
ORIGINAL ARTICLE

An improved method for chloroplast genome sequencing
in non-model forest tree species

Fang K. Du1
& Tiange Lang2 & Sihai Lu1,3

& Yuyao Wang1 & Junqing Li1 &

Kangquan Yin1,4

Received: 3 June 2015 /Revised: 23 September 2015 /Accepted: 30 September 2015 /Published online: 9 October 2015
# Springer-Verlag Berlin Heidelberg 2015

Abstract Chloroplast genomes can provide a large amount of
information and resources for use in studies on plant evolution
and molecular ecology. However, a rapid and efficient method
for obtaining chloroplast genome sequences is still lacking. In
this study, we report a modified method for the isolation of
intact chloroplasts, which needs less than 0.5 g leaf material.
Coupled with rolling circle amplification (RCA), next-
generation sequencing, and a pipeline combining de novo
assembly and reference-guided assembly (RGA), we success-
fully obtained a complete chloroplast genome for the non-
model forest tree species, evergreen oak Quercus spinosa,
with as many as 36 % of the sequence reads mapped to the
chloroplast genome. The Q. spinosa cpDNA is 160,825 bp in

length and codes for 134 genes (89 protein coding, 8 ribosom-
al RNAs (rRNAs), and 36 distinct transfer RNAs (tRNAs)).
The genome organization and arrangement are similar to those
found among most angiosperm chloroplast genomes. Our in-
expensive and efficient protocol can be applied to the recon-
struction of chloroplast genomes for plant evolutionary stud-
ies, especially in non-model tree species.

Keywords Chloroplast . Next-generation sequencing .

Rolling circle amplification (RCA) . Oak

Introduction

The chloroplast (cp) genome plays an important role in plant
molecular ecology and evolution studies because, in contrast
to the nuclear (nu) genome, it is haploid, is generally non-
recombinant, and evolves relatively rapidly. So far, more than
300 complete chloroplast genome sequences from angio-
sperm species, covering a wide range of taxa, have been de-
posited at NCBI (http://www.ncbi.nlm.nih.gov/genomes/
GenomesGroup.cgi?taxid=2759&opt=plastid). However,
plant species whose cp genomes have been sequenced
represent only a tiny proportion (0.1 %) of all existing
angiosperms (Aslan et al. 2013). Prior to 2006, the complete
chloroplast genome sequences of no more than 10 species had
been deposited with NCBI, whereas since 2010, the number
of chloroplast genomes reported has increased exponentially
(Fig. 1a and Supplementary Table S1). Up to 2010, the Sanger
sequencing method, often termed the first-generation se-
quencing approach, was used almost exclusively for obtaining
complete chloroplast genome sequences. Next-generation se-
quencing methods, which were first used in 2006 (Schuster
2008), became predominant from 2011 onward (Fig. 1a).
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Although first-generation sequencing can provide relative-
ly long sequences reliably, the high costs and low throughput
of this method limit its application. The large number of reads
generated by next-generation sequencing facilitates assembly
of cp genomes, given their relatively small size and low com-
plexity (Cronn et al. 2008). For example, an Illumina HiSeq-
2500 can produce 600 GB of data per run; this equates to 37,
500 cp genomes with an average size of 160 kb at a coverage
of 100×. Next-generation sequencing is undoubtedly a pow-
erful, economical, and time-saving method for cp genome
sequencing. To take full advantage of its potential, obtaining
high-quality cpDNA prior to sequencing is critical.

There are four main strategies used to obtain cpDNA for
sequencing (Table 1): First, pure cpDNA can be isolated from
chloroplasts. This approach requires isolation of a sufficiently
large number of chloroplasts, from which cpDNA is released
through lysis. Sucrose gradient centrifugation, an essential
technique in chloroplast isolation, requires access to a high-
speed refrigerated centrifuge. In addition, this method usually
requires the use of about 100 g of fresh leaf starting material
(Jansen et al. 2005), although 20 g of fresh leaf tissue is suf-
ficient for a modified protocol (Shi et al. 2012). The second
approach is based on the amplification of large fragments of
cpDNA by long-range PCR, taking advantage of the

Fig. 1 Flowering plant cp
genome sequences. a Trends in
sequencing methods used for
obtaining cp genome data. The x-
axis shows year and the y-axis
shows the number of cp genome
sequences. Blue columns
represent cp genome sequences
obtained by first-generation
sequencing methods and orange
columns represent cp genome
sequences obtained by next-
generation sequencing methods.
b Comparison of three different
approaches for obtaining cp
genome sequences. A: Isolation of
pure cpDNA followed by NGS
sequencing. B: Long-range PCR
followed by NGS sequencing. C:
Extraction of total DNA followed
directly by NGS sequencing
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conserved order of chloroplast genes across species. This
method is simple and attractive. It relies only on conventional
PCR and a number of paired universal primers, and it has been
successfully applied to many species such as Amborella
(Goremykin et al. 2003a), sweet shrub (Goremykin et al.
2003b), water lily (Goremykin et al. 2004), sweet flag
(Goremykin et al. 2005), cucumber (Chung et al. 2007), duck-
weed (Mardanov et al. 2008), bamboos (Wu et al. 2009),
orchids (Wu et al. 2010), and grasses (Leseberg and Duvall
2009). However, this method also has some limitations: low
transferability of primers between species, need for costly
high-fidelity DNA polymerase, and possible base errors intro-
duced by the PCR reaction. The third method, which has been
introduced recently, relies on whole cellular DNA, without
further isolation of cpDNA, for next-generation sequencing.
However, it requires sequencing to 15× or 30× coverage of
nuclear genome, which increases the cost (e.g., 7.5 to 15 GB
for Populus, Huang et al. 2014). The last method is based on
targeted enrichment hybridization capture (Cronn et al. 2012),
which was originally adopted from human genetics research
(Ng et al. 2009). This method is promising, but preparing
probes for enrichment of cpDNA is expensive and labor in-
tensive. Only four cases applying this method, two at a mul-
tiplex level, have so far been published (Ng et al. 2009; Stull
et al. 2013; Parks et al. 2012; Mariac et al. 2014). Up to now,
of the 255 cp genomes for which the sequencing method is
available, 171 were determined through next-generation
sequencing (NGS). Of these 171 cp genomes, 57 %
were obtained following cpDNA enrichment, 28 % were
obtained by relying on whole genomic DNA, only 15 %
used long-range PCR, and less than 1 % were obtained
by targeted enrichment hybridization capture, suggesting
that isolation of chloroplasts before downstream NGS

