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A B S T R A C T

To advance our knowledge of orchid relationships and timing of their relative divergence, we used 76 protein-
coding genes from plastomes (ptCDS) and 38 protein-coding genes from mitochondrial genomes (mtCDS) of 74
orchids representing the five subfamilies and 18 tribes of Orchidaceae, to reconstruct the phylogeny and tem-
poral evolution of the Orchidaceae. In our results, the backbone of orchid tree well supported with both datasets,
but there are conflicts between these trees. The phylogenetic positions of two subfamilies (Vanilloideae and
Cypripedioideae) are reversed in these two analyses. The phylogenetic positions of several tribes and subtribes,
such as Epipogiinae, Gastrodieae, Nerviliinae, and Tropidieae, are well resolved in mtCDS tree. Thaieae have a
different position among higher Epidendroideae, instead of sister to the higher Epidendroideae.
Interrelationships of several recently radiated tribes within Epidendroideae, including Vandeae, Collabieae,
Cymbidieae, Epidendreae, Podochileae, and Vandeae, have good support in the ptCDS tree, but most are not
resolved in the mtCDS tree. Conflicts between the two datasets may be attributed to the different substitution
rates in these two genomes and heterogeneity of substitution rate of plastome. Molecular dating indicated that
the first three subfamilies, Apostasioideae, Cypripedioideae and Vanilloideae, diverged relatively quickly, and
then there was a longer period before the last two subfamilies, Orchidoideae and Epidendroideae, began to
radiate. Most mycoheterotrophic clades of Orchidaceae evolved in the last 30 million years with the exception of
Gastrodieae.

1. Introduction

A strongly supported phylogenetic reconstruction is crucial for un-
derstanding the biogeography, phylogenetic classification, conservation
and drivers of clade diversification. Advances in next-generation se-
quencing not only provide tremendous opportunities for inferring
phylogeny using numerous plastid, mitochondrial and nuclear loci
(Delsuc et al., 2005; Egan et al., 2012; Givnish et al., 2010; Givnish
et al., 2018; Hosner et al., 2015; Jarvis et al., 2014; Mirarab et al., 2014;
Moore et al., 2010; Prum et al., 2015), but such analyses also present
computational challenges (Warnow, 2017). Increased sampling of taxa
and loci can optimistically be expected to improve phylogenetic in-
ference but often also present researchers with unexpected problems.

Large datasets decrease incongruence resulting from stochastic error
(Philippe et al., 2011; Philippe et al., 2005; Salamin et al., 2005), but
exacerbate systematic error (Braun and Kimball, 2002; Kim, 1998;
Kuhner and Felsenstein, 1994; Kumar et al., 2011; Sanderson et al.,
2000) in other cases. Furthermore, phylogenetic inference based on
multi-locus matrices, especially if these represent different genomes,
often produce contradictory topologies, each perhaps with good sup-
port (Dunn et al., 2008; Nosenko et al., 2013; Rokas et al., 2003;
Schierwater et al., 2009).

Both plastids and mitochondria are cytoplasmic organelles in an-
giosperms. The plastid genomes of higher plants are usually from 120 to
160 kb, including approximately 80 unique protein-coding genes, 30
tRNA genes and 4 rRNA genes (Douglas, 1998; Li et al., 2019; Wicke
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et al., 2011). Mitochondrial genomes of seed plants are usually in the
range of 200–700 kb, including approximately 41 protein-coding genes,
15–21 tRNA genes and 3 rRNA genes (Gray et al., 1999; Gualberto and
Newton, 2017; Richardson et al., 2013). Previous studies of seed plants
have indicated that the synonymous substitution rate of plastid genes is
intermediate between those of genes in the mitochondrial and nuclear
genomes, the synonymous substitution rate being approximately
1:3:16, respectively, with few exceptions (Drouin et al., 2008; Mower
et al., 2007; Sloan et al., 2012; Wolfe et al., 1987). Here we use protein-
coding genes of the plastid and mitochondrial genomes to reconstruct
the phylogeny of Orchidaceae.

Orchidaceae are one of the two largest families of angiosperms,
consisting of approximately 750 genera and 27,000 species, of which
are about 235 species in 32 genera are mycoheterotrophic (Chase et al.,
2003; Chase et al., 2015; Dressler, 1981; Dressler, 1993; Rothacker,
2007). Some early ideas about orchid classification did not agree with
each other (Burns-Balogh and Funk, 1986; Dressler, 1981; Dressler,
1993; Freudenstein and Rasmussen, 1999), but only the first and last of
these actually used formal phylogenetic analyses of morphological data,
the others were based on an intuitive interpretation of morphology; the
results of these studies did not agree. Recent molecular phylogenetic
analyses have generally supported recognition of five subfamilies
(Cameron, 2004; Cameron et al., 1999; Chase et al., 2003; Chase et al.,
2015; Gorniak et al., 2010). The same is true of two recently compre-
hensive analyses based on concatenated analyses of the plastome
(Givnish et al., 2015) and nuclear genome (Deng et al., 2015). How-
ever, these two phylogenomic analyses were based on limited taxon
sampling (39 and 10 species, respectively), although the plastome
analysis was augmented by a supermatrix approach that added 144
species to extend the plastid phylogenomic backbone. In previous stu-
dies, plastome-scale results placed with strong support some mycohe-
terotrophic groups in positions congruent with nuclear and mitochon-
drial sequence results (Givnish et al., 2018; Lam et al., 2018), but
phylogenetics of many mycoheterotrophic species has been problematic
due to their elevated substitution rates (Barrett and Davis, 2012;
Delannoy et al., 2011; Feng et al., 2016; Givnish et al., 2018; Lam et al.,
2018; Logacheva et al., 2011; Wicke et al., 2016), and absence of some
standard DNA markers in the highly modified plastid genomes of these
taxa; we included eight mycoheterotrophic species from Vanilloideae
and Epidendroideae in this study.

