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Abstract

Asian wild rice (Oryza rufipogon) that ranges widely across the eastern and southern part
of Asia is recognized as the direct ancestor of cultivated Asian rice (O. sativa). Studies of
the geographic structure of O. rufipogon, based on chloroplast and low-copy nuclear
markers, reveal a possible phylogeographic signal of subdivision in O. rufipogon.
However, this signal of geographic differentiation is not consistently observed among
different markers and studies, with often conflicting results. To more precisely
characterize the phylogeography of O. rufipogon populations, a genome-wide survey of
unlinked markers, intensively sampled from across the entire range of O. rufipogon is
critical. In this study, we surveyed sequence variation at 42 genome-wide sequence
tagged sites (STS) in 108 O. rufipogon accessions from throughout the native range of the
species. Using Bayesian clustering, principal component analysis and amova, we
conclude that there are two genetically distinct O. rufipogon groups, Ruf-I and Ruf-IL
The two groups exhibit a clinal variation pattern generally from north-east to south-west.
Different from many earlier studies, Ruf-I, which is found mainly in China and the
Indochinese Peninsula, shows genetic similarity with one major cultivated rice variety,
O. satvia indica, whereas Ruf-II, mainly from South Asia and the Indochinese
Peninsula, is not found to be closely related to cultivated rice varieties. The other major
cultivated rice variety, O. sativa japonica, is not found to be similar to either
O. rufipogon groups. Our results support the hypothesis of a single origin of the
domesticated O. sativa in China. The possible role of palaeoclimate, introgression and
migration—drift balance in creating this clinal variation pattern is also discussed.
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where domestication initially occurred (Second 1982;

Introduction Heun et al. 1997; Sun et al. 1997, Wang et al. 1998;

One of the key aims of crop domestication studies is to
characterize the levels, apportionment and geographic
distribution of genetic variation in the wild progenitors
of cultivated species (Diamond 2002; Doebley et al.
2006). In the past several decades, crop scientists and
evolutionary biologists made key advances in under-
standing basic aspects of crop domestication, including
fundamental features such as resolving when and
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Matsuoka et al. 2002; Londo et al. 2006; Zhang et al.
2009; also reviewed by Doebley et al. 2006), determining
the origin of crop-related agricultural weeds (Londo &
Schaal 2007; Kane & Rieseberg 2008; Reagon et al. 2010)
and identifying potential genetic resources for crop
breeding and improvement (Yuan et al. 1989). How-
ever, addressing these questions without a thorough
understanding of the variation patterns in the wild pro-
genitor can be misleading (Diamond 2002; Doebley
et al. 2006; Buckley 2009). In several systems, well-
defined phylogeographic patterns of progenitor species
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have provided seminal insights into the process of
domestication. For example, in corn (Zea mays), a single
domestication centre in south-western Mexico was
clearly identified and repeatedly verified by different
genetic markers with thorough geographic sampling
(Wang et al. 1998; Matsuoka et al. 2002). In einkorn
wheat (Triticum boeoticum), archaeological excavations
together with genetic data traced its origin to the
Karacadag mountains of Turkey (Heun ef al. 1997; Dub-
covsky & Dvorak 2007). However, in other study
systems, there is frequent incongruence among different
studies and genetic markers. Domesticated Asian rice
(Oryza sativa) is one such species (Sweeney & McCouch
2007; Vaughan et al. 2008; Gross & Olsen 2010).

Asian wild rice (Oryza rufipogon) is widely recognized
as the direct ancestor of cultivated O. sativa, including
its two major varieties, O. sativa japonica and O. sativa
indica (Chou 1948; Second 1982; Zhu & Ge 2005; also
reviewed by Sweeney & McCouch 2007; Vaughan et al.
2008). Oryza rufipogon is a perennial plant commonly
found in marsh or aquatic habitats of eastern and
southern Asia (Fig. 1a). It is mainly wind-pollinated
and has a mixed mating system compared with its
derived crop that is predominantly selfing (Gao et al.
2002; Song et al. 2003; Chen et al. 2004). Flowering time

China .

in native populations of O. rufipogon usually ranges
from September to November and overlaps with some
cultivated varieties (Song et al. 2003). The annual eco-
type of O. rufipogon, Oryza nivara, with an as yet unde-
fined relationship to the perennial O. rufipogon (Lu
et al. 2002; Londo et al. 2006), is treated as part of the
same ancestral gene pool of O. sativa and not separated
from the typical perennial O. rufipogon in our study.
Phylogeographic studies of O. rufipogon have often
yielded inconsistent or conflicting results. An early
study employing isozyme markers identified two
genetic lineages of O. rufipogon, which were genetically
distinct and geographically separated at the division
between China and Southeast Asia; these lineages had
genetic affinity to japonica and indica rice, respectively
(Second & Morishima 1981; Second 1982). Another
study, using restriction fragment length polymorphisms
(RFLPs), found four different genetic groups in
O. rufipogon: an indica-like O. rufipogon group in China,
South and Southeast Asia, a japonica-like O. rufipogon
group in China, an ancestral O. rufipogon group in
South and Southeast Asia, and another ancestral O. ruf-
ipogon group in China (Sun et al. 1997). A more recent
study examined sequence polymorphism in two nuclear
and one chloroplast markers (Londo et al. 2006) and