has been the preferred method for obtaining cp genomes
(Fig. 1b).

For non-model forest tree species, exploiting cp genome
resources is essential for evolutionary dynamics and conser-
vation studies. In this study, we developed an efficient proto-
col for cp genome sequencing based on cpDNA enrichment
from a very limited amount of leaf material. This protocol
consists of five major steps: isolation of intact chloroplasts
from fresh leaves in 2-ml tubes, isolation of DNA from intact
chloroplasts, rolling circle amplification (RCA) of cpDNA,
sequencing of the cp genome by NGS, and assembly of the
cp genome by means of a reference-guided assembly (RGA)
approach. We successfully adopted this protocol to elucidate
the chloroplast genome of a non-model forest tree species,
leathery-leaved evergreen oak species Quercus spinosa
David ex Franchet, which lives on the Tibetan Plateau (Wu
and Raven 1999), and annotated the genome with features
including the locations and descriptions of genes, conserved
regions, and repeats. Our results indicate that this is a rapid
and reliable method for complete cp genome sequencing.

Materials and Methods

Plant material

Q. spinosa plants less than 3 years old were collected, together
with soil, from Xinyi village, Judian town, Yulong County,
Lijiang City in Yunan Province, China. Q. spinosa is a com-
mon, non-endangered tree species in China. No specific per-
missions were required for these locations/activities, and we
did not sample in any protected areas. The plants were then
placed in a growth chamber, with 16-h light/8-h dark cycles

Table 1 Comparison of four methods used for obtaining cp genomes

Method Advantages Disadvantages Reference

Isolation of pure cpDNA and
sequencing

High yield of cpDNA; high quality
of cpDNA

Substantial amount of leaf
material required

Jansen et al. 2005

Long-range PCR and sequencing Easy to perform; DNA specific to cp
genome is enriched; sequence
coverage is more likely to be even

Low transferability of primers Goremykin et al. 2003a, b,
2004, 2005; Chung et al. 2007;
Mardanov et al. 2008;
Wu et al. 2009; 2010;
Leseberg and Duvall 2009

Sequencing genomic DNA
(genome skimming)

No need for chloroplast isolation;
possible to recover complete cp
genome, partial mitochondrial DNA
and nuclear ribosomal DNA at the
same time; allows for limited
multiplexing of cp genomes

High depth of sequencing Straub et al. 2012; Huang et al.
2014

Targeted enrichment hybridization
capture and sequencing

No need for chloroplast isolation;
efficient for multiplexing cp genomes
of nearly 100 individuals at a time

Problematic for non-model
species

Cronn et al. 2012; Stull
et al. 2013; Parks et al.
2012; Mariac et al. 2014
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and a temperature of 24 °C with a constant humidity of 65 %,
in Beijing Forestry University. Voucher specimens were de-
posited at the herbarium of Beijing Forestry University,
Beijing, China.

Chloroplast isolation and DNA extraction

Prior to chloroplast isolation, plants were grown in the dark
for 24–36 h to degrade the starch in the chloroplasts, in order
to reduce the possibility of chloroplast breakage brought about
by excessive starch (Nobel 1974). After dark treatment, 0.3–
0.5 g leaf material was excised from each cultivated seedling.
De-veined leaves were then homogenized, using a pre-cooled
mortar and pestle, in 2–4 ml pre-chilled isolation buffer
(0.33 M sorbitol, 5 mM MgCl2, 1 mM DTT, 5 mM
monosodium phosphate, 5 mM disodium phosphate, pH 6.8)
containing 0.1% (w/v) bovine serum albumin (BSA).We used
a double layer of Miracloth to filter the homogenates into a 2-
ml tube. Next, we removed intact cells and cell debris by
centrifuging the filtered homogenates at 200×g for 3 min in
an angled rotor (Sigma 4 K15). The supernatant was then
transferred into a new tube and centrifuged at 1000×g for
7 min to pellet the chloroplasts. We discarded the super-
natant and resuspended the pellet in 500 μl isolation
buffer containing 0.1 % BSA. The supernatant was first-
ly loaded carefully onto the top of a 40 % (1 ml) and
80 % (0.6 ml) Percoll gradient. Then the Percoll gradient
was centrifuged at 1700×g for 6 min to separate Intact
chloroplasts. We carefully collected the band at the inter-
face using wide bore tips and resuspended it in three
volumes of isolation buffer without BSA. We used a
DNAsecure Plant Kit (Tiangen, Beijing), following the
manufacturer’s instructions, to extract the DNA from in-
tact chloroplasts.

