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Abstract

The cypress family (Cupressaceae) possesses highly rearranged plastomes that lack a pair of large inverted repeats typically found in land
plants. A few cypress species have been reported to contain isomeric plastomes, but whether the existence of isomeric plastomes is
ubiquitous in the family remains to be investigated with a broader taxon sampling. In this study, we sequenced the complete plastomes
of ten species in Cupressoideae, the largest cypress subfamily. Cupressoideae showed relatively accelerated rates of substitutions at
both nonsynonymous and synonymous sites as compared with other subfamilies of Cupressaceae. Our PCR and read mapping analyses
together suggested the existence of isomeric plastomes in eight of the ten sequenced Cupressoideae species. The isomeric plastomes
were also detected in 176 individuals from nine wild populations of four Cupressoideae species. Within Calocedrus macrolepis, we
discovered a new type of isomeric plastomes that was likely derived from homologous recombination mediated by an 11-bp repeat. We
conclude that isomeric plastomes are commonly present in Cupressoideae, thereby contributing to increased plastomic complexity.
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Introduction

Inversions of DNA fragments are one of the major mecha-
nisms increasing plastomic complexity (Palmer 1997,
Raubeson and Jansen 2005; Jansen and Ruhlman 2012; Wu
and Chaw 2016). Land plant plastomes typically possess large
inverted repeats (hereafter called typical IRs) that contain four
ribosomal RNA genes in each copy (Wang et al. 2008; Wicke
et al. 2011). The typical IRs are capable of triggering intra-
plastomic homologous recombination to generate two iso-
meric plastomes in equal abundance (Palmer 1983; Martin
et al. 2013). In addition, short repeats were considered to
cause plastomic re-organization on the basis of a positive cor-
relation between dispersed repeats and rearrangements (Lee
et al. 2007; Guisinger et al. 2011; Weng et al. 2014).
Interestingly, the plastomes of conifers do not contain a
pair of typical IRs, but they have evolved specific IRs that are
associated with plastomic re-organizations. For example, two
specific IRs are responsible for the generation of four different
plastomic organizations among Pinaceae genera (Tsumura

et al. 2000; Wu et al. 2011; Sudianto et al. 2016). In cupres-
sophytes, Cephalotaxus oliveri (Cephalotaxaceae; Yi et al.
2013) and four Juniperus species (junipers of the cypress fam-
ily, Cupressaceae; Guo et al. 2014) contain isomeric plas-
tomes, which are associated with a ~36-kb inversion
mediated by a “trnQ-IR"” sequence. Unlike the isomeric plas-
tomes mediated by the typical IRs, the isomeric plastomes of
cupressophytes differ in abundance, with major and minor
ones within plastids (Guo et al. 2014).

The cypress family (Cupressaceae) diverged from other
cupressophytes during the Late Permian and Early Triassic
(Mao et al. 2012; Yang et al. 2012). The family includes
~149 tree species in 29 genera (Christenhusz and Byng
2016) scattered over all continents except Antarctica. They
are trees having the widest geographical range among living
gymnosperms (Farjon 2005; Mabberley 2008; Mao et al.
2012; Yang et al. 2012; Wang and Ran 2014). Molecular
phylogenetic studies have revealed seven cypress subfamilies,
among which Cupressoideae is the largest, containing ~100
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species in 13 genera (Gadek et al. 2000; Mabberley 2008;
Mao et al. 2012; Yang et al. 2012; Wang and Ran 2014).

In this study, we assembled the complete plastomes of ten
species representing nine genera of Cupressoideae. Including
other available Cupressaceous plastomes, our sampling com-
prised 17 species from 11 genera of Cupressoideae and five
species from the four other Cupressaceous subfamilies. This
allowed for comparisons of nucleotide substitution rates
among Cupressaceous subfamilies. We also investigated
three questions in isomeric plastomes. First, do isomeric plas-
tomes commonly exist in Cupressoideae? Second, are there
other types of isomeric plastomes not previously reported?
Third, in terms of abundance, do the relative ratios of isomeric
plastomes shift frequently among species or populations?

