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Abstract
Background: The recent determination of complete chloroplast (cp) genomic sequences of
various plant species has enabled numerous comparative analyses as well as advances in plant and
genome evolutionary studies. In angiosperms, the complete cp genome sequences of about 70
species have been determined, whereas those of only three gymnosperm species, Cycas taitungensis,
Pinus thunbergii, and Pinus koraiensis have been established. The lack of information regarding the
gene content and genomic structure of gymnosperm cp genomes may severely hamper further
progress of plant and cp genome evolutionary studies. To address this need, we report here the
complete nucleotide sequence of the cp genome of Cryptomeria japonica, the first in the
Cupressaceae sensu lato of gymnosperms, and provide a comparative analysis of their gene content
and genomic structure that illustrates the unique genomic features of gymnosperms.

Results: The C. japonica cp genome is 131,810 bp in length, with 112 single copy genes and two
duplicated (trnI-CAU, trnQ-UUG) genes that give a total of 116 genes. Compared to other land
plant cp genomes, the C. japonica cp has lost one of the relevant large inverted repeats (IRs) found
in angiosperms, fern, liverwort, and gymnosperms, such as Cycas and Gingko, and additionally has
completely lost its trnR-CCG, partially lost its trnT-GGU, and shows diversification of accD. The
genomic structure of the C. japonica cp genome also differs significantly from those of other plant
species. For example, we estimate that a minimum of 15 inversions would be required to transform
the gene organization of the Pinus thunbergii cp genome into that of C. japonica. In the C. japonica cp
genome, direct repeat and inverted repeat sequences are observed at the inversion and
translocation endpoints, and these sequences may be associated with the genomic rearrangements.

Conclusion: The observed differences in genomic structure between C. japonica and other land
plants, including pines, strongly support the theory that the large IRs stabilize the cp genome.
Furthermore, the deleted large IR and the numerous genomic rearrangements that have occurred
in the C. japonica cp genome provide new insights into both the evolutionary lineage of coniferous
species in gymnosperm and the evolution of the cp genome.
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Background
Since the first reports of the complete nucleotide
sequences of the tobacco [1] and liverwort [2] chloroplast
(cp) genomes, a number of other land plant cp genomic
sequences have been determined. These complete cp
genomic sequences have enabled various comparative
analyses, including phylogenetic studies, that are based
on these data [3-7]. In contrast, however, the complete cp
genome nucleotide sequences of only three gymnosperm
species, Cycas taitungensis [8], Pinus thunbergii [9], and
Pinus koraiensis [10] have been determined.

The cp genomes of gymnosperms, especially in coniferous
species, have distinctive features compared with those of
angiosperms, including paternal inheritance [11-17], rel-
atively high levels of intra-specific variation [18-21], and
a different pattern of RNA editing [22]. Generally, the cp
genomes of angiosperms range in size from 130 to 160 kb,
and contain two identical inverted repeats (IRs) that
divide the genomes into large (LSC) and small single copy
(SSC) regions. The relative sizes of these LSC, SSC and IRs
remain constant, with both gene content and gene order
being highly conserved [23,24]. On the other hand, the
relative sizes of the gymnosperm IRs vary significantly
among taxa [25-27]; for example, the IRs of Ginkgo biloba
are 17 kbp [28], those of Cycas taitungensis are 23 kbp [8],
whereas those of Pinus thunbergii are very short, at just 495
bp [9,29]. It has been suggested that, like P. thunbergii,
some coniferous species also lack the large IRs that exist in
other gymnosperms [25,26,30,31]. This lack of IRs is con-
sidered to have preceded the extensive genomic rearrange-
ments of the conifer cp genome [26]. Steane [32]
compared the complete cp genome of Eucalyptus globulus
with that of other angiosperm taxa and P. thunbergii, and
found that the cp genome of P. thunbergii was arranged
very differently to that of angiosperms. However, there is
only limited information available about the cp genomic
sequences of coniferous species, with the complete cp
genome nucleotide sequences of only two species of pine,
Pinus thunbergii [9] and Pinus koraiensis [10] in the family
Pinaceae, having been determined. The cp genomes of
these two pine species were very similar in terms of both
gene content and gene order and so provided little infor-
mation about the complexity of the conifer cp genome.

In previous phylogenetic studies, of the four extant gym-
nosperm groups (Cycads, Conifers, Ginkgoales, and Gnet-
ales), the conifers were considered to be divisible into two
distinct groups; a Pinaceae group and a group consisting
of five other families (Cupressaceae sensu lato, Taxaceae,
Podocarpaceae, Araucariaceae, and Sciadopityaceae)
[33,34]. The cp nucleotide sequences from this five mem-
ber group, excluding the Pinaceae group, can provide
interesting information about the conifer cp genome, not
only in terms of genome structure but also concerning

their evolutionary history. Despite the lack of complete cp
genome sequences from any family member of the
Cupressaceae sensu lato, Tsumura et al. [27] suggested, on
the basis of physical maps and Southern hybridization
analyses, that the cp genome of Cryptomeria japonica dif-
fers from that of other land plants, including pine species,
in terms of genome size and gene order as well as in the
absence of the large IRs. Thus, the complete cp genome
sequence of C. japonica would drastically increase our
understanding of the divergence of coniferous cp genome
structures and gene content, and additionally clearly iden-
tify the differences with the Pinaceae group.

There are two particular questions that need to be
addressed using the complete cp genome sequence of C.
japonica: (1) how different is the C. japonica cp genome
from those of other plants, including gymnosperms, and
(2) is the loss of the large IRs involved with the instability
and diversification of the cp genome, especially between
coniferous groups? To respond to these questions, we
present in this paper the complete nucleotide sequence of
the cp genome of C. japonica [DDBJ: AP009377], and
compare its overall gene content and genomic structure
with those of two other angiosperms (Eucalyptus globulus
and Oryza sativa), a liverwort (Marchantia polymorpha), a
fern (Adiantum capillus), and two gymnosperms (Cycas tai-
tungensis and Pinus thunbergii).

Results and Discussion
General characteristics of the C. japonica cp genome
The total size of the C. japonica cp genome was determined
to be 131,810 bp, which is larger than the cp genomes of
both P. thunbergii (119,707 bp) and M. polymorpha
(121,024 bp), but smaller than those of A. capillus
(150,568 bp), E. globulus (160,286 bp), and C. taitungensis
(163,403 bp), and approximately the same size as that of
O. sativa (134,558 bp). This size is only slightly smaller
than that previously estimated by RFLP southern hybridi-
zation analysis [27]. The large IR region, which is found in
other land plants except Pinus, could also not be observed
in the C. japonica cp genome, and so we were unable to
define the large (LSC) and small (SSC) single copy regions
in this genome. A total of 116 genes were identified in the
C. japonica cp genome, of which 112 genes were single
copy and two genes, trnI-CAU and trnQ-UUG, were dupli-
cated and occurred as inverted repeat sequences. There
were four ribosomal RNA genes (3.5%), 30 individual
transfer RNA genes (25.9%), 21 genes encoding large and
small ribosomal subunits (18.1%), four genes encoding
DNA-dependent RNA polymerases (3.5%), 48 genes
encoding photosynthesis-related proteins (41.4%), and 9
genes encoding other proteins, including those with
unknown functions (7.8%). Among the 112 single copy
genes, 17 genes contained introns, and three genes, clpP,
trnT-GGU, and ycf68, were identified as pseudogenes. The
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locations of the genes and pseudogenes are shown in Fig-
ure 1 (gene map) and Table 1 (gene content). The C.
japonica cp genome has an AT content of 64.6%, which is
higher than those of A. capillus (58.0%), C. taitungensis
(60.5%), O. sativa (61.0%), and P. thunbergii (61.2%),
similar to that of E. globulus (63.4%), but lower than that
of M. polymorpha (71.2%).

A marked difference in gene content between 
gymnosperms including C. japonica
There are marked differences in several genes between
gymnosperms, even though the C. japonica cp genome
shares several common features with other plants, and
some of these are described below. For example, there is
considerable difference in gene content between C.

japonica and P. thunbergii; the 11 intact ndh (NADH dehy-
drogenase) genes found in C. japonica, as well as in five
other plants, are absent from P. thunbergii [9]. The loss of
these ndh genes is thought to be due to specific mutations
in the Pinus cp genome.