RCA

The entire chloroplast genome was amplified by RCA, fol-
lowing the methods described in Hutchison et al. (2005) with
some modifications. Chloroplast DNA was first mixed with
Exo-Resistant Random Primer (final concentration 200 μM;
Thermo, USA) in annealing buffer (final concentration
40 mM Tris–HCl, pH 8.0; 10 mM MgCl2). The mixture was
heated at 94 °C for 3 min and then cooled. Reactions were
started by adding 10× phi29 buffer (final concentration 1×;
NEB), BSA (final concentration 100 μg/ml), dNTPs (final
concentration 1 mM), yeast pyrophosphatase (final concentra-
tion 1 U/ml), and phi29 DNA polymerase (final concentration
0.25 U/μl) to the mixture. The reactions were incubated in a
thermocycler at 30 °C for 18 h, followed by heating at 65 °C
for 10 min to inactivate the phi29 DNA polymerase.

Real-time quantitative PCR

To confirm the enrichment of cpDNA, the concentration of
genomic DNA (gDNA), cpDNA in isolated chloroplast
(cpDNA_iso), and RCA product of cpDNA (RCA_cpDNA)
from Q. spinosa were quantified by NanoDrop (NanoDrop
Technologies) spectrophotometer. The concentrations of
above three samples were 14.1, 4.7, and 300 ng/μl, respec-
tively. The enrichment of chloroplastic DNAwas determined
by tracking the content of chloroplastic DNAwith quantitative
real-time PCR (qPCR) with gDNA, cpDNA_iso, and
RCA_cpDNA templates. The content of chloroplastic
DNA of each sample was calculated by dividing the quantity
of the chloroplastic petB gene by that of input weight of
total DNA template (1/(Cq* input weight of total DNA
temp l a t e ) ) . Two spe c i f i c p r ime r s (Pe tB -RT-F
ACGTCTTGAGATTCAGGCGATTGC, PetB-RT-R
CCTCAGTAACCGTTGGGCGATAGT) were designed for
petB gene. Reactions were performed using a CFX96 cycler
(BioRad, USA) with four technical replicates per sample with
SYBR Premix Ex Taq (Takara, Japan). Template DNA was
diluted 60-fold for RCA_cpDNA sample for qPCR. The cy-
cling conditions were as follows: 95 °C for 30 s, 40 cycles of
95 °C for 5 s, 55 °C for 30 s, and 72 °C for 30 s. The melting
curve was constructed for petB to verify the presence of gene-
specific peak without primer dimer. The relative amount of
chloroplastic DNA in gDNA in unit weight of input template
DNAwas normalized to 1.

NGS sequencing

We used 5 μg of purified RCA DNA product of cpDNA from
a single plant for library preparation. A 101-bp paired-end run
was performed on an Illumina-HiSeq 1500 (Illumina, USA) at
the gene sequencing platform of the School of Life Sciences,
Tsinghua University, China. Briefly, library preparation was
performed following the manufacturer’s instructions, to give
an insert size of 500 bp. Base calling was performed with RTA
v.1.6 (Illumina, San Diego, CA, US).

Sequence read assembly

Nucleotides of low quality (probability of error >1 %) were
removed, together with all subsequent nucleotides up to the
end of each read, using an in-house Perl script. Reads of
lengths shorter than 25 bp were then filtered out before further
analysis. First, the reads were de novo assembled using
SOAPdenovo2 (Luo et al. 2012) with default parameters, ex-
cept that an insert length of 500 bp was set. K-mer size was
optimized as follows: assembly was performed individually
using 42 K-mers ranging from 17 to 99; the assembly results
of each K-mer were blasted to the Q. rubra cp genome; blast
results of each k-mer was compared each other and the K-mer

114 Page 4 of 14 Tree Genetics & Genomes (2015) 11: 114



with the best blast result was accepted. Second, we extracted
contigs longer than 150 nucleotides to construct the consensus
sequence based on our reference-guided assembly method.

Identification of homologs and further contig assembly

BLASTN searches (http://www.ncbi.nlm.nih.gov) were
performed with the assembled contigs as query sequences
and the Quercus rubra chloroplast genome (GenBank ID:
NC_020152.1) as reference. Contigs with high scoring pair
(HSP) values of identities greater than 80 %, E-values less
than 1e-30, and HSP lengths of more than 150 were selected
for further assembly with the help of the reference genome.

Contig assembly, sequencing depth calculation,
and mapping ratio calculation

The selected contigs were then aligned with the reference
sequence to assemble a whole contig. If neighbor contigs
had overlaps of over 10 bp at both ends, these two contigs
were assembled. However, there were gaps among the
contigs. We filled the intervals between two neighbor contigs
with N. To resolve these gaps, first we used clean reads that
contained ends that were homologous with neighboring
contigs, with an overlap of more than 15 bp with over 90 %
sequence identity, with the help of Burrows–Wheeler Aligner
(BWA) (Li and Durbin 2009). Second, for the remaining gaps,
we designed primers upstream and downstream of each gap
with Primer3 (http://bioinfo.ut.ee/primer3-0.4.0/). Amplified
PCR products were sequenced using an ABI 3730 capillary
sequencer (ABI USA) at Ruibo Biotech (Beijing, China). The
sequencing results were visualized with Chromas
(Technelysium Pty Ltd.) and edited using SeqBuilder
(DNASTAR, USA). To confirm the accuracy of our gap
filling methodology, we randomly selected 10 gaps and
designed primers upstream and downstream of the gaps,
amplified the gap regions by PCR, and sequenced them
using Sanger sequencing.

To calculate the sequencing depth of cpDNA, reads were
mapped to the assembled Q. spinosa cp genome by BWA (Li
and Durbin 2009) with default values. The output SAM file by
BWAwas converted to binary alignment map (BAM) file by
SAMtools (Li et al. 2009). Converted BAM file was used to
calculate the sequencing depth by SAMtools with default pa-
rameter. Mapping ratio is calculated by dividing number of
mapped reads by the total reads.

