogon, and O. minuta, respectively
(Meyers et al. 2005). Pib, a NBS-LRR class R-gene that
confers a high level of resistance to most types of rice blast,
was introgressed independently from two Indonesian and
two Malaysian rice cultivars into japonica rice cultivars
(Liu et al. 2002). Pi-9, another resistance gene to rice blast,
was introduced from O. minuta, a tetraploid wild species of
the Oryza genus (Amante-Bordeos et al. 1992).

Abundant genetic diversity in R-genes is important as a
necessary condition for response-to-recognition specificity
of pathogens, not only in wild relatives of rice but also in
rice-breeding programs. Polymorphic studies have dem-
onstrated that extremely high levels of diversity were
detected among different populations or even within pop-
ulations in some R-loci, e.g., in Rpp13, Rpp8, and L genes
(Allen et al. 2004; Ding et al. 2007a, b; Sun et al. 2008;
Tian et al. 2008; Yang et al. 2008). The absence of genetic
diversity in R-genes can have dire consequences in terms of
disease epidemics in excessively uniform crops. The most
famous example of this was the potato famine that struck
Ireland in the middle of the nineteenth century. Excessive
reliance on potato as a staple food led to a widespread
famine when the crop was devastated by a fungal disease,
the potato late blight.

The largest class of R-genes encodes nucleotide binding
site—leucine-rich repeat proteins (NBS-LRRs). The only
known function of these proteins is to condition disease
resistance (Nimchuk et al. 2003). A total of 480 NBS-
LRRs have been identified in the rice genome (Zhou et al.
2004; Yang et al. 2006). A genome-wide survey of R-gene
polymorphisms showed that four variation types—the
conserved, the diversified, the intermediate-diversified, and
the present/absent patterns—were detected in rice lines
(Yang et al. 2006, 2008). However, previous studies did not
explore the fundamental role of plant domestication in
human history and the critical importance of a relatively
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small number of crop plants to modern societies. To
understand which factors influenced genetic diversification
and genomic evolution in R-genes during domestication,
this study investigated the quantitative (genetic variation)
and qualitative (genetic differentiation) differences in
NBS-LRR R-genes and other functional genes between
cultivated rice and its wild relatives. This is a first step in
understanding the evolutionary forces acting on rice R-
genes between domestic and progenitor rice species.

Materials and Methods
Plant Material and DNA Isolation

The variation patterns of R-genes were investigated in >17
worldwide rice cultivars and 14 wild rice individuals. Rice
cultivars were obtained from the United States Department
of Agriculture, from the United States National Plant
Germplasm System, and from Cailin Wang at the Institute
of Food Crops, Jiangsu Academy of Agricultural Sciences,
China. The wild rice accessions were provided by Dajian
Pan at the National Guangzhou Wild-Rice Conservation,
China, and the National Institute of Genetics, Japan.
Genomic DNA was extracted from fresh leaves using the
cetyltrimethyl ammonium bromide (CTAB) method.

PCR Amplification and DNA Sequencing

A total of 22 NBS-LRR genes (Table 1), except for 2
functional R-genes (Pib and Pita), were randomly selected
from the conserved, the highly diversified, and the inter-
mediate-diversified R-genes, which were defined by Yang
et al. (2006, 2008). Nine of 10 non—R-genes in Table 1
were chosen on the basis of their functions confirmed
experimentally (Table S1), and 1 (Vatp) was selected as a
neutrally evolved gene (Londo et al. 2006). Each of these
genes (excluding Vatp) was assumed to be functional, at
least in some alleles, because their sequences were iden-
tical (or almost identical) to the full-length cDNA and
expressed sequence tags (EST) sequences recorded in
GenBank. In addition, other 10 non—R-genes from Tang
et al. (2006), representing highly divergent genes, were
employed as references in this study (Table S2).