Another functional gene, rps16, which encodes a small
ribosomal subunit, is found in the angiosperms, E. globu-
lus and O. sativa, in the fern, A. capillus, and in gymno-
sperms, C. taitungensis and C. japonica (Figure 2).
However, the location of rps16 is halfway between the
trnK-UUU and chlB genes in the cp genome of gymno-
sperms, and halfway between matK and chlB, and between
the trnK-UUU and trnQ-UUG genes in fern and
angiosperms, respectively. In contrast, rps16 is completely

Table 1: List of genes found in C. japonica chloroplast genome (see Figure 1)

Category for genes Group of gene Name of gene

Self replication Ribosomal RNA genes rrn 16 rrn 23 rrn 5 rrn 4.5
Transfer RNA genes trn A-UGC * trn C-GCA trn D-GUC trn E-UUC trn F-GAA trnf M-CAU

trn G-GCC trn G-UCC * trn H-GUG trn I-CAU × 2 trn I-GAU * trn K-UUU *
trn L-CAA trn L-UAA * trn L-UAG trn M-CAU trn N-GUU trn P-GGG
trn P-UGG trn Q-UUG × 2 trn R-ACG trn R-UCU trn S-GCU trn S-UGA
trn S-GGA trn T-UGU trn V-GAC trn V-UAC * trn W-CCA trn Y-GUA

Small subunit of 
ribosome

rps 2 rps 3 rps 4 rps 7 rps 8 rps 11

rps 12* rps 14 rps 15 rps 16 * rps 18 rps 19
Large subunit of 
ribosome

rpl 2 * rpl 14 rpl 16 * rpl 20 rpl 22 rpl 23

rpl 32 rpl 33 rpl 36
DNA dependent RNA 
polymerase

rpo A rpo B rpo C1 * rpo C2

Translational initiation 
factor

inf A

Genes for 
photosynthesis

Subunits of photosystem 
I

psa A psa B psa C psa I psa J psa M

Subunits of photosystem 
II

psb A psb B psb C psb D psb E psb F

psb H psb I psb J psb K psb L psb M
psb N psb T psbZ

Subunits of Cytochrome pet A pet B * pet D * pet G pet L petN
Subunits of ATP 
synthase

atp A atp B atp E atp F * atp H atp I

Large subunit of Rubisco rbc L
Chlorophyll biosynthesis chl B chl N chl L
Subunits of NADH 
dehydrogenase

ndh A* ndh B * ndh C ndh D ndh E ndh F

ndh G ndh H ndh I ndh J ndh K
Other genes Maturase mat K

Envelop membrane 
protein

cemA

Subunit of Acetyl-CoA-
carboxylase

accD

c-type cytochrome 
synthesis gene

ccsA

Genes of Unknown 
function

Conserved Open 
Reading Frames

ycf 1 ycf 2 ycf 3 * ycf 4

Pseudogenes Pseudogene Pseudo-clpP Pseudo-trn T-GGU Pseudo-ycf 68

* Genes containing introns.
Page 3 of 20
(page number not for citation purposes)



BMC Plant Biology 2008, 8:70 http://www.biomedcentral.com/1471-2229/8/70

Page 4 of 20
(page number not for citation purposes)

Gene organization of the C. japonica chloroplast genome (see Table 1)Figure 1
Gene organization of the C. japonica chloroplast genome (see Table 1). Genes shown outside the circle are tran-
scribed clockwise, while those located inside are transcribed counter-clockwise. Intron-containing genes are indicated by aster-
isks. Red boxes, ribosomal RNA genes; black boxes, transfer RNA genes; light orange boxes, large subunit of ribosomal protein 
genes; dark orange boxes, small subunit of ribosomal protein genes; dark purple boxes, DNA dependent RNA polymerase 
genes; dark green boxes, rbcL gene; yellowish-green boxes, subunits of photosystem I genes; green boxes, subunits of photo-
system II genes; light blue boxes, subunits of cytochrome genes; dark blue boxes, subunits of ATP synthase genes; light yellow 
boxes, ORF genes; dark yellow boxes, subunits of NADH dehydrogenase genes; light purple boxes, chlorophyll biosynthesis 
genes. The pseudogene is indicated by ψ (pseudo-).
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absent from the M. polymorpha and P. thunbergii [29,35] cp
genomes, in addition to a large number of unrelated taxa
of land plants, including Connarus, Epifagus, Eucommia,
Fugus, Krameria, Linum, Malpighia, Passiflora, Securidaca,
Turnera, Viola, Adonis, Medicago, Selaginella [36-41]. Doyle
et al. [38] postulated the functional transfer of rps16 from
the chloroplast to the nucleus in order to explain the
absence of this gene in such a large number of unrelated
taxa of land plants. Similarly, the loss of rps16 and its
functional transfer to the nucleus might have occurred

independently in gymnosperms, especially in coniferous
species.

The trnP-GGG and trnR-CCG genes are considered to be
pseudogenes, possibly relics of plastid genome evolution
in gymnosperms and moss [22,42,43]. The trnP-GGG
gene is found in C. japonica, as well as in the two gymno-
sperms, P. thunbergii and C. taitungensis, in the liverwort,
M. polymorpha, and in the fern, A. capillus, but not in
angiosperm cp genomes. The gene is also found in Gnetum
and Ginkgo of gymnosperms [8], suggesting that this is a

Amino acid sequences of the rps16 genes from five plant cp genomes, including C. japonicaFigure 2
Amino acid sequences of the rps16 genes from five plant cp genomes, including C. japonica. The histogram below 
the sequences represents the degree of similarity. Peaks indicate positions of high similarity, and valleys positions of low simi-
larity. Numbers at the C-terminal ends indicate the length of the amino acid sequences in each species.
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Nucleotide sequences of the trnT-GGU genes of six land plant cp genomes, including C. japonicaFigure 3
Nucleotide sequences of the trnT-GGU genes of six land plant cp genomes, including C. japonica. The trnT-GGU 
gene is missing from the C. taitungensis genome and is too short to form a secondary structure in C. japonica. The bold charac-
ters show the anti-codon GGU. The position of the trnT-GGU gene in each cp genome is shown above each sequence. The 
secondary structure of the trnT-GGU gene is described at the top.
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                34472                                                          34543
             : 5' GCCCTTTTAACTCAGTGGTAGAGTAACGCCATGGTAAGGCGTAAGTCATCGGTTCAAATCCGATAAGGGGCT 3': 72 bp
                15060                                                          15131
             : 5' GCCCTTTTAACTCAGTGGTAGAGTAATGCCATGGTAAGGCATAAGTCATCGGTTCAAATCCGATAAAGGGCT 3': 72 bp
                38367                                                          38438
             : 5' GCCCTTTTAACTCAGTGGTAGAGTAACGCCATGGTAGGGCGTAAGTCATCGGTTCAAATCTGATAAAGGGCT 3': 72 bp
                35016                                                          34945
             : 5' GCCCCTTTAACTCAGCGGTAGAGTAACGCCATGGTAAGGCGTAAGCCGTCGGTTCAAATCCGACAAAGGGCT 3': 72 bp
                83939                                                          83868
             : 5' GCCCTTTTAACTCAGCGGTAGAGTAACGCCATGGTAAGGCGTAAGTCATCGGTTCAAGTCCGATAAAGGGCT 3': 72 bp
                                             62720                               62678
             : 5' -----------------------------CATGGTAAGGCGTAAGTCATCGGTTCAAGCCCGATAAAGGGCT 3': 43 bp
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relic gene in a large number of gymnosperms. In contrast,
the trnR-CCG gene, which is found in P. thunbergii, C. tai-
tungensis, M. polymorpha, and A. capillus, is absent from the
C. japonica and angiosperm cp genomes, suggesting that
trnR-CCG is not conserved in all gymnosperm cp
genomes and might have been completely lost in taxa,
such as Cupressaceae sensu lato, that have relatively
recently diverged during the long evolutionary history of
plants.

