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Abstract

Main conclusion Whole-genome re-sequencing of
weedy rice from southern China reveals that weedy rice
can originate from hybridization of domesticated indica
and japonica rice.

Abstract Weedy rice (Oryza sativa f. spontanea Rosh.),
which harbors phenotypes of both wild and domesticated
rice, has become one of the most notorious weeds in rice
fields worldwide. While its formation is poorly understood,
massive amounts of rice genomic data may provide new
insights into this issue. In this study, we determined gen-
omes of three weedy rice samples from the lower Yangtze
region, China, and investigated their phylogenetics,
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population structure and chromosomal admixture patterns.
The phylogenetic tree and principle component analysis
based on 46,005 SNPs with 126 other Oryza accessions
suggested that the three weedy rice accessions were inter-
mediate between japonica and indica rice. An ancestry
inference study further demonstrated that weedy rice had
two dominant genomic components (temperate japonica
and indica). This strongly suggests that weedy rice origi-
nated from indica-japonica hybridization. Furthermore,
22,443 novel fixed single nucleotide polymorphisms were
detected in the weedy genomes and could have been gen-
erated after indica-japonica hybridization for environ-
mental adaptation.

Keywords Weedy rice (Oryza sativa f. spontanea
Rosh.) - Whole-genome re-sequencing - Population
structure - Hybridization origin

Introduction

Weedy rice (Oryza sativa f. spontanea Rosh.), which is
also called red rice, is a variety of rice (Oryza) that pro-
duces much fewer grains per plant and competes aggres-
sively with crops. It is widely present in rice-planting areas
all over the world, and is particularly abundant in South
and North America, southern Europe, and southern and
southeast Asia (Ferrero et al. 1999; Noldin et al. 1999;
Mortimer et al. 2000; Sun et al. 2013). Weedy rice emerged
as an agricultural issue for Asian countries over the past
20 years, and had an impact for a much longer time in parts
of the world that have long relied on direct seeding, like the
United States. For example, weedy rice has been shown to
cause an annual loss of over $50 million in southern parts
of the United States (Gealy et al. 2002). The area affected
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by weedy rice in China now exceeds three million ha, and
the total crop yield has been reduced by 3.4 billion kilo-
grams (Liang and Qiang 2011). Moreover, other crops
including jute, maize and soybean, are also harmed by
weedy rice (Baki et al. 2000). The invasive success of this
weed is mainly due to its mixture of domesticated and
undomesticated traits. It harbors characteristics of undo-
mesticated Oryza species, including seed dispersal mech-
anisms and seed dormancy. On the other hand, it also
possesses traits of domesticated rice, such as rapid growth,
and resembles domesticated rice during the seedling stage,
which promotes its invasiveness in the agroecosystem (Sun
et al. 2013).

The earliest descriptions of weedy rice are found in
ancient Chinese books (Ding 1983; Xiuling You, personal
communication) and in American scientific papers from
around 150 years ago (Allston 1846), which has led to an
intensive debate regarding the origin of weedy rice. Some
early studies supported the notion that weedy rice was
formed from the ongoing selection and adaptation of wild
rice (De Wet and Harlan 1975; Harlan 1992). The de-
domestication hypothesis suggested that the reversion of
crop species to a wild or feral form would probably occur
when domesticated rice was abandoned (Bres-Patry et al.
2001). A third hypothesis suggested that weedy rice orig-
inated from hybridization between cultivated rice and its
progenitor type (Tang and Morishima 1996). In addition,
weedy rice may also originate from ongoing and multidi-
rectional hybridization between weedy rice and cultivated
types as well as hybridization among weedy types (Londo
and Schaal 2007). Recently, some researchers have noted
that conspecific weedy rice could also unexpectedly evolve
from hybridization of its cultivated relatives (Ishikawa
et al. 2005; Reagon et al. 2010; Xiong et al. 2012). For
example, Xiong et al. (2012) demonstrated that weedy-type
offspring could emerge after inter-subspecies and inter-
varietal hybridization in rice. Reagon et al. (2010) sug-
gested that US weedy rice evolved directly from within
domesticated lineages. After the formation of weedy rice,
the continual gene flow from the cultivated crop into
neighboring weedy populations in combination with natu-
ral selection has been proposed to play a critical role in the
adaptive evolution of weedy rice (Jiang et al. 2012; Sun
et al. 2013).