Several studies have shown that 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. Polymerase chain reaction (PCR) primers
were designed based on conserved sites between Nippon-
bare and 93-11 (Yang et al. 2006). If no PCR products were
obtained in individuals, then PCR was repeated for two
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Table 1 Nucleotide variation at R-genes and non—-R-loci

Loci T (%) 0 (%) gxil (%) 011 (%)

C W D C w C w C w

xy

R-loci

0s06g06400 0.00 0.35 0.20 0.00 0.45 0.00 0.97 0.00 0.25
0s06g06380 0.00 0.55 0.42 0.00 0.63 0.00 1.87 0.00 0.27
0s01g33690 0.00 0.58 0.33 0.00 0.63 0.00 1.18 0.00 0.35
0s06g06390 0.00 0.61 0.56 0.00 0.72 0.00 1.79 0.00 0.10
Os12g¢33740 0.00 0.71 045 0.00 0.76 0.00 1.57 0.00 0.53
AL006613  0.08 0.02 0.20 0.05 042 0.00 0.44 0.06 0.36
Pita 0.09 0.15 0.12 0.31 0.35 045 0.36 0.27 0.35
0s502¢25900 0.22 0.25 0.27 0.16 0.40 0.18 0.36 0.16 0.37
0s07g29820 0.24 0.51 0.46 0.16 0.70 0.27 1.29 0.12 0.52
0s01g72390 0.26 0.35 0.32 0.28 040 1.08 046 0.07 0.44
0s01g23380 0.35 0.64 0.56 0.70 0.71 1.54 1.23 0.44 0.5
0s01g16400 0.37 1.00 0.75 045 1.01 1.19 253 022 0.54
0s01g16390 0.42 1.76 139 038 1.76 0.42 2.51 0.38 1.20
0s06g48520 0.47 045 0.56 035 0.38 0.57 029 0.25 0.34
0s08g09430 0.48 0.72 0.64 0.36 0.61 0.00 0.31 0.47 0.70
0s04g02110 0.55 0.62 0.56 0.40 0.73 0.17 0.55 0.47 0.78
0s02¢18510 0.70 0.70 0.74 0.87 1.16 1.23 1.30 0.76 1.11
0s07g40810 0.72 0.82 0.86 0.41 0.59 1.16 1.51 0.19 0.32
0s07g08890 0.72 1.62 1.66 0.74 1.56 149 194 052 1.44
Os10g22484 130 1.04 1.25 0.78 0.99 092 1.30 0.74 0.86
Os12g28250 3.15 4.67 4.13 3.05 2.50 3.04 3.85 234 2383
Pib 6.51 7.73 6.51 4.83 599 6.21 7.81 3.55 444
Average 0.76 1.04 1.01 0.65 0.99 091 1.60 0.50 0.85
Non-R-loci

Sh4 0.00 0.11 0.16 0.00 0.19 0.00 0.35 0.00 0.13
Spl7 0.01 0.23 0.13 0.03 050 041 1.51 0.04 0.20
MSPI1 0.06 044 029 0.06 0.70 0.00 1.49 0.07 0.05
sbel 0.07 0.06 0.08 0.04 0.08 0.17 0.35 0.00 0.00
Gigantea 0.13 0.18 0.16 0.08 031 0.11 0.81 0.07 0.15
qSH-1 0.14 0.22 0.20 0.09 050 0.21 1.32 0.06 0.25
EMFI 0.15 037 035 0.15 0.66 025 1.17 0.12 0.51
HKTI 020 0.20 0.23 0.14 0.28 042 0.58 0.04 0.19
cocl 020 0.27 026 0.11 045 025 1.12 0.07 0.25
Vatp 0.39 040 046 045 1.16 037 121 - -