Fig. 1 (a) Geographic location of 108
O. rufipogon accessions used in this
study. It should be noted that for a few

. accessions in China (n =15), detailed
Indochinese . . .
Peninsula location information was not provide by
IRRI.  We randomly generated 15
. pseudopoints in China to represent
South Asia . these accessions. The area within the
dashed line is the native distribution
# ' range of O. rufipogon in Asia (summa-
. AN Indonesian . ]
‘ 4 Archipelago . rized from Zhou et al. 2003; Vaughan

Ruf-Il

japonica Ruf-I

et al. 2008). Pie chart gives the number
of accessions of the two genetic clusters
(Ruf-I in blue and Ruf-II in orange)
found in each geographic region
(Table 1). Sizes of the pie charts corre-
spond to the number of total sampled
¢} accessions in each region. (b) Bayesian
clustering result using Baps based on
O. rufipogon samples and (c) O. rufipo-
gon and O. sativa samples. Each vertical
bar represents an Oryza accession. The
proportion of the cluster membership is
given by the length of each coloured
segment in a bar.

indica
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found yet another pattern. This study identified a wide-
ranging ancestral type and three geographically local-
ized types of wild rice, including a japonica-like group
in China, an indica-like group in the Indochinese Penin-
sula and a third group in South Asia with genetic simi-
larity to a special drought-tolerant indica variety, the
aus-indica rice (Garris et al. 2005).

In addition to these studies that use neutral genetic
markers, the phylogeography of O. rufipogon has also
been examined in several functional gene studies includ-
ing those of seed shattering gene Sh4 (Zhang et al.
2009), red pericarp gene Rc (Sweeney et al. 2007) and
hybrid male sterility genes SaF and SaM (Long et al.
2008). While the phylogeography of O. rufipogon was
not emphasized per se in these studies, a single geo-
graphic origin from China for two of these genes (Sh4,
Rc) was suggested (Vaughan et al. 2008). Finally, many
other studies address issues associated with the phylog-
eography of O. rufipogon, including the domestication
history of O. sativa (Caicedo et al. 2007; Zhu et al. 2007;
Molina et al. 2011), fine-scale population genetics of
O. rufipogon (Gao et al. 2002; Zhou et al. 2003; Gao 2004;
Wang et al. 2008) and weedy rice origin (Londo &
Schaal 2007; Reagon et al. 2010). In general, however,
the geographic coverage in these studies is limited, mak-
ing comparisons of population structure difficult.

In summary, there is a rough agreement that O. ruf-
ipogon is geographically subdivided, but the number
and the boundaries of the constituent groups and their
relationship to the two cultivated varieties remain con-
troversial. Part of these discrepancies may be due to a
small number of loci employed in these studies, which
reflect incomplete lineage sorting introducing mislead-
ing phylogeographic signals (Knowles & Carstens 2007;
Degnan & Rosenberg 2009). Restricted geographic sam-
pling, on the other hand, can cause biased spatial pat-
terns of genetic variation (Buckley 2009).

A genome-wide survey of unlinked markers inten-
sively sampled from across the entire distribution range
is critical to more precisely characterize the phylogeog-
raphy of O. rufipogon populations. In this study, we
surveyed single-nucleotide polymorphisms (SNPs) at 42
genome-wide unlinked sequence tagged sites (STS) in
108 O. rufipogon accessions (including 12 accessions
from a previous study, Caicedo et al. 2007) from
throughout its native range. Our study addresses three
questions concerning the phylogeography of O. rufipo-
gon: (i) what is the population genetic structure of
O. rufipogon and how is it related to the geographic dis-
tribution of this species, (ii) in what way the O. rufipo-
gon populations are related to the two major O. sativa
varieties and (iii) what are the possible historical causes
of the contemporary population structure and the geo-
graphic pattern of genetic diversity in O. rufipogon?

© 2012 Blackwell Publishing Ltd
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Materials and methods

Sampling and sequencing

Germplasm of 96 O. rufipogon accessions (including 15
O. nivara) and one outgroup species, O. meridionalis,
was obtained from the International Rice Research Insti-
tute (IRRI, Table S1). Accessions were chosen to maxi-
mize the geographic coverage of the current range of
O. rufipogon with samples from most of the countries in
southern and eastern Asia (Table 1, Fig. 1a). Initially
6-7 seeds per accession were planted in the greenhouse
of Washington University to ensure germination. A
final panel of 97 individuals, including a single plant
from each accession, was used for analysis.

Young and healthy leaf material was collected from
the plants about 3 months after germination. Total DNA
was extracted from 1 g of fresh leaf material using a
cTtaB protocol (Gross et al. 2009) with slight modifica-
tions. Forty-two randomly chosen STS loci, approxi-
mately four loci per chromosome, were sequenced
(Table S2, Fig. S1). These loci are a subset of 111 expres-
sion sequence tag (EST)-based STS loci. These 111 STS
loci have been used to successfully characterize genetic
variation in domesticated O. sativa (Caicedo et al. 2007).