Materials and Methods

Plant Materials

To sequence complete plastomes, young and fresh leaves were
harvested from ten Cupressoideae species, including
Calocedrus formosana, Calocedrus macrolepis, Chamaecyparis
lawsoniana, Fokienia hodginsii, Hesperocyparis glabra,
Juniperus formosana, Platycladus orientalis, Thuja standishii,
Thujopsis dolabrata, and Xanthocyparis vietnamensis (supple-
mentary table S1, Supplementary Material online). To investi-
gate isomeric plastomes at population levels, we chose
Calocedrus formosana, Calocedrus macrolepis, Cupressus
duclouxiana, Juniperus gaussenii, and Juniperus squamata (sup-
plementary table S1, Supplementary Material online) because
their wild populations were accessible. In total, we gathered
186 individuals from 11 populations. The vouchers were depos-
ited in the herbarium at Kunming Institute of Botany, Chinese
Academy of Sciences (KUN).

DNA Extraction

For each of the ten sequenced species, we used ~50g of
young and fresh leaves to isolate plastid DNA using an im-
proved extraction method (Zhang et al. 2011) based on the
methods of Gong et al. (1994) and Jansen et al. (2005). The
purified DNA concentration and quality were determined by
doing agarose gel electrophoresis. For PCR assays, total ge-
nomic DNA was extracted from the examined plants by using
the CTAB method (Doyle and Doyle 1987).

Plastome Sequencing, Assembly and Annotation

For each of the ten sequenced species, 5 ug of purified DNA
(including nonplastid DNA) was sheared into 500-bp frag-
ments to construct a paired-end library according to the man-
ufacturer's manual (lllumina Inc, San Diego). DNA
sequencing was performed on the lllumina HiSeq 2000 at
the Beijing Genomics Institute (Shenzhen, Guangdong,
China). Approximately four million 90-bp paired-end reads

were obtained from each species. After quality trimming by
using the NGS QC Toolkit (Patel and Jain 2012) with the de-
fault parameters, we used CLC Genomics Workbench v7.0.3
(CLC Inc, Arhus, Denmark) for de novo assembly with the
default parameters (word size = 64). To validate the plastome
assembly, the paired-end reads were mapped onto the as-
sembled plastomes by using Bowtie v2.2.3 (Langmead and
Salzberg 2012) with the default preset options (-sensitive-lo-
cal,-D15-R2-N0-L20-iS,1,0.75) in —local mode.

Plastomes were annotated with Dual Organellar GenoMe
Annotator (DOGMA; Wyman et al. 2004). The boundaries of
predicted genes were confirmed manually by aligning them
with their orthologs from other published gymnosperms plas-
tomes. Transfer RNA (tRNA) genes were further determined
by using tRNAscan-SE (Schattner et al. 2005). Physical maps
of the plastomes were generated by using Circos v0.66
(Krzywinski et al. 2009).

Phylogenetic Analyses

The 73 common protein-coding genes (supplementary tables
S2 and S3, Supplementary Material online) were extracted by
using a custom Perl script. The codon-based alignment for
each gene involved use of MUSCLE (Edgar 2004) imple-
mented in MEGA v6.06 (Tamura et al. 2013).
Concatenation of the 73 aligned genes yielded a matrix of
52,929 bp. We used jModelTest v2.1.6 (Darriba et al. 2012) to
determine the best substitution model for the matrix. A max-
imum likelihood (ML) tree inferred from the matrix were esti-
mated by using RAXML v8.2.4 (Stamatakis 2014) with a
GTRGAMMAI model. Supports for the tree nodes were as-
sessed by rapid bootstrapping analysis of 1,000 replicates.

Analysis of Rearrangement Distance

To estimate locally collinear blocks (LCBs) among the examined
plastomes, we performed whole genome alignment by using
progressiveMauve implemented in Mauve v2.3.1 (Darling et al.
2010) with the default parameters. Before the alignment, the
stop codon of psbA was specified as the starting point for all
compared plastomes. On the basis of the yielded matrix of
LCBs (supplementary table S4, Supplementary Material online),
we used Grappa v2.0 (Bader et al. 2001; Moret et al. 2002)
with the default parameters to estimate the pairwise break-
point distance (the number of nonconserved adjacencies be-
tween genomes) as well as the pairwise inversion distance (the
minimum number of inversions required for transformation of
one genome to the other).

