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Complete chloroplast genome of Dongxiang wild rice and its application
in phylogenetic analysis

Lin Zhangxiang, Wang Yingying, Fu Fei, Ye Chuyu, Fan Longjiang” (Zhejiang Key Laboratory of Crop Germplasm/
Department of Agronomy, College of Agriculture and Biotechnology, Zhejiang University, Hangzhou 310058, China)

Summary  Complete chloroplast genome sequence is very useful for studying the evolution of species. To get
chloroplast genome sequences, purification of the chloroplast or PCR amplification prior to sequencing is
commonly involved in conventional approaches. Advances in DNA sequencing technology provide new
opportunities to obtain chloroplast genome sequence from the whole-genome high-throughput sequencing data
without purification of the chloroplast. In this study, we finished the complete chloroplast genome sequence of
Dongxiang wild rice based on high-throughput sequencing data from their fresh green leaves. The chloroplast
genome was 134 537 bp in size, and had a typical quadripartite structure with the large single copy (LSC, 80 585
bp) and small single copy (SSC, 12 346 bp) regions separated by two copies of an inverted repeat (IR, 20 803 bp each)
region. One hundred and fifty-two chloroplast genes were successfully annotated. A phylogenetic tree was constructed
based on the chloroplast genomes of Dongxiang wild rice, Indica, Japonica and 10 other genera of grasses using the
neighbor-joining method. The result showed that Dongxiang wild rice had a closer relationship with Bambusa oldhamii
and Panicoideae. Furthermore, the SNPs of 22 rice accessions were identified using the chloroplast genome of Dongxiang
wild rice as a reference sequence and a phylogenetic tree was constructed based on these SNPs. The result illustrated that
Indica had a closer relationship with wild rice-1, while Japonica was closer to wild rice-1II, suggesting that Indica and

Japonica were domesticated independently from different wild rice populations.

Key words Oryza rufipogon; chloroplast genome; high-throughput sequencing; rice domestication; Dongxiang
wild rice (China)
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FAAEL P ESAFABRAE AL, RVARBIAR T F B, fAEARLR T 5 sh— Aok s hiad 42

FEIE TFAS; THALRA; FEFTNE; RBIL; RIFABCTE)

Chloroplast is an important organelle for
photosynthesis of green plants with a semi-autonomous
genetic system. As compared to the nuclear genome,
the chloroplast genome has special features, e. g.,
haploid, maternal inheritance, and high conservation
in gene content and genome structure. Chloroplast
genomes of higher plants typically range in size from
120 to 180 kilobase (kb) pairs,

quadripartite structure which is composed of two copies

with conserved

of a large inverted repeat (IR) region and two sections
of unique DNA, 7. e., large single copy (LSC) and
small single copy (SSC)regions™ .

The

sequencing technology promotes the study of plant

rapid development of high-throughput
chloroplast genomes. Since the complete chloroplast
genomes of Marchantia polymorpha™ and Nicotiana

1 were published in 1986, the number of

tabacum®
sequenced chloroplast genomes has increased greatly.
As to August 9, 2013, Organelle Genome Resources
of the National Center for Biotechnology Information
(NCBI) contained a total of 285 chloroplast genomes
from different plants.

For traditional chloroplast genome sequencing
method, it is necessary to isolate and purify the
chloroplast DNA before sequencing. Due to low
concentration of chloroplast DNA, it is difficult to
separate it from nuclear genome DNA. Therefore,
chloroplast DNA isolation-based method is tedious and
time-consuming. In 2009, the chloroplast genomes of
Dendrocalamus lati florus and Bambusa oldhamii™"
were obtained by a simple PCR-based method without
isolating and purifying chloroplast DNA, and the
chloroplast genome of Oncidium"™ was obtained later
by the same method. Advances in DNA sequencing
technology provide new opportunities to obtain
chloroplast genome sequence from the whole-genome

high-throughput sequencing data without purification

of the chloroplast, e. g., the chloroplast genome of
Phoenix dactyli fera obtained directly from Roche GS
FLX whole-genome sequencing data™ . In this study,
we finished the complete chloroplast genome sequence
of Dongxiang wild rice (Oryza rufipogon) based on
high-throughput sequencing data from their fresh green

7]

leaves'™ , and performed phylogenetic analyses.

