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Abstract

China is rich of germplasm resources of common wild rice (Oryza rufipogon Griff.) and Asian cultivated rice (O. sativa L.)
which consists of two subspecies, indica and japonica. Previous studies have shown that China is one of the domestication
centers of O. sativa. However, the geographic origin and the domestication times of O. sativa in China are still under debate.
To settle these disputes, six chloroplast loci and four mitochondrial loci were selected to examine the relationships between
50 accessions of Asian cultivated rice and 119 accessions of common wild rice from China based on DNA sequence analysis
in the present study. The results indicated that Southern China is the genetic diversity center of O. rufipogon and it might be
the primary domestication region of O. sativa. Molecular dating suggested that the two subspecies had diverged 0.1 million
years ago, much earlier than the beginning of rice domestication. Genetic differentiations and phylogeography analyses
indicated that indica was domesticated from tropical O. rufipogon while japonica was domesticated from O. rufipogon which
located in higher latitude. These results provided molecular evidences for the hypotheses of (i) Southern China is the origin
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center of O. sativa in China and (ii) the two subspecies of O. sativa were domesticated multiple times.
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Introduction

China is one of the most significant domestication centers. More
than one hundred plants were domesticated by ancient Chinese
people, such as Setaria italica, Glycine max, Camellia sinensis, Oryza
satwa, etc [1]. O. satwa, also known as Asian cultivated rice, is the
most important crop in China today. It takes about 30% of the
cultivated land and feeds over 50% population of China. Owing to
its great significance, the origin and domestication of O. satiwa have
been studied for decades. And previous studies have proved that O.
satwa was domesticated from common wild rice (O. rufipogon Griff.)
about 10000 years ago in China [2,3]. However, several crucial
questions about the domestication of O. satiwa are still under
debate.

One fundamental question still being argued is the geographic
origin of O. satiwa in China. Over centuries of evolution and
domestication, the germplasm resources of both O. sativa and O.
rufipogon are abundant with their extremely wide distribution in
China. O. satwa is cultivated in more than twenty provinces while
O. rufipogon grows in seven provinces: Fujian, Hunan, Jiangxi,
Yunnan, Guangdong, Guangxi and Hainan, particularly with
higher concentration in the last three provinces. According to the
previous studies, three regions including Southern China,
Yunnan-Guizhou highland and the middle and lower region of
Yangtze River have been supposed to be the origin center of O.
satwa based on evidences from the distribution of O. rufipogon, the
rich germplasm resources of O. sativa and the discovery of rice
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phytoliths [4,5,6,7]. However, the existing evidences supporting
the mentioned hypotheses are far from being enough.

Another essential question is how many times that O. sativa has
been domesticated. There are two subspecies of O. sativa, indica
and japonica, which could be distinguished by a number of
physiological and morphological traits such as drought tolerance,
potassium chlorate resistance, phenol reaction, plant height, and
leaf color, etc. There were two hypotheses about the domestication
progress of the two subspecies: one has been popular for decades
and is still argued in some papers recently, suggesting that indica
and japonica were domesticated from one population of O.
rufipogon, which was known as ‘Single Origin® [8,9,10]; while the
other has obtained much support from several genetic distance
studies, suggesting that indica and japonica were domesticated
separately from different O. rufipogon progenitors (namely ‘Multiple
Origin’) [11,12]. At present, whether indica and japonica were
domesticated from a single or multiple domestication events is still
being argued. A question closely related to this puzzle is when
indica and japonica diverged. If indica and japonica were
domesticated from the same group of O. rufipogon, the divergence
might occur during the artificial selection. But if the divergence
had completed before the domestication, the two subspecies must
have been domesticated from two differentiated O. rufipogon
groups.

In the northern hemisphere, the Tropic of Cancer (TOC, 23.5°
N) represents the northernmost position where the sun is directly
overhead at the June solstice, and is the recognized boundary for
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tropical and subtropical rice. O. rufipogon in China could be divided
into two groups by the TOC, tropical O. rufipogon and subtropical
O. rufipogon. One study based on the photoperiod genes had
suggested that both indica and japonica had closer relationship
with tropical O. rufipogon than subtropical O. rufipogon [13].
Whether the two subspecies show close affinity to tropical O.
rufipogon or subtropical O. rufipogon in organelle genomes would be
examined in the present study. Since O. sativa was more likely to be
domesticated from the O. ufipogon group which had closer
relationship with it, whether tropical O. rufipogon or subtropical
O. rufipogon was the ancestor of O. sativa also could be revealed by
the examination.