The tRNA gene, trnT-GGU, in the C. japonica cp genome
contains only 43 bp of its 3' end and was therefore too
short to form its complete secondary structure (Figure 3).
Furthermore, this trnT-GGU gene occurs as a single copy
gene in the cp genomes of A. capillus, M. polymorpha, E.
globulus, and O. sativa, is present as two copies in P. thun-
bergii, but is completely missing from the C. taitungensis cp
genome. In Pelagonium, the loss of trnT-GGU from its cp
genome has been considered to be associated with
genomic rearrangements [44]. Although this relationship
is considered further below, the duplication or incom-
plete lost of tRNA genes in P. thunbergii and C. japonica is
also thought to be associated with genome rearrange-
ments. However, the question remains as to why the trnT-
GGU of C. taitungensis is completely lost despite the fact
that no genomic rearrangements were found in compari-
son with standard cp genomes, such as of E. globulus.

Diversification of genes in the C. japonica cp genome
The accD gene, which encodes acetyl-CoA-carboxylase
(ACCase), is found in the cp genomes of all seven plants
analyzed in this study, however, their reading frame
lengths vary considerably. The reading frame length of the
C. japonica cp genome is 700 codons, which is larger than
that of A. capillus (309 codons), M. polymorpha (316
codons), P. thunbergii (321 codons), and C. taitungensis
(359 codons) (Figure 4). The alignments do not include
those of the angiosperms, E. globulus (490 codons), and
O. sativa (106 codons), because of the complicated nature
of the alignments. In monocot angiosperms, the accD
reading frame length is reduced from 106 codons in O.
sativa to zero in Z. mays, and this reduction is considered
to be the cause of accD loss in monocot species [45]. In
contrast to this reduction, the accD reading frame in conif-
erous species, especially in Cupressaceae sensu lato
including C. japonica, may have diversified in an increas-
ing direction.

The clpP gene, which encodes a proteolytic subunit of the
ATP-dependent Clp protease, is found intact in the cp
genomes of the six land plants, C. taitungeinsis, E. globulus,
A. capillus, and M. polymorpha, with three exons and two
introns, and in the P. thunbergii and O. sativa cp genomes
with no introns [22]. However, in the C. japonica cp
genome, only the second exon of the gene remains and so

it occurs as a pseudogene. Furthermore, the clpP gene is
co-transcribed with the 5'-end of the rps12 gene and the
rpl20 gene (M. polymorpha; [46], P. contorta; [47], O. sativa;
[48]), so that the clpP to rpl20 gene order is extremely con-
served in the cp genomes of all the land plants of this
study. However, the clpP gene in the C. japonica cp genome
is found halfway between the psbJ and accD genes, and is
clearly not co-transcribed with the rps12-5'end and rpl20
genes (Figure 5). As the loss of function of the clpP gene in
the Adonis annua cp genome is thought to be due to
genome rearrangements (inverted mutations) [39], it is
possible that genome rearrangements are also the reason
why clpP is a non-functional pseudogene in the C. japonica
cp genome, as discussed further below.

Although four major ycf genes have been partially charac-
terized in the cp genomes of other land plants, their pre-
cise functions remain unclear to date. Four ycf genes, ycf1,
ycf2, ycf3, and ycf4, were also identified in the C. japonica
cp genome. The highly conserved ycf3 and ycf4 are
believed to be involved in the formation of photosystem
I in Chlamydomonas reinhardtii [49]. The deduced amino
acid sequences of the ycf3 and ycf4 products show 81–
96% and 71–76% sequence identity, respectively, with
their homologues in other land plants. In contrast, ycf1
and ycf2 show considerable divergence relative to other
land plants, with their deduced proteins having only 24–
54% (partially 54% identity with that of P. thunbergii) and
25–37% sequence identity, respectively, with their homo-
logues in other land plants. The two divergent ycf1 and
ycf2 genes are thought to be involved in cellular metabo-
lism or to play a structural role in plastids [50]. Both the
maize and rice cp genomes lack these two reading frames
[45,51], and the results from the present comparative
analysis show that there are no regions homologous to
ycf1 and ycf2 in C. japonica. Furthermore, although the
ycf68 gene of C. japonica shows 63% identity to that of P.
thunbergii, the C. japonica ycf68 may not encode a protein.
The ycf68 sequence, which occurs in the trnI-GAU intron,
could represent a functional protein encoding gene in
rice, corn, and Pinus, although alignments of the ycf68
region in 14 angiosperms revealed that, in the majority of
cases, it contained numerous frameshifts and stop codons
[52]. Similarly, we found numerous frameshifts and stop
codons in the ycf68 region, although the C. japonica and
C. taitungensis ycf68 regions have a comparatively high
level of homology with that of P. thunbergii (Figure 6).

Loss of large IR region within coniferous cp genomes
Figure 7 details the gene order and locations of the LSC,
SSC, and IRs of the cp genomes of the seven land plants,
E. globulus (A), O. sativa (B), A. capillus (C), M. polymorpha
(D), C. taitungensis (E), P. thunbergii (F), and C. japonica
(G). The C. japonica and P. thunbergii cp genomes have lost
one of the large inverted repeats (IRs) that are found in the
Page 6 of 20
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Alignment of amino acid sequences of the accD gene in five land plant cp genomesFigure 4
Alignment of amino acid sequences of the accD gene in five land plant cp genomes. The histogram indicates the 
degree of similarity (see Figure 2). The number on the right indicates the length of the accD reading frame in each cp genome. 
The amino acid length of the accD gene product in C. japonica is approximately twice that of the other five plant cp genomes.

NEQQFSSSAPRNESDNDTVPSHSENRKNQLQRIVPHLSFF

L VPY K
AAPC K Q S F
GLIPC K T GL SC
VL

RNLLKGVLSEI GLY
RNLLKGVLSEIFELY
R LLKGVLSEPFQLY
RNLLKGVLSELF FY

FQAAESLFD GLLD IVP   286
FQVAESLFDHGLLDLIVP   287
LQVAE LFDHG FDLIVP   288
FQVTE LFGHGLFDLIVP   300

GARTQEGT
GARMQEGT
GARMQEGS
GARMQEGS

LSLMQMAKISSVL LY
LSLMQMAKISSVL IH
FSLMQMAKISTALYIH
FSLMQMAKIASALYIH

QVQ KLLYISVPTYPT
QAQKRLLYI ILTYPT
QLEKKLLYVSILTYP
Q EKKLLYISILTSPT

TGGVTASFGMLGD
TGGVTASFGMLGD
TGGVTASFGMLGD
TGGVTASFGMLGD

IIIAE KAYIAFA
IIIAEPKAYIAFA
IIIAEPKAYIAFA
IIIAEPKAYIAFA

GKRVIE
GKRVIEQ
GRRVIEQ
GKRVIEQ

TL QKIPDG
TL QKIPDG
T GQKVPDG
TLGQKVIE

NL

ED SH RI L Q KTGLTDA
ED SY RI FYQKRTGLTDA
EDEPH DRIT CQ RTGLTDA
EDESY D ITFYQ TGLTDA
EEQSY D T YQ TGLPDA

V
VV
VV

VQTGIG PNGTLIAPGVMDF FMGGSMGSV
IQTGIGQLNGIPIALGVMDFQFMGGSMGSV
VQTGIG PNGIPIAIGVMDFQFMGGSMGS
IQTGIGQLNGLTIALGVMDFQFMGGSMGS
IQTGVGEINGISVALGVMDFQFMGGSMGS

VGEKITRLIEYAT
VGEKITRLIEYAT
VGEKITRLIEYAT
GEKITRLIE AT
GEKITRLIQFAT

LL
M
FL
L
FL

PPVLIRASG   187
PLIIVCSSG   187
PVIMVCASG   188
PLIMVCASG   200
PLILVCASG   581

EPS SD
T RKVSILLYKVISGKYFYKEFFKNKYYNKALRILVAYN

EDMSA DIL F
EDMTA DVL F
EDM APDPIQF
EDM TLDVLQF S

LS IDVLE T

CEE
CEE
CEE
C E
C EC

GYHL MSS ERIEL IDP TWIPLD    98
CGYHLQMSSTERIELLID GTWYPMD    98
CGYHLQMSSS RIEL ID GTWHPMD    98
CGYYLQM SS RIELPID TW PMD    98
GATLQMTSSERIELLID GTW I

