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Abstract

Conifers Il (cupressophytes), comprising about 400 tree species in five families, are the most diverse group of living gymnosperms.
Their plastid genomes (plastomes) are highly variable in size and organization, but such variation has never been systematically
studied. In this study, we assessed the potential mechanisms underlying the evolution of cupressophyte plastomes. We analyzed the
plastomes of 24 representative genera in all of the five cupressophyte families, focusing on their variation in size, noncoding DNA
content, and nucleotide substitution rates. Using a tree-based method, we further inferred the ancestral plastomic organizations of
internal nodes and evaluated the inversions across the evolutionary history of cupressophytes. Our data showed that variation in
plastome size is statistically associated with the dynamics of noncoding DNA content, which results in different degrees of plastomic
compactness among the cupressophyte families. The degrees of plastomic inversions also vary among the families, with the number
of inversions per genus ranging from 0 in Araucariaceae to 1.27 in Cupressaceae. In addition, we demonstrated that synonymous
substitution rates are significantly correlated with plastome size as well as degree of inversions. These data suggest that in cupresso-
phytes, mutation rates play a critical role in driving the evolution of plastomic size while plastomic inversions evolve in a neutral
manner.
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Introduction

In land plants, plastid genomes (plastomes) typically contain
90-100 genes and range from 120 to 160 kb (Green 2011). In
contrast to mitochondrial genomes, with overwhelming
amount of noncoding DNA (Christensen 2014), plastomes
are characterized by dense genes, estimated at about 0.73-
1.01 genes per kb (Jansen and Ruhiman 2012). Therefore,
expansion or reduction of plastomes was thought mainly to
be associated with a gain or loss of genes.

Pelargonium x hortorum has the largest known plastome

plastomes of parasitic plants clearly indicates selection for re-
moval of nonessential genes (Krause 2008). Other suggested
benefits of selectively reduced plastomes include an increase
in replication rates (McCoy et al. 2008) and streamlining avail-
able resources (Wu et al. 2009). Unfortunately, the viewpoint
that selection favors reduction suggests a one-way ticket of
evolution, which cannot explain expanded plastomes within a
group of closely related plants.

Lynch and Conery (2003) proposed that genome size is
positively associated with degree of random genetic drift

(217,942 bp in size; Chumley et al. 2006) whose inverted
repeat (IR) contains 39 duplicated genes and is approximately
3-fold longer than those of other angiosperms (typically 20—
30kb) (Wicke et al. 2011). The smallest plastome sequenced
to date is within the endo-parasitic species of Pilostyles, con-
taining only five functional genes (Bellot and Renner 2015).
Notably, loss of many photosynthetic genes from the

but inversely with mutation rates. Subsequently, mutation
rates rather than random genetic drift were considered the
major driving force in organelle genomic evolution (Lynch
et al. 2006). The finding that bi- and uni-parentally inherited
plastomes do not significantly differ in size or compactness
supports the low effect of random genetic drift on plastomic
evolution (Crosby and Smith 2012). However, the inverse
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relationship between genome size and mutation rates was
recently challenged by the co-existence of enlarged genome
and accelerated synonymous substitution rates in the mito-
chondrial genomes of Silene (Sloan et al. 2012). Although a
handful of exceptions have been noted, the effect of random
genetic drift and mutation rates gives an alternative explana-
tion for organelle genomic evolution (Smith 2016).

Similarly, suggested mechanisms responsible for plastomic
rearrangements are diverse. Some studies have shown that
rearrangement breakpoints are associated with short repeats,
regardless of whether the plastomes contain IRs (Haberle et al.
2008; Guisinger etal. 2011; Weng et al. 2014) or lack IRs (Wu,
Lin, et al. 2011; Guo et al. 2014; Li et al. 2016). Lack of effi-
cient DNA repair proteins was also proposed as a potential
mechanism linking the highly rearranged plastomes of
Geraniaceae (Guisinger et al. 2011; Weng et al. 2014). On
the basis of certain conserved gene clusters in most plastomes,
plastomic rearrangements were hypothesized to be selectively
constrained (Green 2011; Wicke et al. 2011). However, dis-
ruptions of conserved gene clusters were recently reported in
two cupressophyte genera, Taxus (Hsu et al. 2014) and
Sciadopitys (Hsu et al. 2016). Therefore, whether there is se-
lective constraint on plastomic rearrangements of cupresso-
phytes is still an open question.

