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Abstract

Background: Paphiopedilum is the largest genus of slipper orchids. Previous studies showed that the phylogenetic
relationships of this genus are not well resolved, and sparse taxon sampling documented inverted repeat (IR) expan-
sion and small single copy (SSC) contraction of the chloroplast genomes of Paphiopedilum.

Results: Here, we sequenced, assembled, and annotated 77 plastomes of Paphiopedilum species (size range of
152,130 - 164,092 bp). The phylogeny based on the plastome resolved the relationships of the genus except for the
phylogenetic position of two unstable species. We used phylogenetic and comparative genomic approaches to eluci-
date the plastome evolution of Paphiopedilum. The plastomes of Paphiopedilum have a conserved genome structure
and gene content except in the SSC region. The large single copy/inverted repeat (LSC/IR) boundaries are relatively
stable, while the boundaries of the inverted repeat and small single copy region (IR/SSC) varied among species.
Corresponding to the IR/SSC boundary shifts, the chloroplast genomes of the genus experienced IR expansion and
SSC contraction. The IR region incorporated one to six genes of the SSC region. Unexpectedly, great variation in the
size, gene order, and gene content of the SSC regions was found, especially in the subg. Parvisepalum. Furthermore,
Paphiopedilum provides evidence for the ongoing degradation of the ndh genes in the photoautotrophic plants. The
estimated substitution rates of the protein coding genes show accelerated rates of evolution in c/pP, psbH, and psb~Z.
Genes transferred to the IR region due to the boundary shift also have higher substitution rates.

Conclusions: We found IR expansion and SSC contraction in the chloroplast genomes of Paphiopedilum with dense
sampling, and the genus shows variation in the size, gene order, and gene content of the SSC region. This genus pro-
vides an ideal system to investigate the dynamics of plastome evolution.
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Background

High throughput sequencing technology has made
obtaining chloroplast genome (plastome) sequences
more practical [1]. Many studies have used plastome
data to address the phylogenetic relationships among
land plants, chloroplast genome evolution, and patterns
and rates of nucleotide substitutions [2—5]. These studies
indicate that the chloroplast genome has striking varia-
tions in genome size, genome structure, and gene substi-
tution rate across the angiosperms.

Though the average chloroplast genome of land plants
is 151 kb, the average inverted repeat (IR) region is
25 kb [6, 7]. Published studies show extensive variation
in the plastome size and length of the IR region [e.g. 4,
8]. The plastome size of Pelargonium transvaalense is
242,575 bp, with an IR region of 87,724 bp [8]. On the
other hand, IR region loss has been detected in all line-
ages across land plants [9]. High throughout sequencing
provides a good opportunity to test the plastome evolu-
tion in more groups.

Paphiopedilum (Venus slipper) is the largest genus
of slipper orchids, mainly distributed in southeast
Asia, with half of these species growing on islands. The
sequenced plastomes of Paphiopedilum show the expan-
sion of the IR region, while the SSC regions are greatly
reduced in size and gene content [10-13]. Even typical
SSC genes such as ycfi, psaC, and ndhD have been trans-
ferred to the IR region in Paphiopedilum armeniacum
[10]. However, previous studies of Paphiopedilum plasto-
mes are based on sparse taxon sampling, and the pattern
of IR expansion/SSC contraction at the genus level are
unknown. Paphiopedilum provides a unique opportunity
to study the dynamics of the boundary shift impact on
plastid genome structure and sequence evolution.

Additionally, there are still unresolved phylogenetic
questions in Paphiopedilum. For instance, previous
chloroplast markers cannot solve the deep phylogenetic
relationship [14—16]. Resolving relationships in Paphio-
pedilum will promote the study of speciation of the
genus. Recent phylogenetic analyses indicated wide-
spread reticulate evolution of the genus and that sect.
Cochlopetalum is not monophyletic in the chloroplast
gene tree [14, 15]. Besides, there is also systematic uncer-
tainty of four taxa (P canhii, P. fairrieanum, P. hirsutissi-
mum, and P. rungiyasanum) with unusual morphologies
that fall outside the established section/subgenera group-
ings [15, 17]. For example, P. canhii is a newly described
species from Vietnam, proposed to the subgeneric sta-
tus [18, 19]. Given that Paphiopedilum is a genus with
reticulate evolution and clonal propagation, current phy-
logenetic studies of the genus are rather limited and the
effect of these events on the evolution of the chloroplast
genome is unknown. Paphiopedilum is a suitable system
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to study the evolution of the chloroplast genome and to
test whether whole plastome sequences can resolve the
phylogeny of the genus.