As an alternative approach to assemble cp genome of
Q. spinosa, we also performed assembly using MITObim,
which employs a baiting and iteration mapping approach with
reference (Hahn et al. 2013). The cp genome of Q. rubra
(Alexander and Woeste 2014) was used as reference and the
default parameter of MITObim was used to assemble
Q. spinosa cp genome.

Annotation of the cp genome

We used CPGAVAS (Liu et al. 2012) for cp genome annota-
tion. This program uses an input cp genome sequence in
FASTA format to identify putative protein coding genes by
performing BLASTX searches against a custom database of
known cp genomes. The program also provides a circular map
of the cp genome, showing the protein-coding genes, transfer
RNAs (tRNAs), and ribosomal RNAs (rRNAs) according to
the annotation. The flowchart of our improved method for cp
genome sequencing is illustrated in Fig. 2.

Repeat analysis

Repeats are categorized into three classes: tandem, palindrom-
ic, and diverse. Tandem repeat finder (Benson 1999) with
default parameters was used to analyze the numbers and loca-
tions of tandem repeats within the Q. spinosa chloroplast ge-
nome. For palindromic and diverse repeats, we used the pro-
gram REPuter (http://bibiserv.techfak.uni-bielefeld.de/
reputer), in which the minimum cutoff identity between two
copies was set to 90 %. The minimum repeat size was set to
30 bp for diverse repeats and 20 bp for palindromic repeats.
The gap size between palindromic repeats was restricted to a
maximum length of 3 kb. Overlapping repeats were merged
into one whenever possible. Redundant results were filtered
manually.

Results

Isolation of Q. spinosa chloroplast DNA for NGS
sequencing

To isolate chloroplasts, all protocols recommend using fresh
young leaves that contain only small amounts of the second-
ary metabolites known to interfere with chloroplast isolation.
However, it is not always possible to find plants with young
leaves in the natural environment and keep them alive until
they are brought back to the lab. Moreover, many evergreen
plants, such as Q. spinosa, have leathery leaves, which make
cpDNA isolation difficult. In addition, isolation of chloro-
plasts usually requires a large amount of leaf tissue and the
use of several 50-ml tubes. To overcome these limitations of
the commonly used chloroplast isolation protocols, we tried to
reduce the amount of leaf material needed for isolation, mak-
ing it compatible with the use of 2-ml Eppendorf tubes. We
isolated intact chloroplasts from only 0.3–0.5 g leaf material
by means of our modified Percoll gradient method. To isolate
high-quality chloroplasts, it is crucial to prepare a good
Percoll gradient by slowly layering 40 % Percoll above the
80 % Percoll layer (Fig. 2) with wide-mouth tips made by
cutting off the bottoms of the tips. In addition, it is important
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not to disturb the interface. Our intact chloroplast isolation
protocol eliminated the need for an expensive high-speed re-
frigerated centrifuge, which may be unaffordable for small
molecular biology labs. This improvement will greatly reduce
the cost of instrumentation required for the experiment as a
whole. After isolation of intact chloroplasts, we extracted
cpDNA using the same method as for extracting whole plant
genomic DNA. At the final stage, we used 30 μl distilled
water to elute the DNA, producing a solution with a DNA
concentration of 7.5 ng/μl. To increase the quantity of DNA
while maintaining high fidelity of synthesis, we used phi29
DNA polymerase, which is able to perform strand displace-
ment DNA synthesis from large DNA molecules without dis-
sociating the template (Dean et al. 2002). Starting with 10 ng
DNA of intact chloroplast, the concentration was increased to
300 ng/μl after the RCA reaction. We repeated the RCA reac-
tion three times and obtained similar results. Moreover, the
majority of amplified DNA fragments were more than 15 kb
in length (Fig. 3).

To ensure the enrichment of cpDNA by isolating chloro-
plast, the relative quantity of cpDNA per unit weight of total
DNA in samples of gDNA, cpDNA_iso, and RCA_cpDNA
was determined by qPCR (Fig. 4). cpDNA in enriched isolat-
ed chloroplast (cpDNA_iso) was about 3.6-fold higher

compared to gDNAwhich was prepared by standard genomic
DNA extraction. After RCA, the cpDNA in RCA products
(RCA_cpDNA) was 3.1-fold higher compared to gDNA.

For cp genome sequencing, RCA offers several advantages
over approaches based on long-range PCR. The phi29 DNA
polymerase used in the RCA reaction is extremely processive,
enabling the synthesis of long DNA templates up to 70 kb in
length (Blanco et al. 1989). In our experiments, the majority of
RCA products were over 10 kb. Phi29 DNA polymerase gen-
erally has an error rate in the range 10−6 to 10−8, which is

Fig. 2 Flowchart of protocol for isolation of intact chloroplasts followed
by NGS sequencing of chloroplast genome. The right-hand side of the
figure shows the separation of intact chloroplasts from the total
chloroplast population by Percoll gradient centrifugation. Orange
arrows indicate different classes of chloroplast populations

Fig. 3 RCA products of cp genome DNA were assayed by gel
electrophoresis. The upper marker band indicates 15 kb. RCA products
of cp genomeDNA gave a distinct band, indicating large average size and
high quantity. BM^ represents the 15-kb marker (ladder)

Fig. 4 Enrichment of cpDNA from isolated chloroplast fromQ. spinosa.
The relative quantity of chloroplastic DNAwas determined in samples of
gDNA, cpDNA_iso, and RCA_cpDNA. qPCR amplification of PetB
gene was compared to total weight of input DNA template of each
sample. The mean of four replicates±SE is shown in fold differences
relative to gDNA
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comparable to DNA polymerases with 3’ proofreading exo-
nuclease activity (Esteban and SalasM 1993; Kunkel 2004). In
contrast, long-range PCR usually uses LA TaqDNA polymer-
ase with a fidelity of 6.5× as compared to Taq DNA polymer-
ase (according to the manufacturer), which has an error rate of
3.7×10−5 (Zhou et al. 1991). In addition, RCA can yield a
large quantity of DNA regardless of the amount of starting
template (Dean et al. 2002).