Cupressophytes, a group of conifers other than Pinaceae
(or conifers 1), were designated as conifers Il (Ran et al. 2010).
They comprise two  orders—Cupressales  (including
Cupressaceae, Sciadopityaceae, and Taxaceae) and
Araucariales (containing Araucariaceae and
Podocarpaceae)—and have diverged for more than 251 Myr
(Leslie et al. 2012). The plastomes of both cupressophytes and
Pinaceae have lost IRs, but they differ in several aspects. All 11
plastid NDH genes are retained in cupressophytes, but these
genes are absent or pseudogenized in Pinaceae (Braukmann
et al. 2009). As compared to Pinaceae, Cryptomeria japonica,
a cupressophyte species, shows 2.1-4.4% increased gene
content (Lin et al. 2010). Whether this finding indicates that
cupressophyte plastomes have undergone compaction re-
quires comparative inspection. Among Pinaceae genera, var-
iation in the plastomic organization is limited to inversions of
two specific long fragments (Wu, Lin, et al. 2011). In contrast,
plastomic inversions are diverse in cupressophytes. For exam-
ple, two Cupressaceous genera, Calocedrus and Cryptomeria,
are distinguished from each other by five long plastomic in-
versions (Wu and Chaw 2014).

Using plastomic data of six genera, we previously showed
that cupressophyte plastomes are labile in their genome size
and organization (Wu and Chaw 2014). As of May 2016,
plastomes of 21 cupressophyte genera were available in
GenBank (supplementary table S1, Supplementary Material
online). To increase the diversity of samples, we determined
four plastomes representing three and one key genera that
have never been sequenced in the two largest cupressophyte
families—Cupressaceae (149 species of trees and shrubs;

Christenhusz and Byng 2016) and Podocarpaceae (187 spe-
cies of trees and shrubs), respectively. Therefore, we could
conduct the broadest plastomic analysis across 24 genera of
the five cupressophytes families to date. Using other seed
plant plastomes as references, we examined whether variation
in the plastome size of cupressophytes is toward expansion or
reduction. Furthermore, we used a tree-based method to infer
the ancestral plastomic organization in the tree nodes of
cupressophytes, then calculated the inversions between spe-
cies. These analyses allowed us to estimate plastomic inver-
sions across the evolutionary history of cupressophytes. Finally,
we assessed potential mechanisms underlying the evolution of
plastome size and inversion in cupressophytes.

Materials and Methods

Plastome Sequencing, Assembly, and Annotation

Total DNA was extracted from 2 g fresh leaves of Callitris
rhomboidea (voucher Chaw 1505), Chamaecyparis formosen-
sis (voucher Chaw 1506), Dacrycarpus imbricatus (voucher
Chaw 1507), and Taxodium distichum (voucher Chaw 1508)
using a CTAB protocol (Stewart and Via 1993) with 10 mg/L
PVP-40K (Sigma). For each species, approximately 2 GB of 90-
bp paired-end reads were sequenced on an lllumina GAIl at
Yourgene Bioscience (New Taipei City). After removal of adap-
ters and quality trimming with a 0.05 error probability, reads
were de novo assembled using CLC Genomics Workbench
5.5.1 (CLC Bio) with the options: word size=31, bubble
size =50, minimum contig length=1kb, and mapping reads
to contigs. Contigs with > 30X sequencing depths were blast-
searched against the plastome of Agathis dammara
(NC023119) and those with <107'° E-values were considered
plastomic contigs. Gaps between the plastomic contigs were
filled with PCR amplicons obtained from specific primers lo-
cating on flanking regions of the contigs. The finished plas-
tomes were imported into CLC Genomics Workbench to
estimate average sequencing depths with the mapping pa-
rameters: mismatch cost=2, insertion cost=3, deletion
cost=3, length fraction=0.5, and similarity fraction=0.8.
Plastome annotation was performed in DOGMA (Wyman
et al. 2004), and tRNA genes were predicted using
tRNAscan-SE 1.21 (Schattner et al. 2005).