In an effort to answer these unresolved questions, we
used a genome skimming method to sequence 77 chlo-
roplast genomes of Paphiopedilum. We used comparative
genomics to study the evolution of the Paphiopedilum
chloroplast genome and included four Paphiopedilum
plastome sequences reported in previous studies [10,
12, 13, 20]. We analysed the sequences of all the shared
protein coding genes from 81 Paphiopedilum samples
to study patterns of evolutionary rates of the chloroplast
genome. The goals of this study are to 1) reconstruct the
phylogenetic relationships of the genus, especially the
systematic positions of the phylogenetically unstable
taxa (P canhii, P. fairrieanum, P. hirsutissimum, and P
rungiyasanum), and test whether the chloroplast genome
could resolve the recently diverged taxa of the genus; 2)
characterize the chloroplast genome evolution pattern of
Paphiopedilum; and 3) calculate the substitution rate of
the coding genes, evaluate the impact of IR/SSC bound-
ary shift, and test whether the genes transferred to the IR
region due to boundary shift have decreased substitution
rates.

Results

Plastomes of Paphiopedilum

We obtained 66 full plastome sequences. The other
11 plastome sequences had one or two gaps located
in regions of high AT content within the three interge-
neric regions (truS-trnG, trnE-trnT, and trnP-psaj). The
obtained plastid genome sequences were deposited in
GenBank (accession Nos. MN587749 — MN587825)
(Table S1). The mean coverage depth of the sequenced
plastomes was over 3000-fold (Table S1). We included
four published plastome sequences, namely, P arme-
niacum [10], P. dianthum [12], P. malipoense [20], and P,
niveum [11], in subsequent analyses, yielding a total of 81
genomes of the genus Paphiopedilum. The downloaded
plastome sequence of Phragmipedium longifolium [10]
was used as the outgroup.

The genome size of Paphiopedilum ranged from
152,130 bp in P tigrinum to 164,092 bp in P emerso-
nii (Table S1), P emersonii had the largest number of
genes (134 genes) and one of the shortest SSC regions
(660 bp). The plastid genome of the genus shows typical
quadripartite structure, with two identical copies of IR
separated by a LSC region and an SSC region (Fig. S1).
Compared with the plastome of other angiosperms,
Paphiopedilum has numerous expansions of IRs. The
length of the IR region was enlarged to 31,743 bp —
37,043 bp, with the length of the IR region of eight sam-
ples larger than 35 kb (Table S1), while the length of
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Fig. 1 The length of plastid genome size, LSC, SSC, and IR regions were plotted on the ML tree of Paphiopedilum. LSC, SSC, and IR regions were
scaled differently. The six samples in bold only have trnL-UAG preserved in the SSC region
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Fig. 3 Extent of the gene rearrangements of 15 Paphiopedilum chloroplast genomes. Locally collinear blocks of the sequences are colour-coded

the SSC region contracted to 524 bp — 5916 bp (Fig. 1,
Table S1). In addition, the SSC regions of Paphiopedilum
are hotspots for gene transfer, loss, and rearrangement
(Figs. 2, 3 and 4). The size variation in the SSC region
mainly results from the transfer of typical SSC genes
to IR regions and the loss/pseudogenization of ndh
genes. Subg. Parvisepalum has a relatively larger SSC
region than the other species in the genus (Figs. 1 and
2, Table S1). Pearson’s correlation analysis suggested that
the length of IR region and SSC region are strongly cor-

related (r=- 0.8050, P<0.001).

The gene order was conserved and composed of 127
to 134 genes, including 76 to 81 protein coding genes, 38
to 39 tRNA genes, eight rRNAs, three to eight pseudo-
genes, and 20 to 25 genes was duplicated in the IR region
(Tables S1 and S2). In addition to the duplication of the
IR regions, trnG-GCC was duplicated in P exul and P, aff.
exul, while trnQ-UUG was duplicated in P. charleswor-
thii, P. tigrinum, and P. barbigerum var. lockianum. The
two copies of trnG-GCC have one nucleotide variation,
and the two copies of trnQ-UUG have eight nucleotide
variations. Gene density ranged from 0.78 to 0.84, and P
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Fig. 4 Shift of the LSC/IR boundaries and IR/SSC boundaries of Paphiopedilum