The DNA of organelles has been widely used in the
phylogenetic analysis because of its slower nucleotide substitutions
rates, uniparental inheritance and absence of intermolecular
recombination [14,15]. Ten fragments from chloroplast and
mitochondrial genomes were chosen and sequenced to determine
the origin and domestication process of O. sativa in China. Among
the ten fragments, six loci were from chloroplast genome and four
loci were from mitochondrial genome. And intergenic spaces,
introns and coding regions all were included in.

In the present study, we would like to answer the following
questions:

1. What is the diversity of the organelle genes in O. sativa and O.
rufipogon?

2. Whether indica and japonica were domesticated from one
group or multiple groups of O. rufipogon and when did they
diverge?

3. Where was the domestication center of O. sativa in China?

4. Were indica and japonica domesticated from tropical O.
rufipogon or subtropical O. rufipogon?

Materials and Methods

Sampling and Choice of Loci

The materials used in this study included 50 accessions of
cultivated rice, one accession of O. barthii and 119 accessions of O.
rufipogon (Table S1). Distributions of the samples were shown in
Figure S1. The cultivated accessions are all landrace (pure-line
varieties developed by farmers without artificial intercrossing),
containing 27 indica and 23 japonica cultivars from 25 provinces
in China. The subtropical O. rufipogon group included 46 accessions
from Fujian, Guangdong, Guangxi, Hunan, Yunnan and Jiangxi
provinces, while the tropical O. rufipogon group consisted of 73
accessions from Guangdong, Guangxi, Hainan and Yunnan
provinces. The O. rufipogon accessions had been investigated
carefully in the whole life in case that the individuals with gene
flow from O. satiwva were not included in the samples. All O. satiwa
and O. rufipogon were chosen from the Chinese rice core collection
with high diversity. The mini-core collections of O. sativa and O.
rufipogon in China were selected from the Chinese national
germplasm collections which included 50526 landraces and more
than 10000 accessions of O. rufipogon. Through a hierarchical
sampling strategy, mini-core collections of O. sativa and O. rufipogon
retained more than 70% of the morphological variation in all
germplasm collections [16]. Typical indica and japonica varieties
from the mini-core collections of O. sativa and also most all
individuals of mini-core collections of O. rfipogon have been
selected and used in the present study. O. sativa were obtained from
Chinese National Germplasm Bank and O. rufipogon was procured
from Guangzhou and Nanning Wild Rice Germplasm Banks. O.
barthiz was provided by the International Rice Research Institute
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and used as outgroup. To distinguish indica and japonica, we had
mvestigated all individuals by Cheng’s Index Method [17] which
has been popularly used in China to identify indica and japonica.

Six fragments of chloroplast genome (tmG-trfM, atpl, trn’T-tmlL,
trnC-ycf6, nhdC-trnV, and intron of 7psI6) and four fragments of
mitochondrial genome (cox3, coxI, rps2-tmfM, and intron of nhd4)
were selected and sequenced for all samples (Table S2). Among
these loci, tmG-tmfM, trnT-tmL, trnC-ycf6, nhdC-trnV and rps2-trfM
were the internal sequences; 7ps 6 and nhd4 were introns; atpl, cox3
and cox! were the coding regions.

DNA Extraction, PCR Amplification, and Sequencing

Chloroplast DNA and mitochondrial DNA were extracted from
fresh seedling leaves [18] and nuclear DNA had been cleared out
completely. All of the amplifications with polymerase chain
reaction (PCR) were performed in a total of 25 ul reaction
mixture using a TProfessional Thermocycler (Biometra, Germany)
with 10-30 ng genomic DNA. The reaction mixture included
0.2 uM of each primer, 200 UM of each dN'TP, 10 mM Tris-HCl
(pH=8.3), 50 mM KCl, 1.5 mM MgCly, and 0.5 U HiFi DNA
polymerase (Transgen, China). The amplification conditions were
94°C for 5 min followed by 35 cycles of 94°C (30 s), 55°C (30 s),
and 72°C (1.5 min), and a final extension at 72°C (10 min). The
PCR products were electrophoresed in 1.2% agarose gels, and the
DNA fragments were cut from the gel and purified using the
Tiangen Gel Extraction kit (Tiangen, China). Sequencing
reactions were performed by an ABI 3730 automated sequencer
(Applied Biosystems, United States). Because Taq errors did occur,
when polymorphisms were only found in one of the accessions, this
accession was re-sequenced with the cloning step to ensure those
results were not false polymorphisms.