Diverse molecular markers have been used to infer the
population structure, genetic diversity, and adaptive loci of
weedy rice. On the basis of RFLP and SSR analysis, red
rice in the United States has been confirmed to have
originated from Asian O. sativa aus and indica, neither of
which has been cultivated in the US (Vaughan et al. 2001;
Londo and Schaal 2007; Gross et al. 2010; Thurber et al.
2010). The overall SSR based genetic diversity of weedy
rice populations from China suggested that the weedy rice
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found there most likely originated from local indica or
Jjaponica varieties (Cao et al. 2006; Shao et al. 2011; Wang
et al. 2012; Sun et al. 2013). Reagon et al. (2010) used the
SNP patterns from 111 sequenced tagged loci to infer the
origin and demographic processes of US weedy rice evo-
lution and found no evidence for the contribution of wild
rice to US weedy rice. As a model system for crop
genomics studies, huge amounts of rice genomic data,
including wild and cultivated accessions, have been
available for the rice research community, especially after
the advent of next-generation high-throughput sequencing
(NGS) technologies (e.g., Huang et al. 2012; Xu et al.
2012). Such advanced strategies and massive amounts of
data have driven progress in rice genomics studies, such as
on the characterization of genomic variation and genetic
structure in rice populations, the relations between genomic
variations and traits, and the origin of cultivated rice and its
domestication history (e.g., Huang et al. 2013). Since
weedy rice is a member of the Oryza genus, it also provides
a great opportunity to understand the origin and evolution
of problematic weedy species through dissection of the
underlying genomic information.

Since direct seeding and related technologies have
gradually become more popular over the past 20 years,
weedy rice has become one of the most serious weed issues
in rice-planting areas in China, particularly in the northeast
region and in Jiangsu, Guangdong and Hainan provinces
(Cao et al. 2006; Liang and Qiang 2011; Shao et al. 2011;
Wang et al. 2012; Sun et al. 2013). In Jiangsu province,
where both indica and japonica rice are grown, direct
seeding is still preferred by farmers to save labor and costs,
even though a change from direct-seeded rice to trans-
planted rice is an effective approach to controlling weedy
rice. Most farmers did nothing to remove weedy rice, and
their associated yield losses were initially ignored. As a
consequence, the weedy rice seed bank in dry direct-seeded
rice fields is likely to be gradually increasing, which will be
followed by devastating invasions of weedy rice (Zhang
et al. 2014).

It is important that we elucidate the origin of weedy rice,
not only so that we can understand the adaptive evolution
of a plant taxon under human influences, but also for the
effective management of this weed. In this study, we re-
sequenced three weedy rice accessions from the lower
Yangtze region in Jiangsu province, where more than two-
thirds of the rice in China is grown, with the aim of
understanding the origin of the weedy rice invading this
district. The origin and ancestry proportions of weedy rice
were inferred using the genomic data for these three weedy
rice accessions along with those for 126 other members of
the Oryza genus. All of our results support the idea that this
weedy rice originated from hybridization between indica
and temperate japonica rice.
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Materials and methods
Plant materials and DNA sequencing

Three weedy rice plants (YGO02, YJO6 and YJO7) were
collected from the Guocun region in Yangzhou, Jiangsu
province, China (E119°79, N32°53’) in 2013. Jiangsu
province, located in the Yangtze basin, is an important area
of japonica rice production and is also one of the regions in
China that is seriously affected by weedy rice (Shao et al.
2011; Wang et al. 2012). Genomic data from 126 Oryza
accessions (including 36 and 59 domesticated indica and
japonica varieties, respectively; 15 O. rufipogon, 5 O.
nivara and 11 admixture accessions; Table S1) (Huang
et al. 2012; Xu et al. 2012) were downloaded from ftp://
public.genomics.org.cn/BGl/rice/rice_resequencing/02.
SNP/50_stringent/  and  http://202.127.18.221/Rice
Hap3/Genotype.php. The geographical locations of the
126 accessions and three weedy rice lines used in this
study are listed in Table S1. For weedy rice genome
sequencing, their entire DNAs were extracted from
green leaves using a routine protocol (CTAB). A 400 bp
insertion size lib for each weedy rice accession was
generated by the Illumina Hiseq 2000 sequencing plat-
form. The short-read sequence data obtained in this
study have been deposited into GenBank under the SRA
study accession number SRP041867.