tigrinum had the shortest plastome size and the highest
gene density (Table S1). The GC content of the plastome
genome ranged from 34.7% to 36.3%, and the GC content
of the protein-coding genes ranged from 29.7% to 46.1%.
In addition, we found 17 genes containing introns,
including six tRNA genes (trnA-UGC, trnG-UCC, trnL-
UAA, trnl-GAU, trnK-UUU, and trnV-UAC) and 11
protein coding genes (atpF, clpP, ndhB, petB, petD, rpi2,
rpll6, rpoCl, rps12, rpsl6, and ycf3). Eight of the protein
coding genes contain one intron, while three of them
(clpP, rps12, and ycf3) contain two introns (Table S2).
The LSC/IR, boundary is relatively stable. While the
LSC/IR;, junction is on rpl22 in most species (76 of 81
samples), the LSC/IR, junction is on rpsl19 in P. concolor
and P. wenshenanse x P. bellatulum, between rpl22 and
rps19 in P. rhizomatosum, and between rps19 and trnH-
GUG in P. hirsutissimum (Fig. 4). Compared to the LSC/
IR boundaries, the IR/SSC boundaries of Paphiopedilum
varied among species (Fig. 4). Substantial variation in the
SSC/IR boundary was mainly in subg. Parvisepalum. In
most other samples (56 of 81 samples), one end of the
SSC/IR junction was located in the intergeneric spacer
region trnL-ccsA, near trnL-UAG, whereas the other
junction of SSC/IR was located on the ccsA gene (Fig. 2).
The contraction of the SSC region resulted in the typi-
cal SSC genes being transferred to the IR region. One to

six genes from the SSC region were transferred to the IR
region. For example, ycfI was transferred to the IR region
in all the sequenced samples, while WYndhD, psaC, and
rpsl5 were incorporated into the IR region in most spe-
cies. The gene ccsA expanded in the IR region occasion-
ally, and trnL-UAG was transferred to the IR region in P
delenatii, P. dianthum, and P. parishii (Fig. 2).

The genomic comparison demonstrates that the SSC
region of Paphiopedilum differs greatly in gene content,
gene order, and gene orientation (Figs. 2 and 4, S2). The
SSC regions of most species contain trnL, rpl32, and
partial ccsA, while the SSC regions of five species are on
the brink of losing, P appletonianum, P. barbigerum, P.
emersonii, P. hirsutissimum, and P. villosum only contain
trnL-UAG in this region (Fig. 2). In addition, the genes
psaC and WnadD were preserved in the SSC region in six
samples of subg. Parvisepalum (Fig. 2). In addition, there
might be two copies of SSC with different directions in
the same species [21]. Wang and Lanfear [22] used long-
read sequencing to test the structural heteroplasmy in
land plants and found the presence of chloroplast struc-
tural heteroplasmy in most land plant individuals, so the
direction of the SSC region was not considered. Based
on gene content and gene orientation, the SSC regions
were classified into twelve types (Fig. S2), and type VIIIL is
the dominant type (56 of 81 samples) (Fig. 2). Type I and
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type II are identical in gene content but differ in the gene
direction of rpl32 and trul-UAG (Fig. S2). Type IX and
type X are also identical in gene content, but in type IX,
the two genes run in opposite directions, while in type X,
the two genes run in the same direction (Fig. S2). Type
XTI and type XII both have trnL-UAG, but one nucleotide
in type XII has shifted to the IR region. Subg. Parvise-
palum has six types, whereas sect. Cochlopetalum has
only one type (type VIII) (Fig. 2). When the SSC types
are plotted on the phylogenetic tree, the result shows that
the SSC types are not lineage-specific and that even the
closely related species have distinct SSC types, such as
species in subg. Brachypetalum and subg. Parvisepalum
(Fig. 2). Surprisingly, the gene content of SSC regions
has intraspecies variation. For example, one sample of
P barbigerum contains trnL-UAG, while the other sam-
ple contains trul-UAG and rpl32. The two samples of P,
appletonianum also have different SSC types (Fig. 2).