There have been many attempts to isolate intact chloro-
plasts for extracting cpDNA, while minimizing contamination
with nuclear and mitochondrial DNA, using fresh leaves; typ-
ical amounts of tissue used are 20–100 g for grass (Shi et al.
2012; Diekmann et al. 2008), 25 g for three conifer trees
(Vieira et al. 2014), 3.8 g for heavenly bamboo, 30.8 g for
American sycamore (Moore et al. 2006), and 2.5–5 g for
karaka (Atherton et al. 2010). In contrast to the above cases,
our modified chloroplast isolation protocol requires only 0.3–
0.5 g starting leaf material. To our knowledge, this is the
smallest amount of leaf material used to date for intact chlo-
roplast isolation. Although only a very low concentration of
cpDNA could be recovered with our protocol, RCA yielded
enough DNA for further NGS sequencing.

Sequencing and assembly of the chloroplast genome

Paired-end sequencing of RCA products of Q. spinosa chlo-
roplast DNA generated 5,562,830 reads, comprising 561,845,
830 bases. After trimming adaptors and removing low-quality
sequences with a minimum threshold value of ≤Q20 bases, 5,
116,725 reads with an average length of 91 bp were retained
for further analysis (Table 2). After de novo assembly by
SOAPdenovo2 (Luo et al. 2012) with trimmed reads under a
K-mer length of 81, we obtained 2121 contigs with an N50 of
811 bp and mean length of 541 bp; the largest contig was
7173 bp. Following de novo contig assembly, we performed
a RGA of the cp genome. Initially, we aligned contigs onto the
reference genome (GenBank accession NC_020152) with a
cutoff of 80 % identity; 205 contigs met this criterion.
Among these contigs, the longest was 4625 bp, the shortest
was 152 bp, and the N50 value was 1038 bp with a mean

length of 712 bp. For those contigs with overlaps of more than
10 bp, we trimmed the overlaps and filled the gaps with N (the
number of N was set according to the reference genome) to
build a draft consensus. At this stage, we obtained a draft of
the cp genome with 53 gaps. Some gaps were then filled by
using clean reads that had at least 15-bp overlap and over 90%
identity with the contig ends. After this process, only one gap
remained that was not covered by reads. This single gap was
filled by means of PCR. This result suggests that the clean
reads obtained from HiSeq1500 sequencing were of high
quality and fidelity.

Reads were not evenly distributed across the cp genome;
there were three regions having a very high coverage of more
than 400× (Fig. 5a). One of them (0.5–3.5 kb) is located in the
large single-copy (LSC) region (Fig. 5b) and the other two are
located in the inverted repeat (IR) regions of cp genome
(Fig. 5c). This was partly caused by the fact that there are
two repeat regions (inverted repeats) in the cp genome, and
reads were used twice in these two regions because we could
not distinguish the origin of these reads (Wu et al. 2012).
According to our calculations of the overall coverage across
the whole cp genome, we achieved an average coverage of
301× (Table 2), which was sufficient to assemble the cp ge-
nome (Burger et al. 2007). A total of 1,976,714 reads (35.5 %)
could be mapped to the assembled Q. spinosa cp genome
sequence, suggesting that nearly 65 % of the DNA sequences
correspond to nuclear and mitochondrial DNA due to DNA
contamination from other cell compartments during chloro-
plast DNA isolation. The complete cp genome sequence of
Q. spinosa has been deposited in the GenBank database under
the accession number KM841421. The sequencing reads were
submitted to SRA in NCBI under the accession number
SRP061187.

There are more and more raw reads from released land
plant cp genomes; however, computational time cost and
hardware requirement have become the main limitations for
complete cp genome assembly. To provide alternative ap-
proaches for cp genome assembly and compare their features,
we also used MITObim (Hahn et al. 2013) to assemble
Q. spinosa cp genome. When Q. rubra cp genome was used
as the reference, MITObim gave a 161,464 bp Q. spinosa cp
genome. This cp genome was compared to that assembled by
SOAPdenovo2 using MAFFT web version (http://mafft.cbrc.
jp/alignment/server/; Katoh et al. 2002). These two cp
genomes have a overall 98.7 % identity with 2159 different
sites, of which 1127 sites are SNPs, 61 sites are insertions
corresponding to 813 bp and 27 sites are deletions
corresponding to 174 bp (Supplementary Figure S1).

General features of the Q. spinosa cp genome

The complete cp genome of Q. spinosa was determined to be
160,825 bp in length. The gene organization is shown in

Table 2 Sequencing and assembly results forQuercus spinosa cpDNA

Total number of paired-end reads 5562830

Total of nucleotides after cleanup 465,621,980 bp

Mean read length 101 bp

Mean read length (Q20) 91 bp

Average depth of coverage 301×

Total coverage of raw reads on assembled genome 35.5 %

Size of largest contig 7173 bp

N50 1038 bp

Largest contig aligned to cpDNA 4625 bp
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Fig. 6. It comprises a pair of inverted repeat (IR) regions, each
of 25,856 bp, a large single-copy (LSC) region of 90,934 bp,
and a small single-copy (SSC) region of 25,854 bp (Table 3).
The Q. spinosa cp genome encodes 126 genes, of which 16
are in IR regions (duplicated). There are 8 distinct rRNA
genes, 29 distinct tRNA genes, and 87 protein coding genes
(Table 4). About 57.58 % of the cp genome comprises coding
regions. The GC content of the cp genome is 36.89 %. There
are 22 intron-containing genes, of which ycf3 has two introns
and the rest have only one intron each (Table 5). Two intron-
containing genes (rpl2 and ndhB) are duplicated in the IR
regions (Fig. 6). The boundary between the IRa and LSC
regions resides between the genes rps19 and rpl12. The IRa/
SSC boundary is near the end of the ndhF gene. The SSC/IRb
boundary resides in the coding region of the ycf1 gene,
resulting in the duplication of the 3’ end region of this gene
in IRa. The IRb/LSC boundary is between rpl12 and trnH
(Fig. 7).