Statistical Analysis

The DNA sequences were aligned using the ClustalX 1.83
program [19] and manually adjusted in BioEdit [20]. Insertions/
deletions (indels) were not included in the analysis. We calculated
the number of segregating sites (S), the number of haplotypes (h),
haplotype diversity (Hd) and two parameters of nucleotide
diversity, (m) [21] and Watterson’s estimator from S (8,,) [22],
using DNAsp version 5.0 [23]. Pairwise Fgr, generally expressed
as the proportion of genetic diversity due to allele frequency
differences among populations, was used to measure differentia-
tion between groups, as implemented in Arlequin 3.01 [24].

Haplotype network was constructed by mutational steps with
NETWORK 4.5 [25]. Those networks represent the genetic
distance of DNA sequences or alleles and were mainly composed
of circles of different sizes and colors and lines that linked those
circles. The circle size is proportional to the number of samples
within a given haplotype, and the lines between the haplotypes
represent mutational steps between the alleles. The numbers next
to the circle represent the haplotype number. Each color of the
circles represents a species or subspecies. If more than one
nucleotide difference existed between the linked haplotypes, it is
indicated by a number next to the lines.

The phylogenetic relationships among the haplotypes of the
three nuclear loci and one combined chloroplast and mitochon-
drial gene region were constructed by Neighbor-joining (NJ) [26]
analysis using PAUP* version 4.0b10 [27]. Gaps were treated as
missing values, and these sites were excluded from the data matrix.
In the NJ analysis, we chose to follow Kimura’s 2-parameter (K2P)
model [28] and the nonparametric bootstrap test was performed to
quantify the confidence level of internal nodes with 1000
replications.
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Structure analysis was used to assign individual clusters to
groups for all genes. A Bayesian approach assigned individuals to
a specific number of clusters (K) based on inferred allele
frequencies in populations [29]. The optimal number of genetic
clusters was identified using log likelihood, based on independent
runs at K=2-10. All runs were iterated for 100 000 Markov chain
Monte Carlo sampling steps following 100 000 burn in steps and
a thinning interval of 10 steps. Each individual consisted of
a mixture of different genomic components referred to by different
colors. If the color of one cluster was more than 60% in one
individual, we supposed it belonged to this cluster.

Because the substitution rates of the plant mitochondrial,
chloroplast, and nuclear DNA had been reported to approximate
at 1:3:12 [30] and the evolutionary rate of rice nuclear genes had
been estimated to be 7.16 x 1077 [31], we cstimated the
divergence time between indica and japonica by a molecular
clock, using the formula T =3N/Lu for chloroplast genes and
T =12N/Lu for mitochondrial genes, where [ corresponds to the
absolute rate of substitutions per site per year of nuclear genes, N is
the estimated numbers of substituted sites between indica and
japonica, and L is the total length of all loci.

Results

Nucleotide Diversity

We sequenced ten unlinked organelle loci included 7ps133, trnG-
trfM, atpl, trn'T-trmL, tmC-y¢f6, nhdC-tmV, cox3, cox1, nhd4 and rps2-
trnfM for 50 accessions of O. satiwa and 119 accessions of O.
rufipogon. The total length of the ten loci was 9089-9233. The
number of insertion-deletion (indel) events ranged from 7 tol2.

Standard statistics of sequence polymorphisms for all loci are
shown in Table 1. For O. sativa, 11 and 3 polymorphisms were
found in chloroplast and mitochondrial, respectively. For O.
rufipogon, more polymorphisms were identified, including 15 and 8
polymorphisms in chloroplast and mitochondrial, respectively. 0,,,
which represents the diversity of the nucleotide polymorphisms of
O. sativa, was 0.45 and 0.18 in chloroplast and mitochondrial,
respectively. 0,, of O. rufipogon also was higher than that of O. sativa,
being 0.52 and 0.41 in chloroplast and mitochondrial, respectively.
More polymorphisms and higher diversity of polymorphisms
indicated that genetic diversity of the O. rufipogon was higher than
that of O. sativa in chloroplast and mitochondrial genes. As
expected, the values of S, h, Hd, © and 6,, of chloroplast loci all
were higher than mitochondrial loci. This result was in line with
the fact that the mitochondrial DNA is more conservative and the
evolution rate of chloroplast DNA is higher than mitochondrial
DNA in rice.

Table 1. Summary of nucleotide polymorphisms.