Exploration of Isomeric Plastomes

Previously, Guo et al. (2014) found that the plastomes within
some Juniperus species differ in the orientation of a 36-kb
fragment, and they subsequently designated these plastomes
as isomeric plastomes with an A or B arrangement (also see
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supplementary fig. S4, Supplementary Material online). In Cal.
macrolepis, we designated the plastomes that differ in the
orientation of a 34-kb fragment as the isomeric plastomes
with a C or D arrangement (fig. 1). We adopted two
approaches to explore the presence of isomeric plastomes
within species (i.e., isomeric plastomes with the A, B, C, or
D arrangement). First, semi-quantitative PCR involved use of
specific primer pairs for amplifying the unique regions of the
isomeric plastomes. The isomeric plastome with the A ar-
rangement could be amplified by a combination of
chIB+ psbK and rps4 + trnl, and the B, C, and D arrange-
ments could be amplified by a combination of chiB+ rps4
and psbK+tml, ycf2+tml and rpl23+accD, and
ycf2 + rpl23 and trl + accD, respectively. The primers used
for PCRs are listed in supplementary table S5, Supplementary
Material online. PCR reactions were performed in a 25 pl mix-
ture, including 1 pl total DNA (20 ng/ul), 0.5l each of the
forward and reverse primers (10umol/l), 13ul Tiangen
2 x Tag PCR MasterMix, and 10ul ddH,0. After an initial
denaturation at 94°C for 4min, PCR reactions were con-
ducted for 10, 15, 20, 25, 30, 35 and 40 cycles, respectively.
Each cycle included denaturation at 94 °C for 505, annealing
at 55°C for 505, and elongation at 72 °C for 1 min 30s. This
PCR procedure was also used for detecting isomeric plas-
tomes in population samples with 20, 25, 30, and 35 cycles,
respectively.

Second, lllumina paired-end reads were mapped to the
regions specific to each of the isomeric plastomes by using
Bowtie v2.2.3 with the default settings. Paired-end reads that
spanned trnQ-IR or 11-bp IR were collected if sequence iden-
tity was > 90%. SAMTools v0.1.19 (Li et al. 2009) was used
to view and check the mapping scenario.

Estimation of Nucleotide Substitution Rates

The codeml program of PAML v4.8 (Yang 2007) was used to
estimate pairwise substitution rates between Cunninghamia
lanceolata and other cupressaceous species under the F3 x 4
codon model and four categories of the Gamma distribution
(Goldman and Yang 1994). We used the Wilcoxon rank-sum
test to assess the significant difference of the estimated sub-
stitution rates between Cupressoideae and other subfamilies
(including Sequoioideae, Taiwanioideae, Taxodioideae). Gene
groups were categorized according to Guisinger et al. (2008).
Al statistical tests involved use of R v3.2.2 (R Development
Core Team 2015).

Results

Characteristics of the Ten Newly Sequenced Plastomes

The ten deciphered Cupressoideae plastomes range from
127,064 to 130,505 bp (table 1). Their plastome maps are
depicted in supplementary figure S1, Supplementary
Material online. The assemblies are well supported by high

sequencing  coverage  ranging  from 100.24x to
264.29x (supplementary fig. S2, Supplementary Material on-
line). These ten plastomes are similar in gene content (table 1).
However, a few differences were observed: 1) the gene trmP-
GGG is absent from Th. standishii, Thu. dolabrata and J. for-
mosana; 2) the gene trnT-GGU is absent from Ch. lawsoniana;
3) duplication of trnP-UGG is unique in J. formosana; 4) spe-
cific duplication of trnl-GAU is found in Ch. lawsoniana; 5) H.
glabra, Th. standishii and X. viethamensis contain a pseudo-
rps16 gene; and 6) one of the duplicated trnl-CAU genes is
pseudogenized in J. formosana.

Intra-Generic Variation of Plastomic Organizations in
Calocedrus

Comparisons of the 22 sampled Cupressaceous plastomes
yielded 15 LCBs (supplementary table S4, Supplementary
Material online), and their relative orders are depicted in the
right panel of figure 2. The pairwise breakpoint and inversion
distances range from 0 to 14 (the number of nonconserved
adjacencies) and from 0 to 13 (the minimum number of in-
versions), respectively (supplementary fig. S3, Supplementary
Material online). These data indicate that the Cupressaceous
plastomes experienced numerous rearrangements during
evolution. We observed variation in the LCB order within con-
generic species (fig. 2). For example, Juniperus contains A and
B arrangements that differs in the orientation of a 36-kb frag-
ment, in agreements with the finding that the A and B ar-
rangements are the suspected major isomers among the
Juniper species (Guo et al. 2014). Moreover, we found that
Cal. formosana and Cal. macrolepis are distinguishable by the
orientation of a 34-kb fragment because the former and the
latter contain the C and D arrangements, respectively.