1 Materials and methods

1.1 Materials and data collection

Dongxiang wild rice (O. rufipogon) was provided
by the China National Rice Research Institute, and
Illumina  high-throughput  sequencing data were
generated from our previous study™ . Seven released rice
chloroplast genomes were obtained from NCBI (http://

YU and other rice data

www. nchi. nlm. nih. gov/
(high-throughput sequencing data) were obtained from
EBI (http://www. ebi. ac. uk/ena/) (Table 1). Ten
Poaceae chloroplast genomes were obtained from NCBI,
including Festuca arundinacea (NC_011713)*" | Lolium
perenne (NC _009950)1 | Agrostis stoloni fera (NC _
00859 )M | Triticum aestivum (NC 002762 1% | B.
oldhamii (NC_012927)m, Panicum virgatum (NC _
015990)™ | Zea mays (NC_001666)1 | Coix lacryma-
jo/}i(NC_Ol3273)D’-’] , Sorghum bicolor (NC_008602)4
and Anomochloa marantoidea (NC_014062)1% .
1.2 Genome assembly

Bowtie 2 ( http://bowtie-bio. sourceforge.
net/index. shtml)®¥ was used to map clean reads
with seven rice chloroplast genomes as references
(Table 1). Assembly of mapped reads was then
performed with Velvet™ . Parameters of Velvet
have a great influence on the assembly results,
particularly K-mer and coverage value. Therefore,
we set multiple parameters (K-mers of 13 levels

and coverage of 4 levels) for debugging. The set
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that has the largest N50 was finally selected (K-
mer was 33 and coverage was 100). The gaps were
closed by GapCloser (http://soap. genomics. org. cn/
soapdenovo. html)®? and PCR amplification. All the
variable sites of Dongxiang wild rice were gotten using

SAMTools
Seven SNPs (single nucleotide polymorphisms)

( http://samtools. sourceforge. net/)™ .

were finally verified by PCR amplification. The

assembly process is shown in Fig.1.

Table 1 Chloroplast genome sequences of Oryza used in this study

Species Groups!® Origin Accession

NA® Dongxiang, China  KF562709»

NA Vietnam NC_017835017)
NA Australia JN005833017
, ERX046456%
Or-1 India
(W0101)©
ERX046479(8)
Or-1 Sri Lanka
(W0144)©
O. rufipogon ERX04672008)
ufipogor Or-11 Indonesia
(W1977)©
ERX046715
Or-11 Indonesia i
(W1972)©
.. ERX0468288
Or-111 China
(W3026)°
ERX046846%
Or-111 China
(W3044)°
Indica China NC_008155M18]
) . ERX00552208]
Indica China i
(Guangluai-4)©
ERX014265
Aus Bengal
(GP89)®
0. sativa Japonica Japan NC_ 001320019
Temperate ERX002911¢
. Japan X ‘
Japonica (Nipponbare)®
Tropical . ERX0144558
] America
Japonica (GP640)©
ERX046332[%)
Aromatic Pakistan
(GP295)©
NA Australia NC_016927M17
O. meridionalis ERX046915[%)
pertdronatts NA Australia
(W2113)@
O. nivara NA Sri Lanka NC 0059730201
O. australiensis NA Australia GU59220921
- . 0 ERX046902%
O. glaberrima NA Liberia
(W3104)°
B . ERX04690308]
O. barthii NA Burkina Faso
(W3106)°
. . . ERX0469055
O. longistaminata NA Benin
(W3102)®
@ Not available; » Generated by this study; © Sample number

in the reference [8].

Reference (T TTmm T =
1

Bowtie 2 was used to

—{Refene] ‘
1

Mapping »-- -: map clean reads with 1

- 1 references. :

Mapping.sam L -
___________ ~

’
__1 Perl was used to extract :

: the mapped reads. 1
N e . ]

Velvet was used to

' \
1 1

___1 assemble the mapped 1

': reads. K-mer was 33 :

oldfa_| ‘ '

and coverage was 100.
N o e e o '

v i _WPR _
Consensus.fa e -
|’ Seven SNPs were finally1

-==4 verified by PCR !
N4

v amplification. 1
Chloroplast.fa Smmmmmm——— ’

Fig.1 Process of Dongxiang wild rice chloroplast genome

assembly

1.3 Genome annotation
Annotation of the Dongxiang wild rice

chloroplast genome was performed using DOGMA

( http://dogma. ccbb. edu/H)P" . The

annotated file was used to draw gene maps using

utexas.