Average 0.14 025 0.22 0.12 048 0.22 0.99 0.05 0.19

C rice cultivars, W wild rice, © nucleotide diversity with Jukes and
Cantor correction (Lynch and Crease 1990), D, nucleotide diver-
gence with Jukes and Cantor correction (Nei 1987) between rice
cultivars and wild rice, # Watterson’s estimator of 6/basepar (Watt-
erson 1975) calculated on the total number of polymorphic sites; 0g;
Watterson’s estimator of 6/basepar (Watterson 1975) calculated on
the silent sites, 0, Watterson’s estimator of O/basepar (Watterson
1975) calculated on the nonsynonymous substitution sites

additional times, once at 5°C lower then the annealing
temperature (45-50°C). If it still could not obtain PCR
products, the PCR reaction was repeated using a newly

designed primer pair. For most of the selected genes, PCR
products were directly sequenced in cultivated rice. For
multicopy genes (Pib locus), the PCR products were cloned
into pGEM-T Easy Vector (Promega A1360, Madison, WI,
USA), and >6 colonies for each cultivar were sequenced
separately until no new homologue sequences could be
identified. For wild relatives of rice, in which either
homozygous or heterozygous individuals exist, the PCR
fragments were cloned into pGEM-T Easy Vector (Pro-
mega A1360), and >4 colonies were then sequenced
individually. All PCR products were sequenced using an
ABI 3100A automated sequencer. DNA sequences were
visually aligned, and all polymorphisms were rechecked
from chromatograms or by resequencing, with special
attention paid to low-frequency polymorphisms. Sequence
data were deposited into GenBank under the accession
numbers FJ709611 to FJ710042 and EF641964 to
EF642487.

Sequence Analysis

Multiple sequence alignments were performed using Clu-
stalW1.83 (Thompson et al. 1994). The nucleotide
alignments were analyzed using DnaSP version 4.0 (Rozas
et al. 2003). Insertion/deletions (indels) were excluded
from all estimates. Nucleotide diversity was estimated by ©
with the Jukes and Cantor correction (Lynch and Crease
1990) and by 0 from the number of polymorphic segre-
gating (S) sites (Watterson 1975). The divergences
between species were obtained by Dy, with the Jukes and
Cantor correction (Nei 1987). Phylogenetic trees were
constructed based on the bootstrap neighbor-joining (NJ)
method with a Kimura two-parameter model by MEGA
version 4.0 (Tamura et al. 2007). The stability of internal
nodes was assessed by bootstrap analysis with 1,000
replicates.

Analysis of Genetic Structure

Two distinct classes of tests—the haplotype-based statis-
tical test (y° statistic) and the sequence-based statistical test
(Fg and S,,)—were applied to detect genetic differentia-
tion between wild and cultivated rice or indica and
Jjaponica rice subspecies. The Fy, statistic (Weir 1996),
which measures the genetic variance between population
divided by the total genetic variance of the entire popula-
tion, was used to quantify the degree of the genetic
differentiation between cultivated and wild rice or indica
and japonica subspecies from 22 individual R-genes and 10
non—R-genes genes using the AELEQUIN version 3.11
software (http://www.lgb.unige.ch/arequin). The statistical
significance (p value) of pairwise Fy was determined by
permuting the data 1,000 times. The nearest-neighbors
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statistic (S,,), which measures the “nearest-neighbors” (in
sequence space) of sequences—which appears to be the
most powerful statistic (or nearly as powerful as the best
statistic under all conditions examined) (Hudson 2000)—
was used to test for genetic differentiation as described in
Hudson (2000). The statistical significance of pairwise Sy,
values was determined by permuting the data 1,000 times
in DnaSP v 4.0. The genetic differentiation was also esti-
mated using 7> test based on haplotype frequencies (Nei
1987), which can be directly adapted to use with nucleotide
variation by treating each distinct haplotypes as an allele.

Results

Nucleotide Polymorphism of R-Genes in Cultivated
and Wild Rice

On the sampled 22 NBS-LRR loci, average nucleotide
diversity () was 0.0104 in wild rice relatives, 0.0076 in
rice cultivars, and 0.0101 between them (Table 1).
Approximate 73.1% of polymorphism in wild rice, a sig-
nificantly smaller variation (p < 0.05), was maintained in
rice cultivars; however, this number is larger than those
(56.0% of wild rice polymorphism on average) found on 10
non—R-loci (Table 1).