trnQ-IR Associated Isomeric Plastomes in Cupressoideae

Each of the ten newly sequenced plastomes contains a trnQ-IR
sequence ranging from 194 to 297 bp (supplementary table
S6, Supplementary Material online). This trnQ-IR is capable of
triggering a 36-kb inversion, resulting in the coexistence of an
isomeric plastome with the A arrangement (hereafter abbre-
viated as IPWA) and that with the B arrangement (IPWB)
within Juniperous species (Guo et al. 2014; also see supple-
mentary fig. S44, Supplementary Material online). Our semi-
quantitative PCR results suggest that eight of the ten
sequenced species contain both IPWA and IPWB (supplemen-
tary fig. S4B, Supplementary Material online). Our read map-
ping analyses also show specific reads that support the
coexistence of IPWA and IPWB within each of the species
(supplementary fig. S4C, Supplementary Material online).
Furthermore, the coexistence of IPWA and IPWB was also
detected within each of the 85 individuals sampled from
four populations of the three examined species, Cup.
duclouxiana, J. gaussenii and J. squamata (supplementary
fig. S5A, Supplementary Material online). However, neither
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Calocedrus formosana TTCTTTCTATATATTAT TATTTTATTTGTTCAA------ TTGTTATTAGATTTT CTATAACAAGGTTTACAG
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D
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oC ©D

Fig. 1.—Detection of isomeric plastomes with C (IPWC) or D (IPWD) arrangement in Calocedrus macrolepis. (A) PCR primers (orange arrows) designed
for detection of IPWC and IPWD. Grey areas link two copies of 11-bp inverted repeats (IRs). (B) Alignment showing the sequences of 11-bp IRs in Cal.
macrolepis but not in Cal. formosana. (C) Semi-quantitative PCR demonstrating the co-existence of IPWC and IPWD in Cal. macrolepis but not in Cal.
formosana. Primers for detection of isomeric plastomes are indicated, and 10-40 are PCR cycles. (D) Results of read mapping analyses. Light blue and green
bars are paired-end reads for supporting IPWC and IPWD, respectively. Numbers within bars are reads that span a 11-bp IR copy.
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Table 1

Summary of Sequencing Outputs and Brief Features of the 10 Cupressoideae Plastomes Sequenced in This Study

Species No. of reads  Mapped reads Mapped Insert size  Coverage Plastome GC content Gene (protein,
(no./%) bases (bp) (median) (mean) size (bp) (%) rRNA, tRNA)
Juniperus formosana 4,889,566 376,628/7.7 33,849,014 458 264.29 128,073 35.21 119 (83, 4, 32)
Hesperocyparis glabra 4,795,638 226,383/4.72 20,246,334 472 159.34 127,064 35.12 119 (82, 4, 33)
Xanthocyparis vietnamensis 4,592,018 506,992/11.04 45,531,575 476 357.17 127,479 35.71 119 (82, 4, 33)
Platycladus orientalis 4,823,022 170,893/3.54 15,330,344 450 120.6 127,113 35.73 120 (83, 4, 33)
Calocedrus formosana 4,291,862 202,305/4.71 18,187,106 467 142.79 127,370 34.83 120 (83, 4, 33)
Calocedrus macrolepis 4,749,080 141,912/2.99 12,746,278 443 100.24 127,157 34.5 120 (83, 4, 33)
Fokienia hodginsii 3,543,258 191,565/5.41 17,182,343 476 133.41 128,789 35.02 120 (83, 4, 33)
Chamaecyparis lawsoniana 4,712,988 213,911/454 19,094,825 474 150.28 127,064 35.49 120 (83, 4, 33)
Thuja standishii 4,871,026 237,093/4.87 21,174,422 455 162.25 130,505 35.38 118 (82, 4, 32)
Thujopsis dolabrata 4,086,050 377,197/9.23 33,114,932 484 258.12 128,291 35.02 119 (83, 4, 32)
Species are arranged by their divergence in the phylogenetic tree shown in figure 2.