DNA sequencing was carried out in the Beckman &
Coulter Genomics facilities (Danvers, MA, USA) and in
the DNA sequencing facility at Washington University.
Raw base calls were manually corrected and assembled
into contigs using Sequencher 4.8 (Gene Codes Corp.).
Newly assembled contigs were then aligned together
with those from a previous study (Caicedo et al. 2007),
yielding 1 O. meridionalis, 108 O. rufipogon and 72
O. sativa accessions per STS locus. The O. sativa sample
included 41 O. sativa japonica and 31 O. sativa indica
accessions (Caicedo et al. 2007; Table S1). Geographi-
cally, the O. sativa sample covered most of the major
rice production countries. Most of the accessions are
landraces, but elite cultivars were also included (Caice-
do et al. 2007, Table S1). The algorithm pHASE 2.1

Table 1 Geographic distributions of the two genetic groups of
O. rufipogon

Genetic Indochinese South Indonesian
group* China’ Peninsula Asia® Archipelago'
Ruf-T 20 22 10 3

Ruf-1T 2 20 22 9

Total 22 42 32 12

*Groups based on Baps analysis (Fig. 1).

*China.

1Myanmar, Thailand, Vietnam, Laos, Cambodia.
SIndia, Sri Lanka, Nepal, Bangladesh.

1‘Philippines, Indonesia, Malaysia, Papua New Guinea.
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(Stephens et al. 2001; Stephens & Donelly 2003) was
used to infer the two haplotypes in each individual. To
eliminate possible human-induced inbreeding during
O. rufipogon germplasm maintenance, final alignments
for later analysis included only one randomly chosen
haplotype per individual for all STS loci.

Population structure

The Bayesian clustering program sars 5.3 (Corander &
Marttinen 2006; Corander et al. 2008) was used to iden-
tify the genetic structure of O. rufipogon from a model-
based perspective. Compared with the commonly used
program STRUCTURE that assumes free recombination
among loci, Baps provides a linked loci clustering model
that provides a more precise and stable result for clo-
sely linked data sets than recombination models (Cor-
ander & Tang 2007). Accordingly, BaPs is more
appropriate for STS sequences in this study. Population
structure was examined in two ways in BAPs: first, using
only O. rufipogon accessions (n = 108), and then using
both O. rufipogon and O. sativa accessions (n = 180). In
both cases, the cluster number, K, was tested from 2 to
10, and the optimal K was chosen by the program.

We also used a non-model-based principal compo-
nent analysis (PCA) to examine population structure.
Sequence alignments were combined and transformed
into SNP matrices for the PCA. The analysis was then
carried out by a nonlinear interactive partial least
squares (Nipals) PCA function in the pcaMethods pack-
age (Stacklies et al. 2007) of R 2.11.1 (R Development
Core Team, 2011). The Nipals PCA is used here because
of its higher efficiency in handling large data sets com-
pared with traditional PCA methods. Missing data were
estimated automatically by the algorithm. Similar to the
clustering analysis, PCA was performed using only the
O. rufipogon accessions and then again with O. rufipo-
gon plus O. sativa accessions.

Phylogeography

To detect a phylogeographic signal in O. rufipogon, we
divided the distribution range into four regions: China,
the Indochinese Peninsula, South Asia and the Indone-
sian Archipelago (Table 1, Fig. S2). This delimitation is
based on both the topography of the region (i.e. the
Tibetan Plateau and Hengduan Mountains that separate
China, the Indochinese Peninsula and South Asia) and
the potential boundaries of genetic groups defined in
previous studies (Second & Morishima 1981; Sun et al.
1997; Londo et al. 2006). Several different methods were
employed to determine phylogeographic structure.
First, the accessions of each cluster generated by BaPs
were partitioned geographically, and then, the resulting

four regions were compared with determine differences
in regional composition using Fisher's exact test
(Table 1). Second, we used a locus-by-locus analysis of
molecular variance (AMova) in the program Arlequin 3.5
(Excoffier & Lischer 2010) based on regional delimita-
tions as well as genetic groups delimited by the Bayes-
ian clustering algorithms to verify the geographic
structure statistically. Finally, a correlation analysis was
conducted using the genetic and geographic distance
matrices. The genetic distance matrix was calculated
based on the concatenated alignments of 42 STS loci.
Because detailed sample location was sometimes not
available in the IRRI database, we calculated the geo-
graphic distance matrix using randomly generated
pseudopoints in the sampling areas, and this process
was repeated for 1000 iterations. The average correla-
tion coefficient between genetic and geographic dis-
tances and its standard deviation was then calculated.