Reads mapping

Raw paired-end reads were first filtered into clean data
using NGSQCtoolkit v2.3.3 (Patel and Jain 2012). The cut-
off value for the PHRED quality score was set to Q20 and
70 % of the read lengths met the given quality. The clean
reads of each weedy rice were aligned to the japonica rice
reference genome IRGSP build 4 (IRGSP, 2005), Os-
Nipponbare-Reference-IRGSP-1.0 (Phytozome v9.1) and
an indica rice reference genome (ASM465v1.21) using
BWA v0.5.9 (Li and Durbin 2009). Reads were uniquely
mapped to the reference by allowing only one alignment
output, and singletons were further excluded by the setting
‘sampe —n 1 -N 1’

SNP detection and genotyping

SNPs detection was performed using the UnifiedGenotyper
tool in GATK v2.3 (McKenna et al. 2010). The standard
call confidence for SNP calling was set to 30. To achieve a
low missing rate and a non-heterozygous SNP dataset for a
further population study, we first excluded heterozygous
SNPs in both datasets and chose SNPs with a missing rate
of <50 % for the 76 Chinese rice accessions in the 126

Oryza lines. The two filtered SNPs datasets were inter-
sected into a final SNP dataset. We integrated genotypes of
the three weedy rice samples into the intersected genotype
table by genotyping based on the known SNP locations and
then choosing alleles with at least five reads supported for
each sample.

Domestication-related allele identification and PCR
validation

Three domestication-related genes in weedy rice were
examined using our genomic data and a PCR-based
approach: sh4, which controls seed shattering; Phrl, which
acts as a classic diagnostic trait for subspecies differenti-
ation; and one seed color-related gene (Rc) (Sweeney et al.
2006; Yu et al. 2008; Zhang et al. 2009). The primers for
PCR amplification of sh4, Phrl, and Rc adopted by Sun
et al. (2013) were used in this study.

Population structure and admixture pattern analysis

We applied a maximum likelihood method to construct the
phylogenetic tree based on the SNP-based genetic distance
using MEGA v5.1 software (Tamura et al. 2011) with 1000
replicates for a bootstrap confidence analysis. FigTree
v1.4.0 (http://tree.bio.ed.ac.uk/software/figtree/) was used
to plot the constructed tree. The population structure was
generated by Frappe v1.1 (Tang et al. 2005), which is based
on a maximum likelihood method for estimating individual
ancestry and admixture proportions using high-density
SNP data. We predefined the number of genetic clusters
K ranging from 2 to 8, and the converged admixture pro-
portion result for each K calculated by Frappe v1.1 was
further drawn by distruct v1.1 (Rosenberg 2004). Principle
component analysis was performed using SNPRelate
v0.9.19 (Zheng et al. 2012).

Admixture pattern detection across chromosomes

Admixture patterns along chromosomes were estimated
using StepPCO software (Pugach et al. 2011). As indicated
by the Frappe result, two sets, including 27 temperate
Jjaponica and 12 indica accessions with no admixture, were
selected as the two parental populations for weedy rice
individuals. SNPs with a missing rate of 30 % or heterozy-
gous SNPs for the 39 accessions were initially excluded. The
indica and japonica datasets with filtered SNPs were then
intersected with the weedy rice genotypes. We used the
default setting (sigma = 3; Nbins = 1,024) to determine the
window size, as suggested by Pugach et al. (2011), so that
ancestral populations are sufficiently well separated by the
properties of the collection of SNPs in this window size.
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Identification of novel SNPs

For the identification of novel SNPs in weedy rice, all
available rice SNPs data were downloaded from the dbSNP
database (http://www.ncbi.nlm.nih.gov/SNP/, 2014-04-05)
(Sherry et al. 2001). The FASTA sequences with SNP
information were mapped to the japonica reference Os-
Nipponbare-Reference-IRGSP-1.0 by Bowtie2 v2.0.5
(Langmead and Salzberg 2012) to locate the SNPs in the
reference genome. Based on the SNP calling result, we
detected SNPs supported by at least five reads from weedy
rice, which were absent from the available rice dbSNP
(Sherry et al. 2001) for each weedy rice sample. We then
further searched for potentially fixed novel SNPs across the
whole genome and guaranteed that the SNPs were shared
by the three weedy rice samples. SNPEff v3.4 (Cingolani
et al. 2012) was used to predict the effects of the fixed
novel SNPs.

GO and metabolic pathway enrichment analysis

Genes with novel SNPs were extracted from the rice
genome annotation file (www.phytozome.net). GO
enrichment analysis was performed with AgriGO with the
‘Oryza sativa’ set as a species background (http://bioinfo.
cau.edu.cn/agriGO/) (Du et al. 2010). The P value and
FDR (Yekutieli) criteria for the considered enrichment GO
terms were <0.0001 and <0.05, respectively. Plant meta-
bolic pathway enrichment analysis was performed online
at http://structuralbiology.cau.edu.cn/PlantGSEA/analysis.
php (Yi et al. 2013).