Repeat structure analysis using tandem repeats finder
(Benson 1999) identified 23 sets of tandem repeats in the
Q. spinosa chloroplast genome (Supplementary Table S2).
The sizes of these repeats ranged from 26 to 68 bp. Two of
the tandem repeats were from the exons of the ycf2 and ndhF
genes. The program REPuter (Kurtz and Schleiermacher
1999) identified 109 sets of dispersed repeats and 6 sets of
palindromic repeats (Supplementary Table S2). The sizes of

these repeats were in the range of 15–30 bp. Of the dispersed
and palindromic repeats, only one set of repeats came from the
same gene, ycf1.

Discussion

Improved methods for the isolation of cpDNA from non-
model forest tree species providing extensive plastid genomic
resources can be applied to structural, functional, and compar-
ative genomic studies. The method most commonly used for
cpDNA isolation is sucrose-gradient-based chloroplast isola-
tion followed by RCA. This requires high-speed centrifuga-
tion and is time-consuming, factors which hinder its applica-
tion for high-throughput analysis. Our modified protocol uses
a Percoll gradient and centrifugation at a relatively low speed
(<1500g), requiring only a standard laboratory centrifuge.
Generally, methods for sucrose- or Percoll-based isolation of
cpDNA need 20–100 g leaf material. However, we used less
than 0.5 g leaf material and obtained enough intact chloro-
plasts for the subsequent operations. As in all the other
methods, we used fresh leaves for cpDNA isolation; dry spec-
imens present a challenge, because their chloroplasts are bro-
ken during the drying process and most of the cp-associated
DNA is degraded. RCA is a very sensitive way to amplify
DNAs from as little as 150 molecules of template

Fig. 5 Sequencing coverage of
the Quercus spinosa cp genome.
a Reads were mapped onto the
Quercus spinosa cp genome
sequence. The areas in two boxes
are shown in detail in (b) and (c).
b Enlarged profile of sequencing
depth from 0.5 to 3.5 kb. c
Enlarged profile of sequencing
depth from 101.4 to 102.4 kb. The
x-axis in (a), (b), and (c)
represents relative position in the
cp genome, and the y-axis in (a),
(b), and (c) shows read coverage
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(Richardson et al. 2003). It should thus be possible to amplify
cpDNA from total DNA by RCA using cpDNA-specific
primers. However, this hypothesis needs further experimental
investigation.

Our results confirmed that this modified protocol is a cost-
effective way to sequence whole plastid genomes at the sim-
plex level. Excluding the cost of next-generation sequencing,
in this study, we spent a total of just $3 per individual (includ-
ing $2 per individual for each RCA reaction). Furthermore, it
takes only about 3 h to process six samples from the

homogenization step up to the RCA reaction preparation step
(the RCA reaction in the PCR cycler is not included in this
time estimate). One limitation of our protocol is the relatively
high cost of next-generation sequencing, although this is de-
creasing year by year. To overcome this limitation,
multiplexing is a good choice, since one lane/run of HiSeq
2500 or MiSeq will generate enough data to determine the
chloroplast genomes of many individuals.

Contamination problems are often associated with RCA-
based cpDNA amplification (Alexander and Woeste 2014).

Fig. 6 Annotation of the Quercus spinosa cp genome. The annotated
160-KB cp genome of Quercus spinosa is represented as concentric
circles. Boxes along the outer circle represent different genes. Two IRs

are shown in black in the inner circle. LSC and SSC are shown at opposite
positions in the inner circle

Tree Genetics & Genomes (2015) 11: 114 Page 9 of 14 114



Compared with Atherton et al.’s (2010) work on the karaka cp
genome, which also used the RCA method to enrich cpDNA,
we greatly improved the cp read ratio (from 19.6 to 35.5%). In
contrast, studies employing high-throughput sequencing of
un-enriched libraries have achieved only 1–12 % of reads
mapped to cpDNA (Nock et al. 2011). Although we isolated
intact chloroplasts, there was still some nuclear DNA and
mitochondrial DNA bound to fragmented chloroplast mem-
branes (Jansen et al. 2005). Some of these contaminating
DNA sequences were amplified during the subsequent RCA
process, and this reduced the ratio of cpDNA to total DNA.
However, due to the larger sizes of the mitochondrial and
nuclear genomes, reads from these two genomes were at much
lower coverage than the reads from cpDNA. This was an
advantage for cp genome assembly. Even though our
cpDNA contained high levels of other DNA types, the mean
300× coverage we obtained was much greater than the 30×
coverage recommended for cp genome assembly (Straub et al.