Organelle  Species S h Hd nx10®  0,x10°
Chloroplast O. sativa 1 3 0.548 0.95 0.45

O. rufipogon 15 10 0771 1.3 0.52
Mitochondrial O. sativa 3 2 0.507 042 0.18

O. rufipogon 8 7 0.554 0.44 0.41
Combined O. sativa 14 3 0.548 074 0.34

O. rufipogon 23 15 0.793 0.85 047

S: number of segregating sites; h: number of haplotypes; Hd: haplotype
diversity; m: nucleotide diversity; 6,,: Watterson’s parameter for silent sites.
doi:10.1371/journal.pone.0049546.t001
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Haplotype Variation

One haplotype of O. barthiz, three haplotypes of O. sativa and
fifteen haplotypes of O. rufipogon were found for all loci. Figure 1
shows the network constructed by all haplotypes. All O. sativa were
included in H1, H2 and H3, and a great many of O. rufipogon also
existed in these haplotypes and shared the haplotypes with O.
satiwa. Since O. sativa was most likely domesticated from the O.
rufipogon individuals with the same nucleotide variations, it could be
concluded that the wild accessions in H1, H2 and H3 were the
ancestors of the cultivated accessions. Furthermore, in this
haplotype network, japonica accessions were only included in
H1 and indica accessions were contained in H2 and H3. Thus, we
concluded that japonica was domesticated from the O. rufipogon in
H1 and indica was domesticated from the O. rufipogon in H2 and
H3.

In the network, H16, which represented the outgroup from O.
barthir, was in the middle and divided the other haplotypes into two
groups. One group included H1, H6, H8, H9, H11, H15 and the
other group contained H2, H3, H4, H5, H7, H10, H12, H13 and
H14. This result suggested that O. rufipogon might have already
diverged into two groups. As analyzed above, H1 and H2, H3
were the direct progenitors of japonica and indica respectively.
These two groups could be named as indica-like and japonica-like
groups.

Phylogenetic Analysis

The phylogenies tree of the combined chloroplast and
mitochondrial loci were constructed by NJ method (Figure 2).
Because of the overall similarity between O. satiwa and O. rufipogon,
the phylogenetic tree should not be treated as true genealogies but
rather an approximation of genealogy [32]. As shown in Figure 2,
all branches were clearly divided into two groups, and the
branches shared by indica and japonica with O. rufipogon were in
the upper and lower groups respectively. The phylogenetic
analysis strongly supported that japonica and indica were
domesticated from japonica-like O. rufipogon and indica-like O.
rufipogon independently.

Structure Analysis

Structure analysis for all O. sativa and O. rufipogon was performed
from K=2 to K=10. When K =5, the value of Ln P (D) was the
largest (Figure S2) and the result was stable. Five clusters were
identified for all samples (Figure 3), among which three were
shared by both O. sativa and O. rufipogon. Indica and japonica was
clearly separated, and japonica fell into cluster A and indica was
divided into cluster B and C. Cluster A, B and C were also
included in O. rufipogon. O. rufipogon in the same clusters of indica
and japonica might be the progenitors of indica and japonica
respectively. This result also supports the conclusion that japonica
and indica were domesticated from different O. rufipogon groups.

What’s more, cluster B and C were only detected in tropical O.
rufipogon, revealing indica was domesticated from tropical O.
rufipogon rather than subtropical O. rufipogon. While cluster A were
contained both in tropical O. rufipogon and subtropical O. rufipogon,
indicating a more wide geographic origin of japonica.

Molecular Dating of the Divergence of Indica and
Japonica

In total, twenty three SNPs had been detected in chloroplast
and mitochondrial loci for all O. sativa and O. rufipogon. Among
these SNPs, some could be used to distinguish indica and japonica
varieties and divide the O. rufipogon into indica-like and japonica
like groups. Ten and three SNPs of this kind had been found in

November 2012 | Volume 7 | Issue 11 | e49546



Domestication and Origin of Oryza sativa in China

Figure 1. Haplotype network constructed by all loci for O. sativa and O. rufipogon. The circle size is proportional to the quantity of samples
within a given haplotype, and the numbers next to the circle represent the haplotype number. Lines between haplotypes represent mutational steps
between alleles. When more than one nucleotide difference existed between linked haplotypes, this is indicated by the numbers next to the lines.
Colors for species: yellow, O. rufipogon; orange, O. sativa indica; blue, O. sativa japonica; and black, O. barthii.

doi:10.1371/journal.pone.0049546.g001

chloroplast loci and mitochondrial loci respectively. Using the
formulas T =3N/Lu for chloroplast loci and T=12N/Lu for
mitochondrial loci, we estimated the divergence time for indica
and japonica were 0.08 million years ago (mya) in chloroplast
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Figure 2. Phylogenetic tree of combined chloroplastic and
mitochondrial loci. Bootstrap values above 50% are shown on the
trees. The accessions contained in the branches were indicated by
different symbols: O. rufipogon alleles by open squares, indica alleles by
filled triangles and japonica by inverted filled triangles. The tree was
rooted with O. barthii allele which is indicated by solid circles.
doi:10.1371/journal.pone.0049546.9g002
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genome and 0.13 mya in mitochondrial genome. Thus, we
concluded that the divergence of indica and japonica were
completed at about 0.1 mya.