Results
Phenotype characterization

The three weedy rice lines were collected from the Yangtze
basin, which is one of the regions in China that is seriously
affected by weedy rice. Weedy rice plants grow vigorously
and have an erect plant architecture, which generally
resembles indica rice in shape and is different from
Jjaponica rice in the field (Fig. 1a). The seeds of the three
weedy rice samples are shorter than those of wild (O.
rufipogon) and indica rice, but similar to that of japonica
rice. The hull color of weedy rice is generally the same as
that of cultivated rice, but with black dots (Fig. 1b),
resembling wild rice. Significant seed shattering was
observed for weedy rice. A smooth abscission layer was
observed, similar to that in wild rice, which is consistent
with their shattering phenotype. The red-pigmented peri-
carp of weedy rice is similar to that of wild rice, which
explains why it is also called ‘red rice’ (Fig. 1b). In brief,
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Oryza rufipogon

Fig. 1 Phenotypes of the three weedy rice lines in this study. a A rice
field where weedy rice samples were collected in this study. The
Jjaponica rice field has been severely invaded by weedy rice (red
arrows). b Comparison of the seed phenotypes of weedy rice and
domesticated (indica 9311 and japonica Nipponbare) and wild rice

the three weedy rice plants sampled by this study harbor a
mixed phenotype of domesticated indica, japonica, and
wild rice.

Genome re-sequencing and mapping

A total of 43.4 million reads (14.6 Gb) or ~5x genome
coverage (raw data) were generated for the three weedy
rice plants using HiSeq 2000 (Table 1). After low-quality
reads were removed, about 89 % of the reads (2.65-4.73
genome coverage) were retained as clean data and used for
further investigation. All of the clean reads of each weedy
rice sample were mapped to the indica and japonica
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Table 1 Summary of sequencing and mapping results of three weedy rice lines

Reference Indica (va. 9311) Japonica (va. nipponbare)
Accession YGO02 YJ06 YJ07 YGO02 YJ06 YJ07
Total raw bases 2,058,511,200  2,297,730,900  2,147,688,900  2,058,511,200  2,297,730,900  2,147,688,900
Total clean bases 1,838,435,850  2,052,857,100  1,890,765,450  1,838,435,850  2,052,857,100  1,890,765,450
Clean reads percentage (%) 89.31 89.34 88.04 89.31 89.34 88.04
Clean reads mapped percentage (%)  85.31 86.81 61.66 72.58 74.32 52.93
Mapping depth (x) 4.17 4.73 3.10 3.54 4.05 2.65
Reference coverage (%) 84.57 85.88 80.89 74.63 76.07 70.97
Table 2 Identification of Locus  Domesticated type By mapping read numbers By PCR verification
domestication allele in weedy
rice YGO02 YJO6 YJO7 YG02 YJO6  YJO7
sh4 T T(7) 0 0 T T T
Rc A 14 bp deletion 0 NE(3) NE(1) NF NF NF
Phrl An 18 bp deletion (only in japonica) NF(18)  NF(9) NF(@8) NF NF NF

NF not found

reference genomes, respectively. More reads (~ 10 %) of
weedy rice could be mapped to indica rice than to the
Jjaponica rice reference genome, which resulted in an
average mapping depth to 3.1-4.7-fold in the indica and
2.7-4.0-fold in the japonica reference genome, and a
higher average mapping coverage for indica (80.9-84.6 %)
than for japonica (71.0-76.1 %). The results indicated that
the sequence of weedy rice was more similar to that of
indica rice.

Genotypes of functional polymorphic sites
of domestication genes in weedy rice

The genotypes of the functional polymorphic sites of three
main domestication-related genes (sh4, Rc and Phrl) were
further determined with PCR verification based on our
genomic data (Table 2). Most of the domesticated rice
accessions carry a non-shattering sh4 allele (Zhang et al.
2009). All of our weedy rice accessions, similar to culti-
vated rice, possess the derived-type allele at the sh4 locus,
which is contrary to their shattering phenotype. It has been
reported that the rice pericarp color could turn from red to
white due to a 14 bp deletion in the Rc gene during
domestication (Sweeney et al. 2006). In our case, both the
read mapping result and PCR verification suggested that
the three weedy rice accessions held a functional Rc allele
that coordinated with their red pericarp phenotype
(Table 2; Fig. 1b).

