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Abstract
Earlier research has revealed that the ndh loci have been pseudogenized, truncated, or

deleted from most orchid plastomes sequenced to date, including in all available plastomes

of the two most species-rich subfamilies, Orchidoideae and Epidendroideae. This study

sought to resolve deeper-level phylogenetic relationships among major orchid groups and

to refine the history of gene loss in the ndh loci across orchids. The complete plastomes of

seven orchids,Oncidium sphacelatum (Epidendroideae),Masdevallia coccinea (Epiden-
droideae), Sobralia callosa (Epidendroideae), Sobralia aff. bouchei (Epidendroideae),
Elleanthus sodiroi (Epidendroideae), Paphiopedilum armeniacum (Cypripedioideae), and

Phragmipedium longifolium (Cypripedioideae) were sequenced and analyzed in conjunc-

tion with all other available orchid and monocot plastomes. Most ndh loci were found to be

pseudogenized or lost inOncidium, Paphiopedilum and Phragmipedium, but surprisingly,

all ndh loci were found to retain full, intact reading frames in Sobralia, Elleanthus andMas-
devallia. Character mapping suggests that the ndh genes were present in the common

ancestor of orchids but have experienced independent, significant losses at least eight

times across four subfamilies. In addition, ndhF gene loss was correlated with shifts in the

position of the junction of the inverted repeat (IR) and small single-copy (SSC) regions. The

Orchidaceae have unprecedented levels of homoplasy in ndh gene presence/absence,

which may be correlated in part with the unusual life history of orchids. These results also

suggest that ndhF plays a role in IR/SSC junction stability.
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Introduction
With over 25,000 species, Orchidaceae are one of the two largest families of angiosperms,
exceeded only perhaps by Asteraceae [1]. Although molecular phylogenetic analyses over the
past two decades have brought much of the deeper-level relationships of Orchidaceae into
focus [2–6], these studies have relied primarily on ITS and a handful of plastid loci such as
trnL-F and ycf1 ([7] and references therein), and many deep-level relationships (e.g., among
tribes of Epidendroideae) remain unclear. The potential of whole plastome sequences for
resolving relationships of orchids is as yet only poorly explored [8].

Five monophyletic subfamilies are now recognized in Orchidaceae, with the following rela-
tionships: (Apostasioideae, (Vanilloideae, (Cypripedioideae, (Orchidoideae, Epidendroi-
deae)))) [7]. Apostasioideae (Apostasia Blume and Neuwiedia Blume) are sister to all other
orchids and are divergent in molecular data and flower structure [9]. Vanilloideae consist of 15
genera and about 180 species, belonging to the tribes Pogonieae and Vanilleae. Cypripedioi-
deae show a number of synapomorphies such as a deeply saccate labellum, two fertile stamens,
a shield-like staminode, and a synsepal composed of the fused lateral sepals. The subfamily is
composed of five genera including 176 species that are found in a variety of habitats [10, 11].
The remaining two subfamilies, Orchidoideae and Epidendroideae, comprise the bulk of spe-
cies richness in the family. Orchidoideae are comprised of 208 genera and four tribes—Codo-
norchideae, Cranichideae, Diurideae, and Orchideae [7]. Epidendroideae is the largest
subfamily in Orchidaceae, with approximately 659 genera, many of which have greatly changed
in generic circumscription over recent years. Sixteen tribes are recognized within Epidendroi-
deae in the most recent revision of Orchidaceae classification [7].

The plastome of land plants generally contains 30–50 different RNA genes and about 100
protein-coding genes [12]. It is highly conserved in gene order and content with a typical circu-
lar form [13]. Data from complete plastomes are now widely utilized in phylogenetic studies of
plants, where they have helped resolve deep-level relationships among major lineages and have
revealed patterns of plastome structural evolution, including rare but extensive rearrangements
and gene loss, as for example the loss of the entire ndh gene family [8, 14–24].

Early attempts at sequencing ndhF in orchids revealed that the gene has been pseudogenized
or lost in numerous orchid taxa [6, 25], causing orchid systematists to abandon ndhF as a phy-
logenetic marker in favor of other plastid genes such as rbcL andmatK. Subsequent complete
plastome sequences of various photosynthetic and non-photosynthetic orchids revealed that all
11 ndh loci were lost or pseudogenized in nearly all of the plastomes [8, 14, 26–36], suggesting
that the loss of ndh loci occurred early in the evolutionary history of the family. However,
recent work has documented the presence of full-length plastid copies of all ndh loci in several
orchid lineages, includingMasdevallia picturata Rchb.f. [8], Calanthe triplicata (Willemet)
Ames [37] (Epidendroideae), Goodyera fumata Thwaites [8],Habenaria pantlingiana Kraenzl.
[8] (Orchidoideae), Cypripedium formosanumHayata [8], and Cypripedium japonicum Thunb.
[23] (Cypripedioideae), and Apostasia wallichii R. Br. (Apostasioideae) [19]. These results
strongly imply that the ndh genes were present in the common ancestor of Orchidaceae but
have been lost independently in multiple lineages of orchids [8].

The ndh genes encode subunits of the NADH dehydrogenase-like complex, which mediates
cyclic electron flow around Photosystem I and facilitates chlororespiration [8, 38], but they
have been found to be dispensable for plant growth under optimal growth conditions [39].
Using complete plastome sequencing, the ndh loci have also been found to be absent from sev-
eral other lineages of land plants, particularly from groups with unusual trophic status. For
example, the ndh loci are absent from parasitic plants such as Orobanchaceae and Cuscuta
(Convolvulaceae) [17, 40, 41], from mycoheterotrophs such as Petrosavia (Petrosaviaceae)
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[42], and from plastomes that have undergone extensive rearrangement such as Erodium (Ger-
aniaceae) [43]. The ndh loci have also been lost from other photosynthetic seed plants as well,
such as Gnetales, conifers, and Najas (Hydrocharitaceae) [44–47].

To date, 32 complete orchid plastomes have been reported for Orchidaceae [8, 14, 26–37].
All but eight of these plastomes [the exceptions being one Vanilloideae, four Cypripedioideae
and three Orchidoideae plastomes] are from Epidendroideae, one of the most species-rich and
diverse subfamilies that includes many epiphytic and some terrestrial and mycoheterotrophic
orchids. Additional plastome data from a broader phylogenetic sampling of subtribes is essen-
tial to understand the evolutionary history of orchids and the orchid plastome. Here we
describe and analyze the complete plastomes of seven orchids, with a focus on characterizing
patterns of ndh gene family retention and loss across Orchidaceae. We also document a corre-
lation between the loss of ndh loci (particularly ndhF) and the positional instability of the
inverted repeat (IR)/small single-copy (SSC) region boundary. To contextualize patterns of
ndh gene loss and to refine estimates of phylogenetic relationships among orchids, we extracted
all 79 protein-coding genes from these seven plastomes and all other currently sequenced
orchid plastomes, and included them in a phylogenetic analysis of 117 angiosperm taxa,
including all available monocot plastomes.

Materials and Methods

Taxon sampling, DNA extraction and sequencing
We sequenced the complete plastomes of the following seven orchid species:Oncidium sphacela-
tum Lindl. (W.M.Whitten 3467, Epidendroideae: Cymbidieae),Masdevallia coccinea Linden ex
Lindl. (W.M.Whitten 3569, Epidendroideae: Epidendreae), Sobralia callosa L.O.Williams (W.M.
Whitten 3275, Epidendroideae: Sobralieae), Sobralia aff. bouchei (K.Neubig 208, Epidendroideae:
Sobralieae), Elleanthus sodiroi Schltr. (K.Neubig 246, Epidendroideae: Sobralieae), Paphiopedilum
armeniacum S.C. Chen & F.Y.Liu (W.M.Whitten 3315, Cypripedioideae) and Phragmipedium
longifolium (Warsz. & Rchb.f.) Rolfe (W.M.Whitten 2804, Cypripedioideae). All species were
sampled from greenhouse material at the University of Florida, and were originally acquired from
botanical gardens under CITES permits except for P. armeniacum, which was sampled under
USDA/APHIS authorization frommaterial rescued from illegal importation. Voucher specimens
were deposited in the herbarium of the Florida Museum of Natural History (FLAS). A total of
116 plastome sequences, including six basal angiosperm outgroups, as well as the plastid coding
regions of Apostasia wallichii (74 genes, HQ180402–HQ183419) were downloaded from Gen-
Bank for inclusion in phylogenetic analyses (S1 Table), resulting in a final matrix of 124 taxa.