Distribution of the Ancestors of O. sativa

The distribution of fifteen haplotypes of O. rufipogon was shown
in Figure 4. And we found that the haplotypes were closely related
to particular geographic locations. H1 existed in Guangdong,
Guangxi, Fujian and Hunan; H2 existed in Guangxi tropical and
Hainan; H3 were included in Guangdong tropical and Hainan.
Because O. rufipogon contained in H1 might be the ancestors of
japonica are O. rufipogon included in H2 and H3 might be the
ancestors of indica, we supposed ancestors of japonica mainly grew
in Guangdong, Guangxi, Fujian and Hunan while ancestors of
indica mainly existed in Guangdong tropical, Guangxi tropical
and Hainan. To find out the exact origin of indica and japonica,
a coordinate diagram had been constructed by the longitude and
latitude of the O. rufipogon accessions in H1, H2 and H3 (Figure 5).
Locations of the individuals in H1 ranged from 22°15" (N) to
26°48" (N) while locations of the accessions in H2 and H3 ranged
from 18°15" (N) to 23°18" (N). The latitude of the distribution of
ancestors of indica was lower than that of japonica, indicating that
indica and japonica might be domesticated from different regions
in Southern China. This map also showed that ancestors of indica
located in south of the TOC and ancestors of japonica mainly

'subtroplca
O. rufipogon

japonica  indica tropical O. rufipogon

Figure 3. Population structuring of O. sativa and O. rufipogon.
STRUCTURE was constructed by all loci. K=5. Clusters are indicated by
different colors. Samples included in all clusters are listed in Table S1.
doi:10.1371/journal.pone.0049546.9g003
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Figure 4. A map showing the sampled populations of O. rufipogon and the distribution of haplotypes. Detailed information of the
samples is provided in Table S1. Phylogenetic relationship of the haplotype based on the NJ analysis is indicated below the map. Pie charts show the
proportions of the haplotypes within each population. Haplotypes are indicated by different colors. The Tropical of Cancer is indicated by the green
dotted line. Codes: CL, Chaling; DX, Dongxiang; JH, Jinghong; JY, Jiangyong; YJ, Yuanjiang; ZP, Zhangpu;

doi:10.1371/journal.pone.0049546.9004

located in north of the TOC and there were only a few accessions
located in the south nearby the TOC. This result indicated indica
might be domesticated from tropical O. rufipogon and japonica was
domesticated from O. rufipogon which located in higher latitude
region.

Genetic Differentiation between O. sativa and O.
rufipogon

Pairwise Fgp values were calculated to measure genetic
differentiation between different O. sativa and O. rufipogon groups.
The genetic differentiation between japonica and subtropical O.

AA A

North latitude (%)

East longitude (°)

Al3 A Asa 117

Figure 5. Longitude and latitude of the O. rufipogon from H1, H2 and H3. Accessions from H2 and H3 are indicated by circles and accessions
from H1 are indicated by triangles. The horizontal ordinate origins from 23.5° (N) which is the Tropical of Cancer located in.

doi:10.1371/journal.pone.0049546.9g005
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rufipogon was smaller than that between japonica and tropical O.
rufipogon. In contrast, the genetic differentiation between indica and
subtropical O. rufipogon was larger than that between indica and
tropical O. rufipogon (Table 2). Assuming the different Fgr values
are an indicator of genetic affinity, we proposed that indica had
a closer relationship with tropical O. rufipogon while japonica had
a closer relationship with subtropical O. rufipogon.

Discussion

Genetic Diversity of O. sativa and O. rufipogon in China

The genetic diversity of nuclear genes in O. sativa and O. rufipogon
has been investigated based on molecular markers, SNPs and
indels [33,34,35,36,37]. These researches had suggested that there
was a bottleneck in the domestication of O. satiwa, and O. rufipogon
from Southern China has the highest diversity. We also got the
similar result in organelle DNA of O. sativa and O. rufipogon in
China.