Most japonica rice exhibits a negative phenol reaction
due to an 18 bp deletion at the Phrl locus, while indica
Oryza species without this deletion mostly show a positive
reaction. Therefore, this has been recognized as a signifi-
cant marker to distinguish between indica and japonica

rice (Yu et al. 2008). In our study, we mapped the reads of
all three weedy rice accessions to the indica reference, and
the 18 bp functional allele region could be mapped by at
least 8 reads for each of the three weedy rice samples
(Table 2). The results indicated that our weedy rice hosts
an indica genotype for the Phrl gene. Thus, the verification
result regarding the domestication-related loci in weedy
rice genomes implies that they might harbor the cultivated
germplasm and are closer to indica rice.

Population structure of weedy rice with Oryza members

To investigate the phylogenetic relationships of weedy rice
and to examine the genetic population structure of weedy
rice and other Oryza species, we first performed SNP
calling to determine the overall SNP distribution of weedy
rice as compared to the indica and japonica reference
genomes (Table S2). Approximately 1 million (0.96) SNPs
were identified in weedy rice when indica (cultivar 9311)
was used as the reference genome, which was less than half
of the SNPs (2.10 millions) when japonica rice was used
(cultivar Nipponbare) as the reference (Table S2). This
result indicated that the general genetic background of the
three weedy rice in this study is more like that of indica
rice.

One hundred and twenty-six rice accessions from
widespread geographical locations (Table S1) and the
Oryza genus (Table S1) were selected to construct a three
weedy rice maximum likelihood tree. As a result, a total of
46,005 SNPs were genotyped and used for tree construc-
tion (Fig. 2a). The overall topology of our phylogenetic
tree was consistent with that reported by Huang et al.
(2012), which suggested that the selected SNP datasets
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Fig. 2 Population structure analysis of weedy rice with other Oryza
species. Species are color-coded: O. rufipogon: dark green for the Or-
II subgroup and light green for the Or-1II subgroup; O. nivara: light
blue; O. sativa ssp. japonica: purple for aromatic japonica, red for
tropical japonica and orange for temperate japonica; O. sativa ssp.
indica: blue; intermediate type: yellow. The three weedy rice samples

were effective for inferring the phylogeny of weedy rice.
Based on the phylogenetic tree, the three weedy rice
samples did not fall into any wild or cultivated rice groups,
but rather were in an intermediate state between the indica
and japonica groups. Principle component analysis (PCA)
was further conducted and most of the rice accessions were
divided by the first and second eigenvectors into wild rice
groups (nivara, Or-1I and Or-III), two main cultivated rice
groups including japonica (ARO, TRJ and TEJ) and indica
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are highlighted with red symbols. A maximum likelihood phyloge-
netic tree (a), a PCA plot by the first and second eigenvectors (b) and
maximum likelihood clustering with K ranging from 2 to 8 (c) were
constructed based on 46,005 SNPs. The zoomed-in picture of
intermediate accessions is plotted at the fop right corner of ¢

(indica and AUS), and some intermediate accessions
between the two cultivated groups (Fig. 2b). The three
weedy rice accessions again did not converge into any
particular subdivision, but rather were dispersed in the area
between the indica and japonica subgroups. The results
indicated that our weedy rice samples were in an inter-
mediate status between indica and japonica.

We further investigated the genetic ancestry using
Frappe, a maximum likelihood based clustering method
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Chromosome 1

23 28 32 37 41

Chromosome Location (Mb)

Fig. 3 StepPCO plot for chromosome 1 of the three weedy rice
samples. Indica (blue) and japonica (orange) were treated as ancestral
groups. Chromosomal regions of the admixed genome are attributed
to either the orange or blue ancestry with admixed regions in the

(Tang et al. 2005) that considers each individual as having
originated from a specific number (K) of hypothetical
ancestral populations, and gives the source proportion of
each individual from ancestral populations. The K-value
was tested from 2 to 8 (Fig. 2c), and each K will yield a
final converged result as calculated by Frappe. The popu-
lation structure result was generally consistent with the
PCA and phylogenetic analysis. Surprisingly, all three of
the weedy rice samples had only two genetic components,
despite an increase in the K-value. The results suggested
that the weedy rice samples in southern China had a mixed
genetic background from temperate japonica and indica
rice.