Exploration of Repeats

IRs were detected by using a BLASTN search against the ex-
amined plastome itself with the default settings and sequence
identity cutoff =90%. We discarded repeats < 200 bp.

Phylogenetic Analysis and Estimation of Nucleotide
Substitution Rates

We extracted 80 common plastid protein-coding genes from
Cycas and 24 sampled cupressophytes. Sequences of genes
were aligned using ClustralWW (codons) with the default
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settings implemented in Mega 6.06 (Tamura et al. 2013). We
used RAXML v8.2.4 (Stamatakis 2014) to analyze a maximum
likelihood (ML) tree based on concatenation of the 80 genes
and a GTR+ G +1 model. Cycas was designated as an out-
group. Bootstrapping supports for the tree nodes were as-
sessed from 1,000 nonparametric pseudo-replicates. This ML
tree was the constraint topology for estimating synonymous
(ds) and nonsynonymous (dn) substitution rates with the
codeml program of PAML 4.8 (Yang 2007). The parameters
were runmode=0, seqtype=1, CodonFreq=2, estFreq=0,
and model=1.

Correlation Analysis Using Phylogenetically Independent
Contrasts Method

Species evolve in a hierarchical tree structure. Their traits are
in general not phylogenetically independent. To avoid the
effect of the phylogenetic nonindependence, we adopted
the method proposed by Felsenstein (1985). This method
computes differences or the so-called “contrasts” between
examined traits of paired species rather than directly uses
traits in correlation analyses. We used the R package “ape”
to transform plastome size, noncoding content, and nucle-
otide substitution rates into contrasts that were independent
of phylogenetic tree topology. The incorporated tree was the
ML tree excluding the taxon Cycas taitungensis. We evalu-
ated relatedness of the traits using Spearman’s rank correla-
tion test.

Identification of Locally Co-Linear Blocks

The progressiveMauve implemented in Mauve 2.4.0 (Darling
et al. 2010) was used for multiple plastome alignment be-
tween Cycas and the 24 cupressophytes to identify locally
co-linear blocks (LCBs). The plastome of Cycas was the refer-
ence because it likely retains the ancestral gene order for the
seed plant plastome (Jansen and Ruhlman 2012). Before align-
ment, sequences of IRa were removed from the Cycas plas-
tome because previous studies suggested loss of IRa from the
plastomes of cupressophytes (Wu, Wang, et al. 2011; Wu and
Chaw 2014). LCBs shared by all examined taxa were collected
to generate a matrix of LCB order.

Reconstruction of Ancestral Plastomes and Calculation of
Plastomic Inversions

Ancestral plastomes were inferred by using MLGO (Lin et al.
2013) with the ML tree and the LCB matrix mentioned above.
We used GRIMM (Tesler 2002) to calculate the optimal
number of inversions between plastomes.

Visualization of Plastome Maps

We used Circos 0.67 (Krzywinski et al. 2009) to draw plas-
tome maps with their relative LCB orders. For the LCBs in
inferred ancestral plastomes, their lengths were presumed to

be the averages calculated from the corresponding LCBs be-
tween the two closest descendants. For example, the LCB
lengths for the ancestral plastome C1 are the average lengths
of the corresponding LCBs between Cupressus and Juniperus
(fig. 4).

Statistical Analysis

All statistical analyses involved use of R v3.2.0 (https:/Avww.
r-project.org/).