Although O. sativa accessions used in the present research were
collected from the Chinese rice core collection and all are
landrace, only three haplotypes were detected in all loci. Using the
haplotype numbers as a proxy for diversity, O. rufipogon contained
100% of the total haplotype diversity, whereas O. sativa only
contained about 20% of the total haplotype diversity of chloroplast
and mitochondrial genome. The comparison of the levels of
diversity between O. sativa and O. rufipogon indicated that O. sativa
reduced an 80% subset of the total genetic variation of O. rufipogon
in organelle genomes. The genetic diversity maintained in
cultivated rice was much less than the wild progenitors, indicating
a severe genetic bottleneck during domestication.

In the present study, haplotype numbers of O. rufipogon from
each province were calculated (Figure S3). The haplotype
numbers of O. rufipogon for all loci from Fujian, Guangdong,
Guangxi, Hainan, Hunan, Jiangxi and Yunnan was 2, 8, 7, 8, 2, 1
and 2, respectively. This result indicated that O. rufipogon from
Guangdong, Guangxi and Hainan (together being named as
Southern China) had the highest organelle DNA diversity. The
haplotype numbers of organelle DNA of O. rufipogon from
Southern China was 14, taking up to 93% of the total haplotype
numbers and about three times of that from all other provinces.
Although this phenomenon might be caused by different numbers
of sampled populations and the fact that common wild rice
populations in the wild in other provinces are less than in
Guangdong, Guangxi and Hainan, our results support the opinion
that O. rufipogon from Southern China contained the most diversity
of organelle DNA and Southern China might be the genetic
diversity center of O. rufipogon in China.

There were 14 haplotypes of tropical O. rufipogon for all loci,
containing most diversity of all O. rufipogon, while haplotype
number of subtropical O. rufipogon was 6, only representing 40% of
the total diversity. The genetic diversity of tropical O. rufipogon was
much higher than subtropical O. rufipogon. This result may provide
an explanation to the fact that the diversity of indica was higher

Domestication and Origin of Oryza sativa in China

than japonica because indica was domesticated from tropical O.
rufipogon which contained higher genetic diversity.

Domestication Model of O. sativa in China

Although the point that indica and japonica were domesticated
independently has obtained much support [38,39,40], some
papers published even recently still insisted that O. sativa was only
domesticated once from group of O. rufipogon [8,9,10,41,42]. The
opinions that whether indica and japonica were domesticated
single or multiple times are considerably controversial
[43,44,45,46]. Our results strongly support the multiple origin
model rather than the single one. In the present study, the
phylogenetic analysis indicated that O. rufipogon diverged into two
groups, indica-like and japonica-like, and plenty of individuals
with the same polymorphisms of indica and japonica existed in
indica-like and japonica-like O. rufipogon. It could be concluded
that indica and japonica were domesticated separately because
they had evolved from different ancestors. Since all O. rufipogon
samples were selected from Chinese rice core collection which can
highly represent the diversity of common wild rice in China and
we had carefully monitored the whole life of the wild samples to
ensure that the individuals with gene flow from O. sativa were not
included in, we confirmed that those O. rufipogon accessions with
the same polymorphisms of O. satiwa did not inherit the organelle
genomes from cultivated parent and were the direct progenitors of
indica and japonica.

Recently, it’s reported that the gene flow of domestication genes
in nuclear genome from japonica to indica occurred during the
domestication of O. satiwa [39,40]. However, this phenomenon was
not detected in organelle DNA in this study. These results different
from the previous researches in nuclear genome may have been
caused by the uniparental inheritance of organelle genomes.
Because the organelle genomes of the next generation are only
inherited from the female parent, the introgression between indica
and japonica rarely occurred.

It is believed that O. sativa was domesticated about 10000 years
ago in East Asia [3]. The molecular dating in the present study
revealed that indica and japonica diverged in about 0.1 mya,
which indicated that the divergence time of indica and japonica
was much earlier than the beginning of rice domestication. This
result proved that indica and japonica had already separated in O.
rufipogon before domestication. Divergence time of indica and
japonica also has been calculated in previous researches [36,47].
By analyzing the divergence of indica and japonica in nuclear
genes, the two subspecies was supposed to separate approximately
0.4 mya. And based on the total number of nucleotide substitu-
tions between the chloroplast genomes of 93-11 and PA64S, the
divergence of indica and japonica was dated as 0.86 to 2 mya.
Both studies of nuclear and chloroplast genes have revealed that
the divergence of indica and japonica occurred much earlier than
the beginning of rice domestication.

The genetic differentiation between tropical O. rufipogon and
indica was significantly smaller than that between subtropical O.
rufipogon and indica, suggesting indica has a closer relationship with

Table 2. Summary statistic of pairwise divergence (Fsy) between groups.