CGNMLHVKF KQNRSV
CENMLYVRFLRQNK I
ENLLYMKYLRQNKSV
CENLLYLRFLRENQSV
CE LIY K L E KGV

DR I V KGLWA CDN
EKDR I ID KGLWT CDN
DKNKNI ID LWV CDN
K K I Y K LWA CDN
E GY E K LWF CEN

R SKDYI E
VER SKDA TEK
YIE P

IVTSVI WFEDRQKFGGLIG FLE TR M ER
MSLM WFEDKRRFGGLIG FIEK TKGYI SER
MSL EWFEERRKISG I LIE
MSI EWFEDKRKIT LL

MCE E K

A. capillus N A EA SS TN -- R S NAN R S R S M S N
M. polymorpha -- N A A F Y K TT R R R
C. taitungensis -- K S ED T VN M K FNNR Q R D S H
P. thunbergii -- K A KNS D NE N N S D AKI K Q K N D RD R
C. japonica ---- EN N D------SE TT ---------V N NS RF H L T K S L Q A N RS N    81
       

1.......10........20........30........40........50........60........70........80........90.......100

R S S----------------------------------------------------------------------------------------   110
R K S----------------------------------------------------------------------------------------   110

A H----------------------------------------------------------------------------------------   110
Y Y EN H -------------------------------------------------------------------------------   119

TK S KKH FDIKMV NTLVNILKVALGSKFIKYLNLDSKETIKILQDIIDTGLKTAQ   181

.......110.......120.......130.......140.......150.......160.......170.......180.......190.......200

                                                                                                                
----------------------------------------------------------------------------------------------------   110
----------------------------------------------------------------------------------------------------   110
----------------------------------------------------------------------------------------------------   110
----------------------------------------------------------------------------------------------------   119
FALFEIRKKIKNEFYRFALLNKAFENKQISSLLAQNLEDRRDDESEIISIEFDRMAFRVQTFLILESLLKLNTQLADVKEQLLSQDKFLKAVATSLVKKE   281

 

.......210.......220.......230.......240.......250.......260.......270.......280.......290.......300

                                                                                                    
----------------------------------------------------------------------------------------------------   110
----------------------------------------------------------------------------------------------------   110
----------------------------------------------------------------------------------------------------   110
----------------------------------------------------------------------------------------------------   119
LYFPEDKRKTRKIKKIFPFYPGTDPETDYFLWLRTHMAISLMERYLVLKEFKYWFRNRYCGLLEEEFPRFGSDILIEYVKKQDRYESYNMIDHIMQDDLH   381

.......310.......320.......330.......340.......350.......360.......370.......380.......390.......400

                                                                                                    
----------------------------------------------------------------------------------------------------   110
----------------------------------------------------------------------------------------------------   110
----------------------------------------------------------------------------------------------------   110
----------------------------------------------------------------------------------------------------   119
TSTNSVELFQQINLLFHHKNNEKDCDNNFLSYTENTKGIYFCLLEIMKQFSTLTLDSKDKFPKKKGRDTKDTEDIEDIDEEDIEEEYPLTYDSLTKEEKE   481

.......410.......420.......430.......440.......450.......460.......470.......480.......490.......500

----------------------D - ET L S E Y H QR
----------------------D - KN A RAS
----------------------F I S I R KQ
------------------- NS K H IE R AES
YVDANIELIKSTFNLGKEEFIET Q YN S KE EN

.......510.......520.......530.......540.......550.......560.......570.......580.......590.......600

Q N S - R N S
Q A R

T S H S
K D H

GARMQEGSFSLMQMNKIAAMLHTYQKEKNLLYISVLTSPTTGGVTASFGMLANVTIVEPNAYIAFAGKRVIEQTLNQIVDDEDQISDSLFDFGMFDSMVP   681

.......610.......620.......630.......640.......650.......660.......670.......680.......690.......700

                  
S S N N-----------------------------------------------------------------------------   309

N K F N F K-----------------------------------------------------------------------   316
S E ER L V -----------------------------   359

W RSSL-------------------------------------------------------------------------------   321
RALLKNVLSETIEIYMYGD---------------------------------------------------------------------------------   700

.......710.......720.......730.......740.......750.......760.......770.......780.......790.......800

A. capillus 
M. polymorpha 
C. taitungensis
P. thunbergii
C. japonica 

A. capillus 
M. polymorpha 
C. taitungensis
P. thunbergii
C. japonica 

A. capillus 
M. polymorpha 
C. taitungensis
P. thunbergii
C. japonica 

A. capillus 
M. polymorpha 
C. taitungensis
P. thunbergii
C. japonica 

A. capillus 
M. polymorpha 
C. taitungensis
P. thunbergii
C. japonica 

A. capillus 
M. polymorpha 
C. taitungensis
P. thunbergii
C. japonica 

A. capillus 
M. polymorpha 
C. taitungensis
P. thunbergii
C. japonica 



BMC Plant Biology 2008, 8:70 http://www.biomedcentral.com/1471-2229/8/70

Page 8 of 20
(page number not for citation purposes)

Percentage identity plots and gene order surrounding the clpP geneFigure 5
Percentage identity plots and gene order surrounding the clpP gene. Gene identities between C. japonica and C. tai-
tungensis (A), and between C. taitungensis and six other plants including C. japonica (B-G) are shown by MultiPipMaker. The 
directions of arrows indicate the transcribed sense/antisense strands. The colored boxes show the group of genes and the rel-
evant coding region of each gene. Mutual comparisons of the clpP gene between C. japonica and C. taitungensis (A, B), show the 
first and third exon are completely absence in the C. japonica cp genome. For the gene order surrounding the clpP gene, the 
clpP to rpl20 gene order is extremely conserved to be co-transcribed in the cp genomes of all the land plants of this study (see 
Figure 7 for the detailed gene order). On the other hand, the clpP gene in the C. japonica cp genome is found halfway between 
the psbJ and accD gene, and is clearly not co-transcribed with the rps12 and rpl20 genes.
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Alignment of the ycf68 regions of seven land plant cp genomesFigure 6
Alignment of the ycf68 regions of seven land plant cp genomes. Sequences of the ycf68 region of P. thunbergii and O. 
sativa were obtained from databases of each complete cp genome sequence, and relevant regions of the other plants were 
obtained by alignment with that of P. thunbergii or O. sativa. Codons highlighted in red represent stop codons.

                 5         15        25        35        45        55        65        75 
             ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
             ATGGCGTACTTCTCCTGTT------CGAACCGG-GTTTGAAACCAAAC----CTCTCCTCAGGAG-GATAGATGGGGCGA 
             ATGGCGTACTCCTCCTGTT------TGAATCGGAGTTTGAAACCAAACAAACTTCTCCTCAGGAG-GATAGATGGGGCGA 
             ATGGCGTACTCCTCCTGTT------CGAACCGGGGTTTGAAACCGAAC----TTCTCCTCAGGGG-GATAGATGGGGCGA 
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cp genomes of other plants. When compared to the C. tai-
tungensis cp genome (Figure 7E), which has a large IR
region, the corresponding IR of the C. japonica cp genome
was divided into two segments, and the relevant SSC
region was divided into three segments (Figure 7G). Sim-
ilarly, in the P. thunbergii cp genome, the relevant IR
region was divided into three segments (Figure 7F).
Although the IR of P. thunbergii, which is 495-bp in
length, contains a duplicated trnI-CAU gene and a partial
psbA gene (red boxes in Figure 7F), presumably due to
incomplete loss of the large IR [29], the IRs of Pinus cp
genomes are thought to be structurally different from
those of other plants, being composed of two or more
genes including the trnI-CAU gene. There are two pairs of
short inverted repeats in the C. japonica cp genome, con-
sisting of 284-bp and 114-bp inverted repeats containing
duplicated trnQ-UUG (white arrows in Figure 7G) and
trnI-CAU (black arrows in Figure 7G) genes, respectively.