Results

Characteristics of the Four Newly Sequenced Plastomes

We elucidate the complete plastome sequences of three
Cupressaceous species, Ca. rhomboidea (LC177555), Ch. for-
mosensis (LC177668), and Ta. distichum (LC177556), and one
Podocarpaceous species, Da. imbricatus (LC177621). Our as-
sembly and read mapping confirmed that sequencing depths
of the four plastome sequences were >100x (table 1). The
four plastomes are circular molecules ranging from 121,117
t0 133,811 bp, with the GC content from 34.71% to 37.23%
(table 1; supplementary fig. S1, Supplementary Material
online). They are not quadripartite. Among them, Callitris
has the smallest set of plastid genes, only 115, whereas the
remaining three have 121 plastid genes even though their
plastome sizes differ from each other by 1.9 to 6.6kb.
Compared with the other two Cupressaceous species,
Gallitris has lost seven plastid genes (i.e., cloP, rps16, trG-
UCC, trnM-CAU, trnS-GGA, trmT-UGU, and trnV-UAC) but
contains a duplicated rn5 in the region between rm16 and
trnV-GAC.

The plastomes of Chamaecyparis, Dacrycarpus, and
Taxodium have retained the conserved gene cluster rps2—
atpl-atpH-atpf-atpA (abbreviated as rps2 gene cluster).
However, in Callitris, the rps2 gene cluster splits into two
sub-clusters (i.e., ros2—-atpl and atpH-atpF-atpA) by a distance
of 38.5kb (supplementary fig. S2, Supplementary Material
online). Among elucidated cupressophyte plastomes, disrup-
tion of the rps2 gene cluster was previously reported only in
Sciadopitys, with two sub-clusters (i.e., rps2—atpl-atpH-atpF
and atpA) separated by a distance of 82.5 kb (Hsu et al. 2016;
also see supplementary fig. S2, Supplementary Material
online). Clearly, the rps2 gene cluster has been differentially

Table 1

Newly Sequenced Plastomes and Their Assembly Results

Taxon Size (bp) Sequence GC
depth (X) content (%)

Callitris rhomboidea 121,117 215.8 34.71

Chamaecyparis formosana 127,211 117.4 34.99

Dacrycarpus imbricatus 133,811 308.5 37.23

Taxodium distichum 131,954 2441 35.26
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disrupted at least two times in the evolutionary history of
cupressophytes.

Extensive Variation in Plastome Size among
Cupressophytes

We compared 24 cupressophyte species representing 24 dif-
ferent genera (supplementary table S1, Supplementary
Material online). From concatenation of their 82 protein-
coding genes, our phylogenetic analysis uncovered two sub-
clades within cupressophytes. One is the Northern
Hemisphere species, consisting of Cupressaceae (except
Callitris, which is native to Australia), Taxaceae, and
Sciadopityaceae, and the other the Southern Hemisphere spe-
cies, including Araucariaceae and Podocarpaceae (fig. 1). The
plastomes of Araucariaceae are the largest, ranging from
145.6 10 146.7 kb. In contrast, those of the other four families
are <140kb, with the Cupressaceae having the smallest,
129.2 + 3.6 kb, on average.

In cupressophytes, larger plastomes tend to have higher
proportions of intergenic and intronic sequences (hereafter
designated noncoding content). Among the deciphered
plastomes of cupressophytes (NCBI data up to May 2016),
Araucaria is the largest and also has the highest noncoding
content (44.6%), even higher than Cycas (42.2% in fig. 1).
The plastome of Callitris is not only the smallest but also the
most compact (33% noncoding content). These data
prompted us to ask two questions. First, Have the plas-
tomes of Araucariaceae undergone expansion? In other
words, Has reduction occurred in non-Araucariaceae
cupressophytes? Second, Are changes in noncoding con-
tent associated with variation in the plastome size across
the cupressophyte families? To answer these questions, we
included samples from five other major seed plant lineages
for comparison.