Summary statistics and neutrality tests

Genetic diversity statistics were calculated for all 42 STS
loci using pNasp 5.1 (Librado & Rozas 2009). Polymor-
phism at SNP loci was determined for each STS by the
number of segregating sites (S), haplotype diversity
(Hd), pairwise differences m and Watterson’s 6 (Watterson
1975). Each STS was compared with the annotated
O. sativa japonica (Nipponbare) genomic sequence in
GenBank for site-type determination (Rice Annotation
Project Database, raP-DB, Tanaka et al. 2008). The afore-
mentioned summary statistics were calculated for each
site type (nonsynonymous, synonymous and silent) and
the whole sequence for each STS locus.

We applied two methods to test the neutrality of the
STS loci in O. rufipogon samples: Tajima’s D (Tajima
1989a,b) and an HKA test (Hudson et al. 1987). Tajima’s
D was calculated using pnasp 5.1 (Librado & Rozas
2009), and a multiple test Sidak correction was used to
correct the P-value for all loci. The HKA test was per-
formed with the program HKA (Wang & Hey 1996),
with  O. meridionalis as an outgroup. Oryza barthii
sequences from a previous study (Caicedo ef al. 2007)
were used for locus sts 068 where O. meridionalis
sequences were not available.

Results

Marker data

The final aligned sequences of the 42 STS loci have
lengths ranging from 393 to 551 bp, with an average of
476 bp (Table S2). A small fraction, 1.1% (51/4536), of
the sequence data was missing because of multiple
indels and possible polymorphism at primer binding

© 2012 Blackwell Publishing Ltd



sites. The total alignment length is ~20 kb. Based on
the alignment after statistical phasing, the number of
the haplotypes varies from 3 to 23 across 42 STS loci,
with an average of 8.4 haplotypes per locus. We
detected 1065 SNPs when the outgroup sequences were
included. Within the rufipogon—sativa complex, 818 SNPs
were detected, and among them, we observed 800 biall-
elic SNPs and 18 SNPs with more than two alleles.
Finally, 763 biallelic SNPs were found in the O. rufipo-
gon samples alone. Only the biallelic SNPs were used in
the later PCA analysis.

Population structure

The Bayesian clustering analysis of O. rufipogon
(n = 108) and the analysis with O. rufipogon and O. sati-
va combined (n =180) both indicated two distinct
genetic groups in O. rufipogon (Fig. 1b,c), referred to as
Ruf-I and Ruf-Il. The placement of accessions into a
cluster was generally consistent between the two analy-
ses for all O. rufipogon individuals, except for 103308,
which was assigned into the japonica rice cluster based
on the combined BAPs analysis (Table S1). Two large
genetic groups were observed in the O. sativa sample,
corresponding to the two traditional varieties of rice,
O. sativa indica and O. sativa japonica (Fig. 1c). Ruf-I is
in the same genetic cluster with O. sativa indica when
O. sativa samples were included in the analysis
(Fig. 1c), indicating a shared genetic background of the
two groups. In contrast, except for the few admixed
individuals, Ruf-Il showed little affinity to either
O. sativa indica or O. sativa japonica. Although a small
number of admixed individuals were observed, the
majority of accessions showed a low level of admixture.

The result of Nipals PCA showed similar patterns to
the Bayesian clustering. In the analysis using only
O. rufipogon, the first two principal components (PCs)
explained 11.7% and 7.33% of the total variance,
respectively. Variances along the first PC axis corre-
spond to the Ruf-I and Ruf-II groups, and Ruf-I showed

PCA (O. rufipogon and O. sativa)
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a higher level of variation compared with Ruf-II
(Fig. 2a). When O. sativa samples were included in the
analysis, the first two PCs in this case explained 18.03%
and 9.62% of the total variance. Oryza sativa japonica
and O. sativa indica were each tightly clustered but dis-
tinct. A sharp distinction between Ruf-I and Ruf-II was
again observed (Fig. 2b), and Ruf-I overlapped the
O. sativa indica cluster. Finally, both O. rufipogon
groups showed a much higher level of variation com-
pared to the two cultivar groups.

Phylogeography

We observed a strong phylogeographic signal in O. ruf-
ipogon. Ruf-I has the highest frequency in China and
moderate frequency in the Indochinese Peninsula,
whereas in South Asia and the Indonesian Archipelago,
Ruf-II is in higher frequency (Table 1, Fig. 1a). A two-
sided Fisher’s exact test over all four regions signifi-
cantly rejects the null hypothesis of no association
between a genetic cluster and geographic region
(P =0.00016). Pairwise Fisher’s exact tests showed sig-
nificant genetic—geographic association between China
and South Asia (P = 0.000079, Table S3) and between
China and the Indonesian Archipelago (P = 0.00065,
Table S3), while no significant association was observed
in other paired regions after Bonferroni correction. In
general, a clinal pattern of variation in the two geneti-
cally distinct O. rufipogon groups, geographically from
north-east to south-west, was observed. This geographic
signal was further documented by amova and correla-
tion analysis. The amova design based on the regional
delimitation yielded an among-region variance compo-
nent that explained approximately 8.74% of the total
genetic variation (Fgr = 0.087, P < 0.0001, Table 2).
Twenty thousand bootstraps indicated that the 95%
confidence interval (CI) of Fsr ranged from 0.071 to
0.104 (Table 2). In comparison, the amova design
based on Ruf-I and Ruf-II delimitation gave an average
Fsr =0.138 with a 95% CI from 0.100 to 0.174.