Based on the defined IRs of the Pinus cp genome, the
residual IR of C. japonica may be the 114-bp inverted
repeat containing the duplicated trnI-CAU gene. However,
it is structurally different from the IRs of other plants that
contain several duplicated genes in their cp genomes.

Structural differences between cp genomes of C. japonica 
and other land plants
In addition to the loss of the large IR, genome rearrange-
ments appear to have played an important role in the evo-
lution of the coniferous cp genome. Harr-plot analyses
also indicate that the cp genome of C. japonica has lost its
large IR and that its structure differs significantly from that
of the cp genomes of the other six plants in terms of gene
order. We estimated the minimum rearrangements via
inversions in pairwise comparisons of cp genomes in
order to determine the structural differences between cp
genomes (Table 2), even though inversions may not be

Gene order and cp genomic architecture of the seven land plant species, including C. japonicaFigure 7
Gene order and cp genomic architecture of the seven land plant species, including C. japonica. Each colored gene 
segment shows the same gene order region among the seven land plants cp genomes. Gray, blue and orange boxes for each 
gene order show the relevant regions of LSC (Large Single Copy), SSC (Small Single Copy) and IR (Inverted Repeat) regions in 
the E. globulus (A), O. sativa (B), A. capillus (C), M. polymorpha (D), and C. taitungensis (E) cp genomes, respectively. In the P. thun-
bergii (F) and C. japonica (G) cp genomes, gray, blue and orange boxes show the relevant regions of the SSC and IR regions of 
the C. taitungensis cp genome. Red boxes in the P. thunbergii cp genome show the defined IR in the P. thunbergii cp genome. In 
the C. japonica cp genome, the black and white arrows show duplicated genes; trnI-CAU (black arrows), trnQ-UUG (white 
arrows).
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the only mutational events causing gene order changes in
the cp genome. A minimum of five inversions would be
required to transform the gene structure of the gymno-
sperm C. taitungensis cp genome into that of the
angiosperm E. globulus cp genome (Table 2, additional file
1A). In contrast, many genome rearrangements have
occurred in the cp genomes of coniferous species within
gymnosperms; we found that deletion of the large IR and
a minimum of 12 inversions would be required to trans-
form the gene structure of the C. taitungensis cp genome
into that of C. japonica (Table 2, Figure 8A), and that dele-
tion of the large IR and a minimum of seven inversions
would be required to transform the gene structure of the
C. taitungensis cp genome into that of P. thunbergii (Table
2, additional file 1B). Furthermore, it is interesting to note
that 15 inversions would be required to transform the
gene structure of C. japonica into that of P. thunbergii
(Table 2, Figure 8B).

The large IR is thought to stabilize the cp genome against
major structural rearrangements [53-55]. Among
angiosperm species, structural changes in the cp genome
have occurred within tribes of the legume family
(Fabaceae), which have also lost their IR, and so it appears
that most genomes that have lost their IRs have under-

gone more rearrangements than those that have not
[53,56]. With respect to other conifers, it has been shown
that Douglas fir (Pseudotsuga menziesii) and radiata pine
(Pinus radiata) lack the large IR, and that both of these
conifer genomes have undergone a greater number of
rearrangements relative to ferns, angiosperms, and even
Ginkgo, a gymnosperm [26]. The differences in genome
structure between C. japonica and other land plants,
including pines, strongly confirms that the presence of
large IRs plays a role in the structural stability of the cp
genome.

Tsumura et al. [27] suggested that the cp genome structure
of C. japonica differs significantly from that of pine spe-
cies, implying that independent changes have occurred
and that no simple evolutionary path can be determined.
In fact, phylogenetic studies have revealed the significant
divergence of Coniferales [33,34], with a phylogenetic
tree using the rbcL gene in one of these studies indicating
that C. japonica (Cupressaceae sensu lato) and pine spe-
cies (Pinaceae) are not very closely related and are in fact
located in different clade (additional file 2 in this study).
In a study of 18 Campanulaceae species, Cosner et al. [57]
suggested that data regarding cp genome rearrangements
were useful for inferring phylogenetic relationships, and

Table 2: Minimum rearrangements via inversions in pairwise comparisons of seven chloroplast genomes

comparison species large inversion* one gene inversion** loss of a large IR total inversion

C. japonica vs P. thunbergii 11 4 - 15
C. japonica vs C. taitungensis 8 4 1 13
C. japonica vs A. capillus 16 4 1 21
C. japonica vs M. polymorpha 12 3 1 16
C. japonica vs E. globulus 12 4 1 17
C. japonica vs O. sativa 16 3 1 20

P. thunbergii vs C. taitungensis 6 1 1 8
P. thunbergii vs A. capillus 13 2 1 16
P. thunbergii vs M. polymorpha 7 1 1 9
P. thunbergii vs E. globulus 8 2 1 11
P. thunbergii vs O. sativa 12 1 1 14

C. taitungensis vs A. capillus 9 1 - 10
C. taitungensis vs M. polymorpha 3 0 - 3
C. taitungensis vs E. globulus 4 1 - 5
C. taitungensis vs O. sativa 8 0 - 8

A. capillus vs M. polymorpha 8 1 - 9
A. capillus vs E. globulus 9 2 - 11
A. capillus vs O. sativa 13 1 - 14

M. polymorpha vs E. globulus 3 1 - 4
M. polymorpha vs O. sativa 7 0 - 7

E. globulus vs O. sativa 4 1 - 5

* large inversions indicate an inversion event of the segment composed of two or more genes.
** one gene inversion indicates the inversion event of one gene.
Page 11 of 20
(page number not for citation purposes)



BMC Plant Biology 2008, 8:70 http://www.biomedcentral.com/1471-2229/8/70
actually found that the results of analysis using gene order
closely paralleled the results of phylogenetic analysis
using Internal Transcribed Spacer (ITS) and rbcL sequence
data. Hence, data on rearrangements in the conifer cp
genome might reflect phylogenetic relationships and
serve as a new evolutionary-related parameter. Further-
more, insights obtained from these studies will provide a
clearer detail of the process of cp genome evolution. How-
ever, in order to better understand the complex changes in
the cp genome structure that have occurred during the
long process of evolution, data on the cp genomes of
other coniferous taxa, such as Taxaceae, Sciadopityaceae,
Podocarpaceae, and Araucariaceae will be required.

The vestiges of genome rearrangement within the C. 
japonica cp genome
Dispersed repetitive sequences with duplicated tRNA
genes have been reported in the cp genomes of other Pinus
species [58,59], and are associated with numerous DNA
rearrangements, including the loss of IRs [59]. In addi-
tion, intact tRNA genes and dispersed repeats that are seg-
ments of tRNA sequences have a relationship with the
inversion endpoints [23,60-62], although not all inver-
sion borders are near tRNA genes [61]. In this study, the
gene order between psbA or matK and trnS-GCU in the cp
genome of six other plants examined was highly con-
served, whereas that of the C. japonica cp genome differed
significantly from these six plants (Figure 9). Assuming a
C. taitungensis-like ancestral cp genome, we postulate an
inversion event, which occurred at the segment from
trnQ-UUG to trnT-UGU, to explain the cause of the dupli-

Harr plot analyses comparing the cp genome of C. japonica with those of C. taitungensis and P. thunbergiiFigure 8
Harr plot analyses comparing the cp genome of C. japonica with those of C. taitungensis and P. thunbergii. Each 
dotplot shows the positions where 45 out of 50 nucleotides match in the two sequences. The plot analysis was carried out 
using Pipmaker software. Sequences along the Y-axis are set from the top to the bottom, and along the X-axis are from left to 
right. Relative lengths of sequences are shown to the side and below the boxes. The colored gene segments along the X- and 
Y-axes correspond with common gene units of the seven cp genomes (shown in Figure 7). At the expected endpoint of inver-
sion or translocation mutation, the gene name is attached based on the X-axis (C. japonica cp genome). The pseudogene is indi-
cated by ψ (pseudo-). The representative inversion and translocation are represented by gene segment I (the trnT-UGU to 
trnQ-UUG of C. japonica cp genome) and gene segment II (thr trnV-GAC to pseudo-clpP of C. japonica cp genome). The detailed 
comparisons of the gene segment I and II are shown in the following Figure 9 and Figure 10.
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Expected inversion event in the C. japonica cp genomeFigure 9
Expected inversion event in the C. japonica cp genome. The expected inversion corresponds with the gene segment I 
in Figure 8. Genes are represented by boxes extending above or below the base-line depending on the direction of transcrip-
tion. The colored boxes indicate the same gene units among the seven cp genomes, including C. japonica. The tRNA anti-codon 
is abbreviated in the six plant cp genomes excluding C. japonica. The character highlighted in red represents the duplicated 
trnQ-UUG in the C. japonica cp genome. The pseudogene is indicated by ψ (pseudo-).
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cated trnQ-UUG gene (gene segment I in Figure 8A, and
Figure 9).