Compaction Responsible for Reduction in Cupressophyte
Plastomes

In figure 2, the plastome size and noncoding content were
plotted for the 47 available plastomes of the five gymnosperm
groups, with one species representing one genus. The angio-
sperms included a representative for each of the 59 sampled
angiosperm orders. Except for gnetophytes, the typical IR-con-
taining seed plants (i.e., ginkgo, cycads, and angiosperms)
generally have larger plastomes than those without typical
IRs (i.e., cupressophytes and Pinaceae). The noncoding con-
tents of Pinaceae, ginkgo, cycads, and angiosperms range
from 40% to 45% and do not significantly differ from one
another (Wilcoxon 2-sided test, all P> 0.05 in supplementary
fig. S3, Supplementary Material online). This finding suggests
that (1) the absence or presence of typical IRs does not affect
the estimated noncoding content, and (2) the noncoding con-
tent of seed plant ancestors is likely >40%. However, the
noncoding content is significantly smaller in gnetophytes

than in other groups (all P<0.05 in supplementary fig. S3,
Supplementary Material online), so among seed plants, gne-
tophytes contain the most compact plastomes.

The noncoding content of cupressophytes is <40% except
for Araucariaceae, Torrey of Taxaceae, and Cunninghamia of
Cupressaceae (fig. 1). The noncoding content of
Araucariaceae is 42.38-44.73% (fig. 1), which is not signifi-
cantly different from that of Pinaceae, ginkgo, cycads, and
angiosperms (Wilcoxon 2-sided test, all P> 0.05). Thus, the
plastomes of Araucariaceae likely have retained the ancestral
states in terms of noncoding content, whereas the remaining
four cupressophyte families have undergone plastomic com-
paction, as indicated by their lower noncoding content
(36.66-39.24%).

Accelerated Nucleotide Substitution Rates Coincide with
Progressively Reduced Plastomes

Figure 1 clearly shows that the genera of Araucariaceae have
larger plastomes and shorter branch lengths. To examine an
association between plastome size and nucleotide substitution
rate, we counted the branch length from the common ances-
tor (node A in fig. 1) to each of the 24 cupressophytes. The
estimated rates varied from 0.122 to 0.348 substitutions per
site, with Araucaria the slowest and GCallitris the fastest.
Furthermore, our independent contrasts analysis revealed
that the substitution rates were inversely correlated with the
noncoding content (Spearman’s rho=-0.661, P=0.006;
fig. 3a) and the plastome size (Spearman’s rho=—0.596,
P=0.0027; fig. 3b). These results strongly suggest that accel-
erated substitution rates together with decreased noncoding
content have driven the plastomic reduction in
cupressophytes.

Specific IR Systems in Generation of Isomeric Plastomes

In addition to the highly variable size, the plastomes of cupres-
sophytes have been characterized by extensive inversions
(Guo et al. 2014; Wu and Chaw, 2014; Hsu et al. 2014,
2016). However, these previous studies were based on com-
paring plastomes of a few species. To better understand var-
iation in the plastomic organization across the five
cupressophyte families, we constructed plastome maps of
the 24 sampled cupressophytes and their putative ancestors
on the basis of 37 locally collinear blocks (fig. 4). In the 24
living plastomes, we also highlight IRs that are >200bp and
common to each family or have been reported to be capable
of inducing homologous recombination to generate isomeric
plastomes.

Except for Callitris, all sampled genera of Cupressaceae and
Taxaceae have a trnQ-IR (fig. 4), known to be associated with
generation of isomeric plastomes in two cupressophyte
genera, Cephalotaxus (Yi et al. 2013) and Juniperus (Guo
et al. 2014). The presence of isomeric plastomes in
Sciadopitys is associated with its unique roC2-IR (Hsu et al.
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Plastome size (kb)
120 129 l$8 147 156 165

81 Cupressus
Juniperus
Callitropsis
Hesperocyparis

Calocedrus A

Chamaecyparis

Callitris

Taxodium
Cryptomeria

Metasequoia

Cupressaceae
A

Taiwania

— Cunninghamia

Torreya

91 Amentotaxus
- Taxus

Taxaceae
Cephalotaxus

Sciadopitys

X4
Sciadopityaceae

Nageia
A
Retrophyllum
Podocarpaceae
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Dacrycarpus
Agathis
Wollemia

4 .
Araucaria

Araucariaceae

,Cupressophyte

Cycas
32 34.8 37.6 40.4 43.2 46

W Non-coding content (%)