Groups Tropical O. rufipogon Subtropical O. rufipogon Tropical ancestors Subtropical ancestors
japonica 0.5655 0.3526 04314 0
indica 0.2775 0.5089 0.4507 0.9962

doi:10.1371/journal.pone.0049546.t002
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tropical O. rufipogon. Furthermore, latitudes of the ancestors of
indica in China shown in Figure 5 were all in the south of the
TOC, from which we concluded that indica was domesticated
from tropical O. rufipogon. Although the genetic differentiation
analysis indicated japonica was closer to subtropical O. rufipogon
than to tropical O. rufipogon, the distribution of the ancestors of
japonica was not only in subtropical area but also in tropical
region nearby the TOC. Thus japonica may have been
domesticated from subtropical O. rufipogon or tropical O. rufipogon
nearby the TOC.

Indica and japonica grow in different areas in China and adapt
to different environments. Generally, indica grows in the lower
latitude regions and adapts to a higher temperature and shorter
light period, while japonica grows in higher latitude regions and
adapts to a lower temperature and longer light period. The similar
phenomenon was detected in the ancestors of indica and japonica.
The latitude of the distribution of ancestors of indica was lower
than that of the ancestors of japonica, suggesting ancestors of
indica grew in the conditions of warmer climate and shorter light
period. We supposed that the adaptability of warmer climate and
shorter light period of the indica-like O. rufipogon had been
inherited by indica, leading to the lower location of indica
compared with japonica.

Domestication of rice in China also has been analyzed by
nuclear genes such as I7S, SS, Hdl, Ehdl and Waxy by our group
[42]. The results inferred by nuclear genes and organelle genes
were not all the same. For neutral nuclear genes, such as /7.5 and
SS, the revealed domestication process was quite similar to
organelle genes. Indica and japona might have been domesticated
from indica-like and japonica-like O. rufipogon groups. But for the
domesticated gene such as Hdl and Waxy, the results were
different. Functional Hd! gene in O. sativa evolved like orangelle
genes, but nonfunctional Hd! gene might evolve from non-
functional HdI gene in O. rufipogon. For Waxy, it was first
domesticated in japonica and then transferred into indica later.
The domestication of nuclear genes is much more complex than
that of organelle genes.

Domestication Center of O. sativa in China

Six major haplotypes of O. rufipogon of organelle DNA were
detected: H1, H2, H3, H4, H5 and H9. As shown in Figure 4,
each haplotype was located in a limited area, and Guangdong and
Guangxi were the center of the distribution region: HI1 was
included in the east and north direction of the center (Fujian,
Guangdong, Guangxi and Hunan); H2 was included in south
direction of the center (Guangxi and Hainan); H3 was also
included in south direction of the center (Guangdong and
Hainan); H4 was included in south and west direction of the
center (Guangdong, Guangxi, Hainan and Yunnan); H5 was
included in south and east direction of the center (Guangdong,
Guangxi, Hainan, Fujian and Jiangxi); H9 was included in west
direction of the center (Guangdong, Guangxi and Yunnan),
suggesting Guangdong and Guangxi might be the genetic center of
O. rufipogon in China and O. rufipogon in other areas may be derived
from those of Guangdong and Guangxi.

The debate of the geographic origin of O. sativa in China is
mainly focused on three regions with different evidences: Southern
China, Yunnan-Guizhou Highland and the middle and lower
region of Yangtze River. Southern China has been supposed to be
the origin center of O. sativa because the ancestors of cultivated rice
(O. rufipogon) only located in the eight provinces of South China [4].
Whereas, due to the highest genetic diversity of cultivated rice in
Yunnan and Guizhou provinces, a hypothesis popular in the 1970s
identified Yunnan-Guizhou highland as the origin site of O. sativa
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in Asia [5]. From 1970s, many rice phytoliths with long history
were found in different archaeological sites in the middle and
lower region of Yangtze River, some scientists deduced that this
region was the geographic origin of rice domestication and
cultivation in China [6,7]. Since Guangdong and Guangxi belong
to Southern China, Yunnan belongs to Yunnan-Guizhou High-
land, Dongxiang county in Jiangxi belongs to the middle and
lower region of Yangtze River, and O. rufipogon existed in all these
regions, examining the relationship between O. satiwa and O.
rufipogon from these regions would provide molecular evidence to
verify these hypotheses.