The plastomes of Elleanthus sodiroi and Paphiopedilum armeniacum were sequenced using
a genome skimming approach [48] on an Illumina MiSeq, yielding 28,226,982 and 24,626,728
reads, respectively. Assemblies of both plastomes were performed in Geneious 7.1.8 (Biomat-
ters Ltd., Auckland, New Zealand). Read ends were trimmed with an error probability limit of
0.01 (i.e. end regions with more than 1% chance of an error per base were trimmed). For each
library, reads were aligned to previously sequenced orchid plastomes using the Geneious
assembler with medium-low sensitivity. Assembled reads were then de novo assembled using
the Geneious assembler, with zero mismatches and gaps allowed among reads. The reads were
then re-aligned to the resulting de novo contigs with zero mismatches and gaps, with 100 itera-
tions. The resulting contigs were then de novo assembled, using the circularize contigs and
matching ends options. The remaining five plastomes were sequenced from chloroplast isola-
tions on a 454 GS FLX at the University of Florida Interdisciplinary Center for Biotechnology
Research. Chloroplast isolation, sequencing, assembly, and Sanger-based gap closure for these
five plastomes followed the protocols outlined in [49, 50].
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Plastomes were annotated using DOGMA [51], Geneious 7.1.8 [52], and tRNAscan-SE
[53], with comparisons to all published orchids and other monocot plastid genomes. The exact
positions of genes were further confirmed using local BLAST searches against representative
monocot plastomes (including orchids) deposited in the NCBI Genome database. Summary
statistics for sequencing and plastome characteristics for the seven newly reported plastomes
are provided in Table 1.

Phylogenetic analyses
The sequences of all 79 plastid protein-coding genes (S2 Table) were extracted from all 124
plastomes and were translated and aligned with MAFFT [54] using the following parameters:
genetic code = standard, translation frame = 1, scoring matrix = BLOSUM62, and gap open
penalty = 1.53.

The GTR + Γ and GTR + I + Γmodels were compared using PartitionFinder v1.1.1 [55, 56]
for the total data set partitioned by gene. Maximum likelihood (ML) analyses were performed
on the unpartitioned data set as well as the partitioned data using RAxML Black Box [57, 58] as
implemented in the CIPRES SCIENCE Gateway [59]. For both ML analyses, 100 bootstrap rep-
licates were completed using RAxML. Bayesian analysis was performed using MrBayes [60]
under the GTR + I + Γmodel (ngen = 1,000,000, samplefreq = 200, burninfrac = 0.25) based
on the unpartitioned data. The average standard deviation of split frequencies was used to
determine whether stationarity was reached among replicates.

Character reconstructions of ndh gene status in Orchidaceae
For all 42 Asparagales plastomes in our data set, all ndh genes were scored as belonging to one
of the following four classes: 1) present (i.e., full-length and in frame), 2) pseudogenized (i.e.,
stop codons induced by small frame shifts), 3) truncated (> 10% of the typical gene length
deleted) and 4) completely deleted. To explore the effects of different patterns of gene loss
across the ndh loci, we created two different character step matrices for parsimony optimiza-
tion. In the first step matrix, the four character states were treated as a directional series from 1
! 4, such that any character state change in the “forward” direction (e.g., from 1! 2, or from
3! 4, or from 1! 4) required only 1 step, whereas the second step matrix incorporated a pro-
gressive series from 1! 2! 3! 4; i.e., complete gene loss required first progressing through
pseudogenization and truncation. Because reversals from a non-functional or deleted ndh gene
(states 2–4) to a functional, in-frame gene (state 1) are unlikely due to the fact that horizontal
gene transfer is essentially unknown in angiosperm plastomes [14], any change in the “reverse”
direction required 5 steps in either step matrix. In this manner, reversals were heavily penalized
but not impossible. All character state reconstructions were performed in Mesquite v. 3.02
(build 681) [61] using the best ML tree topology.

Results

Phylogenetic relationships
The final data set consisted of 84,414 characters, of which 43,746 characters were constant and
parsimony-uninformative, 12,162 characters were variable and parsimony-uninformative, and
28,506 characters were parsimony-informative. ML (including partitioned and unpartitioned
analyses) and Bayesian analyses recovered the same tree topology (Fig 1). The monophyly of
all orders in the monocots was strongly supported (Fig 1). Asparagales were sister to the clade
of Poales + Zingiberales + Arecales + Dasypogonaceae. Within the Asparagales, the Orchida-
ceae were strongly supported as monophyletic and were sister to a strongly supported clade of
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Table 1. Summary statistics for the seven newly generated orchid plastomes.

Elleanthus
sodiroi

Masdevallia
coccinea

Oncidium
sphacelatum

Paphiopedilum
armeniacum

Phragmipedium
longifolium

Sobralia aff.
bouchei

Sobralia
callosa

Sequencing
platform

MiSeq 454 GS FLX 454 GS FLX MiSeq 454 GS FLX 454 GS FLX
Titanium

454 GS FLX
Titanium

Number of plastid
reads

237,687 22,498 7,689 383,904 22,018 44,795 97,492

Average coverage 296.7x 32.9× 12.0× 308.1x 33.5× 161× 211×

Total length (bp) 161,511 157,423 147,761 162,682 151,157 161,543 161,430

LSC (bp) 88,425 84,957 83,575 91,942 88,367 88,684 88,666

IR (bp) 27,103 27,009 25,758 33,536 24,862 27,012 26,985

SSC (bp) 18,880 18,448 12,670 3,668 13,066 18,835 18,794

GC % 37.1 36.8 37.1 35.4 36.1 37.1 37.1

Coding region % 56.5 57.9 53.3 56.1 52.4 56.5 56.5

Intron region %
(including rps12

intron 2)

12.8 12.8 11.6 11.2 12.3 12.9 12.9

Intergenic spacer % 30.7 29.4 35.1 32.7 35.3 30.6 30.7

LSC, large single-copy region; IR, inverted repeat; SSC, small single-copy region

doi:10.1371/journal.pone.0142215.t001

Fig 1. Maximum likelihood tree of monocots generated from 79 plastid coding gene sequences (based on both partitioned and unpartitioned data),
with support values indicated. An asterisk on a branch means that it was supported by 100% bootstrap value (BP) in the RAxML trees and a Bayesian
posterior probability of 1.00.

doi:10.1371/journal.pone.0142215.g001
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Eustrephus latifolius R.Br. (Asparagaceae) and the anomalously placed Cypripedium
macranthos Sw. (Orchidaceae; RefSeq accession number NC_024421). In response to the
anomalous placement of C.macranthos, we conducted BLAST searches ofmatK, ndhF, and
rbcL from NC_024421, which revealed a high sequence similarity (> 99.7% identity) to
sequences from species ofHosta Tratt. (Asparagaceae). These data suggest that the NCBI com-
plete plastome for C.macranthos is likely incorrectly labeled taxonomically. Consequently, “C.
macranthos” was treated as a member of Asparagaceae in downstream analyses and was rela-
beled with the RefSeq accession number for the purposes of the present study.

Relationships within Orchidaceae were also generally well-supported (Fig 1). The mono-
phyly of all subfamilies and tribes was well supported in the ML and Bayesian trees, with only
two branches in the family receiving < 100% bootstrap and< 1.0 Bayesian posterior probabil-
ity (Fig 1): the branch uniting Epidendroideae (15% / 0.89), and the branch uniting Vandeae
and Cymbideae (88% / 1.0).

Plastome structure and ndh loss
All seven newly sequenced orchid plastomes were found to possess the typical quadripartite
angiosperm plastome organization and gene arrangement (Fig 2). Summary statistics for each
plastome are provided in Table 1. The total length of the seven plastomes varied from 147.7 kb
to 162.7 kb, with differences in total length largely due to differences in IR length and the pres-
ence or absence of ndh loci (Table 1, Fig 3). The effect of ndh gene loss on overall length was
most pronounced in the small single-copy (SSC) regions, where 7 of 11 ndh genes are located.
The GC content of these plastomes varied from 35.4 to 37.1% (Table 1). Gene content among
the genomes was the same except with respect to the ndh gene family. All ndh genes possessed
full reading frames in Sobralia callosa, Sobralia aff. bouchei, Elleanthus sodiroi andMasdevallia
coccinea. In contrast, the ndh genes exhibited varying degrees of loss in Oncidium sphacelatum,
Paphiopedilum armeniacum and Phragmipedium longifolium, with> 50% of the total com-
bined length of all 11 ndh loci lost in each of these three taxa (Fig 3). In the O. sphacelatum
plastome, only ndhE possessed a full reading frame; the ndhF locus was deleted and all other
ndh genes were either pseudogenized and/or possessed significant indels, suggestive of func-
tional gene loss. Five and six of the ndh genes were found to be deleted in the P. armeniacum
and P. longifolium plastomes, respectively. All other ndh loci in these two plastomes were pseu-
dogenized or truncated by significant indels (Fig 3).