Average nucleotide diversity (0), which was estimated
by the number of polymorphic segregating (S) sites
(Watterson 1975), better measured the richness of genetic
variation among populations because this type of variation
was less affected by the frequency of nucleotide substitu-
tions. Particularly, the silent diversity (6,;), which is
believed to evolve neutrally, can clearly reflect the pro-
portion of maintained variation. In R-genes, the average 0;
in wild relatives of rice was 0.0160, which was signifi-
cantly higher than the average 0,; of 0.0091 in rice
cultivars (p < 0.001). These data suggest that domesticated
rice has approximately 56.8% (0y;;) of the variation found
in its progenitor. The nonsynonymous substitution sites
(0,) essentially reflect the richness of functional variation
between wild and cultivated rice. The average 0, was
0.0050 in rice cultivars, which was 58.8% of that (0.0085)
in wild rice and significantly less than that in its wild
progenitors (p < 0.001).

Our analyses demonstrate that there is significantly more
genetic variation of R-genes in wild rice. These results
agree with the previous inference that O. sativa originated
from common wild rice (Zhu and Ge 2005). Further anal-
ysis, however, shows that a much higher proportion (83.1,
71.2, or 65.0%, respectively), of n, O, and 0, is main-
tained in nonconserved cultivar R-genes, which have a
higher level (e.g., m > 0.002) of variation (Table 1). The
other conserved R-genes (m < 0.002) only show 5.7, 5.4
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and 14.9% of =, 0, and 0, respectively. Chi-square test
shows that there are significant differences between con-
served and nonconserved R-genes (p < 0.001), indicating
that their mechanism of variation maintenance is different.

Estimation of the Founder Effect from Polymorphic
Levels in Cultivated and Wild Rice

Genetic diversity in domesticated crops is largely deter-
mined by founder effects (Ross-Ibarra et al. 2007). The
founder effect can be directly estimated by the proportion
of maintained polymorphism in rice cultivars. For example,
the proportions mentioned previously (5.4 to 14.9% for
conserved and 65 to 83.1% for nonconserved R-genes) may
largely result from the amount of polymorphisms in
founder plants during domestication. Because the differ-
ence between these estimates was large, we analyzed the
linear regression of 7, 0, and 0, in wild rice against these
parameters in rice cultivars to provide a more accurate
estimate.

Our calculations listed in Table 1 demonstrate that there
is a strong positive correlation in the values of =, 0;, and
0, between wild and -cultivated rice (r> 0.90 and
p < 0.001). This significant correlation occurred in all of
the genes studied, not just in the R-genes (Fig. 1). For =,
the slope = 1.06, r = 0.96, and p < 0.0001. For 0, the
slope = 1.08, r=10.93, and p <0.0001. For 0, the
slope = 1.15, r = 0.97, and p < 0.0001. From these data,
the maintained variations in rice cultivars are approxi-
mately 63% for 0, and 60% for 0, respectively, which are
similar to the data on R-genes (approximately 59% for 0,
and 56% for 0;), suggesting that there is a similar pro-
portion of variation maintained by both R- and non—-R-
genes.

Meanwhile, the linear regression analyses showed that
there were slopes >1 and intercepts >0 for the parameters
of m, 0,; and 0, between the rice cultivars and its wild
relatives. Theoretically, when lacking artificial selection on
the rice cultivars, the slope is expected to be equal to one,
and the intercept should be zero. Therefore, both the slope
and intercept can reflect artificial evolutionary forces dur-
ing rice domestication. The reciprocal of the slope can
provide an indication of the founder effect, and the inter-
cept can result from strong directed selection on genes with
a low variation.