Gene gain and loss in Paphiopedilum samples was also
analysed. Some of the gene losses are shared throughout
the genus (e.g., some ndh genes), while other gene losses
are lineage specific (Table S3). Most of the ndh genes
were pseudogenized (YndhD, YndhJ, and YrndhK) or lost
(ndhA, ndhC, ndhE, ndhF, ndhG, ndhH, and ndhl) from
the Paphiopedilum species plastome, except for ndhB.
Most of the samples (76 of 81) sequenced in this study
retained an intact copy of ndhB. In addition, the com-
plete open reading frame of ndhJ was preserved in 23
samples, including four samples of sect. Cochlopetalum
and 19 samples of sect. Paphiopedilum (Table S3). The
genes ndhC and ndhK were preserved as pseudogenes
in subg. Parvisepalum and sect. Concoloria but lost in
the other species (Table S3). In particular, in five species
sequenced (P. barbatum, P. dayanum, P. platyphyllum, P
sugiyamanum, and P. tigrinum), all 11 of the ndh genes
were lost or pseudogenized (Fig. 2, Table S3).

In addition to the pseudogenes found in the ndh genes,
we found that premature termination induced pseu-
dogenization of other protein coding genes (cemA and
ycf15). Most of the annotated copies (38 of 48) of cemA
are preserved as pseudogenes, while all the annotated
copies of ycfl15 were retained as pseudogenes (Table S3).
The pseudogenization of cemA is mainly due to the slip-
page of poly structure and the appearance of premature
stop codons, while the pseudogenization of ycfI5 is due
to the appearance of more than one premature stop
codon.

The plastomes of Paphiopedilum also show multiple
structural rearrangements. We found widespread struc-
tural variation in the SSC regions, especially in subg.
Parvisepalum, including the inversion and recombination
of the SSC genes and the shift of the IR/SSC boundary
(Figs. 2, 3 and 4). In particular, we found a 47 kb inversion
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spanning from petN to clpP in P. fairrieanum, which is
absent in other species of Paphiopedilum (Figs. 3, S1).

Phylogenetic analyses

Phylogenetic analyses were performed on the three con-
catenated datasets. The results of ML and BI analyses
based on different matrices are almost identical except
for the difference in support values, so we used the result
based on the whole plastomes directly. Relationships
among the sections are consistent with previous studies
(Figs. 1 and 2, Fig. S3) [14, 15]. The phylogeny analyses
showed subg. Parvisepalum at the base of the tree, fol-
lowed by subg. Brachypetalum, and then the five sections
in subg. Paphiopedilum. The five sections grouped into
two clades, with one clade formed by sect. Cochlopeta-
lum-(sect. Coryopedilum, sect. Pardlopetalum) and the
other clade formed by sect. Barbata and sect. Paphiope-
dilum, with just a few terminal nodes in the tree are still
unresolved, especially species in sect. Paphiopedilum
(Fig. S3 and S4).

Additionally, the four enigmatic species of Paphiope-
dilum all nested in subg. Paphiopedilum. P. fairrieanum
clustered with the sect. Paphiopedilum-sect. Barbata
clade with a high support value (BP =100, PP =1.00), and
P canhii clustered with the sect. Cochlopetalum -(sect.
Coryopedilum, sect. Pardlopetalum) clade (BP=94,
PP =1.00); meanwhile, P rungsuriyanum and P. hirsutis-
simum formed a clade with a high support value (BP =91,
PP=1.00), and the relationship with other branches is
unresolved (Fig. S3). Removing the four taxa results in
a tree with the same topology but with elevated support
values for some of the branches (Fig. S4).

Nucleotide substitution rate analyses

Mean synonymous and nonsynonymous divergence was
low (AN =0.0471, dS=0.1222) with the dS value almost
three times that of dN (Fig. 5, Table S4). We detected
signals of positive selection in clpP (dN/dS=1.6561),
psbH (AN/dS =1.0318), and psbZ (dN/dS=1.5768). Our
analyses show that both dN and dS had significantly
increased in psbM (dN=0.3585, dS=0.7519) (Fig. 5),
which is induced by a frameshift mutation in P niveum
(KJ524105). Genes in the SC regions have higher substi-
tution rates than genes in the IR regions. Unexpectedly,
genes transferred to the IR region due to boundary shift
did not show lower substitution rates (Fig. 5, Table S4).