Fig. 2 Nipals principal component
analysis on a) O. rufipogon samples and

;:‘?‘35)9 b) O. rufipogon and O. sativa samples.
o5 © The first two principal components

oo (PCs) are shown on the horizontal and
°°° vertical axes, respectively, with numbers

o

o
o
o

v o

[ representing the percentage variance
explained by the PC. Each symbol rep-
resents an individual. The shape and
colour of the symbols correspond to the
group or variety to which the individual

belongs, illustrated by the legend at the

(a) PCA (O. rufipogon) (b)
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Table 2 Locus-by-locus amova for O. rufipogon based on geog-
raphy and Baps groups

AMOVA Source of Sum of  Variance Percentage
design Variation Squares Components variation
Delimitation ~Among 42815  4.029 8.74°
based on region
geography*  Within 4320.39  42.054 91.26
region
Total 4730.54  46.083
Delimitation ~Among 394.45 6.671 13.76°
based on group
BAPS groups  Within 4337.52  41.794 86.24
group
Total 473197  48.46

*Delimitation is the same as shown in Table 1.
PP < 0.0001 based on significance test (10 000 permutations)

Correlation analysis between the genetic distance matrix
and the geographic distance matrix revealed a positive
correlation coefficient (average r = 0.255, SD = 0.0059).

Genetic diversity and neutrality tests

The average silent sites m and 0 of O. rufipogon across
42 STS loci are approximately 6.41x 10 and
9.62 x 107°, respectively (Tables 3 and S2). They are, as
expected, higher than the estimates for O. sativa with a
mean © of 2.75x 107 and 6 of 2.85x 107 (Tables 3
and S2). Between the two groups of O. rufipogon, © and
0 of Ruf-I are 4.71 x 107 and 7.01 x 107°, respectively,
and they are approximately 30% and 20% lower com-
pared with 7.26x 107 and 899 x 10 in Ruf-II

(Tables 3 and S2). Molecular diversity indices at synon-
ymous sites are generally similar to those of silent sites
in all comparisons, whereas at nonsynonymous sites, a
dramatically lower diversity level (80%-89% lower
compared with the corresponding indices at silent sites)
was observed.

The majority of STS loci showed a negative Tajima’s
D in O. rufipogon (39 of 42, Table S2). Although some
STS loci (10 of 42) showed a negative D with a P-value
<0.05, significant deviation from neutral expectation
was not observed after the Sidak correction (adjusted
P-value for a single test is 0.0012). A neutral hypothesis
was accepted in the HKA test, using both the standard
chi-square statistic (P = 0.090, Hudson et al. 1987) and
maximum cell value (P = 0.061, Wang & Hey 1996).

Discussion

Genetic diversity in O. rufipogon and O. sativa

Molecular diversity indices such as m and 0 calculated
from silent sites are indicators of the level of neutral
polymorphisms within a species. In this study, the aver-
age silent site diversity (n=6.41x 107 and 0 = 9.62
x 107°) is generally higher than that from several other
studies of O. rufipogon using the same STS loci but with
a more restricted geographic sample (m=5.19 x 107°
and 6=542x10" in Caicedo et al. 2007, m =
6.35x 10 and 0 = 7.787 x 107> in Reagon et al. 2010).
This difference in levels of diversity suggests that previ-
ously unsampled genetic variation was detected in our
study, probably due to the wider geographic coverage
of our samples. We also expected that the diversity

Table 3 Summary of the average molecular diversity indices across 42 sequence tagged sites (STS) loci

O. rufipogon
Statistic Category Combined Ruf-I Ruf-IT O. sativa*
n per kb All sites 4.41 3.38 4.80 2.21
Silent sites’ 6.41 471 7.26 278
Synonymous sites 6.60 4.49 7.34 3.50
Nonsynonymous sites 0.77 0.57 0.84 0.50
0 per kb All sites 7.48 5.25 6.53 222
Silent sites" 9.62 7.01 8.67 2.85
Synonymous sites 9.78 7.37 8.99 2.84
Nonsynonymous sites 1.98 1.22 1.61 0.87
Tajima’s D¥ All sites -1.19 -1.08 -0.80 0.11
Silent sites" -1.00 -0.90 -0.63 0.20
Synonymous sites -0.70 -0.83 -0.47 0.24
Nonsynonymous sites -1.05 -1.06 -0.82 -0.38

*Indices of O. sativa were calculated from corresponding STS loci in Caicedo et al. (2007).

*Silent site estimates include both synonymous and noncoding sites.

iAverage Tajima’s D is based on the loci for which a Tajima’s D can be calculated.
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level in O. rufipogon would be higher than in O. sativa.
The fact that the majority of the biallelic SNPs (763 of
800) in the total rufipogon/sativa complex are polymor-
phic in O. rufipogon reconfirmed the results of many
previous studies that O. rufipogon is the ancestral gene
pool for the cultivated rice at a genome-wide scale (Sun
et al. 1997; Cheng et al. 2003; Londo et al. 2006; Swee-
ney et al. 2007; Tan et al. 2008; Zhang et al. 2009).
Within O. rufipogon, Ruf-II had a higher genetic diver-
sity (measured by m and 6) compared with Ruf-I, which
is consistent with the results of the PCA analysis
(Fig. 2a,b).