Notably, the highest correlation coefficient was obtained
from 6, (r = 0.976 and p < 0.0001), a parameter directly
associated with the phenotypes of individual plants. This
suggests that artificial selection may start from the stage
when the founder is selected and may continue during the
rice domestication process. Because of strong artificial
selection, 6, was the best parameter by which to detect
evolutionary forces acting on the maintenance of R-genes.
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nucleotide silent substitution _ " R-genes = R-genes
sites (0,;) or nucleotide g " 4 Non-R-genes a4 A Non-R-genes
nonsynonymous substitution ': 6+ =
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p < 0.0001. For 0,, the B 3 "E'
slope = 1.15, r = 0.97, and 'E.U:) 2, g )
p < 0.0001 < <
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6, 1n cultivars (x 100)

Genetic Relation of the R-Loci Between Cultivated
and Wild Rice

To clarify the phylogenetic relation of R-genes between
cultivated and wild rice, NJ trees were constructed based
on nucleotide variations. In most R-gene trees, there was no
significant differentiation between cultivated and wild rice
or between indica and japonica subspecies. However, in
most non—R-loci, significant groupings were detected
between the subspecies and between the wild rice and rice
cultivars (Figs. 2, S1, and S2).

The Xz statistic, F, and S,,, were used to investigate
genetic differentiation, and, as listed in Table S2, similar
results were obtained using the 3 different methods. On the
whole, significant genetic differentiation (p < 0.05)
between cultivated and wild rice was detected in approxi-
mately 22.7% to 36.3% of the R-loci. Among these, 4 R-
loci showed significant genetic differentiation between rice
cultivars and its wild relatives by 3 statistical methods, and
2 R-loci showed significant variation by 2 statistical
methods. Similarly, only 2 of 22 R-genes (9.1%) showed
significant genetic differentiation between O. sativa L.
indica and japonica subspecies (p < 0.05; Table S2). The
low proportion of differentiated R-loci indicates that there
was intensive gene flow or gene introgression at these R-
loci between cultivated and wild rice or between the two
subspecies. In addition, ongoing recurrent mutations may
have occurred in the rice cultivars after domestication.

In contrast, 65% to 70% of non—R-gene loci showed
significant genetic differentiation between rice cultivars
and wild relatives (Table S2). The F, S,,,, and Xz statistical
tests indicated that there was significant divergence
between the 2 subspecies in 17 of 20 non—R-genes
(p < 0.05). These results suggest that R-genes and non—R-
genes evolved in distinct manners.

In the phylogenetic analysis, the indica and japonica
subspecies were clearly separated into different clades in
most of the non—R-gene trees (17 of 20; Fig. S2). Signifi-
cant genetic differentiation between the two subspecies
was also detected in these genes (Table S2). However,

6, in cultivars (x 100)

detailed examination showed that the differentiation
between the subspecies is caused by two-directional
selection. As shown in Fig. S2, the two divergent types of
alleles, the indica and japonica subspecies, exist in wild
rice, and few new mutations are found in these two types of
genes. Therefore, the two distinct types probably arose
from two-directional selection, not from real differentiation
after domestication.

Test for Natural Selection in R-Genes

Higher rates of nonsynonymous over synonymous substi-
tutions were found in R-genes compared with those in non—
R-genes (Table S3). In R-genes, n,/n, = 0.539, 0.508, and
0.590 on average in rice cultivars, wild relatives, and all
sequences, respectively. These values were significant
higher than those at non—R-genes, where m,/ny; = 0.196,
0.236, and 0.227 respectively (p < 0.005, paired Student ¢
test; Table S3). A few R-genes exhibited exceptionally high
levels of nonsynonymous substitution, such as Os02g25900
(m/my = 1.62 on average), Os08g09430 (m,/ny = 4.88 on
average), and Os04g02110 (m,/my = 5.34 on average;
Table S3), indicating that there was significant positive
selection on these genes. No genes with w, > m, were
detected at non—R-genes loci, suggesting that there was
purifying selection on these genes. In addition, a larger
proportion of shared nonsynonymous substitutions was
maintained at R-genes (56.0%) than at non—R-genes
(27.5%; Table S3). The excess of nonsynonymous substi-
tutions in R-loci suggests that positive selection acted on
them, which likely resulted from the diversifying selection
on the alleles and/or the balancing selection that main-
tained the polymorphisms.