Within the large inversion from trnT-UGU to trnQ-UUG,
we found another vestige of the genome rearrangement.
As mentioned above, the incomplete loss of trnT-GGU
(halfway between trnE-UUC and psbD in the C. japonica cp
genome, Figure 9) from the C. japonica cp genome may
have been the result of genome rearrangement. In grasses,
such as O. sativa, it has been suggested that rearrange-
ments in the region surrounding trnT-GGU were derived
from two independent inversions [49,61,62]. In the A.
capillus cp genome, the segment from trnT-GGU to trnG-
GCC is inverted when compared to that of E. globulus. In
the P. thunbergii cp genome, a translocation and inversion
event occurred at the segment from trnT-GGU to the pseu-
dogene ndhC (as indicated within gene segment I in addi-
tional file 1B). It is worth noting that trnT-GGU is located
at the borders of the sites of the genome rearrangements.
Although the rearrangement associated with trnT-GGU
was not found in the C. japonica cp genome when com-
pared to that of E. globulus, the incomplete loss of trnT-
GGU in the C. japonica cp genome suggests the possibility
of a re-inversion event.

Furthermore, the gene order between the clpP and trnV-
UAC genes is extremely conserved among the six other
land plants studied, whereas that of the C. japonica cp
genome is significantly different (Figure 10). Within the
trnN-GUU to chlL gene segment of the C. japonica cp
genome, we identified three inverted repeats and one
direct repeat which were 50 bp or longer and showed a
sequence identity of at least 90%, together with a dupli-
cated partial trnL-CAA gene (repetitive sequences of I-IV in
Figure 10 and additional file 3). We infer that these repet-
itive sequences are associated with the inversion and
translocation events, because the repetitive sequences
were not observed in the other six plant cp genomes and
they coincided with rearrangement endpoints that were
significantly different from the six other plant cp
genomes. However, it is difficult to unequivocally estab-
lish the process of genome rearrangement in the C.
japonica cp genome based solely on the positional infor-
mation of these repetitive sequences. In particular, we
cannot infer why several repetitive sequences are concen-
trated within the region between trnL-CAA and ycf1
(repetitive sequences of I-III in Figure 10 and additional
file 3).

We described above the relationship between the clpP
pseudogene, within the trnN-GUU gene to chlL gene seg-
ment, and genome rearrangements. In the Adonis annua cp
genome [37], the functions of the clpP gene are thought to
have been lost as a result of genome rearrangement (inver-
sion event). In the petA to clpP region of the C. japonica cp

genome, assuming a C. taitungensis-like ancestral cp
genome, we can construct a genome rearrangement
model in which a minimum of three inversions would be
required to transform the gene order of the C. taitungensis
cp genome into that of C. japonica (Figure 11). The clpP
pseudogene in the C. japonica cp genome was apparently
caused by such genome rearrangements, and the repetitive
sequences halfway between psbJ and clpP, and between
ccsA and petA in the C. japonica cp genome should there-
fore be vestiges of the genome rearrangements.

Conclusion
This study has revealed that the coniferous species, C.
japonica, has a distinct cp genome compared to previously
reported land plant cp genomes. In terms of gene content,
several genes in the C. japonica cp genome differ signifi-
cantly, having either been lost or diverged, from those of
other land plants, while the gene order and genome struc-
ture also differ significantly. The deleted large IRs and the
numerous genome rearrangements that have occurred in
the C. japonica cp genome have provided new insights into
the evolutionary lineage of conifers. However, as the com-
plete cp genome nucleotide sequences of only three coni-
fer species that belong to two distinct genera have been
determined, our present results will certainly advance our
understanding of the complex evolutionary history of the
coniferous cp genome.

Methods
Isolation of chloroplast DNA
Open-pollinated C. japonica seeds were collected from
several clones, and were germinated and grown for 1
month in a greenhouse. C. japonica chloroplasts were iso-
lated from the needle tissues of these seedlings using the
sucrose density gradient method [63]. The chloroplast
pellet was resuspended in 250 ml of Kool's buffer A (50
mM Tris-HCl, pH 8.0, 0.35 M sucrose, 7 mM EDTA, 5 mM
2-mercaptoethanol) containing 0.1% bovine serum albu-
min, and the suspension was filtered through layers of
cheesecloth and Miracloth (Calbiochem; without squeez-
ing). The filtrate was centrifuged, and the resulting green
pellet was resuspended in 2.5 ml of Kool's buffer A. This
second suspension was then loaded onto a stepwise 20–
45–55% sucrose gradient in 50 mM Tris-HCl, pH 8.0, 0.3
M sorbitol, 7 mM EDTA, and centrifuged for 30 min. The
green band at the 20–45% sucrose interphase was col-
lected, diluted 1:3 with Kool's buffer B (50 mM Tris-HCl,
pH 8.0, 20 mM EDTA), centrifuged for 10 min, and the
chloroplast pellet then resuspended in Kool's buffer B.
The chloroplasts were lysed by adding SDS to a final con-
centration of 3%. A 1/20th volume of 10 mg/ml pronase
E was added to the solution, and the mixture incubated
overnight at 37°C. DNA was extracted twice from the
lysate with phenol and once with phenol/chloroform/iso-
amyl alcohol (25:24:1), and the DNA was precipitated
Page 14 of 20
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Expected inversion or translocation endpoints and dispersed repetitive sequences of the C. japonica cp genomeFigure 10
Expected inversion or translocation endpoints and dispersed repetitive sequences of the C. japonica cp 
genome. The expected inversion corresponds with gene segment II in Figure 8. Genes are represented by boxes extending 
above or below the base-line depending on the direction of transcription. The colored boxes indicate the same gene units 
among the seven cp genomes including C. japonica. The number above the gene segments of the C. japonica cp genome corre-
spond with positions of each repetitive sequence, and the character (similarity, length, repeat type, location, and sequence) of 
each repetitive sequence is shown in additional file 3. The trnL-CAA gene sequence of the C. japonica cp genome is shown with 
its secondary structure. The trnL-CAA with ψ (pseudo-) is incomplete in length to form its secondary structure.
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A three-step model for genome rearrangement with the clpP pseudogene in C. japonica cp genomeFigure 11
A three-step model for genome rearrangement with the clpP pseudogene in C. japonica cp genome. (A) the 
hypothesized ancestral cp genome of C. japonica; (B), (C) the hypothesized genome rearrangement; (D) the present form of C. 
japonica. The number (IV) in the figure indicate the formed repetitive sequence (see Figure 10 and additional file 3), and its tran-
sition position during genome rearrangement.