Table 3 Summary of features in the complete Quercus spinosa cp
genome

Feature Value

Total cpDNA size 160,825 bp

Size of inverted repeat (IR) region 51,722 bp

Size of large single-copy (LSC) region 90,371 bp

Size of small single-copy (SSC) region 18,732 bp

Total number of genes 134

Total number of gene types 113

Number of protein coding genes 87

Number of tRNA genes 36

Number of rRNA genes 8

Number of pseudogenes 2

GC content ∼36.87 %

Coding regions (as proportion of whole genome) ∼49.7 % (79888)

Table 4 Genes in the Quercus spinosa cp genome

Classification Gene

RNA genes

Transfer RNA genes (37) trnA-UGC(x2), trnC-GCA, trnD-GTC, trnE-TTC, trnF-GAA, trnfM-CAT,

trnG-GCC(x2), trnH-GTG, trnI-CAT(x2), trnK-UUU, trnL-CAA(x2), trnL-TAG,

trnM-CAT, trnN-GTT(x2), trnP-TGG, trnQ-TTG, trnR-ACG(x2), trnR-TCT,

trnS-GCT, trnS-GGA, trnS-TGA, trnT-GGT, trnT-TGT, trnV-GAC(x2),

trnW-CCA, trnY-GTA, trnI-GAU(x2), trnL-UAA, trnV-UAC

Ribosomal RNAs genes (8) rrn16S(x2), rrn23S(x2), rrn4.5S(x2), rrn5S(x2)

Transcription and translation-related genes

RNA polymerase and related genes (4) rpoA, rpoB, rpoC1, rpoC2

Translation-related gene (1) infA

Ribosomal protein genes

Large subunit (11) rpl14, rpl16, rpl2(x2), rpl20, rpl22, rpl23(x2), rpl32, rpl33, rpl36

Small subunit (15) rps11, rps12(x3), rps14, rps15, rps16, rps18, rps19, rps2, rps3, rps4, rps7(x2), rps8

Photosystem-related genes

Rubisco large subunit gene (1) rbcL

Photosystem Ι genes (5) psaA, psaB, psaC, psaI, psaJ

Photosystem II genes (15) psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbI, psbJ, psbK, psbL, psbM, psbN, psbT, psbZ(ycf9, lhb1)

Assembly/stability of photosystem I (2) ycf3, ycf4

Cytochrome b/f complex genes (6) petA, petB, petD, petG, petL, petN

c-type Cytochrome genes (1) ccsA(ycf5)

Proteasome-like synthase genes (6) atpA, atpB, atpE, atpF, atpH, atpI

NADH dehydrogenase genes (12) ndhA, ndhB(x2), ndhC, ndhD, ndhE, ndhF, ndhG, ndhH, ndhI, ndhJ, ndhK

Envelope membrane protein (1) cemA(ycf10)

Acetyl-CoA carboxylase gene (1) accD

ATP-dependent protease subunit (1) clpP

Others

Maturase (1) matK

Conserved reading frames (ycfs) (4) ycf1(x2), ycf2(x2)

Pseudogenes (2) ycf15(x2)
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2012). Interestingly, sequencing read depth distribution is not
uniform along the whole Q. spinosa cp genome; rather, it
contains three high-coverage regions more than 400×, of
which two typical regions are located in the IR regions.
Because IR regions are usually identical and hard to distin-
guish, reads mapped to the IR regions showed higher cover-
age than other regions. However, there is one region in the
LSC region, although short, 0.5–1.5 kb, that showed extreme
high coverage of more than 400×. One possibility is that this
region shared very high similarity with fragments from mito-
chondrial genome or nuclear genome. We checked the pres-
ence of this region in mitochondrial genome by blasting it to
all the mitochondrial genomes and found that only one mito-
chondrial genome of Vitis vinifera contains a 1-kb region that

has a high similarity with this region ofQ. spinosa cp genome.
Since only one land plant mitochondrial genome contains part
of this region and without the mitochondrial genome of
Quercus species, we cannot conclude that reads from mito-
chondrial genome account for the high coverage of this spe-
cific region. Recently, the first oak genome of Quercus robur
has been released. We blasted this specific region to the ge-
nome scaffolds (https://urgi.versailles.inra.fr/blast/) and
retrieved three scaffolds containing this region with 98–
99 % identity. Since Q. robur cp genome has been
assembled, we blasted the whole Q. robur cp genome to the
oak genome scaffolds as a control and retrieved 19 scaffolds
containing fragments 4–18 kb with 95–99 % identity with the
whole Q. robur cp genome. This results suggested that this

Table 5 Intron-containing genes in the Q. spinosa cp genome

Gene Region No. of
introns

No. of
exons

Gene
length (bp)

Intron
length (bp)

Exon
length (bp)

trnK-UUU complement(join(1853..1887, 4395..4431)) 1 2 2579 2507 72

trnG-GCC join(10549..10571, 11306..11342) 1 2 794 734 60

trnL-UAA join(52497..52531, 53016..53065) 1 2 569 484 85

trnV-UAC complement(join(56569..56603, 57234..57271)) 1 2 703 630 73

trnI-GAU join(108331..108367, 109323..109357) 1 2 1027 955 72

trnA-UGC join(109422..109459, 110261..110295) 1 2 874 801 73

trnI-GAU complement(join(141840..141874, 142825..142866)) 1 2 1027 950 77

rps12 complement(join(103737..103766, 104304..104534, 75526..75639)) 2 3 912 537 375

ycf3 complement(join(47325..47477, 48245..48474, 49193..49319)) 2 3 1995 1485 510

rps12 join(complement(75526..75639), 146663..146895, 147432..147457) 2 3 373 0 373

clpP complement(join(75803..76030, 76676..76969, 77821..77889)) 2 3 2087 1496 591