Tajima’s D was used to measure allele frequency
changes by comparing R-genes with non—R-loci in culti-
vated and wild rice. The results showed that the D values in
both cultivar R-genes (0.59 on average) and non—R-loci
(0.76 on average) were significantly higher than the D
values measured in wild rice (=0.39 at R-genes and —1.50 at
non—R-loci; P < 0.01; Table S3). These results suggest that
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there is an excess of low-frequency nucleotide polymor-
phisms in wild rice and more intermediate-frequency
polymorphisms in rice cultivars. This explanation is con-
sistent with the theoretic expectation that some low-
frequency variants have been preferentially lost in rice
cultivars because of the recent bottleneck during
domestication.

Detection of Shared Mutations Between Cultivated
and Wild Rice

The polymorphism patterns of rice cultivars and their wild
relatives may allow us to infer their evolutionary histories.
Assuming that cultivated rice was derived from common
wild rice, more variations will be found in wild rice, and
shared polymorphisms will be detected. Therefore, the
polymorphic sites of wild-rice unique, shared, and cultivar
unique could reflect the process of domestication. A clear
difference among these sites was detected between R- and
non—R-genes (Table S3). In non—R-genes, the over-
whelming majority of polymorphisms (66.7%) were
contributed by common wild rice (Table S3), which is
consistent with the hypothesis that cultivated rice devel-
oped from common wild rice. There were only 15.4%
shared mutations between cultivated and wild rice, and
17.9% of the mutations were present in rice cultivars alone.
No fixed mutations were detected in the non—R-loci (Table
S3), suggesting that the rice cultivars had recently origi-
nated from common wild rice.

In contrast, at R-loci, there were more shared mutations
(43.1%), and fewer mutations were present only in wild
rice (40.0%). The percent of polymorphisms present only
in cultivated rice (16.9%) was similar to that observed for
non—R-genes (Table S3). Notably, we detected two fixed
single-nucleotide polymorphisms in R-genes, located at the
0506806380 and 0Os06g06390 loci, respectively, which
have been demonstrated to be under direct artificial
selection (Yang et al. 2008).

Discussion

Effect of Domestication on the Maintenance of Rice
R-Genes

Asian cultivated rice was domesticated from common wild
rice, and it has long been believed that bottleneck or
founder effect was the primary force shaping evolutionary
patterns during the process of rice domestication (Ross-
Ibarra et al. 2007; Zhu et al. 2007). Our data show that
there is a strong positive correlation in 7, 6, and 0, values
between rice cultivars and its wild relatives and that 0, is
the best parameter for detecting artificial evolutionary
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forces acting on the maintenance of R- and non—R-gene
polymorphisms.

Founder effect was usually estimated by the proportion
of maintained polymorphisms in rice cultivars (Zhu et al.
2007). In the absence of founder effects and artificial
selection, the regression analysis between 0, of rice culti-
vars and wild rice lines is expected to result in a slope of
one and an intercept of 0. However, both the slope and
intercept were greater than the expected values. Obviously,
the intercept with a value >0 is caused by quite a few zero
values in rice cultivars (Table 1 and Fig. 1). Four of these
zero values, Sh4 and three R-genes, were confirmed to be
under strong direct artificial selection (Li et al. 2006; Yang
et al. 2008). These examples suggest that the genes with
low 0, values may also be under direct artificial selection.
The existence of genes under direct artificial selection will
also result in a larger intercept and a smaller slope. Anal-
ysis of only these genes can therefore result in an
underestimate of maintained variation.

Thus, the reciprocal of slopes with values >1 can pro-
vide a better estimate of maintained variation and an
indication of founder effects. From our analysis, the
maintained variation in rice cultivars, especially the 0,, is
approximately 60%. To complete our analysis, we included
other 10 non—R-gene sequences with a higher degree of
nucleotide polymorphism diversity from Tang et al. (2006).
Highly positive correlations between the wild rice and rice
cultivars were also observed in our analysis of 22 R-genes
and 20 non—R-genes (Fig. 1). From these data, the main-
tained variations in rice cultivars are approximately 63%
for 0, and 60% for 0,;, which are similar to the data on R-
genes (approximately 59% for 0, and 56% for 0;), sug-
gesting a similar proportion of variation maintained by
both R- and non—R-genes.