Parental admixture pattern across chromosomes

The chromosomes of a descendant genome usually contain
different combinations of the parental ancestral genomic
blocks, and we further used a wavelet transform analysis
(Pugach et al. 2011) to confirm the above potential
admixture pattern across the whole genome of the three
weedy rice individuals. Stepwise principal component
analysis was performed along 12 chromosomes of weedy
rice and their respective ancestral populations, which gave
insights into where the stretches of the admixed genome
were inherited. After the genotypes of the three weedy rice
and 39 parental accessions were intersected, a total of
27,557 SNPs were used for the parental admixture analysis
(see details in the “Materials and methods”). The StepPCO
plots for 12 chromosomes of the three weedy rice indi-
viduals (Fig. S1) showed a clear admixture pattern in which
the chromosomal segments of the three weedy rice

middle (YGO2: yellow; YJO06: green; YJO7: red). The mean PCl
coordinates for each parental population are centered at 1 and —1, and
the progressively lighter shading surrounding the mean of each
parental group indicates 1, £2 or 3 SDs from the mean

accessions switched between the two ancestral populations
(chromosome 1 as an example is shown at Fig. 3; tem-
perate japonica in orange and indica in blue). Moreover,
the three weedy rice individuals did not share the same
admixture pattern, which suggested that genetic divergence
and ancestral inheritance were different among the three
samples. We also found that, based on the StepPCO plots,
higher proportions of the blocks belonged to the indica
population, which agreed with the Frappe genetic ancestry
results.

Novel genomic variations in weedy rice

Compared to the current dbSNP (http://www.ncbi.nlm.nih.
gov/SNP/), we detected unique or novel and common
(potentially fixed) SNPs in the three weedy accessions. A
total of 22,443 fixed novel SNPs in the weedy rice genome,
which reside in 4492 rice genes, were found (data not
shown). Among these 22,443 fixed novel SNPs, 3,075
SNPs had moderate effects on 2,201 genes due to non-
synonymous  codon  mutations (‘NON_SYNONY-
MOUS_CODING’). We performed a GO enrichment study
for the 2,201 genes with moderate impact, and observed
that some of the enriched GO categories were related to
environmental adaptation, such as ‘defense response’,
‘response to chemical stimulus’, and ‘response to stress’,
while others were related to ‘regulation of nitrogen com-
pound metabolic process’ (Table S3). We furthered the
enrichment analysis with a plant metabolic pathway data-
base (PMN/PlantCyc), which contains more than 800
pathways and their catalytic enzymes and genes, as well as
compounds from over 350 plant species (http://www.
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plantcyc.org). Most of the enriched pathways were related
to hormone biosynthesis (such as IAA, cytokinins and
brassinosteroid) (Table S3). The above results suggested
that these novel fixed SNPs in the weedy rice genome
should have mutated under positive selection and play a
vital role in their environmental adaptation.

Discussion
Origin of weedy rice

Unlike alternative strategies using limited markers, whole-
genome sequencing can detect millions of SNPs and offers
a more confident phylogenetic relationship and admixture
patterns within the weedy rice. As shown in this study, it is
very convenient for us to deepen our studies of weedy rice
at the genome level by incorporating the genomic data
generated from weedy rice with the massive amount of
genomic data available to the rice community (e.g., Huang
et al. 2012; Xu et al. 2012).