petB join(80836..80841, 81674..82315) 1 2 1480 832 648

petD join(82524..82532, 83173..83646) 1 2 1144 661 483

rpl16 complement(join(87159..87557, 88661..88669)) 1 2 1511 1103 408

rpl2 complement(join(90410..90842, 91544..91937)) 1 2 1528 701 827

ndhB complement(join(100681..101437, 102119..102895)) 1 2 2215 681 1534

ndhA complement(join(126494..126952, 127823..128374)) 1 2 1962 951 1011

ndhB join(148302..149078, 149760..150392) 1 2 2215 805 1410

rps16 complement(join(5484..5711, 6615..6656)) 1 2 1173 903 270

atpF complement(join(13533..13942, 14724..14871)) 1 2 1339 781 558

rpoC1 complement(join(23020..24636, 25473..25907)) 1 2 2888 836 2052

rpl2 join(159260..159652, 160318..160599) 1 2 1528 853 675

Fig. 7 Detailed views of the positions of the borders of LSC, SSC, and
IR in the Quercus spinosa cp genome with respect to genes located at or
near the boundaries. Boxes above the black line indicate predicted genes.
Red lines indicate border positions. Numbers on arrows indicate the

distance between a border and the neighboring gene. The figure shows
only the relative positions of borders and neighboring genes; it is not to
scale
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version of scaffold of oak genome did not exclude the
chlroplastic DNA and assembled quality should be
improved because it is not likely that a large fragment of cp
genome up to 18 kb moves into the nuclear genome. Thus, we
still cannot conclude that reads from nuclear genome account
for the high coverage of this region with the current oak
genome information. Next, we checked whether GC content
associated with the coverage differences between regions. We
found that the regions in the three peaks showed higher GC
content (40.5 % for 0.5–1.5 kb, 42.7 % for two IR regions)
than other regions (34.7 % for LSC and 31.2 % for SSC). It
has been reported that read coverage was positively related to
GC content (when GC content <45 %) when using phi29
DNA polymerase and random primers to perform whole-
genome amplification (WGA) (Xu et al. 2014). Our results
also support this discovery and could partially explain the high
coverage of the three regions.

Assembly method is very important for construction of
genomes from raw reads. There are many software and pipe-
lines for assembly with different hardware requirements and
output accuracies. In this study, we have developed a pipeline
mainly based on SOAPdenovo2 to assemble Q. spinosa cp
genome. Although SOAPdenovo2 is very popular for genome
assemblies, it requires a computer with high-level hardware
which costs a lot. To explore the possibilities of using other
software to assemble cp genome, we used MITObim (Hahn
et al. 2013) to perform the assembly of Q. spinosa cp genome
with Q. rubra cp genome as the reference. These two assem-
bled cp genomes have an overall 98.7 % identity, suggesting
that they give a very similar result. However, they also have
2159 different sites including insertions, deletions, and other
SNPs. As we extracted chloroplast from leaves of a single
plant for HiSeq run, we do not think these are the real SNPs;
rather, they represent the assembly differences which may be
caused by different algorithms by two pipelines.

The Q. spinosa cp genome is 160,825 bp in length, smaller
than the cp genomes of Q. rubra (161,304 bp; Alexander and
Woeste 2014), Q. robur (161,295 bp; Alexander and Woeste
2014), andQuercus aliena (160,921 bp; Lu et al. 2015); thus, to
date, it is the smallest oak cp genome reported. Overall, the
structure, gene order, GC composition, and intron content of
the Q. spinosa cp genome are similar to those of other land
plant cp genomes (Table 3). Unlike many angiosperm taxa,
ycf1 was found to be functional in the Q. spinosa cp genome.
A functional ycf1 was also identified in Castanea mollissima,
Prunus persica, and Q. rubra (Jansen et al. 2011; Alexander
and Woeste 2014). ycf15 was first identified as ORF87 in to-
bacco (Shinozaki et al. 1986) and appears to be potentially
functional as a protein-coding gene. However, with the increas-
ing number of complete cp genomes being released, more and
more ycf15 has been annotated in land plant cp genomes; some
of them have multiple premature stop codon that would lead to
truncated proteins or even short peptides (Goremykin et al.

2003a; 2003a; b; Steane 2005; Schmitz-Linneweber et al.
2001). Currently, there are only few cp genomes from
Quercus genus that have been released. Previous report showed
that ycf15 may be functional in Q. rubra (Alexander and
Woeste 2014); however, ycf15 has become a pseudogene in
Q. spinosa (this study) and Q. aliena (Lu et al. 2015) by incor-
porate multiple premature stop codons. This feature suggests
that ycf15 is highly variable in Quercus species and has poten-
tial to be used as a barcode gene.

The Fagaceae is a large angiosperm family comprising more
than 900 speciesmainly distributed in theNorthern Hemisphere
across Europe, North America, and Asia (Kremer et al. 2012).
The Fagaceae species are considered as keystone species in
forest ecosystem and are important drivers of terrestrial biodi-
versity. Quercus L., the largest genus in Fagaceae family, com-
prises ∼400 species; most of the diversity of the genus lies in
Central America and Southeast Asia (Denk and Grimm 2010).
However, till now, extensive genetic and genomic studies are
conducted mainly on less species-rich European oaks (e.g.,
Kremer and Petit 1993; Kremer et al. 2010; Plomion et al.
2015). The annotated cp genome reported here is a valuable
genetic resource for providing new insights into the population
genetics, conservation genetics, and evolutionary biology of
oaks, a non-model forest tree species in large.

Conclusions

We have developed a protocol for improved chloroplast isola-
tion and cpDNA extraction followed by amplification and used
it to determine the genome sequence of a non-model forest tree
species. This protocol necessitates reduced amounts of leaf
material (down to less than 0.5 g) for chloroplast isolation while
maintaining high sequencing quality, providing a useful tool for
the sequencing of complete cp genomes. This fast, efficient,
and economical method should be useful for exploiting com-
plete cp genome from non-model forest tree species.
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