Two-Directional Selection in Cultivated Rice

Several estimates have been made for the time of diver-
gence between indica and japonica subspecies, all of which
place the time of divergence from the most recent common
ancestor at >100,000 years ago. However, this divergence
time is an order of magnitude larger than the oldest esti-
mates of when rice domestication occurred (Vitte et al.
2004; Ma and Bennetzen 2004). We detected significant
differentiation between indica and japonica subspecies,
with three different statistical tests in both R- and non—R-
genes (Table S2 and Fig. S3). However, the detail analysis
provides an alternative explanation for the differentiation.

Theoretically, differentiation must meet the following
criteria. One criterion is the occurrence of new mutations,
meaning that there are new, differentiated alleles that
cannot be found in wild rice, which is the ancestor of the
domesticated rice cultivars. A second criterion is that the



J Mol Evol (2009) 68:393-402

399

differentiation must be statistically significant, meaning
that extensive nucleotide changes must be present between
the differentiated alleles. In our analysis, few cultivar-
unique mutations were detected, and almost no new
mutations were discovered between indica and japonica
subspecies (Table S3). Therefore, based on these criteria,
almost all of the genes that were significantly different in
our sequence data have no new mutations or have a <0.001
mutational change (Table S3). These results demonstrate
that the significantly differentiated loci actually reflect a
two-directional selection in these two types of alleles.

The origin of indica and japonica subspecies is one of
the long-lasting mysteries of rice domestication. The
debate centers over whether Asian cultivated rice origi-
nated monophyletically or polyphyletically. The fact that
genes are under two-directional selection can shed light on
this question. The prototypes of differentiated genes in both
indica and japonica subspecies have had a longstanding
existence in wild rice. A wild rice line could carry some
ancestral genes, and some of these genes could have
become the indica subspecies, whereas others became the
Jjaponica subspecies. Both indica and japonica subspecies
indeed originated from wild rice; however, no wild rice
line could be identified as the ancestor for either of them.
Two-directional selection in indica and japonica subspe-
cies supports a model of “mosaic origin,” which could be
the key to understand rice domestication.

Introgression May Play an Important Role
in the Evolution of Rice R-Genes

The investigation of polymorphic patterns showed that a
significantly higher proportion of shared mutations
between cultivated and wild rice was detected in R-loci that
in non—-R-genes (Table S3). This suggests that the shared
genetic variants in R-genes represent polymorphisms
present in their common ancestor, which have been
maintained either by chance or by some form of balancing
selection. Another possibility is that these genetic variants
resulted from introgression between species or from
recurrent mutations.

In the R-loci comparison, recurrent mutations were
insufficient to account for the large number of putative
ancestral mutations, indicating that most of them resulted
from individual mutation events. Although shared poly-
morphisms can arise by recurrent mutation (homoplasy),
this phenomenon can only account for a small fraction of
the shared polymorphisms we observed. In addition, most
of the R-gene trees showed that alleles from the same
species or subspecies were not clustering together (Figs. S1
and S2), and no significant genetic differentiations were
detected, which suggests gene flow. Thus, the most parsi-
monious explanation of the observations is that ancestral

mutations in rice cultivars were reacquired by introgression
(Table S3). Estimations of population recombination
parameters also showed that frequent recombination events
between rice cultivars and its wild relatives were detected
at R-gene loci.

Previous studies have shown that introgression plays an
important role in rice domestication. The introgression of
valuable genes, including R-genes, from wild to cultivar
species is a common breeding practice for crop improve-
ment (Brar and Khush 1997; Meyers et al. 2005; Amante-
Bordeos et al. 1992). Some functional R-genes, such as
Xa2l, Xa23, Xa27, Pi-9, and Pib, have successfully been
introgressed into varieties of cultivated rice from its wild
relatives (Meyers et al. 2005; Amante-Bordeos et al. 1992).
Therefore, the recent and future introgression of beneficial
genes from the wild rice gene pool to cultivated varieties
by way of conventional and molecular breeding programs
can be viewed as the continuation of domestication (Brar
and Khush 1997).