Character state reconstructions of ndh gene status across orchids revealed a complex pattern
of independent gene loss and pseudogenization (Fig 4). The two alternative reconstructions of
gene loss did not differ significantly in their overall patterns, although minor differences in the
positions of some events were inferred in the clade of Cymbidium, Oncidium, Erycina, and
Phalaenopsis. The total number of required changes was substantially lower (steps across all 11
ndh loci) under the first step matrix (156 steps, Fig 4A) compared to the second step matrix
(261 steps; Fig 4B).

No evidence of loss or pseudogenization at any ndh locus was detected in 10 of the 39 orchid
plastomes in our data set, including all taxa of Cypripedium, Calanthe,Habenaria, Goodyera,
Elleanthus, Sobralia, andMasdevallia. In addition, no loss or pseudogenization was evident in
the 11 individual ndh gene sequences for Apostasia walllichii; however, it is important to note
that only coding sequences have been submitted to GenBank for this taxon, and in some cases
small portions of the 50 or 30 ends of the ndh genes are missing because they were not
sequenced and were hence unavailable for our analyses. Phylogenetically, these 11 taxa that dis-
played no evidence of ndh loss or pseudogenization were scattered throughout Orchidaceae
and included representatives of four of the five subfamilies of orchids (Fig 4).

Rampant ndhGene Loss in Orchids
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Fig 2. Map of the seven newly sequenced orchid plastomes.Genes are distinguished by colors based on their function. An asterisk indicates a gene with
an intron. The direction of transcription is clockwise for genes on the inside of the circle, and counterclockwise for genes on the outside.

doi:10.1371/journal.pone.0142215.g002
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In contrast, all or nearly all ndh loci were found to have been deleted, truncated, and/or
pseudogenized in all other orchid plastomes in our data set. Character state optimization
revealed that the ndh gene family was present in the ancestor of Orchidaceae but experienced
independent, significant losses (where loss is defined as possessing a nucleotide sequence indic-
ative of producing a non-functional protein, or no protein) a minimum of eight times in Orchi-
daceae, and perhaps as many as ten times: (1) in the ancestor of Cymbidium, Oncidium,
Erycina, and Phalaenopsis [the reconstructions under step matrix 1 (Fig 4A) suggest the possi-
bility of three independent losses of the ndh loci in this larger clade, specifically in the ancestor
of Cymbidium, the ancestor of Erycina and Oncidium, and the ancestor of Phalaenopsis]; (2) in
Cattleya; (3) in the ancestor of Corallorhiza; (4) in Dendrobium; (5) in the ancestor of Epipo-
gium and Neottia; (6) in Rhizanthella; (7) in the ancestor of Paphiopedilum and Phragmipe-
dium; and (8) in Vanilla. In all eight of these instances of ndh loss, four or more of the ndh
genes have experienced significant deletions or total loss (Fig 4). The mycoheterotrophic
orchids Epipogium, Neottia and Rhizanthella experienced the most extreme ndh gene losses,
with all ndh genes lost in Epipogium and only two and four partially remaining ndh loci in Rhi-
zanthella and Neottia, respectively. In contrast, the least extreme ndh losses were evident in
Cymbidium, in which all or nearly all genes were pseudogenized; i.e. no or only a handful of
significant deletions were detected (Fig 4).

Fig 3. ndh gene length variation among orchid plastomes.Numbers within cells refer to gene or pseudogene lengths. Key to colored cells: white—full-
length, in frame; yellow—pseudogenized (very short, frame-shift inducing indels); blue—truncated (significant indels); red—completely deleted. The lengths
of ndhA and ndhB include their introns. Taxa are presented in the same order as in Fig 4. Gene lengths are not provided for Apostasia wallichii because in
some cases, small portions of the 50 or 30 ends of the genes were not sequenced and were hence unavailable in GenBank; likewise, only coding sequences
were available (no introns were included) for the two intron-containing ndh loci [19].

doi:10.1371/journal.pone.0142215.g003
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Fig 4. Character reconstructions of ndh gene loss and pseudogenization events, mapped onto the Orchidaceae portion of the ML tree from Fig 1.
The insets show graphical representations of the step matrices used in the character reconstructions; see text for details. Taxa are presented in the same
order as in Fig 3.

doi:10.1371/journal.pone.0142215.g004
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We compared the locations of the IR/single-copy region junctions among 37 orchid plas-
tomes and those of the two most closely related taxa of Asparagales (Fig 5). The complete Apos-
tasia wallichii plastome is unpublished and hence was unavailable for comparison, and the IRs
in the two complete Epipogium plastomes are highly truncated along with the rest of the plas-
tome (total plastome length of 30.7 kb in E. aphyllum and 19.0 kb in E. roseum) [62], and thus
were not included in comparisons. Within Orchidaceae, all plastomes with full, in-frame copies
of ndh loci as well as those with the least amount of ndh loss (i.e., Cymbidium) possessed the
typical approximate IR boundaries observed in angiosperms; for example, in all cases, the SSC/
IRB junction was located at the extreme 30 end of ndhF, whereas the SSC/IRA junction was
located approximately 1 kb downstream of the 50 end of ycf1. In contrast, substantial variation
in the positions of the SSC/IR junctions was observed in taxa with more advanced degrees of
ndh loss (Fig 5). In nearly all cases of independent loss of ndhF, the SSC/IRB junction was
located in the spacer region adjacent to rpl32, ranging from 43 to 847 bp away from the start of
rpl32. In almost all cases of severe truncation or loss of ndhF, the SSC/IRA junction experienced
a shift toward the 50 end of ycf1 or to a highly anomalous position entirely outside of ycf1 (the
latter position was observed in Vanilla, Rhizanthella, and Paphiopedilum; Fig 5). In most
instances, this shift was substantial: movement of the SSC/IRA junction to a position within
300 bp of the start of ycf1 was common, and in Phalaenopsis the junction shifted to a position
just upstream of ycf1 (Fig 5). Only in some species of Corallorhiza was a shift in the SSC/IRB

toward the start of ycf1 detected in association with the loss of ndhF, and even in these
instances the position of the SSC/IRB junction varied by 400 bp among species. The shift of the
SSC/IRA junction was most dramatic in Paphiopedilum. Here the IR expanded to include all of
φycf1, rps15, psaC, and φndhD, resulting in an anomalously large 33.5 kb IR. A similar set of
unusual IR boundary shifts occurred in Vanilla, leading to all of φycf1, φrps15, trnL-UAG, and
a portion of ccsA being included in the IR (Fig 5).

In contrast to the instability of the IR/SSC boundaries in ndh-lacking taxa, the IR/LSC
boundaries were found to be relatively stable (Fig 5). In almost all orchids, the LSC/IRB junc-
tion was found to be near the start of rpl22, the only exceptions being the highly reduced plas-
tomes of Rhizanthella (in which rpl22 is deleted) and Neottia, and inMasdevallia picturata, in
which the junction has shifted to near the start of rps19 (Fig 5). The LSC/IRA junction also
occupied its typical monocot position near the 30 end of psbA in all orchids except the mycohe-
terotrophic Neottia and Rhizanthella (Fig 5).

Discussion

Phylogenetic relationships within Orchidaceae
Our phylogenetic analyses reveal strong support for nearly all branches of Orchidaceae, most
notably along the backbone of Epidendroideae, which has not been strongly supported in pre-
vious analyses based on fewer genes (e.g., [63]). Only the placement of Phalaenopsis as sister to
Cymbideae has less than full bootstrap and Bayesian support (Fig 1). The relationships among
all of the subfamilies and many of the tribes of Orchidaceae included in our analyses are largely
congruent with recent studies [7], although a handful of differences are evident in tribal rela-
tionships. Neottieae and Sobralieae are successively sister to remaining Epidendroideae, in
agreement with previous studies (e.g., [2, 9, 63]). However, the position of Epidendreae as sister
to Vandeae + Cymbidieae in the plastome phylogeny (Fig 1) differs from its position in previ-
ous phylogenies. For example, in the 7-locus phylogeny of Freudenstein and Chase [63], Epi-
dendreae was sister to Cymbidieae but with only weak support, whereas in Chase et al. [7] it is
placed as sister to Vandeae. The differences observed between previous studies and our own
are likely due to the great disparities in number of characters and taxa included [64]. Even
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Fig 5. Comparison of IR boundaries among 37 orchid plastomes and Asparagaceae outgroups. The complete Apostasia plastome is unpublished and
hence unavailable for comparison, and the IRs in the two complete Epipogium plastomes are highly truncated along with the rest of the plastome (total
plastome length of 30.7 kb in E. aphyllum and 19.0 kb in E. roseum), and thus are not shown here.