rp
s1

2
rp

l2
0

trn
P

trn
W

ps
bE

ps
bF

ps
bL

ps
bJ

rp
s1

8
rp

l3
3

ps
aJ

pe
tG

pe
tL

pe
tA

ce
m

A
yc

f4
ps

aI
ac

cD
rb

cL

at
pE

at
pB

cl
pP

ps
bB

ps
bT

ps
bH

pe
tB

pe
tD

ps
bN

rp
oA

rp
s1

1
rp

l3
6

in
fA

rp
s8

rp
l1

4
rp

l1
6

rp
s3

rp
l2

2
rp

s1
9

rp
l2

rp
l2

3
cc

sAtrn
L

trn
P

pe
tA

ce
m

A
yc

f4
ps

aI
ac

cD
rb

cL
at

pE
at

pB

ps
bB

ps
bT

ps
bH

pe
tB

pe
tD

ps
bN

rp
oA

rp
s1

1
rp

l3
6

in
fA

rp
s8

rp
l1

4
rp

l1
6

rp
s3

rp
l2

2
rp

s1
9

rp
l2

rp
l2

3
cc

sAtrn
L

trn
P

cl
pP

rp
s1

2
rp

l2
0

trn
P

trn
W

ps
bE

ps
bF

ps
bL

ps
bJ

rp
s1

8
rp

l3
3

ps
aJ

pe
tG

pe
tL

cl
pP

rp
s1

2
rp

l2
0

trn
P

trn
W

ps
bE

ps
bF

ps
bL

ps
bJ

rp
s1

8
rp

l3
3

ps
aJ

pe
tG

pe
tL

ac
cD

rb
cL

at
pE

at
pB

pe
tA

ce
m

A
yc

f4
ps

aI
ps

bB
ps

bT

ps
bH

pe
tB

pe
tD

ps
bN

rp
oA

rp
s1

1
rp

l3
6

in
fA

rp
s8

rp
l1

4
rp

l1
6

rp
s3

rp
l2

2
rp

s1
9

rp
l2

rp
l2

3
cc

sAtrn
L

trn
P

pe
tA

ce
m

A
yc

f4
ps

aI
ps

bB
ps

bT

ps
bH

pe
tB

pe
tD

ps
bN

rp
oA

rp
s1

1
rp

l3
6

in
fA

rp
s8

rp
l1

4
rp

l1
6

rp
s3

rp
l2

2
rp

s1
9

rp
l2

rp
l2

3

cc
sAtrn

L
trn

P

cl
pP

rp
s1

2
rp

l2
0

trn
P

trn
W

ps
bE

ps
bF

ps
bL

ps
bJ

rp
s1

8
rp

l3
3

ps
aJ

pe
tG

pe
tL

ac
cD

rb
cL

at
pE

at
pB

A

B

C

D

First inversion

Second inversion

Third inversion

Pseudogene of the clpP
   (Loss of the first exon)

Formation of the repetitive sequence 
   (repetitive sequence (IV) in Fig.10)

Progress of the pseudogene clpP
    (Loss of the third exon)

Step 1;

Step 2;

Transition of repetitive sequence 
by the third inversion.

Step 3;

(IV)

(IV)

(IV)

(IV)

(IV)

(IV)



BMC Plant Biology 2008, 8:70 http://www.biomedcentral.com/1471-2229/8/70
with 0.1 volumes of 3 M sodium acetate and 2.5 volumes
of ethanol. The precipitate was washed twice with 70%
ethanol and dissolved in water. The extracted DNAs were
further purified using the DNeasy Plant Mini Kit (QIA-
GEN) and treated with ATP-dependent DNase (TOYOBO)
to remove linear double- or single-stranded DNA.

Chloroplast DNA sequencing and genome assembly
The cp DNA isolated was sheared by ultrasonication, and
the sheared fragments then blunted and cloned into
pBluescript II vector. The cp DNA fragments were shotgun
sequenced using the BigDye Terminator Cycle Sequencing
v3.1™ Kit with an ABI 3100 Genetic Analyzer (both PE
Applied Biosystems). Sequencher 3.1 (Gene Codes Cor-
poration) software was used for sequence analysis and
assembly. The sonication-derived cloned fragments were
found to cover 80% of the whole genome after contig
assembly. Any remaining sequence gaps were amplified
by PCR and sequenced directly from the amplification
products.

Gene annotation
The cp genome of C. Japonica was annotated using
DOGMA [Dual Organellar GenoMe Annotator, 64] after a
FASTA-formatted file of the complete cp genome was
uploaded to the program's server. Gene annotation and
comparative genome analyses (BLASTN, BLASTX) were
performed against a custom database of 11 previously
published cp genomes using default parameters of 60%
for protein coding genes and 85% for tRNAs and rRNAs.
For genes with low amino acid sequence identity, manual
annotation was performed using a percentage identity
threshold of 25–50%. The fully annotated cp genome of
Cryptomeria japonica was submitted to DDBJ GenBank
with the following accession number [DDBJ: AP009377].

Exploration of the differences in gene contents and 
diversified genes
Exploration of the differences in gene contents and diver-
sified genes between the C. japonica cp genome and the six
previously published cp genomes was performed using
PipMaker [65]. The six cp genomes compared are as fol-
lows: the dicot angiosperm, E. globulus (Myrtaceae,
160,286 bp, AY780259); the monocot angiosperm, O.
sativa (Poaceae, 134,525 bp, X15901); the liverwort, M.
polymorpha (Marchantiaceae, 121,024 bp, NC001319); the
fern, A. capillus (Pteridaceae, 150,568 bp, AY178864); and
the two gymnosperms, C. taitungensis (Cycadaceae,
163,403 bp, AP009339) and P. thunbergii (Pinaceae,
119,707 bp, D17510). The variable genes identified
within the C. japonica cp genome by gene annotations
were aligned with the corresponding coding genes of the
six land plant cp genomes using ClustalX [66] followed by
screening for nucleotide and amino acid sequence differ-
ences.

Comparative analysis of genome structure
Comparative analysis of the genome structure of the seven
cp genomes, including that of the C. japonica cp genome,
was performed using the Harr-plot analysis of PipMaker
[65]. For estimates of genome rearrangement, the GRIMM
web server [67] was used to identify the minimum
number of rearrangements by inversion in pairwise com-
parisons of the cp genome. GRIMM cannot deal with
duplicated genes and requires that the genomes that are
compared have the same gene content, so that one of the
two IR copies and their genes were arbitrarily excluded.

Examination of dispersed repeat sequences
FASTPCR software [68] was used to locate and count the
direct (forward) and inverted (palindromic) repeats
within the C. japonica cp genome. The identification of
repeat sequences was assessed with the following parame-
ters: options at a minimum length of 50 bp and 90% or
greater sequence identity.

Phylogenetic analysis using the rbcL gene of chloroplast 
genome
Based on the rbcL gene sequence of the C. japonica cp
genome, the rbcL gene nucleotide sequences of 132 gym-
nosperm species and eight out-group species were
obtained by a FASTA search of GenBank. The DNA
sequences were aligned using ClustalX [66], with excluded
gap regions. Phylogenetic analysis using the neighbor-
joining (NJ) method was performed using ClustalW from
the DDBJ web server [69]. The Kimura-2-parameter model
of molecular evolution was used in the NJ method of the
nucleotide sequences. Bootstrap analysis was performed
for the NJ method with 100 replicates.

Abbreviations
cp genome: chloroplast genome; IR: inverted repeat; SSC:
small single copy; LSC: large single copy; bp: base pair;
ycf: hypothetical chloroplast reading frame; IGS: inter-
genic spacer.

Authors' contributions
TH completed the C. japonica cp genome sequence, per-
formed the annotations, conducted the comparative anal-
yses, prepared the DDBJ GenBank submissions, and
drafted the manuscript; AW conceived of the project,
sequenced the greater part of the C. japonica cp genome,
and drafted the manuscript; MK assisted in the prepara-
tion of the sequencing templates and helped with the
annotations; TK contributed to the design of the project.
KT conceived of the project and drafted the manuscript.
All authors assisted with manuscript preparation and read
and approved the final draft.
Page 17 of 20
(page number not for citation purposes)

http://getentry.ddbj.nig.ac.jp/cgi-bin/get_entry.pl?AP009377
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=AY780259
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=X15901
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=NC001319
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=AY178864
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=AP009339
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=D17510


BMC Plant Biology 2008, 8:70 http://www.biomedcentral.com/1471-2229/8/70
Additional material

Acknowledgements
We thank Dr. Yasukazu Nakamura at Kazusa DNA Research Institute for 
helpful advice on the annotation of the cp genome, and Dr. Shohab Yousse-
fian at Akita Prefectural University for helpful discussions, comments and 
advice.