Fic. 1.—Variation in plastome size and noncoding content (%) among the sampled 24 cupressophyte genera. A maximum likelihood (ML) tree inferred
from 80 plastid protein-coding genes is shown at the left with Cycas as the outgroup. Bootstrapping supports are shown when they are < 100%. For each
genus, its plastome size and noncoding content are indicated by the colored bars in the right panel, with scales labeled on the top and bottom, respectively.
Taxa sequenced in this study are underlined. Node A denotes the putative common ancestor of cupressophytes. Noncoding content (%) indicates the
proportion of intergenic and intronic sequences.
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Fic. 2.—Boxplots for comparing plastome size (dark-blue) and noncoding content (light-blue) in the six seed plant groups. The tree topology (left) is
based on the study of Wu, Wang, et al. (2011). Lines inside boxes are medians.

2016). Nevertheless, we found novel and family-specific IRs in
Podocarpaceae (i.e., trnN-IR) and Araucariaceae (i.e., rrm5-IR),
although their recombinant ability has not been confirmed.
Collectively, every cupressophyte family has evolved its own
specific short and novel IR systems for generating isomeric
plastomes.

Degrees of Plastomic Inversions Are Associated with
Substitution Rates

Comparison of the ancestral and extant plastomes allow for
estimating inversions across the evolutionary course of cupres-
sophytes (fig. 4). Degrees of plastomic inversions differed
among the cupressophyte families. Excluding
Sciadopityaceae, which contains only a single genus, the
number of inversions per genus within families was 1.27
(=28/22, total inversions divided by total number of genera,
including ancestral and extant ones), 1 (=6/6), 0.17 (= 1/6),
and 0 (=0/5) for Cupressaceae, Taxaceae, Podocarpaceae,
and Araucariaceae, respectively. This estimated degree of
plastomic inversions is apparently not biased by the total
number of sampled genera within families. For example,
Podocarpaceae and Taxaceae each have six genera (two an-
cestral and five extant ones; fig. 4), but their inversions per
genus differ by 6-folds. Thus, these data suggest that the

degrees of plastomic inversions are lineage-specific in
cupressophytes.

We wondered about an association between inversions
and substitution rates, because the latter also varied among
the cupressophyte families (fig. 1). Therefore, we estimated
and plotted synonymous (ds) and nonsynonymous (dn) sub-
stitution rates as well as their ratio (dn/ds) in figure 4.
Theoretically, substitutions are selectively neutral at ds sites
but constrained at dn sites. Hence, the dn/ds ratios should
reflect the degree of selection pressure. In figure 4, estimating
the correlation of inversions with substitution rates as well as
dn/ds ratios is reasonable because they experienced the same
time period evolutionarily on each of the branches between
nodes. Among all tree branches, only that between the an-
cestors C1 and C3 showed a dn/ds ratio > 1 (dn/ds = 1.94; fig.
4). We detected a strong and significant correlation between
ds and dn rates (Spearman’s rho=0.95, P < 0.001 in supple-
mentary fig. S4a, Supplementary Material online), which indi-
cates a mechanism driving the evolution of both ds and dn
rates. In addition, the number of inversions was significantly
correlated with ds rates (Spearman’s rho=0.566, P < 0.001 in
supplementary fig. S4b, Supplementary Material online) and
dn rates (rho=0.576, P<0.001 in supplementary fig. S4c,
Supplementary Material online) but not dn/ds ratios
(rho=0.272, P=0.068; data not shown).
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Fic. 3.—Relationships between nucleotide substitution rate and noncoding content (a) as well as plastome size (b) among the 24 sampled cupresso-
phytes. The examined traits were transformed into independent contrasts, then these contrasts were evaluated using Spearman’s rank correlation test.