doi:10.1371/journal.pone.0142215.g005
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though our matrix is character-rich and hence may be less prone to error induced by individual
genes [65], we must emphasize that our taxon sampling is highly incomplete, and it is possible
that additional plastome sequences from poorly sampled and/or unsampled tribes and sub-
tribes may result in topological changes. Moreover, the pseudogenization and/or absence of
numerous loci from the mycoheterotrophic orchids Corallorhiza, Epipogium, Neottia, and Rhi-
zanthella [28–30] result in relatively large amounts of missing data for these taxa. The addition
of more closely related photosynthetic relatives of these lineages may also influence the posi-
tions of major orchid groups, although we emphasize that their positions in the current tree are
congruent with their positions in previous analyses.

ndh gene deletions and IR boundaries in Orchidaceae
Among 84 currently available non-Orchidaceae monocot plastomes, only two (Najas flexilis
and Petrosavia stellaris) have lost all ndh genes. These losses in the plastome of Najas flexilis
have been suggested to result from adaptation to submerged environments [47] and those of
Petrosavia stellaris [42] are attributable to its nonphotosynthetic lifestyle. In contrast to the rest
of monocots, ndh gene losses have been frequent throughout Orchidaceae, and have occurred
in both nonphotosynthetic and photosynthetic lineages.

Our results strongly imply that the ancestral orchid plastome possessed full ORFs for all
ndh genes and that, surprisingly, the ndh gene family has experienced at least eight indepen-
dent, significant losses throughout the Orchidaceae, occurring across at least four of the five
subfamilies (Vanilloideae, Cypripedioideae, Orchidoideae and Epidendroideae). The seemingly
chaotic pattern of pseudogenization, deletion, and truncation of the ndh loci among orchids
(Fig 5) further supports our interpretation of homoplastic loss of this gene family at differing
times in different lineages. For example, among the achlorophyllous, mycoheterotrophic
orchids, the deletion of ndh loci is more advanced in Epipogium, Neottia and Rhizanthella
compared to Corallorhiza, suggesting that perhaps the loss of these loci occurred earlier in the
ancestor of these genera than it did in the ancestor of Corallorhiza [30]. In addition, the gene
losses of Corallorhiza with non-visible green tissue (C.macrantha, C.mertensiana and C. stri-
ata var. vreelandii) were not significantly higher than those of Corallorhiza with at least some
visible green tissue (C. odontorhiza, C. wisteriana, C. bulbosa and C. trifida), suggesting that
gene loss may not be entirely correlated with loss of photosynthesis in Corallorhiza.

Among photosynthetic orchids, patterns of gene loss are also inconsistent, both across the
Orchidaceae and at lower taxonomic levels. For example, among lineages that have lost all or
most of the ndh loci, ndhE has been truncated or deleted in Erycina, Phalaenopsis, Paphiopedi-
lum, Phragmipedium and Vanilla but is full length in Oncidium, Cymbidium and Cattleya, and
is also in frame (although 21 bp shorter than normal) in Dendrobium (Fig 3). Within Cymbid-
ium, which is the only genus of orchids with complete plastomes of several species available,
different ndh genes have been pseudogenized in different lineages, while other ndh genes retain
full reading frames in different lineages (Figs 3 and 5), all of which suggests a more recent loss
of the ndh complex in the ancestor of Cymbidium and/or partial retention of some loci in the
genus. The complex patterns revealed here suggest that further complete plastome sequencing
of other major lineages among the earlier-diverging lineages of Orchidaceae, including Neuwie-
dia and Vanilloideae may uncover additional losses and/or retention of the ndh gene family.

Although it is perhaps to be expected that the ndh loci would be lost independently from
distantly related achlorophyllous orchids such as Rhizanthella gardneri, Neottia nidus-avis, and
some Corallorhiza, the homoplastic loss of the ndh family from photosynthetic Orchidaceae
(Phragmipedium, Phalaenopsis, etc.) is surprising. This repeated loss may be explained by the
transfer of ndh gene expression to the nuclear genome, as has occurred occasionally for some
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plastome genes in other angiosperms [13]. Chang et al. [26] found in-frame sequences of ndhA,
ndhF, and ndhH in the nuclear genome of Phalaenopsis aphrodite and concluded that the ances-
tral functional ndh copies of the plastome had been transferred to the nuclear genome. The first
nuclear genome sequence of an orchid, Phalaenopsis equestris, has recently been published [66],
but no full-length, in-frame ndh sequences are apparent among the coding sequences in the
published sequence, which is consistent with the complete loss of chlororespiratory function in
at least some photosynthetic orchids. However, several small to medium-sized ORFs have
regions of 60–500 bp in length with high nucleotide sequence similarity to parts of some ndh
loci (specifically, P. equestris CDS loci PEQU_01618, PEQU_05946, and PEQU_06248 for
ndhB, PEQU_06901 for ndhC, and PEQU_02231, PEQU_21647, and PEQU_37741 for ndhD,
PEQU_31033, PEQU_35083, and PEQU_41119 for ndhF, and PEQU_02231 for ndhK), sug-
gesting that perhaps there have been past transfers of some ndh loci to other parts of the
genome. Moreover, partial transcripts containing pseudogenized portions of most ndh loci are
also present in the P. equestris transcriptome (GenBank TSA accession number
GDHJ00000000.1), including portions of ndhB (GDHJ01026700.1 and GDHJ01034679.1),
ndhC (GDHJ01007613.1 and GDHJ01031579.1), ndhD (GDHJ01051652.1|, GDHJ01051149.1,
and GDHJ01018088.1), ndhF (GDHJ01055803.1), ndhG (GDHJ01011109.1), ndhI
(GDHJ01011109.1), ndhJ (GDHJ01007613.1) and ndhK (GDHJ01007613.1; note that this tran-
script contains portions of ndhC, ndhJ, and ndhK, which form a cistron in angiosperm plas-
tomes). Partial and complete transcripts of some ndh loci have also been detected in whole-cell
transcriptomes of orchids that have lost these loci in the plastomes, including Vanilla planifolia,
Paphiopedilum armeniacum, and Erycina pusilla, and fragments of ndh loci have been found in
the mitochondrial genomes of E. pusilla [8]. In any case, the expression patterns of the ndh loci
have not been assessed in any orchid, regardless of the presence or absence of complete or par-
tial ndhORFs in the plastome or elsewhere, and thus it is not clear whether the ndh genes are
essential for the growth of photosynthetic orchids. Additional genome and transcriptome
sequencing of orchids in key phylogenetic positions may help clarify expression patterns and
possible transfers to the nucleus and/or mitochondrion.

A putative transfer of all ndh loci to the nucleus in the common ancestor of Vanilloideae,
Cypripedioideae, Epidendroideae, and Orchidoideae could help explain the serial loss of the
ndh genes across multiple orchid lineages, because the plastid copies would become unneces-
sary and might be expected to degrade through time. It does not explain, however, why the ndh
loci were retained in Cypripedium, Goodyera,Habenaria,Masdevallia, Sobralia, Elleanthus,
and Calanthe. Across angiosperms, the loss of the ndh loci appears strongly correlated with
changes in trophic status away from full autotrophy, resulting in the loss of chlororespiratory
function (e.g., [38, 67, 68]). Cypripedium, Goodyera,Habenaria, and Calanthe are terrestrial
whereasMasdevallia, Sobralia, and Elleanthus are epiphytes or facultative terrestrials, but col-
lectively these seven genera are unremarkable both ecologically and physiologically compared
to their ndh-lacking photosynthetic relatives. All orchids are parasitic on fungi for germination
and establishment [69], but degree of parasitism and nutritional modes of adult plants vary
widely among and within taxa. Terrestrial orchid species display a continuum of nutritional
modes from autotrophic to mixotrophic to achlorophyllous mycoheterotrophic; orchid plants
usually parasitize ectomycorrhizal associates of nearby forest trees or saprotrophs [70, 71].
Mature, flowering albino (nongreen) individuals can be found in various normally green spe-
cies, including Cephalanthera, Limodorum, and Epipactis [72–74]. In Cymbidium, mycohetero-
trophic plants evolved after the establishment of mixotrophic nutrition rather than directly
from autotrophic ancestors, suggesting that this course would be one of the principal patterns
in the evolution of mycoheterotrophic species [75]. Epiphytic orchids such asMasdevallia and
Sobralia have never been documented to include nongreen mycoheterotrophic species or
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individuals (W. M. Whitten, personal observation) and probably are fully autotrophic at matu-
rity, since they can be cultivated on inorganic substrates and treated with fungicides without
detriment. It may be possible that ndh gene deletion in orchid plastomes was initially associ-
ated with the evolutionary appearance of the unusual mycoparasitism in orchids in some way,
although no causal relationship can be confirmed with the data at hand.