Another difference between our study and previous
works (Garris et al. 2005; Caicedo et al. 2007; Reagon
et al. 2010) is that the BAPs analysis did not separate out
the five main variety groups of O. sativa, most likely
due to the high genetic diversity in O. rufipogon in the
combined analysis. A STRUCTURE analysis (Pritchard et al.
2000) of our data yielded a similar outcome, even with
very high cluster numbers (K = 10 and 20, Fig. S3). In a
hierarchical island model of genetic structure (Slatkin &
Voelm 1991), high-level structure might cause Bayesian
clustering programs to be insensitive to fine-scale struc-
tures (e.g. Evanno et al. 2005). Here, the larger genetic
differences among japonica rice, indica rice and the two
O. rufipogon groups probably obscured the minor differ-
ences among the smaller groups in the two cultivars.

Results of both Tajima’s D and HKA tests provided
no evidence of strong selection across the 42 STS loci as
a whole, confirming that these STS loci follow neutral
expectations and are appropriate for a phylogeographic
study. On the other hand, the fact that Tajima’s D val-
ues in most STS loci are negative (Table S2) also
indicates a general trend towards excess high-/
low-frequency SNPs (Tajima 1989a,b). Many factors
may cause a negative D value, including positive/puri-
fying selection, population growth, selective sweeps
and gene flow from another population (Tajima 1989%a;
Fay & Wu 2000; Zeng et al. 2006). The most probable
reasons for the widespread negative D values in O. ruf-
ipogon are population growth and/or gene flow, because
the 42 STS loci are random markers (Caicedo et al.
2007), and they are both physically unlinked and func-
tionally unrelated to each other (Table S2 and Fig. S1).
Thus, it is implausible that a uniform selective regime
caused the negative D values across the majority of the
STS loci.

Phylogeography of O. rufipogon and its implications
for rice domestication
The results of this study confirm the existence of two

genetically distinct O. rufipogon groups, Ruf-I and
Ruf-II. The north-eastern group, Ruf-I, has affinity to
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cultivated O. sativa indica based on BaPs clustering (but
see below). In contrast, Ruf-II, mainly from South Asia
and Indochinese peninsula, is not similar to cultivated
rice varieties (Fig. 1). Neither of the two O. rufipogon
groups shows close genetic similarity to O. sativa japon-
ica as a whole, but a japonica-like component is found in
a few Ruf-I individuals, mainly from China (Fig. 1 and
Table S1). The fact that O. nivara accessions were not
distinguished as a separate genetic group from O. ruf-
ipogon accessions verifies our assumption that O. nivara
is in the same ancestral gene pool for domesticated rice.

It should be pointed out that the genetic composition
of Ruf-I is probably to be more complicated than a sim-
ple resemblance to indica rice. Notably, Ruf-I is geneti-
cally much more variable than indica rice based on all
measures of genetic diversity (Table 3). This trend is
also obvious from the PCA plot, in which Ruf-I has a
much wider spread than O. sativa indica (Fig. 2b).
There are six japonica accessions showing different
genetic background compared with the other japonica
accessions based on the PCA plot (Fig. 2b). These indi-
viduals belong to the aromatic group (or Group V, Gar-
ris et al. 2005). Aromatic rice is placed within the broad
sense japonica-type cultivars, but is known to have
mixed genetic origins (Garris et al. 2005; Caicedo et al.
2007). Another general tendency observed from the
PCA plot is that Ruf-I is generally more sativa-like com-
pared with Ruf-II. This implies both cultivars are
descendents of Ruf-I. The strong differentiation of japon-
ica from the other groups (Figs 1c and 2b) may derive
from the loss of ancestral alleles in japonica because of
stronger bottlenecks or possibly more intense episodes
of selection (Garris et al. 2005; Caicedo et al. 2007). Con-
versely, our Baps clustering showed Ruf-II is not closely
related to either of the cultivars, and in the PCA plot,
Ruf-II is further away from O. sativa compared with
Ruf-I. Accordingly, Ruf-II is probably to represent pop-
ulations of extant O. rufipogon that were not intensely
involved in the domestication of rice.