( http://wolfe. gen. ted. ie/
GenomeVx/) ¥ . The
genome of Dongxiang wild rice was deposited into

GenBank with the accession number KF562709.

GenomeVx tool

complete  chloroplast

1.4 Phylogenetic tree construction

The chloroplast sequences  of
Indica (NC _ 008155 )8
Japonica (NC_001320)"% and 10 Poaceae plants were

aligned using ClustalX 2 (http://www. clustal. org).

genome

Dongxiang wild rice,

The phylogenetic tree was constructed using the
neighbor-joining (NJ) method in Mega 5.0 with 1 000
bootstrap replications ( http://www. megasoftware.
net/)? . The phylogenetic tree based on SNPs was

constructed using the same method.

2  Results

2.1 Genome assembly

Using seven chloroplast genomes of Oryza
which are evolutionarily close to O. rufipogon as
references, Dongxiang wild rice chloroplast-related

reads were first collected from our high-throughput
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sequencing data. Subsequently, de novo assembly displayed the typical quadripartite structure,

of these reads was performed resulting in four
scaffolds. PCR amplification was used for gap
closure and validation of variations in Dongxiang
wild rice. All products of PCR amplification were
sequenced to confirm our assembly. Finally, we
obtained the complete chloroplast genome of
Dongxiang wild rice with the length of 134 537 bp.
2.2 Genome annotation

The Dongxiang wild rice chloroplast genome

43.33 kb

Oryza rufipogon
134537 bp

[0

consisting of a pair of IRs (20 803 bp, 15.5% of
the genome) separated by the LSC (80 585 bp,
59.9% of the genome) and SSC (12 346 bp, 9.2%
of the genome) regions (Fig.2). The chloroplast
genome was AT-rich (60.99%) which is similar to
other chloroplast genomes™®*?. The chloroplast
genome encoded 152 predicted genes, of which 128

were unique in the LSC/SSC regions and 24 were

duplicated in the IR regions. The 152 genes included

3
&

21.67 kb

108.33 kb

o |
@» ]
)
§ 3SR wewe o3 33%
I3 4 =
§§ € g §§ g’:_r\‘x N% >
Photosystem protein Yecf protein
Ribosomal protein ATP synthase
RNA polymerase &/ chain NADH oxidoreductase Transfer RNA
Ribosomal RNA Cytochrome protein Other

The thick black lines in inner ring indicate the inverted repeats (IRa and IRb) regions, which separate the genome into the

large single copy (LLSC) and small single copy (SSC) regions. The genes on the outside of the map are transcribed in the

clockwise direction and the genes on the inside of the map are transcribed in the counterclockwise direction.

Fig.2 Gene map of Dongxiang wild rice chloroplast genome
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49 transfer RNAs, 8 ribosomal RNAs and 95
protein-coding genes in the chloroplast genome.
The functional classification of chloroplast genes
was determined according to CpBase. These 152
could be divided
including 50 photosynthesis

genes into four categories,

87

transcription and translation genes, 2 biosynthesis

related genes,
genes, and 13 open reading frames and other
protein-coding genes.

The length of the cultivated rice chloroplast
genome (NC_008155)" was 134 525 bp. The lengths
of LSC, SSC, and IRs were 80 592 bp, 12 335 bp and

proportion of the genome with Dongxiang wild rice. The
cultivated rice chloroplast genome encoded 162 predicted
genes, including 40 transfer RNAs, 8 ribosomal RNAs
and 114 protein-coding genes. According to CpBase,
these 162 genes included 32 photosynthesis related
genes, 80 transcription and translation genes and 50
open reading frames and other protein-coding genes.
2.3 Phylogenetic analyses

A phylogenetic tree was constructed based on
Dongxiang wild rice and other 10 Poaceae chloroplast
genomes using NJ method. The result showed that

Dongxiang wild rice had a closer relationship with B.