By analyzing SNPs of O. rufipogon accessions in different
haplotypes, we found that O. rufipogon accessions in H1 had the
same nucleotide polymorphisms with japonica and O. rufipogon
accessions in H2 and H3 had the same nucleotide polymorphisms
with indica, indicating O. rufipogon accessions in H1 and H2, H3
may be the ancestors of japonica and indica respectively. As we
mentioned above, O. rufipogon individuals in H1 were from Fujian,
Guangdong, Guangxi and Hunan while O. rufipogon individuals in
H2 and H3 were from Guangdong, Guangxi and Hainan. This
result clearly showed that O. rufipogon from Yunnan and Jiangxi
were not the progenitors of O. satia and O. satwa was domesticated
from Southern China rather than from Yunnan-Guizhou High-
land and the middle and lower region of Yangtze River.

Although the samples in Yunnan and Jiangxi are limited, they
could highly represent the diversity in these areas. Thus, because
O. rufipogon from Yunnan and Jiangxi are not in H1, H2 and H3, it
could be concluded that O. sativa was not domesticated from these
areas. In the history, the distribution of O. rufipogon might different
from today, and O. rufipogon might be more than today in Yunnan
and Jiangxi. The results in this study were concluded from the
distribution of O. rufipogon currently in China. But we believed our
analysis had explained the results quite well and these results could
be helpful for understanding the domestication process of O. satwa
in China. Previous phylogeographic study has suggested indica
was domesticated in Southeast and South Asia whereas japonica
originated from Southern China [12]. Another research published
recently argued only indica was domesticated from China [10].
However, in the present study, both ancestors of indica and
japonica were detected in Southern China. We supposed that not
only japonica but also indica was domesticated in Southern China.
To confirm whether indica was domesticated from Southeast and
South Asia or only from Southern China, plenty representative O.
rufipogon individuals from Southeast and South Asia and Southern
China should be together included in the samples for further
research. The question whether indica was domesticated from
China or South Asia remains open.

Although the wild samples might have gene flow from cultivated
rice, the results showed that plenty of wild samples had the same
polymorphisms with indica and japonica respectively. These wild
samples were in a wide range. It is not possible all these wild
samples had gene flow from O. sativa. The introgression between
0. sativa to O. rufipogon had been detected in our previous study
[42] and the result indicated the introgression was at a low level.
What’s more, the O. rufipogon accessions had been investigated
carefully in the whole life to prevent that the individuals which had
gene flow from O. sativa were not included in the samples.
Therefore we thought the introgression from O. satwa to O.
rufipogon is at a low level and human activities could rarely impact
the conclusions of the study.

A recently published paper suggests O. rufipogon had two
subpopulations: ruf I and ruf II and indica was domesticated from
ruf I in China [10]. In the present study, the result clearly showed
both japonca and indica were domesticated from O. rufipogon. The
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different conclusion in the mentioned paper might be caused by
the limited samples from China. Only 22 accessions of O. rufipogon
accessions from China had been used and the detailed information
about these accessions was not provided in the paper. We
supposed the O. rufipogon accessions which might be the ancestor of
japonica were not included in the samples.

According to the rice diversity researches, O. satiwa could be
divided into five subspecies by SSR and SNPs: indica, aus,
aromatic or Group V, temperate japonica and tropical japonica
[48,49]. Generally, it is believed that varieties of aromatic, tropical
japonica and aus are rarely cultivated in China. Samples of these
groups from South and Southeast Asia had been obtained and
compared with the cultivated accessions used in the present study.
Structure analysis obviously showed that japonica and indica
materials used in our research could be divided into temperate
japonica and indica population, respectively (Figure S4). There-
fore, all conclusions above about japonica should be applicable to
temperate japonica. To clearly detect the domestication of the five
groups of O. satwa, varieties of all five groups and O. rufipogon
coming from Southeast and South Asia should be added to the
samples.

O. mwara has been regarded as another ancestor of O. sativa by
genome sequences analysis of 50 accessions of cultivated and wild
rice [50]. The two wild progenitors of cultivated rice had genetic
divergence and ecological distinction [41]. O. rufipogon is perennial,
photoperiod sensitive and largely cross-fertilized; whereas O. nwara
is annual, photoperiod insensitive and predominantly self-fertil-
ized. O. ryfipogon existed from South China to North Australia,
while O. nmwara is mainly found in South and Southeast Asia and
have not found in China. Thus, O. niwara was not included in the
present study. To reveal the dynamic process of rice domestication
clearly, O. mwara should be included in the samples in future
studies.

Supporting Information

Figure S1 Geographic origins of the materials in China.
Red circles indicate indica; blue circles indicate japonica; green
triangles indicate O. rufipogon.
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