The notion that O. rufipogon is geographically struc-
tured is in accordance with most previous studies (Sec-
ond 1982; Sun et al. 1997; Londo et al. 2006). However,
the geographic pattern revealed in our study is very
different from these previous results (Second 1982; Sun
et al. 1997; Londo et al. 2006). First of all, the pattern of
geographic variation is clinal from north-east to south-
west, with the humid tropical plain areas in the Indo-
chinese Peninsula being a transitional region where the
two groups coexist. A clear geographic boundary
between the two genetic groups was not observed. Sec-
ond, deep divergence of indica-like and japonica-like
O. rufipogon lineages was not observed in the sativa-like
Ruf-I. This result shows that the indica-like and japonica-
like divergence in O. rufipogon, which has been detected
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in other studies using a small number of genes (Zhu &
Ge 2005; Londo et al. 2006), does not emerge when
large-scale sampling and markers are employed. Incom-
plete lineage sorting can be an important source of bias
that causes phylogenetic incongruence (Knowles &
Carstens 2007; Degnan & Rosenberg 2009), and this
effect is stronger when fewer loci are sampled. As
incomplete lineage sorting has already been reported in
the genus Oryza (Zou et al. 2008), it is most likely to be
the reason for the incongruent geographic pattern
between our study and the others. Third, South Asia,
previously thought to be one of the distribution centres
of the indica-like O. rufipogon, shows a higher frequency
of the more ‘ancestral’” Ruf-II genotypes rather than the
sativa-like Ruf-I. This trend is especially prominent in
the southern Himalayan regions.

The similarity between Ruf-I and O. sativa suggests
that at least part of Ruf-I was probably the ancestral
gene pool for rice domestication, whereas the involve-
ment of Ruf-II in rice domestication is less likely. As
Ruf-I is still found in the Indochinese Peninsula and
South Asia at low frequency, these results do not rule
out the possibility that O. rufipogon from this geo-
graphic region contributed to rice domestication. How-
ever, the area around China, which has the highest
frequency of the sativa-like Ruf-I, is a more likely centre
of rice domestication. A domestication scenario consis-
tent with our results is that a primitive cultivar was
originally domesticated from the Ruf-I group in China,
and both indica and japonica rice are its descendents.
Ancestral polymorphism in japonica rice was largely
swept out by both intense selection and strong bottle-
necks, leaving only slight traces of its similarity to
Ruf-I, whereas in indica rice, more ancestral polymor-
phism is maintained. Supporting evidence for this
hypothesis comes from the previous study that provided
the STS data for O. sativa used here (Caicedo et al. 2007).
The demographic modelling result from Caicedo et al.
showed that the effects of selective sweeps were neces-
sary, in addition neutral bottlenecks, to sufficiently
explain the observed SNP frequency spectrum of both
indica and japonica. Also, japonica showed much more
derived high-frequency SNPs compared with indica (Cai-
cedo et al. 2007), again indicating a stronger effect of
selection in japonica. Indica rice, under this overall sce-
nario, could have been brought westward along the Silk
Road as a primitive cultivar and may have experienced
weaker selection compared with that of japonica, thus
retaining more Ruf-I alleles. Such a scenario is consistent
with archaeological studies (Fuller ef al. 2010). This
result is in accordance with the single-origin hypothesis
of cultivated rice, which is supported by some recent
genetic (Molina et al. 2011) and archaeological (Fuller &
Sato 2008; Fuller et al. 2009) work.

Historical causes of the clinal variation pattern
in O. rufipogon

The historical causes of the north-east-south-west clinal
variation in the two groups of O. rufipogon can be con-
sidered in the light of three possible mechanisms. The
most intuitive hypothesis is that the clinal variation is
caused by the drift-migration equilibrium (‘equilibrium’
hypothesis) between the Ruf-I group in China and the
Ruf-Il group in South Asia. Fine-scale population
genetic studies of O. rufipogon generally show a rela-
tively high Fsr (0.15 in Xu et al. 2006; 0.39-0.47 in Gao
et al. 2002), indicating structured populations at local
scale and restricted gene flow among populations.
Additionally, as has been pointed out in several studies,
O. rufipogon has a mixed mating system and in some
cases can have high levels of self-pollination (Gao et al.
2002; Xu et al. 2006). Vegetative propagation is also
very common (Grillo et al. 2009), which can be spatially
restricted within a local body of water. All of these fac-
tors could limit the effective distance of gene flow in
O. rufipogon populations. Thus, genetic drift or local
adaptation may contribute to the pattern of geographic
subdivision in O. rufipogon populations.

The second possible explanation for a clinal pattern
of variation is the ‘secondary contact’ hypothesis. Dur-
ing the last glacial maximum (LGM, 15 000-
26 500 years ago, Ray & Adams 2001; Clark et al. 2009),
lowered sea levels resulted in an increase in the land
area of East Asia and also markedly different climatic
conditions compared with today’s climate in the region
(Ray & Adams 2001). The monsoon forests of the Indo-
chinese Peninsula area were divided into eastern and
western regions by intervening tropical savanna vegeta-
tion, which corresponds to the Cambodia, Thailand,
area today (Ray & Adams 2001). Aquatic-living O. ruf-
ipogon is not probably to survive in the dry savanna
vegetation regions because of its high water depen-
dency, but it can survive in some monsoon forest
regions (e.g. present day southern China and northern
India). Thus, it is reasonable to assume that during the
LGM, O. rufipogon was divided into two parts, southern
China and south of the Himalayas. This geographic
vicariance would lead to the establishment of Ruf-I and
Ruf-II as two genetically differentiated groups. With the
retreat of the glaciers beginning about 17 000 years ago
(Clark et al. 2009), sea level rose and the climate of the
Indochinese Peninsula changed to suitable conditions
for O. rufipogon, similar to today’s climate. This newly
opened area would have suitable habitats for migrants
from both southern China and South Asian populations,
creating a mixed Ruf-I and Ruf-1I pattern. Also, a grow-
ing population size could account for the generally neg-
ative Tajima’s D observed in our sample.