Discussion

The phylogeny of Paphiopedilum

Our phylogeny based on the whole plastome resolves
the relationship among sections, which is largely con-
sistent with the most recent phylogenies obtained from
partial cytoplasmic DNA markers (Fig. S3) [14, 15]. The
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phylogeny resolved the monophyly of sect. Cochlopeta-
lum with high bootstrap support (BP=98, PP=1.00),
while this clade was poorly resolved in previous studies
[14, 15]. The four enigmatic species all fall outside the
established sections. P fairrieanum clusters with sect.
Paphiopedilum-sect. Barbata clade with a high sup-
port value (BP =100, PP=1.00), P. canhii clusters with

sect. Cochlopetalum-(sect. Coryopedilum, sect. Pardlo-
petalum) clade with a medium support value (BP =94,
PP=1.00) (Fig. S3). However, the phylogenetic position
of the other two enigmatic taxa (R hirsutissimum and P
rungiyasanum) clustered together with a high support
value (BP=99, PP =1.00) and formed parallel relation-
ships with P, fairrieanum, sect. Paphiopedilum, and sect.
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Barbata (Fig. S3). Notably, the support values of several
clades slightly increased after the removal of these spe-
cies. For example the support value of sect. Cochlopeta-
lum increased to 99 (Fig. S4). The uncertain phylogenetic
positions of the enigmatic taxa might be related to the
heteroplasmy found in the chloroplast genomes (unpub-
lished data). The short branch lengths in sect. Paphiope-
dilum suggest their recent radiation, which means species
in this section are in their preliminary stage of speciation.
On the other hand, the long branch length represents the
differentiation from the closely related species. For exam-
ple, the long branch of P druryi might be due to its iso-
lated distribution in south India.

The chloroplast genome evolution of Paphiopedilum

The largest (P emersonii, 164,092 bp) and smallest (P
tigrinum, 152,130 bp) plastome sizes differ by~12 kb,
and the gene number ranges from 127 to 134 genes
(Table S1). The genome size and gene number variation
are mainly due to the IR expansion and the loss of the
ndh genes, and the genome size is larger than the aver-
age plastome size (151 kb) [6]. Compared with other
sequenced chloroplast genomes of photoautotrophic
orchid, such as Dendrobium [23] and Holcoglossum [24],
the plastomes of Paphiopedilum contain more size vari-
ation and structure variation at the genus level (Fig. 1,
Table S1). In addition, the GC content of the genus
(34.7—36.3%) is also more variable and lower at the
genus level than in other sequenced genera in Orchi-
daceae, e.g., Cymbidium (36.8 —37%) [25], Dendrobium
(37.31—37.68%) [23], and Holcoglossum (35.3 —35.5%)
[24]. The lower GC content might relate to the extremely
lengthy AT-repeat regions in the genus. We found AT
repeats more than 100 bp long in some species, especially
in the 11 samples with gaps in the LSC regions (Table S1).

The LSC/IR;, boundary of Paphiopedilum is relatively
stable; LSC/IR; resided on rp/22 in most species, while
the IR/SSC boundary of the genus is different from those
in other species of orchids and variable at the genus level
(Fig. 4). Owing to the instability of the IR/SSC bounda-
ries, the chloroplast genome of Paphiopedilum experi-
enced IR expansion and SSC contraction. The typical land
plant IR is 25 kb [6, 7], while the IR region of Paphiopedi-
lum is 32 — 37 kb, and the IRs account for approximately
40 — 45% of the plastomes. The increased length in the IR
regions results from the IR/SSC boundary shifts.

A large IR expansion (several kilobases) has also been
reported in other angiosperm lineages, including Acacia
and Inga [26], Erodium [27], Passiflora [28, 29], and Pel-
argonium [8, 30]. In Pelargonium, IR expanded towards
both the LSC and the SSC regions. However, the IR
expansions in Paphiopedilum mainly included former
SSC genes. IR expansion into the SSC region has also
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been reported in other species, e.g., Musa acuminate
[31], Pedicularis ishidoyana [32], and Vanilla [11, 13, 33].

The large IRs of the plastomes are hypothesized to con-
tribute to plastome stabilization because their absence
often coincides with severe changes in gene order [34].
IRs are thought to stabilize the plastome through homol-
ogous recombination-induced repair mechanisms [35].
However, large IRs have no impact on the plastome sta-
bility of the genus. With the shifts in the IR/SSC bounda-
ries, the SSC regions in Paphiopedilum have shortened
and variable SSC lengths (524 — 5913 bp). The tightening
of the SSC regions is associated with the loss of ndh genes
and the transfer of former SSC genes to the IR region. For
example, the 524 bp SSC region of P hirsutissimum is
smaller than other sequenced plastomes in Orchidaceae.
The strong shrinking of SSC regions was also docu-
mented in other unlinked photoautotrophic plants, such
as Annona cherimola (2966 bp) [36], Asarum (0 — 14 bp)
[37], Lamprocapnos spectabilis (1645 bp) [38], P. ishidoy-
ana (27 bp) [32], Pelargonium (c. 6.7 kb) [8], and Vanilla
(c. 2 kb) [11, 13, 33]. Interestingly, the other genera that
experienced SSC contraction have a relatively stable SSC
length at the genus level, e.g., all the sequenced plastomes
of Pelargonium shared a 6.7 kb SSC region [8], while the
length of the SSC region of Paphiopedilum is more vari-
able. The SSC-contracted plastomes of Paphiopedilum
have unique features compared with other tightened SSC
lineages, including gene content variation, length varia-
tion, and gene rearrangement (Figs. 2, 3 and 4), according
to the sequenced chloroplast genomes of other genera of
slipper orchids [10, 11, 39], suggesting that SSC contrac-
tion occurred after Paphiopedilum split from its sister
clade.