References
1. Shinozaki K, Ohme M, Tanaka M, Wakasugi T, Hayashida N, Matsuba-

yashi T, Zaita N, Chunwongse J, Obokata J, Yamaguchi-Shinozaki K,
Ohto C, Torazawa K, Meng BY, Sugita M, Deno H, Kamogashira T,
Yamada K, Kusuda J, Takaiwa F, Kato A, Tohdoh N, Shimada H, Sug-
iura M: The complete nucleotide sequence of the tobacco
chloroplast genome: its gene organization and expression.
EMBO J 1986, 5:2043-2049.

2. Ohyama K, Fukuzawa H, Kohchi T, Shirai H, Sano T, Sano S, Umesono
K, Shiki Y, Takeuchi M, Chang Z, Aota S, Inokuchi H, Ozeki H: Chlo-
roplast gene organization deduced from complete sequence
of liverwort Marchantia polymorpha chloroplast DNA.  Nature
1986, 322:572-574.

3. Jansen RK, Kaittanis C, Saski C, Lee SB, Tomkins J, Alverson AJ, Dan-
iell H: Phylogenetic analysis of Vitis (Vitaceae) based on com-

plete chloroplast genome sequences: effects of taxon
sampling and phylogenetic methods on resolving relation-
ships among rosids.  BMC Evol Biol 2006, 6:32.

4. Lee SB, Kaittanis C, Jansen RK, Hostetler JB, Tallon LJ, Town CD,
Daniell H: The complete chloroplast genome sequence of
Gossypium hirsutum : organization and phylogenetic relation-
ships to other angiosperms.  BMC Genomics 2006, 7:61.

5. Bausher MG, Singh ND, Lee SB, Jansen RK, Daniell H: The complete
chloroplast genome sequence of Citrus sinensis (L.) Osbeck
var 'Ridge Pineapple': organization and phylogenetic rela-
tionships to other angiosperms.  BMC Plant Biol 2006, 6:21.

6. Cai Z, Penaflor C, Kuehl JV, Leebens-Mack J, Carlson JE, dePamphilis
CW, Boore JL, Jansen RK: Complete plastid genome sequences
of Drimys, Liriodendron, and Piper: implications for the phy-
logenetic relationships of magnoliids.  BMC Evol Biol 2006, 6:77.

7. Ruhlman T, Lee SB, Jansen RK, Hostetler JB, Tallon LJ, Town CD,
Daniell H: Complete plastid genome sequence of Daucus
carota: Implications for biotechnology and phylogeny of
angiosperms.  BMC Genomics 2006, 7:222.

8. Wu CS, Wang YN, Liu SM, Chaw SM: Chloroplast Genome
(cpDNA) of Cycas taitungensis and 56 cp Protein-Coding
Genes of Gnetum parvifolium: Insights into cp DNA Evolution
and Phylogeny of Extant Seed Plants.  Mol Biol Evol 2007,
24:1366-1379.

9. Wakasugi T, Tsudzuki J, Ito S, Nakashima K, Tsudzuki T, Sugiura M:
Loss of all ndh genes as determined by sequencing the entire
chloroplast genome of the black pine Pinus thunbergii.  Proc
Natl Acad Sci USA 1994, 91:9794-9798.

10. Noh EW, Lee JS, Choi YI, Han MS, Yi YS, Han SU: Complete nucle-
otide sequence of Pinus koraiensis.  . Direct Submission to Gen-
Bank, Accession No. AY228468

11. Neale DB, Sederoff RR: Paternal inheritance of chloroplast
DNA and maternal inheritance of mitochondrial DNA in
loblolly pine.  Theor Appl Genet 1989, 77:212-216.

12. Szmidt AE, Alden T, Hallgren JE: Paternal inheritance of chloro-
plast DNA in Larix.  Plant Mol Biol 1987, 9:59-64.

13. Szmidt AE, El-Kassaby YA, Sigurgeirsson A, Alden T, Lindgren D, Hall-
gren JE: Classifying seedlots of Picea sitchensis and P. glauca in
zones of introgression using restriction analysis of chloro-
plast DNA.  Theor Appl Genet 1988, 76:841-845.

14. Neale DB, Marshall KA, Sederoff RR: Chloroplast and mitochon-
drial DNA are paternally inherited in Sequoia sempervirens
D.Don Endl.  Proc Natl Acad Sci USA 1989, 86:9347-9349.

15. Kondo T, Tsumura Y, Kawahara T, Okamura M: Paternal inherit-
ance of chloroplast and mitochondrial DNA in interspecific
hybrids of Chamaecyparis spp.  Breed Sci 1998, 48:177-179.

16. Seido K, Maeda H, Shiraishi S: Determination of the selfing rate
in a Hinoki (Chamaecyparis obtsusa) seed orchard by using a
chloroplast PCR-SSCP marker.  Silvae Genetica 2000,
49:165-168.

17. Chen J, Tauer C, Huang Y: Paternal chloroplast inheritance pat-
terns in pine hybrids detected with trn L-trnF intergenic
region polymorphism.  Theor Appl Genet 2002, 104:1307-1311.

18. Wagner DB, Furnier GR, Saghai-Maroof MA, Williams SM, Danick BP,
Allard RW: Chloroplast DNA polymorphisms in lodgepole
and jack pines and their hybrids.  Proc Natl Acad Sci USA 1987,
84:2097-2100.

19. Hong YP, Hipkins VD, Strauss SH: Chloroplast DNA Diversity
Among Trees, Populations and Species in the California
Closed-Cone Pines (Pinus radiate, Pinus muricata and Pinus
attenuate).  Genetics 1993, 135:1187-1196.

20. Dong J, Wagner DB: Paternally Inherited Chloroplast Polymor-
phism in Pinus: Estimation of Diversity and Population Sub-
division, and Tests of Disequilibrium With a Maternally
Inherited Mitochondrial Polymorphism.  Genetics 1994,
136:1187-1194.

21. Tsumura Y, Suyama Y, Taguchi H, Ohba K: Geographical cline of
chloroplast DNA variation in Abies mariesii.  Theor Appl Genet
1994, 89:922-926.

22. Wakasugi T, Hirose T, Horihata M, Tsudzuki T, Kosselw H, Sugiura
M: Creation of a novel protein-coding region at the RNA
level in black pine chloroplasts: The pattern of RNA editing
in the gymnosperm chloroplast is different from that in
angiosperms.  Proc Natl Acad Sci USA 1996, 93:8766-8770.

23. Sugiura M: The chloroplast chromosomes in land plants.  Annu
Rev Cell Biol 1989, 5:51-70.

Additional file 1
Harr plot analyses comparing the cp genome of C. taitungensis with 
those of E. globulus and P. thunbergii. Each dotplot shows the posi-
tions where 45 out of 50 nucleotides match in the two sequences. The plot 
analysis was carried out using Pipmaker software. Sequences along the Y-
axis are set from the top to the bottom, and along the X-axis are from left 
to right. Relative lengths of sequences are shown to the side and below the 
boxes. The colored gene segments along the X- and Y-axes correspond with 
common gene units of the seven cp genomes (shown in Figure 7). At the 
expected endpoint of inversion or translocation mutation, the gene name 
is attached based on the X-axis cp genome. The pseudogene is indicated by 
ψ (pseudo-).
Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2229-8-70-S1.pdf]

Additional file 2
The neighbor-joining tree of the rbcL gene in gymnosperms. The 
branch length indicates the number of substitutions. The numbers at each 
node denote the traditional bootstrap replicates that support the mono-
phyly of the taxa in the subset designated by the node. Only bootstrap val-
ues higher than 50% are shown. The species highlighted in red represent 
the cp genomes of gymnosperms already determined.
Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2229-8-70-S2.pdf]

Additional file 3
The character of dispersed repetitive sequences at expected inversion or 
translocation endpoints. The character of each repetitive sequence is 
indicated by similarity, length, repeat type, location, and sequence. The 
positions of each repetitive sequence correspond with the numbers (I-IV) 
above the gene segments of the C. japonica cp genome (see Figure 10). 
The bold characters indicate the location of repeat sequences, and IGS 
indicates the intergenic spacer region.
Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2229-8-70-S3.pdf]
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