In this study, three weedy rice samples from Jiangsu
province were re-sequenced. An NGS genomic data analysis
revealed that weedy rice in this region may have originated
from indica-japonica hybridization. Several results support
this speculation: (1) The phylogenetic tree and PCA study
based on over 40 k SNPs with 126 other Oryza accessions
indicated that the three weedy rice samples mainly cluster
with admixture accessions between japonica and indica, (2)
According to the ancestry study based on Frappe, the weedy
genomes had only two genomic components (temperate
Jjaponica and indica), which also suggests local introgression
into weedy rice from these two domesticated rice types that
are widely cultivated in China, (3) The parental admixture
pattern across all the weedy rice chromosomes illustrated
that the chromosomal segments of the three weedy rice
accessions alternate between the temperate japonica and
indica populations, indicating introgression between the two
groups, (4) All cultivated and weedy rice share similar sh4
haplotypes and contain a single derived mutation at sh4 that
is associated with decreased seed shattering phenotype. The
Rc genotype in weedy rice may have been inherited from
some cultivars with the ancestral Rc alleles and fixed under
natural selection (see next section). This hypothesis regard-
ing the origin of Jiangsu weedy rice is consistent with several
previous studies by researchers from local institutes who
used SSR markers to explore the genetic diversity of weedy
rice populations (e.g., Shao et al. 2011; Wang et al. 2012). In
addition, the heterozygous rates of the three weedy rice lines
(YGO02, YJO6 and YJO7) were 5.0-6.2 % based on their
genomic data, suggesting that the hybridization event did not
occur recently.
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A genome-wide picture of introgression with autosomal
resolution could enhance our knowledge of evolution via
hybridization, which could provide insights into how the
genomic regions or genes of an admixture individual are
shaped by recombination. In addition, the genetic archi-
tecture of adaptation to abiotic and biotic conditions could
be inferred by assessing introgression with high resolution
(Hufford et al. 2013). As mentioned above, several
researchers have noted that weedy rice could have unex-
pectedly evolved from its cultivated relatives (Ishikawa
et al. 2005; Reagon et al. 2010; Thurber et al. 2010; Xiong
et al. 2012). For example, Ishikawa et al. (2005) performed
isozyme and morpho-physiological analyses, and proposed
that weedy rice originated from indica-japonica hybrid-
ization. Xiong et al. (2012) demonstrated that some per-
centage of weedy rice-like plants could have been
segregated from the offspring of inter-subspecies and inter-
varietal hybridization based on seven indicaljaponica and
four indicalindica combinations. In particular, the fre-
quency of weedy rice-like plants derived from indica/
Jjaponica hybridization was greater than that of such plants
derived from indicalindica hybridization. The weedy rice-
like plants segregated from the progeny of indicaljaponica
hybridization are phenotypically more like indica plants.
Our findings, which show that indica-type weedy rice was
derived from indicaljaponica hybridization, support Xiong
et al.’s observations. We performed whole-genome re-
sequencing and confirmed that weedy rice can originate
from the hybridization of indicia and temperate japonica
rice. This should be a critical concept in rice breeding,
since many rice breeders have been trying to hybridize
indica and japonica rice to improve rice production in
China (Chen et al. 2007; Sun et al. 2012).

Weedy rice in southern China is more likely to be
similar to indica (Zhang et al. 2008), while weedy rice in
northern China is more likely to be similar to japonica (Sun
et al. 2013). We believe that the environment, and espe-
cially the temperature and humidity, is responsible for the
fact that indica is significantly more represented in these
weedy rice genomes than japonica. For example, the Phrl
allele was not selected in indica rice, which is cultivated in
areas with higher levels of humidity and temperature, like
southern China. However, in drier environments, like
northern China, the Phrl allele was selected in japonica
rice to prevent grain discoloration during storage (Sun
et al., 2013). With regard to the seed dormancy phenotype,
secondary dormancy is a critical characteristic in indica
varieties to retain viability during hot and humid conditions
(Vaughan et al. 2008). Therefore, the related genes of the
three weedy rice individuals sampled from the lower
Yangtze River (southern China) in this study may be
selected under hot and humid environmental conditions,
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and therefore present phenotypes and genotypes that are
more like those of indica rice.

Novel genomic variants in weedy rice

Weedy rice has become a serious problem in China over
the past 20 years. Interestingly, a large set of novel fixed
SNPs was found in weedy rice, which were absent from the
currently available rice dbSNP (http://www.ncbi.nlm.nih.
gov/SNP/). These novel variants in weedy rice may have
accumulated through mutation that occurred since diver-
gence from the hybridization of indica and japonica.
Another possible explanation for the existence of these
novel variants is the undersampling of Oryza diversity (not
included in dbSNP as of 2014-04-05). Thereafter, both
favored natural and artificial selection could have fixed
these novel SNPs for weedy rice. Based on the results
regarding GO and PlantCYC pathway enrichment, the
functions of the potentially fixed genes are mostly enriched
in response to the environment, such as ‘response to stress’
or ‘response to chemical stimulus’, or are related to the
‘regulation of nitrogen compound metabolic process’ or
‘hormone biosynthesis’, which enables them to compete
with crop plants. Weedy rice had to evolve at least two
phenotypes: the seeds had to be able to overwinter under
natural field conditions and it had to be able to match the
growth rhythm of cultivated rice in the field. The mutations
that favor environmental adaption for weedy rice may be
fixed under natural selection. Furthermore, due to less-
intensive management, alleles associated with ecological
adaptability tend to reproduce at a high frequency or are
selected in the weedy rice population (Sun et al. 2013). For
domesticated genes, one piece of evidence that does not
support our hypothesis that weedy rice originated from the
hybridization of domesticated indica-japonica is the Rc
gene, which controls the red pericarp phenotype. In this
study, the three weedy rice samples had a functional Rc
allele that was the same as that of wild rice. This result has
also been observed in other weedy rice (e.g., Gross et al.
2010). Previous studies have indicated that Rc is a pleio-
tropic gene that controls both the pericarp color and seed
dormancy (Gu et al. 2011). As mentioned above, seed
dormancy must contribute to the ability of weedy rice seeds
to overwinter. Natural selection most likely favored red
rice because of such seed dormancy. In contrast, domesti-
cation favored a white pericarp, and the associated pleasant
appearance and taste of grains (absence of proanthocyani-
dins in the pericarp tissue) (Sweeney et al. 2007), which is
caused by a flavonoid biosynthetic pathway downstream of
the pleiotropic gene (Gu et al. 2011). Since some cultivated
varieties harbor the ancestral Rc alleles, the Rc allele of
weedy rice may be inherited from these cultivars and fixed
via natural selection.