In addition to size variation, the SSC region of Paphi-
opedilum experienced extensive gene rearrangement
(Fig. 3). The SSC regions of most species in sect. Concolo-
ria, sect. Cochlopetalum, sect. Coryopedilum, sect. Paphi-
opedilum, and sect. Barbata retain trunL-UAG, rpl32 and a
truncated ccsA fragment (trnLl-UAG(+)-rpl32(+)-ccsA-
P(+), type VIII, approximately 1.8 kb). In the remaining
species, the gene content, gene order, and length of the
region are highly variable (524 — 5913 bp) (Figs. 1 and 2,
S2; Table S1). In other angiosperm, there are two gene
clusters in the SSC region, namely, rpl32(+)-trul-UAG
(+)-ccsA(+) and ndhD(—)-psaC(—)-rps15(—). In other
orchids, such as Apostasioideae [40], Cypripedium [9,
39], Cymbidium [25), and Phalaenopsis aphrodite [41],
the genes on the two clusters are in opposite orientations.
However, the original rpl32(+)-trnL-UAG(+)-ccsA (+)
linkage was only preserved in P armeniacum [10]. In
other species of the genus, the above gene linkages were
broken and changed to trnL-UAG(+)-rpl32(+)-ccsA(+)
and trul-UAG(—)-rpl32(—)-ccsA(—) in most cases,
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which means that there is inversion and recombination
in the SSC region. Gene arrangement brought rp/32 and
ccsA (which are normally separated in the plastome)
next to each other (Figs. 2 and 4). In addition, we found a
47 kb inversion in the LSC region of P. fairieanum (Fig. 3,
Slc). A 61 kb inversion in the LSC region was previ-
ously reported in Cypripedium formosanum [11]. But the
mechanisms for these inversions are unknown.

Complete gene duplications (of rpl32, trul-UAG, ccsA,
YndhD, psaC, rps15, and ycf1) were documented due to
the expansion of the IR region. Additionally, gene dupli-
cations outside of the IR regions was also documented.
We found that truG-GCC was duplicated in the LSC in
two species, while trnQ-UUG was duplicated in the LSC
in three species, and the two duplication events both
occurred in sect. Paphiopedilum. The second copies of
trnG-GCC and trnQ-UUG are identical to sequences
from other orchids, indicating that the two copies might
be horizontally transferred, especially trnQ-UUG. The
two copies of the gene have eight nucleotide variations.
The duplication of trnQ-UUG has also been documented
in other studies [42, 43].

Most of the ndh genes were pseudogenized or lost
from the genus, but the functional ndh/ and ndhB were
preserved in some lineages (Table S3). Considering that
ndhA, ndhE, ndhF, ndhG, ndhH, and ndhl were also lost
in P longifolium [10] whereas they were preserved in C.
formosanum [11] and C. japonicum [39], we infer that
the loss of these genes occurred in the ancestors of the
conduplicate-leaved genera. The pseudo copies of ndhK
and ndhC were preserved in most samples of subg. Parvi-
sepalum and subg. Brachypetalum (Table S3) and lost in
subg. Paphiopeilum, suggesting that ndhK and ndhC were
lost in the ancestor of subg. Paphiopeilum. Considering
the retention of ndhJ and ndhB in the genus (Table S3),
we infer that the loss/pseudogenization of ndhB and
ndhj probably occurred rather recently because they are
repeatedly retained in the terminal taxa.