The loss of the ndh loci has likely also led to additional structural changes to orchid plas-
tomes, as evidenced by the apparent strong correlation between ndhF deletion and the instabil-
ity of the IR/SSC junction in Orchidaceae. In all orchid plastomes that have full (Cypripedium,
Goodyera,Habenaria, Sobralia, Elleanthus, Canlanthe andMasdevallia) or nearly complete
(Cymbidium) ndhF ORFs, approximately 1 kb of the 50 end of ycf1 is located within the IR, and
the 30 end of ndhF gene lies very near the SSC/IR junction, as is typical of most angiosperm
plastomes (Fig 5, although this is not seen in one of the two outgroup plastomes, Eustrephus).
In contrast, in most orchid plastomes where ndhF is completely deleted (e.g., Phragmipedium,
Neottia, Corallorhiza, Cattleya, Phalaenopsis, Erycina and Oncidium) or is severely truncated
(Dendrobium), the 50 end of the ycf1 gene occupies varying positions in or out of the IR, with
the portion of the gene within the IR usually significantly shortened compared to plastomes
that contain ndhF (Fig 5). The ndhF-lacking Paphiopedilum and Vanilla have experienced even
more complicated shifts of the IR/SSC boundaries.

Among other lineages of ndh-lacking angiosperms, interpreting IR boundary shifts is
severely complicated by extensive gene loss due to loss of photosynthesis, loss of the IR, and/or
extensive structural rearrangements [40–46]. The ndh-lacking plastome with by far the best
comparability to those of orchids is that of Najas flexilis (Hydrocharitaceae) [47]. Like orchids,
Najas is photosynthetic and has a plastome that possesses the ancestral angiosperm gene order
and has all genes present and functional except for the ndh loci; importantly, ndhF is
completely absent in Najas. Very similar to what is observed in orchids with ndhF loss, the
plastome of Najas has an IR/LSC boundary near the start (36 bp upstream) of rps19 but has
experienced a significant shift of the IR/SSC boundary such that ycf1 is entirely included within
the IR [47]. Given these shared patterns of conserved IR/LSC and shifted IR/SSC boundaries in
Najas and orchids, it seems likely that the loss (and, importantly, not simply the pseudogeniza-
tion) of ndh loci, and ndhF in particular, is responsible for the destabilization of the IR/SSC
junctions in these plastomes.

Conclusions
The complex pattern of ndh gene loss and retention across Orchidaceae, combined with the
unusual trophic strategies of orchids and shifts in the typical plastome IR boundaries, make
this family an attractive system for understanding both ndh gene loss/transfer and IR boundary
movement in angiosperms. The ndh gene family has experienced extensive loss in other angio-
sperm groups as well, typically associated with changes in trophic status and/or extensive plas-
tome structural rearrangements. However, no other angiosperm lineage is known to have
multiple, asynchronous ndh gene family losses coupled with apparent retention in independent
photosynthetic lineages. Furthermore, the apparent correlation between ndhF presence/
absence and the position of the IR/SSC boundary suggests a potential role for this gene in stabi-
lizing the IR/SSC boundary, which is worth exploring further in additional orchid and non-
orchid plastomes.

Supporting Information
S1 Table. GenBank accession information.
(DOCX)

Rampant ndhGene Loss in Orchids

PLOS ONE | DOI:10.1371/journal.pone.0142215 November 11, 2015 14 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142215.s001


S2 Table. List of genes found in the plastomes of the seven orchids sequenced for this
study.
(DOCX)

Acknowledgments
The authors thank two anonymous reviewers for helpful comments that improved the manu-
script, and Angela Roles for helpful discussion.

Author Contributions
Conceived and designed the experiments: NHW JHK JSK. Performed the experiments: HTK
MJM KMNWMW. Analyzed the data: HTK MJM. Wrote the paper: HTK JSK MJMWMW.

References
1. Govaerts R, Dransfield J, Zona S, Hodel D, Henderson A. World Checklist of Orchidaceae. Facilitated

by the Royal Botanic Gardens, Kew. Available: http://apps.kew.org/wcsp/.

2. Cameron KM, Chase MW,WhittenWM, Kores PJ, Jarrell DC, Albert VA, et al. A phylogenetic analysis
of the Orchidaceae: evidence from rbcL nucleotide sequences. Am J Bot. 1999; 86(2): 208–224. PMID:
21680360

3. Albert V. Cladistic relationships of the slipper orchids (Cypripedioideae: Orchidaceae) from congruent
morphological and molecular data. Lindleyana. 1994; 9(2): 115–132.

4. Yukawa T, Ohba H, Cameron KM, Chase MW. Chloroplast DNA phylogeny of subtribe Dendrobiinae
(Orchidaceae): Insights from a combined analysis based on rbcL sequences and restriction site varia-
tion. Journal of Plant Research. 1996; 109(1094): 169–176. doi: 10.1007/Bf02344542

5. Kores P, Cameron K, Molvray M, Chase M. The phylogenetic relationships of Orchidoideae and Spir-
anthoideae (Orchidaceae) as inferred from rbcL plastid sequences. Lindleyana. 1997; 12(1): 1–11.

6. Neyland R, Urbatsch LE. Evolution in the number and position of fertile anthers in Orchidaceae inferred
from ndhF chloroplast gene sequences. Lindleyana. 1996; 11(2): 47–53.

7. Chase MW, Cameron KM, Freudenstein JV, Pridgeon AM, Salazar G, van den Berg C, et al. An
updated classification of Orchidaceae. Bot J Linn Soc. 2015; 177(2): 151–174. doi: 10.1111/boj.12234

8. Lin CS, Chen JJ, Huang YT, Chan MT, Daniell H, ChangWJ, et al. The location and translocation of
ndh genes of chloroplast origin in the Orchidaceae family. Sci Rep. 2015; 5: 9040. doi: 10.1038/
srep09040 PMID: 25761566

9. Kocyan A, Qiu YL, Endress PK, Conti E. A phylogenetic analysis of Apostasioideae (Orchidaceae)
based on ITS, trnL-F and matK sequences. Plant Syst Evol. 2004; 247(3–4): 203–213. doi: 10.1007/
s00606-004-0133-3

10. Cox A, Abdelnour G, Bennett M, Leitch I. Genome size and karyotype evolution in the slipper orchids
(Cypripedioideae: Orchidaceae). Am J Bot. 1998; 85(5): 681–687. PMID: 21684950

11. Pemberton RW. Pollination of slipper orchids (Cypripedioideae): a review. Lankesteriana. 2013; 13:
65–73.

12. De Las Rivas J, Lozano JJ, Ortiz AR. Comparative analysis of chloroplast genomes: functional annota-
tion, genome-based phylogeny, and deduced evolutionary patterns. Genome Res. 2002; 12(4): 567–
583. doi: 10.1101/gr.209402 PMID: 11932241

13. Ruhlman TA, Jansen RK. The plastid genomes of flowering plants. Methods Mol Biol. 2014; 1132: 3–
38. doi: 10.1007/978-1-62703-995-6_1 PMID: 24599844

14. Yang JB, Tang M, Li HT, Zhang ZR, Li DZ. Complete chloroplast genome of the genusCymbidium:
lights into the species identification, phylogenetic implications and population genetic analyses. BMC
Evol Biol. 2013; 13(1): 84. doi: 10.1186/1471-2148-13-84

15. Moore MJ, Soltis PS, Bell CD, Burleigh JG, Soltis DE. Phylogenetic analysis of 83 plastid genes further
resolves the early diversification of eudicots. Proc Natl Acad Sci U S A. 2010; 107(10): 4623–4628. doi:
10.1073/pnas.0907801107 PMID: 20176954

16. Cai ZQ, Guisinger M, Kim HG, Ruck E, Blazier JC, McMurtry V, et al. Extensive reorganization of the
plastid genome of Trifolium subterraneum (Fabaceae) is associated with numerous repeated
sequences and novel DNA insertions. J Mol Evol. 2008; 67(6): 696–704. doi: 10.1007/s00239-008-
9180-7 PMID: 19018585