20 799 bp, respectively, covering almost the same oldhamii and Panicoideae (Fig.3A).
96 1 O. rufipogon
A 100 |- 0. sativa Japonica
88 O. sativa Indica
100 B. oldhamii
] T. aestivum
100 A. stolonifera
W‘:i}? arundinacea
100 L. perenne
—— P, virgatum
100 Z mays
100 C. lacryma-jobi
100 S. bicolor
A. marantoidea (outgroup)
|
0.005

98
B 99 |:
89 O.s

O. sativa Indica China

O. sativa Aus Bengal
. sativa Indica China
0.

. nivara Sri Lanka
497|7—‘;O‘ rufipogon Or-1-1 India
100 O. rufipogon Or-1-2 Sri Lanka

| O. rufipogon Or-11 -2 Indonesia

100—— 0. rufipogon Or-11 -1 Indonesia

O. rufipogon Vietnam

99|: O. rufipogon Or-111-1 China
O. rufipogon China (Dongxiang)

— O. rufipogon Or-111-2 China

O. sativa Aromatic Pakistan

47 O. sativa tropical Japonica America
%[[O. sativa temperate Japonica Japan
97

O. sativa Japonica Japan

O. glaberrima Liberia

100 L= O. barthii Burkina Faso

100 O. meridionalis Australia
100 I_— O. rufipogon Australia

O. longistaminata Benin

99,
98 99
O. australienlis Australia
3 | O. meridionalis Australia
0.05

A: Phylogenetic tree of Dongxiang wild rice (O.

rufipogon ) and other 10 Poaceae chloroplast genomes using NJ method;

B: Phylogenetic tree based on all SNPs of Dongxiang wild rice and other 22 Oryza chloroplast genomes (Table 1) using NJ method. The

scales mean expected number of substitutions per site.

Fig.3 Chloroplast genome-based phylogenetic trees of Dongxiang wild rice with other members from the grass family (Poaceae)
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Furthermore, we used the chloroplast genome
of Dongxiang wild rice as the reference sequence,
and collected the identified SNPs of 22 rice
accessions to build a phylogenetic tree. The
phylogenetic tree showed that Indica and Japonica
clustered with different groups of O. rufipogon,
and Japonica had a closer relationship with
Chinese O. rufipogon (Fig.3B). Therefore, our
results support the hypothesis of the origin of rice
domestication from Huang et al. ™ that Japonica
was first domesticated from a specific population of
O. rufipogon in China, while Indica was
developed from another independent domestication

process.

3 Discussion

Chloroplast genome structure and sequence
provide important resources and information for
studying the evolution of species. As to August 9,
2013, Organelle Genome Resources of the NCBI
contained a total of 285 Viridiplantae chloroplast
genomes. With the rapid development of high-
throughput sequencing technology and the new
bioinformatics software, there will be more and
more plant chloroplast genomes being sequenced.
Chloroplast genome is maternally inherited and
highly conserved. According to the features, this
study used a simple and efficient method which
assembled the chloroplast genome sequence from
whole genome high-throughput sequencing data of
the green leaves. This method does not need to
separate and purify chloroplast DNA that is a
major limiting factor in traditional methods,
reducing the experimental difficulty and saving
time. Additionally, the required depth of the
whole genome sequencing was reduced due to
multiple copies of the chloroplast genome. Using
this method we successfully obtained the
Dongxiang wild rice chloroplast genome sequence,
and performed some analyses regarding the rice
domestication. Our results support the hypothesis

of the
Nature, 20125 .

origin of domesticated rice in

Although this method is simple and efficient,
there are still several inevitable shortcomings.

First, the appropriate reference sequence is

necessary for extracting the chloroplast genome
related reads from the whole-genome sequencing
data. Second, the reference chloroplast genome
should be evolutionarily close to the assembled

genome. Moreover, some chloroplast genes

transfer to the nuclear genome in higher plants,
therefore, the extracted short reads may be from

the nuclear genome. Although the chloroplast

DNA has a high copy number and thus such reads

had little impact on assembly, the possibility

cannot be excluded.
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