© 2012 Blackwell Publishing Ltd



Third, introgressive hybridization between O. rufipo-
gon and O. sativa may also contribute to the clinal vari-
ation pattern (the ‘introgression’ hypothesis). The rice
domestication system is complicated because the distri-
bution range of the rice progenitor is embedded within
the traditional range of cultivation. Furthermore, the
traditional range of cultivation became subsequently
embedded within a much larger, modern range of culti-
vation (Diamond 2002; Vaughan ef al. 2008). This tem-
poral and spatial overlap creates ample opportunity for
gene flow between the crop and progenitor species.
Both historical (Molina et al. 2011) and on-site (Song
et al. 2003; Chen et al. 2004) gene flow between O. sati-
va and O. rufipogon have been documented, and
hybrids between wild and cultivated rice are fertile
(Niruntrayakul et al. 2009). At a larger scale, crossabil-
ity has been observed among all AA genome species
(including O. rufipogon, O. sativa and a few other spe-
cies) in the genus Oryza (Khush 1997). Demographic
reconstruction studies of our STS data also show a rela-
tively high level of gene flow between O. sativa and
O. rufipogon (data not shown). In fact, one possible
explanation for the lowered overall genetic diversity
and more negative Tajima’s D in Ruf-I compared with
Ruf-II (Tables 3 and S2) is the influx of derived high-
frequency SNPs from O. sativa. If Ruf-I is a product of
introgressions from O. sativa, with a longer domestica-
tion history, there would have been greater opportuni-
ties for the local O. rufipogon populations to gain alleles
from O. sativa through introgression, leading to a
higher proportion of Ruf-I in the local O. rufipogon pop-
ulations. Again this process would help establish a cline
if the original rice domestication was in China.

Finally, these three hypotheses are not mutually
exclusive. The time period of ‘secondary contact’ after
LGM (more recent than 17 000 years ago, Ray & Adams
2001; Clark et al. 2009) overlaps with the time of rice
domestication estimated from genetic data (8200-
13 500 years ago, Molina et al. 2011), allowing introgres-
sion to reinforce the formation of the geographic cline.
And equilibrium between migration and genetic drift
can dynamically maintain this clinal variation pattern.

Gene flow between O. rufipogon and O. sativa

As pointed out by several researchers (Song et al. 2003;
Vaughan et al. 2008; Molina et al. 2011), gene flow
between O. rufipogon and O. sativa might be a key con-
founding factor that obscures the true phylogenetic rela-
tionships in the rice domestication system. It should be
noticed that there are two types of gene flow: the histor-
ical gene flow, which is the continuous gene exchange
between O. rufipogon and O. sativa populations
throughout the history of domestication, vs. occasional
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recent hybridization events that could happen during
the germplasm maintenance process (Zhu & Ge 2005;
Vaughan et al. 2008). One important point we would
like to emphasize here is that the long-term historical
gene flow, which potentially greatly influenced the pop-
ulation structure and phylogeography of O. rufipogon,
should be regarded as part of the history of O. rufipo-
gon instead of being excluded arbitrarily. The two major
analysis methods we used in this study, Bars and PCA,
both require no prior knowledge of the species identity
of individuals (Corander & Tang 2007; Stacklies et al.
2007). Accordingly, the result should be robust to differ-
ent species delimitations criteria and gene flow,
although how these results are interpreted could vary
(see above discussions). On the other hand, recent acci-
dental hybridization that could happen at a germplasm
centre is a confounding factor and needs to be
accounted for. We examined our O. rufipogon samples
morphologically to avoid potential hybrids with many
O. sativa traits. Also, a detectable phylogeographic signal
itself is proof that such confounding effects are not strong;
otherwise, a geographically randomly distributed sativa-
like O. rufipogon should be observed because of recent
hybridizations.

Conclusions

In summary, our genome-wide survey of SNP polymor-
phism reveals a new phylogeographic pattern within
O. rufipogon. The two genetic groups of O. rufipogon,
Ruf-I and Ruf-II, show a generally north-east-south-
west clinal variation pattern across its native range in
Asia. The sativa-like Ruf-I is centred in southern China;
Ruf-II, with little similarity to cultivated rice, is mainly
distributed in South Asia; while in the Indochinese Pen-
insula, the two groups coexist. Our results are consis-
tent with the hypothesis of a single origin of
domesticated O. sativa in China. Three potential factors,
including the palaeoclimatic conditions, introgression
from O. sativa to O. rufipogon and migration—drift bal-
ance over the native range of O. rufipogon, may contrib-
ute to the clinal variation pattern we observe.
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