Rampant ndhGene Loss in Orchids

PLOS ONE | DOI:10.1371/journal.pone.0142215 November 11, 2015 15 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142215.s002
http://apps.kew.org/wcsp/
http://www.ncbi.nlm.nih.gov/pubmed/21680360
http://dx.doi.org/10.1007/Bf02344542
http://dx.doi.org/10.1111/boj.12234
http://dx.doi.org/10.1038/srep09040
http://dx.doi.org/10.1038/srep09040
http://www.ncbi.nlm.nih.gov/pubmed/25761566
http://dx.doi.org/10.1007/s00606-004-0133-3
http://dx.doi.org/10.1007/s00606-004-0133-3
http://www.ncbi.nlm.nih.gov/pubmed/21684950
http://dx.doi.org/10.1101/gr.209402
http://www.ncbi.nlm.nih.gov/pubmed/11932241
http://dx.doi.org/10.1007/978-1-62703-995-6_1
http://www.ncbi.nlm.nih.gov/pubmed/24599844
http://dx.doi.org/10.1186/1471-2148-13-84
http://dx.doi.org/10.1073/pnas.0907801107
http://www.ncbi.nlm.nih.gov/pubmed/20176954
http://dx.doi.org/10.1007/s00239-008-9180-7
http://dx.doi.org/10.1007/s00239-008-9180-7
http://www.ncbi.nlm.nih.gov/pubmed/19018585


17. Funk HT, Berg S, Krupinska K, Maier UG, Krause K. Complete DNA sequences of the plastid genomes
of two parasitic flowering plant species,Cuscuta reflexa andCuscuta gronovii. BMC Plant Biol. 2007; 7:
45. doi: 10.1186/1471-2229-7-45 PMID: 17714582

18. Chumley TW, Palmer JD, Mower JP, Fourcade HM, Calie PJ, Boore JL, et al. The complete chloroplast
genome sequence of Pelargonium x hortorum: organization and evolution of the largest and most
highly rearranged chloroplast genome of land plants. Mol Biol Evol. 2006; 23(11): 2175–2190. doi: 10.
1093/molbev/msl089 PMID: 16916942

19. Givnish TJ, Ames M, McNeal JR, McKain MR, Steele PR, dePamphilis CW, et al. Assembling the tree
of the monocotyledons: plastome sequence phylogeny and evolution of Poales. Ann Mo Bot Gard.
2010; 97(4): 584–616. doi: 10.3417/2010023

20. Steele PR, Hertweck KL, Mayfield D, McKain MR, Leebens-Mack J, Pires JC. Quality and quantity of
data recovered frommassively parallel sequencing: Examples in Asparagales and Poaceae. Am J Bot.
2012; 99(2): 330–348. doi: 10.3732/ajb.1100491 PMID: 22291168

21. Barrett CF, Davis JI, Leebens-Mack J, Conran JG, Stevenson DW. Plastid genomes and deep relation-
ships among the commelinid monocot angiosperms. Cladistics. 2013; 29(1): 65–87. doi: 10.1111/j.
1096-0031.2012.00418.x

22. Henriquez CL, Arias T, Pires JC, Croat TB, Schaal BA. Phylogenomics of the plant family Araceae. Mol
Phylogenet Evol. 2014; 75: 91–102. doi: 10.1016/j.ympev.2014.02.017 PMID: 24594061

23. Kim JS, Kim HT, Kim J-H. The largest plastid genome of monocots: a novel genome type containing AT
residue repeats in the slipper orchid Cypripedium japonicum. Plant Mol Biol Rep. 2014: 1–11. doi: 10.
1007/s11105-014-0833-y

24. Kim HT, Chung MG, Kim KJ. Chloroplast genome evolution in early diverged leptosporangiate ferns.
Mol Cells. 2014; 37(5): 372–382. doi: 10.14348/molcells.2014.2296 PMID: 24823358

25. Neyland R, Urbatsch LE. Phylogeny of subfamily Epidendroideae (Orchidaceae) inferred from ndhF
chloroplast gene sequences. Am J Bot. 1996; 83(9): 1195–1206. doi: 10.2307/2446204

26. Chang CC, Lin HC, Lin IP, Chow TY, Chen HH, ChenWH, et al. The chloroplast genome of Phalaenop-
sis aphrodite (Orchidaceae): Comparative analysis of evolutionary rate with that of grasses and its phylo-
genetic implications. Mol Biol Evol. 2006; 23(2): 279–291. doi: 10.1093/molbev/msj029 PMID: 16207935

27. Wu FH, Chan MT, Liao DC, Hsu CT, Lee YW, Daniell H, et al. Complete chloroplast genome of Oncid-
ium Gower Ramsey and evaluation of molecular markers for identification and breeding in Oncidiinae.
BMC Plant Biol. 2010; 10: 68. doi: 10.1186/1471-2229-10-68 PMID: 20398375

28. Delannoy E, Fujii S, Colas des Francs-Small C, Brundrett M, Small I. Rampant gene loss in the under-
ground orchid Rhizanthella gardneri highlights evolutionary constraints on plastid genomes. Mol Biol
Evol. 2011; 28(7): 2077–2086. doi: 10.1093/molbev/msr028 PMID: 21289370

29. Logacheva MD, Schelkunov MI, Penin AA. Sequencing and analysis of plastid genome in mycohetero-
trophic orchidNeottia nidus-avis. Genome Biol Evol. 2011; 3: 1296–1303. doi: 10.1093/gbe/evr102
PMID: 21971517

30. Barrett CF, Davis JI. The plastid genome of the mycoheterotrophic Corallorhiza striata (Orchidaceae) is
in the relatively early stages of degradation. Am J Bot. 2012; 99(9): 1513–23. doi: 10.3732/ajb.1200256
PMID: 22935364

31. Jheng CF, Chen TC, Lin JY, Chen TC, WuWL, Chang CC. The comparative chloroplast genomic anal-
ysis of photosynthetic orchids and developing DNAmarkers to distinguish Phalaenopsis orchids. Plant
Sci. 2012; 190: 62–73. doi: 10.1016/j.plantsci.2012.04.001 PMID: 22608520

32. Pan IC, Liao DC, Wu FH, Daniell H, Singh ND, Chang C, et al. Complete chloroplast genome sequence
of an orchid model plant candidate: Erycina pusilla apply in tropicalOncidium breeding. PLoS ONE.
2012; 7(4): e34738. doi: 10.1371/journal.pone.0034738 PMID: 22496851

33. Luo J, Hou BW, Niu ZT, Liu W, Xue QY, Ding XY. Comparative chloroplast genomes of photosynthetic
orchids: insights into evolution of the Orchidaceae and development of molecular markers for phyloge-
netic applications. PLoS ONE. 2014; 9(6): e99016. doi: 10.1371/journal.pone.0099016 PMID:
24911363

34. Kim G-B, Kwon Y, Yu H-J, Lim K-B, Seo J-H, Mun J-H. The complete chloroplast genome of Phalae-
nopsis 'Tiny Star'. Mitochondrial DNA. 2014;Early Online: 1–3. doi: 10.3109/19401736.2014.945566

35. da Rocha Perini V, Leles B, Furtado C, Prosdocimi F. Complete chloroplast genome of the orchid Cat-
tleya crispata (Orchidaceae:Laeliinae), a Neotropical rupiculous species. Mitochondrial DNA. 2015;
Early Online: 1–3. doi: 10.3109/19401736.2014.1003850

36. Barrett CF, Freudenstein JV, Li J, Mayfield-Jones DR, Perez L, Pires JC, et al. Investigating the path of
plastid genome degradation in an early-transitional clade of heterotrophic orchids, and implications for
heterotrophic angiosperms. Mol Biol Evol. 2014; 31(12): 3095–3112. doi: 10.1093/molbev/msu252
PMID: 25172958

Rampant ndhGene Loss in Orchids

PLOS ONE | DOI:10.1371/journal.pone.0142215 November 11, 2015 16 / 18

http://dx.doi.org/10.1186/1471-2229-7-45
http://www.ncbi.nlm.nih.gov/pubmed/17714582
http://dx.doi.org/10.1093/molbev/msl089
http://dx.doi.org/10.1093/molbev/msl089
http://www.ncbi.nlm.nih.gov/pubmed/16916942
http://dx.doi.org/10.3417/2010023
http://dx.doi.org/10.3732/ajb.1100491
http://www.ncbi.nlm.nih.gov/pubmed/22291168
http://dx.doi.org/10.1111/j.1096-0031.2012.00418.x
http://dx.doi.org/10.1111/j.1096-0031.2012.00418.x
http://dx.doi.org/10.1016/j.ympev.2014.02.017
http://www.ncbi.nlm.nih.gov/pubmed/24594061
http://dx.doi.org/10.1007/s11105-014-0833-y
http://dx.doi.org/10.1007/s11105-014-0833-y
http://dx.doi.org/10.14348/molcells.2014.2296
http://www.ncbi.nlm.nih.gov/pubmed/24823358
http://dx.doi.org/10.2307/2446204
http://dx.doi.org/10.1093/molbev/msj029
http://www.ncbi.nlm.nih.gov/pubmed/16207935
http://dx.doi.org/10.1186/1471-2229-10-68
http://www.ncbi.nlm.nih.gov/pubmed/20398375
http://dx.doi.org/10.1093/molbev/msr028
http://www.ncbi.nlm.nih.gov/pubmed/21289370
http://dx.doi.org/10.1093/gbe/evr102
http://www.ncbi.nlm.nih.gov/pubmed/21971517
http://dx.doi.org/10.3732/ajb.1200256
http://www.ncbi.nlm.nih.gov/pubmed/22935364
http://dx.doi.org/10.1016/j.plantsci.2012.04.001
http://www.ncbi.nlm.nih.gov/pubmed/22608520
http://dx.doi.org/10.1371/journal.pone.0034738
http://www.ncbi.nlm.nih.gov/pubmed/22496851
http://dx.doi.org/10.1371/journal.pone.0099016
http://www.ncbi.nlm.nih.gov/pubmed/24911363
http://dx.doi.org/10.3109/19401736.2014.945566
http://dx.doi.org/10.3109/19401736.2014.1003850
http://dx.doi.org/10.1093/molbev/msu252
http://www.ncbi.nlm.nih.gov/pubmed/25172958