. = A arrangement -
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0.006

62

Juniperus bermudiana
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99, Callitropsis nootkatensis

— L Hesperocyparis glabra
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————— Calocedrus formosana
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—I__ ——————— Thujopsis dolabrata
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B Cupressoideae W Taxodioideae M Sequoioideae M Taiwanioideae EM Cunninghamioideae

Fig. 2.—Comparison of plastomic organization among 22 Cupressaceae species. A maximum likelihood (ML) tree inferred from 73 plastid genes is
shown in the left side. Bootstrapping supports are indicated when they are < 100%. Plastomic maps are depicted with locally collinear blocks (LCBs) coded by
different colors in the right side. LCBs below the horizontal line are opposite in orientations as compared to their counterparts in Cunninghamia lanceolata.
The grey area highlights the intra-generic variation in LCBs with an 36-kb inversion resulting in formation of A and B arrangements in Juniperus, and an 34-kb
inversion generating C and D arrangements in Calocedrus.
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PCR nor read mapping analyses detected the coexistence of
IPWB and IPWA in Cal. macrolepis and Th. standishii.

Although IPWA and IPWB coexist in each of the eight spe-
cies, they differ in relative ratios. IPWA is the major plastome
in Gal. formosana, Cup. duclouxiana, H. glabra, J. gaussenii, J.
squamata, P. orientalis, Thu. dolabrata and X. vietnamensis,
but it is the minor one (in other words, IPWB is major) in Cha.
lawsoniana, F. hodginsii and J. formosana (supplementary
figs. S4 and S5A, Supplementary Material online). The recom-
binant frequency of trnQ-IRs was estimated in a range from
0.0012 (number of reads for IPWA/that for IPWWB = 1/801 in
supplementary fig. S4, Supplementary Material online) inver-
sions per plastome in J. formosana to 0.0377 (12/318) in H.
glabra. Together, these data clearly suggest that all of our
assemblies are the major isomeric plastome.

Detection of a New Type of Plastomic Isomer in Calocedrus
Macrolepis

As mentioned previously, Cal. formosana and Cal. macrolepis
differ in the orientation of a 34-kb fragment flanked by rp/23
and trnl-CAA. We, therefore, designated the 34-kb frag-
ments in Cal. formosana and Cal. macrolepis as the C and D
arrangements, respectively (fig. 2). We conclude that this 34-
kb fragment is inverted uniquely in Cal. macrolepis because its
counterparts in other Cupressoideae species are identical in
the orientation (fig. 2). In addition, we detected a pair of 11-
bp inverted repeats specifically residing at the boundaries of
the 34-kb fragment in Cal. macrolepis (fig. 1A and B).

Our semi-quantitative PCR and read mapping assays re-
vealed that Cal. macrolepis contain two isomeric plastomes
with the C (IPWC) and D (IPWD) arrangements, respectively,
but the coexistence of IPWC and IPWD was not detected in
Cal. formosana (fig. 1B-D). The PCR and read mapping results
also indicate that IPWD is the major isomeric plastome in Cal.
macrolepis (fig. 1C and D). Moreover, PCR assays of 91 Cal.
macrolepis individuals also support IPWD as the major iso-
meric plastome across all five sampled populations (supple-
mentary fig. S58, Supplementary Material online). In contrast,
IPWD was not detected in all of the ten individuals sampled
from two populations of Cal. formosana (supplementary fig.
S5C, Supplementary Material online).

Accelerated Nucleotide Substitution Rates in
Cupressoideae

The ML tree inferred from the combined 73 plastid genes re-
veals five major clades: Cunninghamoideae, Taiwanioideae,
Sequoioideae, Taxodioideae, and Cupressoideae (fig. 2). The
pairwise substitution rates between Cupressoideae and other
subfamilies are compared in figure 3. The estimated substitu-
tion rates differ greatly among gene groups. For example, the
nonsynonymous (dN) substitution rates of Cupressoideae vary
from a mean of 0.0052 in rbcl to 0.2298 in infA, with the
former being 44-fold slower than the latter (fig. 3). Such

variation among gene groups was also observed in the synon-
ymous (dS) substitution rates of Cupressoideae with a range
from a mean of 0.0536 in ccsA to 0.5126 in infA. As compared
with other subfamilies, the Cupressoideae show significantly
accelerated dN substitution rates: nine of the 15 gene groups
are significantly faster in Cupressoideae than other subfamilies.
In terms of dS sites, the Cupressoideae are significantly accel-
erated in all gene groups except infA. In short, these data
suggest a plastome-wide acceleration of substitution rates in
Cupressoideae, remarkably at the dS sites.