Furthermore, four of the five species with all 11 ndh
genes pseudogenized or lost are distributed on islands,
and the other one (P, tigrinum) is distributed on the main-
land. The five species are all photoautotrophic plants. In
addition, the five species belong to three sections (Fig. 2)
and are nested in different clades, suggesting that there
are four independent ndh loss/pseudogenization events
at the genus level. The above evidence provided clues
that the ndh complex is undergoing degradation in this
genus, and the degradation of the ndh genes is not lin-
eage specific, suggesting a very recent pseudogeniza-
tion of some ndh genes. The independent degradation
of ndh genes was also found in Cymbidium [44]. In addi-
tion, the loss of the full set of plastid ndh genes in other
photoautotrophic orchids, such as Erycina pusilla [45],
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Holcoglossum [24], P. aphrodite [41], and Vanilla plani-
folia [11], has also been reported in previous studies. Lin
et al. [46] even proposed that the loss of ndh complexes
probably increased the transition of the life history from
photoautotrophic to heterotrophic.

Kim et al. [8] proposed that the ndhF gene strongly
correlated with the IR/SSC junction stability, whereas
the result of Niu et al’s [13] study indicated that the ndh
genes strongly related to the IR/SSC junction stabil-
ity. Though the IR/SSC boundary is different from other
orchids but relatively stable in most Paphiopedilum spe-
cies, we infer that ndhF or ndh is not correlated with the
IR/SSC junction stability at the genus level. The ndhF
gene was lost in all the sequenced species of Paphiope-
dilum, and the five species that lost all 11 functional ndh
genes have stable IR/SSC junctions (Fig. 2). We infer that
there are other underlying mechanisms related to the
structure variations in the genus.

The substitution rates of the chloroplast genes

The substitution rate of the genus is low (dAN=0.0471,
dS=0.1222) and varied among genes, with the dS
value almost three times that of dN (Fig. 5, Table S4).
We detected signals of positive selection in clpP (dN/
dS=1.6561), psbH (dN/dS=1.0318), and psbZ (dN/
dS=1.5768). In several angiosperm lineages, such as
Acacia and Inga [26], Passiflora [29], and Silene [47],
positive selection of clpP, which is involved in protein
metabolism, has been identified. Two other positively
selected genes are involved in photosynthesis: psbH was
under positive selection in the shade tolerant Oryza [48],
and psbZ showed positive selection in Rhododendron
pulchrum [49].

Previous studies have revealed that genes in the IR
region have lower substitution rates than genes in the
SC region [30, 50, 51]. Genes in the IR region also have
relatively lower substitution rates compared to SC region
genes in orchids [25]. Unexpectedly, ycfI moved to the IR
region but still had a high substitution rate (AN =0.0821,
dS=0.1140), and its substitution rate is higher than that
the other genes in the IR region. Even psaC (AN=0,
dS=0.0825) and rpsI5 (dAN=0.0388, dS=0.1183),
which transferred to the IR region, have higher diver-
gence than the other genes in the IR region. Furthermore,
ccsA (AN =0.0932, dS=0.2543) and rpl32 (AN =0.1222,
dS=0.3193) were mostly retained in the SSC region
and have higher divergence than other genes in the SSC
region (Fig. 5). Weng et al. [8] found similar phenomena
in Pelargonium, where the expanded IR genes in plastid
genomes did not have lower substitution rates. Interest-
ingly, the divergence of photosynthesis-related genes
is relatively lower than the divergence of other genes
(Fig. 5).
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Conclusion

Analysing the chloroplast genome is a key way to study
the molecular evolution of orchids. However, previ-
ously published orchid studies mainly focused on het-
erotrophic species and the subfamily Epidendroideae.
We used comparative chloroplast genome sequences to
reveal the evolutionary history of Paphiopedilum. The
genome size of Paphiopedilum is slightly larger than
that of other angiosperm, and all the species in Paphio-
pedilum experienced IR expansion and SSC contrac-
tion. The expansion of the IR region ranged from ~7 kb
to~12 kb, and the IR expansion in Paphiopedilum is
associated with the transfer of former SSC genes to the
IR region. The comparison of plastomes showed that IR
expansion and ndh loss contributed to the size varia-
tion in the genus. Because of the variation in the IR/SSC
boundaries, the SSC region of Paphiopedilum chloro-
plast genomes showed massive variation in length and
gene content. Paphiopedilum provides the best oppor-
tunity to study the dynamics of chloroplast genome
evolution and to test the rate of heterogeneity related
to the variation in the IR/SSC boundaries. Though
genome rearrangement is mainly reported in the mito-
chondrial genome (e.g. [52]), this study provides evi-
dence of highly active genome rearrangements in the
SSC regions of Paphiopedilum with dense sampling.
The ndh genes of Paphiopedilum experienced varying
degrees of degradation, and five species have lost/pseu-
dogenized all 11 ndh genes. However, the mechanisms
underlying the loss/pseudogenization of these genes
are unknown. This study sheds light on the tempo and
mode of evolutionary changes that occurred in the chlo-
roplast genomes across Paphiopedilum and provides a
good example of how to study the chloroplast genome
evolution of Orchidaceae.