37. Yang JB, Li DZ, Li HT. Highly effective sequencing whole chloroplast genomes of angiosperms by nine
novel universal primer pairs. Mol Ecol Resour. 2014; 14(5): 1024–1031. doi: 10.1111/1755-0998.12251
PMID: 24620934

38. Martin M, Sabater B. Plastid ndh genes in plant evolution. Plant Physiol Biochem. 2010; 48(8): 636–
645. doi: 10.1016/j.plaphy.2010.04.009 PMID: 20493721

39. Burrows PA, Sazanov LA, Svab Z, Maliga P, Nixon PJ. Identification of a functional respiratory complex
in chloroplasts through analysis of tobacco mutants containing disrupted plastid ndh genes. EMBO J.
1998; 17: 868–876. doi: 10.1093/emboj/17.4.868 PMID: 9463365

40. Wolfe KH, Morden CW, Palmer JD. Function and evolution of a minimal plastid genome from a nonpho-
tosynthetic parasitic plant. Proc Natl Acad Sci U S A. 1992; 89(22): 10648–10652. PMID: 1332054

41. Haberhausen G, Zetsche K. Functional loss of all ndh genes in an otherwise relatively unaltered plastid
genome of the holoparasitic flowering plant Cuscuta reflexa. Plant Mol Biol. 1994; 24(1): 217–222. doi:
10.1007/Bf00040588 PMID: 8111019

42. Logacheva MD, Schelkunov MI, Nuraliev MS, Samigullin TH, Penin AA. The plastid genome of myco-
heterotrophic monocot Petrosavia stellaris exhibits both gene losses and multiple rearrangements.
Genome Biol Evol. 2014; 6(1): 238–246. doi: 10.1093/gbe/evu001 PMID: 24398375

43. Blazier J, Guisinger MM, Jansen RK. Recent loss of plastid-encoded ndh genes within Erodium (Gera-
niaceae). Plant Mol Biol. 2011; 76(3–5): 263–272. doi: 10.1007/s11103-011-9753-5 PMID: 21327834

44. Wakasugi T, Tsudzuki J, Ito S, Nakashima K, Tsudzuki T, Sugiura M. Loss of all ndh genes as deter-
mined by sequencing the entire chloroplast genome of the black pine Pinus thunbergii. Proc Natl Acad
Sci U S A. 1994; 91(21): 9794–9798. doi: 10.1073/pnas.91.21.9794 PMID: 7937893

45. McCoy SR, Kuehl JV, Boore JL, Raubeson LA. The complete plastid genome sequence ofWelwitschia
mirabilis: an unusually compact plastome with accelerated divergence rates. BMC Evol Biol. 2008; 8:
130. doi: 10.1186/1471-2148-8-130 PMID: 18452621

46. Braukmann TWA, Kuzmina M, Stefanovic S. Loss of all plastid ndh genes in Gnetales and conifers:
extent and evolutionary significance for the seed plant phylogeny. Curr Genet. 2009; 55(3): 323–337.
doi: 10.1007/s00294-009-0249-7 PMID: 19449185

47. Peredo EL, King UM, Les DH. The plastid genome of Najas flexilis: adaptation to submersed environ-
ments is accompanied by the complete loss of the NDH complex in an aquatic angiosperm. PLoS ONE.
2013; 8(7): e68591. doi: 10.1371/journal.pone.0068591 PMID: 23861923

48. Straub SC, Parks M, Weitemier K, Fishbein M, Cronn RC, Liston A. Navigating the tip of the genomic
iceberg: Next-generation sequencing for plant systematics. Am J Bot. 2012; 99(2): 349–364. doi: 10.
3732/ajb.1100335 PMID: 22174336

49. Moore MJ, Bell CD, Soltis PS, Soltis DE. Using plastid genome-scale data to resolve enigmatic relation-
ships among basal angiosperms. Proc Natl Acad Sci U S A. 2007; 104(49): 19363–19368. doi: 10.
1073/pnas.0708072104 PMID: 18048334

50. Moore MJ, Dhingra A, Soltis PS, Shaw R, Farmerie WG, Folta KM, et al. Rapid and accurate pyrose-
quencing of angiosperm plastid genomes. BMC Plant Biol. 2006; 6: 17. doi: 10.1186/1471-2229-6-17
PMID: 16934154

51. Wyman SK, Jansen RK, Boore JL. Automatic annotation of organellar genomes with DOGMA. Bioinfor-
matics. 2004; 20(17): 3252–3255. doi: 10.1093/bioinformatics/bth352 PMID: 15180927

52. Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, Sturrock S, et al. Geneious Basic: an inte-
grated and extendable desktop software platform for the organization and analysis of sequence data.
Bioinformatics. 2012; 28(12):1647–1649. doi: 10.1093/bioinformatics/bts199 PMID: 22543367

53. Lowe TM, Eddy SR. tRNAscan-SE: a program for improved detection of transfer RNA genes in geno-
mic sequence. Nucleic Acids Res. 1997; 25(5): 955–964. doi: 10.1093/nar/25.5.0955 PMID: 9023104

54. Katoh K, Misawa K, Kuma K, Miyata T. MAFFT: a novel method for rapid multiple sequence alignment
based on fast Fourier transform. Nucleic Acids Res. 2002; 30(14): 3059–3066. doi: 10.1093/nar/gkf436
PMID: 12136088

55. Lanfear R, Calcott B, Kainer D, Mayer C, Stamatakis A. Selecting optimal partitioning schemes for phy-
logenomic datasets. BMC Evol Biol. 2014; 14: 82. doi: 10.1186/1471-2148-14-82 PMID: 24742000

56. Lanfear R, Calcott B, Ho SY, Guindon S. Partitionfinder: combined selection of partitioning schemes
and substitution models for phylogenetic analyses. Mol Biol Evol. 2012; 29(6): 1695–1701. doi: 10.
1093/molbev/mss020 PMID: 22319168

57. Stamatakis A. RAxML version 8: a tool for phylogenetic analysis and post-analysis of large phyloge-
nies. Bioinformatics. 2014; 30(9): 1312–1313. doi: 10.1093/bioinformatics/btu033 PMID: 24451623

58. Stamatakis A, Hoover P, Rougemont J. A rapid bootstrap algorithm for the RAxMLWeb servers. Syst
Biol. 2008; 57(5): 758–771. doi: 10.1080/10635150802429642 PMID: 18853362