Discussion

Ubiquitous Existence of Isomeric Plastomes in
Cupressoideae

The trnQ-IR associated isomeric plastomes were previously
discovered in Cephalotaxus (Cephalotaxaceae; Yi et al.
2013) and Juniperus species (Cupressaceae; Guo et al.
2014). Such trnQ-IR associated isomeric plastomes were also
detected in eight of our ten newly elucidated Cupressoideae
species (supplementary fig. S4, Supplementary Material on-
line). Nevertheless, we detected no coexistence of IPWA and
IPWB in Cal. macrolepis, although its two trnQ-IR copies are
99.19% identical in their sequences. The two trnQ-IR copies
of Th. standishii have the lowest sequence identity (88.14%)
among the studied species (supplementary table S6,
Supplementary Material online), which likely explains its ab-
sence of IPWA. With the evidence from Juniperus (Guo et al.
2014) and our experimental results (supplementary figs. S4
and S5A, Supplementary Material online), the coexistence of
IPWA and IPWB has been discovered in nine Cupressoideae
genera. This suggests that the existence of isomeric plastomes
might be a common feature in Cupressoideae.

Additionally, we discovered that IPWA is the major isomeric
plastome in the 85 individuals of the three examined species
(Cup. duclouxiana, J. gaussenii and J. squamata), despite be-
ing sampled from different populations (supplementary fig.
S5A, Supplementary Material online). Moreover, the 91 indi-
viduals from five populations of Cal. macrolepis are consistent
in retention of IPWD as the major isomeric plastome (supple-
mentary fig. S5B, Supplementary Material online).
Collectively, these data suggest that the isomeric plastomes
have existed for a long time and the major isomeric plastomes
have been fixed within each of these species.

Shifts of the abundance between IPWA and IPWB were
found among congeneric species (Guo et al. 2014) and
among genera (supplementary fig. S4, Supplementary
Material online). This finding implies that the existence of iso-
meric plastomes and shift in their abundance together con-
tribute to the plastome complexity in Cupressoideae.
However, the evolutionary mechanisms that underlie the shift
of the abundance between isomeric plastomes are unclear
and require further investigation in the future.
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Fig. 3.—Boxplots for comparisons of nucleotide substitution rates between Cupressoideae and other Cupressaceae subfamilies. (A) Nonsynonymous
(dN) and (B) synonymous (d'S) substitution rates estimated from 15 gene categories. Thick lines within boxes are medians, and outliers are shown as circles.
Red asterisks denote that the substitution rates are significantly (P < 0.05) higher in Cupressoideae than other Cupressaceous subfamilies.

Large Inversions Mediated by Short Inverted Repeats

In plastomes, small repeats (usually <100 bp) have been asso-
ciated with inversions of small fragments. In the plastome of
Chusquea, a genus of bamboos, stems (<12 bp) of a hairpin
structure are able to induce minute inversions (Kelchner and
Wendel 1996). Investigations of the plastomes of Panax, gin-
seng of the flowering family Araliaceae, revealed an associa-
tion between 4 and 16 bp inversions and repeats of smaller
than 25 bp (Kim and Lee 2004). Kim et al. (2005) found that
in angiosperm plastomes, inversions of small fragments are
able to be mediated by short repeats of 11-24bp. In this
study, we discovered a specific plastomic inversion of a 34-
kb fragment in Cal. macrolepis, which is likely mediated by an
11-bp IR (fig. 1 and supplementary fig. S58, Supplementary
Material online).

Double-strand breaks (DSBs) are one of the most severe
forms of DNA damage (Kwon et al. 2010). Meanwhile, ho-
mologous recombination (HR) is an effective mechanism that

repairs DSBs (Marechal and Brisson 2010). DSBs followed by
HR account for the frequent inversion of large or small single-
copy regions involving the typical IRs in plastomes (Palmer
1983; Martin et al. 2013). The 34-kb inversion, which resulted
in the D arrangement, might be a consequence of HR involv-
ing the 11-bp IR unique to Cal. macrolepis (fig. 1). We de-
tected no indels between IPWC and IPWD (fig. 1B). This
suggests that the IPWD may not be derived from nonhomol-
ogous end-joining nor microhomology-mediated end joining,
as both mechanisms would cause short (1-4 bp) to long (3.1-
4.6 kb) indels (Kwon et al. 2010; Marechal and Brisson 2010;
Massouh et al. 2016). Inversions of large fragments that are
not associated with the typical IRs have been repeatedly found
in plastomes. For instances, Martin et al. (2014) reported that
in the plastomes of the legume family, a 36-kb inversion was
associated with a short IR of 29bp in length. A 45-kb plas-
tomic inversion between two subspecies of Medicago trunca-
tula was likely mediated by >20bp IRs (Gurdon and Maliga
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2014). In terms of IRs that are able to mediate inversions of
large fragments, the 11-bp IR we detected in Cal. macrolepis
is by far the shortest.