Methods

Taxon sampling and library construction

Plant materials sequenced in this study were collected
from the National Orchid Conservation & Research
Center of Shenzhen (NOCC) (Table S1), including four
species downloaded from GenBank. A total of 81 sam-
ples representing 63 species and covering seven major
clades of Paphiopedilum, four natural hybrids and one
man-made hybrid were also included. Based on previ-
ous phylogenetic studies, P. longifolium was chosen as the
outgroup.

Total genomic DNA was extracted from fresh leaves
using the CTAB method [53]. Paired-end libraries with
350 bp inserts were constructed for this study, and
sequencing was performed at Novogene (Beijing, China)
on the Hiseq platform (150 bp). And we obtained 20 G of
raw data for each sample.
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Sequence assembling and annotation

High-quality filtered paired-end reads were fil-
tered in CLC Genomics Workbench v.10.1.1 (https://
www.qiagenbioinformatics.com/) reference to pub-
lished plastomes, and then de novo assembled using
CLC Genomics Workbench v.10.1.1 (with differ-
ent word sizes and bubble sizes) or NOVOPlasty3.5
(K-mer=39, rbcL from P. armeniacum was used as
the seed sequence) [54]. The assembled contigs were
merged in Geneious v.11.1.2 (Biomatters, Inc.) to build
draft plastomes. We then mapped reads to draft plas-
tomes in Geneious v.11.1.2 to check the ambiguous
regions. Annotation of the plastomes was performed
in Geneious v.11.1.2 (Biomatters, Inc.) coupled with
manual corrections.

Plastome maps were generated with Organel-
larGenomeDRAW [55]. The boundaries of IR and SC
regions were defined by REPuter [56] with default set-
tings. We calculated GC content in Geneious v.11.1.2.
Then, changes in genome structure were visualized using
progressive Mauve [57] with IRa removed. Protein cod-
ing regions (CDS), rRNA, tRNA, intergenic spacers
(IGS), and intron sequences were extracted and aligned
to generate original CDS, rRNA, tRNA, IGS, and intron
alignments.

Phylogenetic analysis

For phylogenetic analyses, 68 protein-coding gene
sequences (ndhB included), four rRNA gene sequences,
30 tRNA gene sequences, and 87 intergenic spacer
regions (Tables S2, S5) were aligned with Muscle
v3.8.1551 [58] with default settings and refined manu-
ally. The poorly aligned regions of IGS and introns were
removed with Gblocks v 0.91b [59] with default settings,
except with gaps allowed in up to half of sequences.
Then, they were concatenated into different datasets. We
obtained three concatenated datasets: 1) protein-coding
sequences (CDS) and rDNA; 2) intergenic spacer (IGS),
intron, and tRNA; and 3) whole plastomes (CDS+IGS +
intron +rRNA + tRNA).

Maximum likelihood (ML) trees were inferred from
RAXml 8.2.4 [60] under the GTRGAMMA model with
1000 bootstrap replicates. Bayesian inferences (BI) were
performed with MrBayes [61]. PartitionFinder v2.1.1 [62]
was used to determine the optimal partitioning schemes
with pre-defined partitioning by genes/intergenic-spac-
ers under corrected Akaike Information Criterion (AICc)
and greedy search. The partitioning schemes were used
in the following analyses. For the Bayesian inference,
one cold and three incrementally heated Markov chain
Monte Carlo (MCMC) chains were run for 10,000,000
cycles and repeated twice to avoid spurious results. One
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tree per 1000 generations was sampled, with a burn-in of
the first 2500 samples for each run.

Nucleotide substitution rate analyses

We used the CODEML programme in PAML v. 4.9
(model =0) [63] to calculate the average nonsynonymous
substitution rate (dN) and synonymous substitution
rate (dS) for 67 protein coding genes by the F3X4 codon
model. Gapped regions were excluded for rate estimation
(cleandata=1). The ML tree inferred from whole plas-
tome was used as the input tree.

Correlation analysis

Correlation between IR length and SCC length were calcu-
lated in RStudio version 1.4.1106 [64]. The cor.test function
was used for assessing p-values with Pearson’s correlation test.
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