Maintenance of Variation and Pressure of Selection
at Rice R-Loci

Selection can also play an important role in the mainte-
nance of the variation added by introgression at R-loci.
Previous studies demonstrated that R-genes exhibit evi-
dence of balancing selection by maintaining high numbers
of alternative alleles that exhibit high levels of recombi-
nation (Bakker et al. 2006, 2008). In our study, R-genes
clearly maintained high level of variations and an increased
recombination frequency. In addition, most of the R-genes
had highly diverged alleles at intermediate frequencies as
well as high levels of silent polymorphism. These obser-
vations strongly suggest that these R-genes are under the
influence of long-term balancing selection (Table S3). In
contrast, the non-R-genes displayed lower levels of
nonsynonymous nucleotide diversity and had high levels of
low-frequency nucleotide polymorphism, suggesting that
non—R-genes experience purifying selection or functional
constraint (Table S3).

Clearly, most non—R-genes showed low levels of amino
acid polymorphism, and the test of neutrality showed that
purifying selection was the prevailing selective pressure
operating at these loci (Table S3). The 0, in the R-genes
was only 1.5-fold greater than that in 10 non—R-genes in
wild rice, suggesting that a slightly higher variation rate
could occur in R-genes (Table 1). However, the average 0,
at R-genes was approximately 4-fold higher than that in
non—R-genes in wild rice (Table 1), suggesting that amino
acid substitutions might drive the evolution of R-genes.

One possible explanation for the increased number of
amino acid polymorphisms and detection of pseudogenes
at R-gene loci is relaxed constraint. However, relaxed
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Fig. 2 The phylogenetic trees
of two selected R-loci

(a Os10g22484 homologs, and
b Pib homologs) and two
selected non—R-loci

(c AK100849 homologs and

d AK102890 homologs). The
phylogenetic trees of all R-loci
and all non—R-loci are exhibited
in Figs. S1 and S2, respectively.
The full name of wild rice and
subspecies name of rice
cultivars in the phlogenetic trees
are listed in Table S4. The
empty squares denote japonica,
the empty circles represent
indica, and the filled triangles
denote wild rice in the figures
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constraint can not explain the increased shared polymor-
phisms, the increased recombination frequencies, the
highly divergent alleles at intermediate frequencies, and
the high level of silent polymorphism in cultivated and
wild rice. Indeed, the pattern of variation detected at R-loci
could be better explained by balancing selection because
those characters were consistent with the evolutionary
scenario of balancing selection (Bakker et al. 2008).

For a small number of R-genes (Table S3), significant
/s > 1 were detected, suggesting that these genes were
under positive selection, which might be involved in the
specific recognition of pathogen isolates. In contrast, sig-
nificantly higher rates of nonsynonymous than synonymous
substitutions were detected in R-genes than in non-R-
genes, suggesting that diversifying selection was an evo-
lutionary response to selective pressure to resistant
pathogens (Table 1).

During the process of domestication, genes important for
domestication were subjected to conscious or unconscious
directional selection, resulting in decreased variation. In our
selected 22 R-loci, no cultivar polymorphism was detected at
5 of them (Table 1), suggesting that there is a possible
selection sweep or artificial selection on those genes. A
similar result was observed at the nonshattering sh4 locus
(Table 1), which is under a strong selection sweep or artifi-
cial selection at the major shattering locus (Li et al. 2006).
Interestingly, the differences of these gene loci in rice cul-
tivars seem to have originated only once.

In conclusion, our data showed that a similar proportion
of nucleotide variation in wild rice was retained in culti-
vated rice for both R-genes and non-R-genes. We
demonstrated that there is a larger founder effect than
previously reported and a strong direct-selection effect in
rice genes. In addition, two-directional selection was
commonly found in differentiated genes between indica
and japonica rice subspecies, which may explain the
mosaic origins of these varieties. Furthermore, in most R-
genes, no significant differentiation between rice cultivars
and its wild relatives was detected. We found evidence for
genetic introgression from wild rice, which may have
played an important role during the domestication of rice
R-genes.
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