In this study, we detected over 20 k fixed novel SNPs
across the weedy genome. The newly identified SNPs will
be useful as markers for pinpointing important genes and
for the marker-assisted mapping of important weedy rice
traits such as seed dormancy and shattering. With respect
to the shattering gene sh4 in our study, all three of the
weedy rice samples held the single derived mutation
associated with decreased seed shattering, similar to the
cultivars. Meanwhile, similar haplotypes at the major
shattering loci sh4 have been observed in US weedy rice
groups and cultivated lines. It has been suggested that
weedy rice may have re-acquired the seed dispersal trait
after divergence from its progenitors (Thurber et al. 2010).
Therefore, while the molecular mechanism of seed shat-
tering in weedy rice has not yet been determined, several
QTLs have been mapped (Subudhi et al. 2014) and genes
other than sh4 could have played an important role in
shattering (Zhu et al. 2012; Zhou et al. 2012).

Implications for weedy rice control

Breeding programs that involve inter-subspecies hybrid-
ization between indica and japonica to improve rice cul-
tivars are becoming widespread, and the introduction of
germplasm of indica subspecies into temperate japonica
has been reported to be largely responsible for the
increased rice yield in northern China (Chen et al. 2007,
Sun et al. 2012). However, as mentioned above, field
experiments by Xiong et al. (2012) revealed that inter-
subspecies and inter-varietal hybridization had a high
chance for the emergence of weedy rice-like progeny,
particularly for indica-japonica hybridization. Our geno-
mic data provide unambiguous evidence to support this
possibility. Therefore, these results provide several impli-
cations for controlling weedy rice. First, more attention
should be paid to the management of inter-subspecies
hybrids during rice breeding. The control of breeding fields
that are the origin of weedy rice and the prevention of weed
dispersion from the area of origin are key steps to con-
trolling these weeds. More manpower and proper farming
practices should be used. Second, unexpected natural
hybridization events might occur in rice fields, and there-
fore, we should expect that weedy rice-like plants will
frequently be generated in our current rice production
system and may always accompany rice production. As an
evidence to support this, Jiangsu weedy rice is mentioned
in ancient Chinese books (usually called “Ludao” or
“Lvdao”) (Ding 1983; Xiuling You, personal communi-
cation). This indicates that weedy rice has existed for a
long time, maybe from the beginning of rice cultivation.
Therefore, the use of proper farming practices such as
transplantation rather than direct seeding is another
important way to control weedy rice. As mentioned above,
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weedy rice has become an important issue in China over
the past 20 years, which should show what happens when
we ignore the rice ecosystem. Third, GM rice varieties/
lines which possess genes that confer resistance to herbi-
cides and diseases, and tolerance to environmental stress
(Lu and Snow 2005) should be carefully controlled to
prevent the transference of such genes into the weedy rice
population, which could make them even more robust in
terms of environmental adaptation.

Conclusions

In this study, we re-sequenced the genomes of weedy rice
samples from the lower Yangtze region, China, and
investigated their phylogenetics, population structure and
chromosomal admixture patterns. The phylogenetic tree
and principle component analysis based on 46,005 SNPs
with 126 other Oryza species suggested that the three
weedy rice accessions were intermediate between japonica
and indica rice. An ancestry inference study further dem-
onstrated that weedy rice had only two dominant genomic
components (temperate japonica and indica) Thus, our
results suggested that the weedy rice sampled in our study
may have originated due to indica-japonica hybridization
Furthermore, 22,443 novel fixed SNPs were detected in the
weedy genomes and may have been generated after indica-
Jjaponica hybridization to promote environmental adapta-
tion. Our research strongly suggests that weedy rice orig-
inated from hybridization between indica and japonica rice
and provides important insights for controlling this noto-
rious weed.
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