Discussion

Mechanisms Underlying Plastome Compaction in
Cupressophytes

Previously, Crosby and Smith (2012) discovered a strong linear
relationship between plastome size and amount of noncoding
sequences across photosynthetic organisms. In this study, we
used “proportion” instead of “amount” for assessing the re-
lationship. Moreover, we focused on variation among each of
the six seed plant groups. We found strong positive correla-
tions only within cupressophytes and gnetophytes (fig. 2),
which suggests that the plastome sizes of these two lineages
vary with the dynamics of their noncoding content. In

contrast, the plastomes of Pinaceae do not show decreased
noncoding content, although they are remarkably reduced
(fig. 2). As compared to plastomes of their phototropic rela-
tives, those of some parasitic plants are relatively reduced but
not compact (Krause 2008; Wicke et al. 2013). Therefore, a
reduced plastome does not necessarily evolve toward
compaction.

In cupressophytes, mechanisms underlying plastome com-
paction are particularly perplexing. Loss of typical IRs does not
directly lead to compaction of plastomes. For instance, the
plastomes of Pinaceae have lost typical IRs but are not com-
pact (fig. 2). In addition, our data show that smaller plastomes
tended to have a greater degree of inversions. For example,
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the Cupressaceae have a mean plastomic size of
129.2£3.6kb with 1.27 times of inversions per genus,
whereas the Araucariaceae have a mean plastomic size of
146 +0.5 kb but no inversion. However, we rule out the pos-
sibility that compaction results from inversions because in
cupressophyte plastomes, inversions could lead to elongated
rather than shortened nonsyntenic intergenic regions (Wu and
Chaw 2014). In Silene species, their extremely expanded mi-
tochondrial genomes were shown to be associated with nu-
merous rearrangements (Sloan et al. 2012). Moreover,
nonhomologous repairs were proposed to cause genomic ex-
pansion and rearrangements in organelles (Christensen 2014).
Therefore, rearrangements appear to contribute to the expan-
sion rather than reduction of organelle genomes.

Several hypotheses have been put forth to link plastomic
compaction. For example, compaction might benefit the rapid
replication of plastomes (McCoy et al. 2008), which, in turn,
might cause incompatibility between plastid and nuclear ge-
nomes (Greiner et al. 2015). In addition, selection for nucleo-
tides with less nitrogen content might have a competitive
benefit for the plastomes of gnetophytes, which are compact
with enriched AT content (Wu et al. 2009). Most plastomes
are AT-rich (Smith, 2012). In the plastomes of cycads, substi-
tutions appear to be AT-biased except in their typical IRs (Wu
and Chaw 2015). In cupressophytes, loss of typical IRs is cou-
pled with absence of conversion at the genes originally resid-
ing in the IRs (Zhu et al. 2016). This implies that AT-biased
substitutions are plastome-wide in cupressophytes, and that
accelerated substitution rates are expected to elevate AT
content.

Excess noncoding DNAs might be mutational hazards,
which should be eliminated from genomes with increased
effective population size or accelerated mutation rates
(Lynch et al. 2011). In a small effective population with
severe genetic drift, elimination of deleterious mutations is
less efficient, thereby leading to elevated dn/ds ratios
(Ellegren 2008). Our comparison of the estimated dn/ds
ratios did not reveal significant differences among the five
families of cupressophytes, despite an exception between
Araucariaceae and Cupressaceae (supplementary fig. S5,
Supplementary Material online). These data imply that in
cupressophytes, random genetic drift might have little effect
on plastome compaction.

We showed a striking evolutionary trend in cupressophyte
plastomes—the more compact the plastomes, the faster the
substitution rates (fig. 3). This trend reinforces that variable
substitution rates are associated with plastome-size variation
in cupressophytes. Mutation rates are often estimated by
measuring the ds rates, which generally are neutral (Nei
et al. 2010). We demonstrated an inverse relationship be-
tween plastome size and ds rate after transforming them
into  independent contrasts (Spearman’s rho=—0.64,
P=0.001, supplementary fig. S6, Supplementary Material
online). This finding agrees well with the notion that the

evolution of organellar genomes is primarily driven by different
mutation rates (Lynch et al. 2006). Furthermore, if mutation
rates are crucial in shaping the genome complexity in cupres-
sophytes, we would expect a relationship between nuclear
and organelle genome sizes because the ds rates of nuclear
and organelle genes are in general correlated (Drouin et al.
2008; Bromham et al. 2015). Indeed, supplementary table S2,
Supplementary Material online indicates a positive correlation
between the genome sizes of nuclei and plastids (Spearman’s
rho=0.46, P=0.031) among the 22 sampled cupressophytes
(C-values of Callitropsis and Hesperocyparis were unavailable
in the Plant DNA C-values Database as of June 2016).
Unfortunately, information on their mitochondrial genomes
is wanting.