Rampant ndhGene Loss in Orchids

PLOS ONE | DOI:10.1371/journal.pone.0142215 November 11, 2015 17 / 18

http://dx.doi.org/10.1111/1755-0998.12251
http://www.ncbi.nlm.nih.gov/pubmed/24620934
http://dx.doi.org/10.1016/j.plaphy.2010.04.009
http://www.ncbi.nlm.nih.gov/pubmed/20493721
http://dx.doi.org/10.1093/emboj/17.4.868
http://www.ncbi.nlm.nih.gov/pubmed/9463365
http://www.ncbi.nlm.nih.gov/pubmed/1332054
http://dx.doi.org/10.1007/Bf00040588
http://www.ncbi.nlm.nih.gov/pubmed/8111019
http://dx.doi.org/10.1093/gbe/evu001
http://www.ncbi.nlm.nih.gov/pubmed/24398375
http://dx.doi.org/10.1007/s11103-011-9753-5
http://www.ncbi.nlm.nih.gov/pubmed/21327834
http://dx.doi.org/10.1073/pnas.91.21.9794
http://www.ncbi.nlm.nih.gov/pubmed/7937893
http://dx.doi.org/10.1186/1471-2148-8-130
http://www.ncbi.nlm.nih.gov/pubmed/18452621
http://dx.doi.org/10.1007/s00294-009-0249-7
http://www.ncbi.nlm.nih.gov/pubmed/19449185
http://dx.doi.org/10.1371/journal.pone.0068591
http://www.ncbi.nlm.nih.gov/pubmed/23861923
http://dx.doi.org/10.3732/ajb.1100335
http://dx.doi.org/10.3732/ajb.1100335
http://www.ncbi.nlm.nih.gov/pubmed/22174336
http://dx.doi.org/10.1073/pnas.0708072104
http://dx.doi.org/10.1073/pnas.0708072104
http://www.ncbi.nlm.nih.gov/pubmed/18048334
http://dx.doi.org/10.1186/1471-2229-6-17
http://www.ncbi.nlm.nih.gov/pubmed/16934154
http://dx.doi.org/10.1093/bioinformatics/bth352
http://www.ncbi.nlm.nih.gov/pubmed/15180927
http://dx.doi.org/10.1093/bioinformatics/bts199
http://www.ncbi.nlm.nih.gov/pubmed/22543367
http://dx.doi.org/10.1093/nar/25.5.0955
http://www.ncbi.nlm.nih.gov/pubmed/9023104
http://dx.doi.org/10.1093/nar/gkf436
http://www.ncbi.nlm.nih.gov/pubmed/12136088
http://dx.doi.org/10.1186/1471-2148-14-82
http://www.ncbi.nlm.nih.gov/pubmed/24742000
http://dx.doi.org/10.1093/molbev/mss020
http://dx.doi.org/10.1093/molbev/mss020
http://www.ncbi.nlm.nih.gov/pubmed/22319168
http://dx.doi.org/10.1093/bioinformatics/btu033
http://www.ncbi.nlm.nih.gov/pubmed/24451623
http://dx.doi.org/10.1080/10635150802429642
http://www.ncbi.nlm.nih.gov/pubmed/18853362


59. Miller M, Pfeiffer W, Schwartz T. Creating the CIPRES Science Gateway for inference of large phyloge-
netic trees. Gateway Computing Environments Workshop (GCE), 2010. 2010: 1–8. 10.1109/
GCE.2010.5676129.

60. Ronquist F, Teslenko M, van der Mark P, Ayres DL, Darling A, Hohna S, et al. MrBayes 3.2: efficient
Bayesian phylogenetic inference and model choice across a large model space. Syst Biol. 2012; 61(3):
539–542. doi: 10.1093/sysbio/sys029 PMID: 22357727

61. MaddisonWP, Maddison DR. Mesquite: a modular system for evolutionary analysis. Version 3.02.
Available: http://mesquiteproject.org.

62. Schelkunov MI, Shtratnikova VY, Nuraliev MS, Selosse MA, Penin AA, LogachevaMD. Exploring the
limits for reduction of plastid genomes: a case study of the mycoheterotrophic orchids Epipogium aphyl-
lum and Epipogium roseum. Genome Biol Evol. 2015; 7(4): 1179–1191. doi: 10.1093/gbe/evv019
PMID: 25635040

63. Freudenstein JV, Chase MW. Phylogenetic relationships in Epidendroideae (Orchidaceae), one of the
great flowering plant radiations: progressive specialization and diversification. Ann Bot. 2015; 115(4):
665–681. doi: 10.1093/aob/mcu253 PMID: 25578379

64. Heath TA, Hedtke SM, Hillis DM. Taxon sampling and the accuracy of phylogenetic analyses. J Syst
Evol. 2008; 46(3): 239–257.

65. Rokas A, Carroll SB. More genes or more taxa? The relative contribution of gene number and taxon
number to phylogenetic accuracy. Mol Biol Evol. 2005; 22(5): 1337–1344. doi: 10.1093/molbev/msi121
PMID: 15746014

66. Cai J, Liu X, Vanneste K, Proost S, Tsai WC, Liu KW, et al. The genome sequence of the orchid Phalae-
nopsis equestris. Nat Genet. 2015; 47(1): 65–72. doi: 10.1038/ng.3149 PMID: 25420146

67. McNeal JR, Kuehl JV, Boore JL, de Pamphilis CW. Complete plastid genome sequences suggest
strong selection for retention of photosynthetic genes in the parasitic plant genusCuscuta. BMC Plant
Biol. 2007; 7: 57. doi: 10.1186/1471-2229-7-57 PMID: 17956636

68. Braukmann T, Stefanovic S. Plastid genome evolution in mycoheterotrophic Ericaceae. Plant Mol Biol.
2012; 79(1–2): 5–20. doi: 10.1007/s11103-012-9884-3 PMID: 22442035

69. Smith SE, Read D. 12—The mycorrhizas of green orchids. In: Read SES, editor. Mycorrhizal symbiosis
( third edition). London: Academic Press; 2008. pp. 419–457.

70. Roy M, Gonneau C, Rocheteau A, Berveiller D, Thomas JC, Damesin C, et al. Why do mixotrophic
plants stay green? A comparison between green and achlorophyllous orchid individuals in situ. Ecol
Monogr. 2013; 83(1): 95–117. doi: 10.1890/11-2120.1

71. Selosse MA. The latest news from biological interactions in orchids: in love, head to toe. New Phytol.
2014; 202(2): 337–340. doi: 10.1111/Nph.12769 PMID: 24645780

72. Stockel M, Meyer C, Gebauer G. The degree of mycoheterotrophic carbon gain in green, variegated
and vegetative albino individuals ofCephalanthera damasonium is related to leaf chlorophyll concentra-
tions. New Phytol. 2011; 189(3): 790–796. doi: 10.1111/j.1469-8137.2010.03510.x PMID: 20964694

73. Bellino A, Alfani A, Selosse MA, Guerrieri R, Borghetti M, Baldantoni D. Nutritional regulation in mixo-
trophic plants: new insights from Limodorum abortivum. Oecologia. 2014; 175(3): 875–885. doi: 10.
1007/s00442-014-2940-8 PMID: 24817196

74. Gonneau C, Jersakova J, de Tredern E, Till-Bottraud I, Saarinen K, Sauve M, et al. Photosynthesis in
perennial mixotrophic Epipactis spp. (Orchidaceae) contributes more to shoot and fruit biomass than to
hypogeous survival. J Ecol. 2014; 102(5): 1183–1194. doi: 10.1111/1365-2745.12274

75. Motomura H, Selosse MA, Martos F, Kagawa A, Yukawa T. Mycoheterotrophy evolved frommixo-
trophic ancestors: evidence in Cymbidium (Orchidaceae). Ann Bot. 2010; 106(4): 573–581. doi: 10.
1093/aob/mcq156 PMID: 20685727

Rampant ndhGene Loss in Orchids

PLOS ONE | DOI:10.1371/journal.pone.0142215 November 11, 2015 18 / 18

http://dx.doi.org/10.1093/sysbio/sys029
http://www.ncbi.nlm.nih.gov/pubmed/22357727
http://mesquiteproject.org
http://dx.doi.org/10.1093/gbe/evv019
http://www.ncbi.nlm.nih.gov/pubmed/25635040
http://dx.doi.org/10.1093/aob/mcu253
http://www.ncbi.nlm.nih.gov/pubmed/25578379
http://dx.doi.org/10.1093/molbev/msi121
http://www.ncbi.nlm.nih.gov/pubmed/15746014
http://dx.doi.org/10.1038/ng.3149
http://www.ncbi.nlm.nih.gov/pubmed/25420146
http://dx.doi.org/10.1186/1471-2229-7-57
http://www.ncbi.nlm.nih.gov/pubmed/17956636
http://dx.doi.org/10.1007/s11103-012-9884-3
http://www.ncbi.nlm.nih.gov/pubmed/22442035
http://dx.doi.org/10.1890/11-2120.1
http://dx.doi.org/10.1111/Nph.12769
http://www.ncbi.nlm.nih.gov/pubmed/24645780
http://dx.doi.org/10.1111/j.1469-8137.2010.03510.x
http://www.ncbi.nlm.nih.gov/pubmed/20964694
http://dx.doi.org/10.1007/s00442-014-2940-8
http://dx.doi.org/10.1007/s00442-014-2940-8
http://www.ncbi.nlm.nih.gov/pubmed/24817196
http://dx.doi.org/10.1111/1365-2745.12274
http://dx.doi.org/10.1093/aob/mcq156
http://dx.doi.org/10.1093/aob/mcq156
http://www.ncbi.nlm.nih.gov/pubmed/20685727