We used PCR to detect the presence of isomeric plastomes
in different populations of Cal. macrolepis (supplementary fig.
S5B, Supplementary Material online). Hsu et al. (2016) noted
that amplification of plastid DNA could be contaminated by
nuclear plastid DNA (the so-called nupt) when using total
DNA as PCR templates. We cannot rule out the possibility
that our amplicons of IPWC were contaminants from nupts
in Cal. macrolepis. In addition, mitochondrial plastid DNA
(mtpt) is common in many seed plants (Stern and Lonsdale
1982; Wang et al. 2007; Goremykin et al. 2009; Alverson
et al. 2010). Since the nuclear and mitochondrial genome
sequences of Cal. macrolepis are not available, whether our
PCR assays were contaminated by nupts and mtpts is un-
known. However, we have provided evidence of NGS reads
to support the presence of IPWC in Cal. macrolepis (fig. 1B
and D). Moreover, nupts were experimentally demonstrated
to be eliminated quickly from nuclear genomes (Sheppard
and Timmis 2009). The coexistence of IPWC and IPWD was
demonstrated by our PCR assays in the 91 individuals sampled
from five populations of Cal. macrolepis (supplementary fig.
S5B, Supplementary Material online), suggesting that IPWC
and IPWD might have co-existed prior to the diversification of
these populations.

Plastome-Wide Acceleration of Nucleotide Substitution
Rates in Cupressoideae

In Cupressoideae plastomes, nine of the 15 examined gene
groups have accelerated dN substitution rates, whereas all
gene groups except infA are accelerated at dfS sites (fig. 3).
It is of great interested to understand why the dN and dS
substitution rates are co-accelerated in Cupressoideae plas-
tomes. Substitutions at dS sites are evolutionarily neutral
and largely dependent on mutation rates (Kimura 1983),
whereas those at dN sites might be affected by multiple
mechanisms, including mutation rates, population size, and
selection pressure (Bromham et al. 2015). In the plastomes of
Cupressoideae, the co-accelerated substitution rates at both
dN and dS sites are likely being affected by mutation rates.
Multiple mechanisms have been proposed to account for
genome-wide accelerations of substitution rates. Relatively
shorter generation times of herbs than those of trees and
shrubs were proposed to be associated with their higher sub-
stitution rates (Smith and Donoghue 2008). Population sub-
divisions followed by speciation events generally cause
accelerated substitution rates genome-wide (Pagel et al.
2006; Venditti and Pagel 2010). Indeed, a correlation be-
tween substitution rates and species diversity were found in
flowering plants (Barraclough et al. 1996; Barraclough and
Savolainen 2001; Duchene and Bromham 2013). On the
other hand, high error rates of DNA repair systems might

be responsible for accelerations of plastomic substitution rates
in Geraniaceae (Guisinger et al. 2011).

In this study, we calculated pairwise substitution rates,
which make it difficult to determine when rate acceleration
occurred in the history of Cupressoideae. In addition, our
sampled taxa are largely biased toward samples of
Cupressoideae species, which might not be able to illustrate
an entire picture of plastomic substitution rates in
Cupressaceae. Therefore, more data are required to assess
the mechanisms underlying the accelerated substitution rates
in Cupressoideae.

Conclusion

We found that the existence of isomeric plastomes is ubiqui-
tous in Cupressoideae. In addition to trnQ-IR associated iso-
meric plastomes, a new type of isomeric plastomes was
detected within Cal. macrolepis, which is likely associated
with the specific 11-bp IR. We also provided solid evidence
showing shift of the abundance between isomeric plastomes
among genera and among species (e.g., Cal. formosana and
Cal. macrolepis). However, such shift of the abundance is
absent at the population level, indicating that the major iso-
meric plastomes have been fixed within species. As a result,
we suggest that the existence of isomeric plastomes and shift
in their abundance together contribute to the plastome com-
plexity within Cupressoideae.

Supplementary Material

Supplementary data are available at Genome Biology and
Evolution online.
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