Why do the substitution rates of plastomes vary among
cupressophytes? The Araucariaceae are all tall trees, whereas
the Cupressaceae are trees or shrubs. Figure 3 also shows that
the substitution rates of Araucariaceae are approximately 2- to
3-fold slower than those of the Cupressaceae. This finding
echoes those of Lanfear et al. (2013) and Bromham et al.
(2015) that rates of molecular evolution tend to be slower
for taller than shorter plants.

Evolutionary Implications of Plastomic Inversions in
Cupressophytes

Another remarkable feature of cupressophytes plastomes is
their numerous inversions (fig. 4), hypothesized to result
from loss of typical IRs (Wu and Chaw 2014). Based on a
positive correlation of plastomic rearrangements with dn but
not ds rates, Guisinger et al. (2011) and Weng et al. (2014)
suggested that in the plastomes of Geraniaceae, numerous
rearrangements might be ascribed to improper functioning of
nuclear-encoded DNA repair proteins. In the plastomes of
cupressophytes, a strongly positive correlation between dn
and ds rates (supplementary fig. S4a, Supplementary
Material online) can be best explained by the fact that both
rates are dependent on mutation rates (Bromham et al. 2015;
Wicke et al. 2016). This co-evolution of dn and ds rates inter-
prets the positive relationship between dn rates and the
degree of inversions because the latter also is associated
with ds rates (supplementary fig. S4b, ¢, Supplementary
Material online). A positive correlation between dn/ds ratios
and rearrangements led to a conclusion of selection pressure
on the extensively rearranged plastomes of Geraniaceae
(Weng et al. 2014). However, in cupressophyte plastomes,
the dn/ds ratios are not correlated with the degree of inver-
sions. Therefore, we rule out that selection pressure affects
plastomic inversions in cupressophytes.

Recent study of the IR-lacking clade of legumes showed
that, like ds substitutions, plastomic rearrangements accumu-
lated over time but leveled off because of the constraint on
conserved gene clusters (Sveinsson and Cronk 2016). Such
constraint might be weak in cupressophyte plastomes,
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because some conserved gene clusters have been disrupted in
the plastomes of Taxus (Hsu et al. 2014), Sciadopitys (Hsu et al.
2016), and Gallitris (supplementary fig. S2, Supplementary
Material online). A positive correlation between the degree
of inversions and ds rates (supplementary fig. S4b,
Supplementary Material online) led us to propose that in
cupressophyte plastomes, the plastomic inversions likely
evolve in a neutral manner, in which variable mutation rates
play a major driving force.

Blazier et al. (2016) proposed a competing relationship be-
tween typical IRs and short repeats because intra-molecular
recombination was largely limited to the former, thus sup-
pressing illegitimate recombination if the latter were not abun-
dant. Nonetheless, the competing relationship of Blazier et al.
is not held in the plastomes of cupressophytes because they
have lost typical IRs. We discovered that cupressophyte fam-
ilies have evolved their own specific short IRs (fig. 4).
Intriguingly, some of the short IRs, similar to typical IRs, can
mediate homologous recombination, thereby resulting in the
co-existence of major and minor isomeric plastomes (Yi et al.
2013; Guo et al. 2014; Hsu et al. 2016). However, isomeric
plastomes mediated by typical IRs should be equally abundant
inside plastids (Palmer 1983; Martin et al. 2013). In terms of
recombinant ability, these specific short IRs of cupressophytes
are apparently less efficient than typical IRs. They are also in-
effective in suppressing illegitimate recombination, leading to
generation of numerous inversions in the plastomes of
cupressophytes.

Supplementary Material

Supplementary data are available at Genome Biology and
Evolution online.
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