In the present study, we analyzed 76 plastid protein-coding genes
(CDS) and 38 mitochondrial CDS from 74 orchid species representing
five subfamilies and 18 tribes of Orchidaceae (following (Chase et al.,
2015)), and our aims were to (1) reconstruct the phylogeny of Orchi-
daceae with improved sampling; (2) determine if there is conflict be-
tween the plastid and mitochondrial datasets; and (3) improve the
understanding of the temporal evolution of orchids.

2. Materials and methods

2.1. Taxon sampling, DNA extraction and sequencing

In order to match ptCDS with mtCDS of each species, 74 species
representing 18 tribes in all five orchid subfamilies (Table S1) were
selected based on the framework of Chase et al. (2015). Four tribes, i.e.
Codonorchideae, Triphoreae, Xerorchideae and Wullschlaegelieae were
not included due to lack of suitable material. Total DNA was extracted
from silica gel-dried leaves using a modified CTAB method (Doyle and
Doyle, 1987). Total DNA was sonicated to produce 500 bp fragments
with a Covaris M220 machine with appropriate parameters. Bands of
interest were excised from agarose gels, and then retrieved with the
E.Z.N.A. Gel Extraction Kit. Library construction was then performed
following the manufacturer’s protocol of NEBNext Ultra DNA Library
Prep Kit. Paired-end sequencing was performed at the Institute of
Botany, Chinese Academy of Sciences, on the Illumina Hiseq 2500
platform, which generated at least 2 GB of raw data for each sample.

2.2. Assembly, extraction and annotation

The raw sequence reads were first trimmed and filtered using
NGSQCTOOLKIT v2.3.3 (Patel and Jain, 2012). Bases with a PHRED
quality lower than 20 were trimmed. All trimmed reads shorter than
70 bp were discarded. The forward and reverse sequences were paired
using the set paired reads option prior to assembly. The plastome of
Calanthe triplicata (NC_024544.1) and mitochondrial genome of Gas-
trodia elata (MF070084-MF070102) and Phoenix dactylifera
(NC_016740) downloaded from NCBI were employed as reference
species in the subsequent steps. Paired reads of individual accessions
were mapped onto the plastome of Calanthe triplicata and mitochondrial
genome of Gastrodia elata to obtain the plastid (ptCDS) and mitochon-
drial (mtCDS) protein coding sequences, respectively.

In total, 78 ptCDS and 38 mtCDS were retrieved and annotated for
per species (Table S1). In a few cases, some ptCDS could not be re-
covered, perhaps due to gene loss or transfer to the nuclear genome,
particularly in plastomes of mycoheterotrophic species (Feng et al.,
2016; Lin et al., 2017).These absent ptCDS were treated as missing data
in subsequent analyses. The boundaries of CDS or exons for each species
were adjusted manually to make sure that all protein-coding sequences
were maintained as open reading frames. All of the above was im-
plemented in Geneious v. 10.1.9 (http://www.geneious.com) followed
by checking in Sequin and finally export as FASTA files.

2.3. Alignment, saturation test, and concatenation

All protein-coding sequences exported from Geneious were aligned
with MAFFT (Katoh and Standley, 2013), and subsequently adjusted
manually in Bioedit v. 5.0.9 (Hall, 1999). Saturation was examined for
all CDS using DAMBE5 (Xia, 2013). Two plastid genes, psbF and psbL,
were removed due to potential saturation (Tables S2, S3). Three data-
sets, i.e., matrix 1 (M1, all 76 species with all 76 ptCDS; Table S4), 2
(M2, all 76 species with all 38 mtCDS; Table S5) and 3 (M3, all 76
species with all 114 loci; Table S6) were used for phylogeny inference.

Aligned sequences were made into multi-gene supermatrices using
Sequencematrix (Vaidya et al., 2011). Matrices in NEXUS or PHYLIP
formats were exported for further analysis. These phylogenomic ma-
trices have been deposited in the Treebase (http://www.treebase.org).

2.4. Phylogenetic analyses

Phylogenetic analyses were performed for each matrix using max-
imum likelihood (ML), maximum parsimony (MP) and Bayesian in-
ference (BI). PartitionFinder2 and IQTree were used to find the most
appropriate partitioning scheme for maximum likelihood (ML) and
Bayesian inference (BI), respectively, for the three matrices. We also
performed unpartitioned analyses for supplemental analysis to de-
termine if there is conflict between the plastid and mitochondrial da-
tasets (Farris et al., 1994; Hipp et al., 2004). The ILD test was im-
plemented in PAUP v4.0b10 using 100 and 1000 replicates with
random addition sequences and tree-bisection reconnection (TBR)
branch swapping. The partition homogeneity test for ptCDS and mtCDS
(M1, M2) shows incongruence (P = 0.01), and visual inspection in-
dicated that there were some ‘‘hard’’ conflicts between these two results
(as Mason-Gamer and Kellogg, 1996), such as relative positive of Cy-
pripedioideae and Vanilloideae.

Maximum parsimony analyses were performed in PAUP v. 4.0b10
(Swofford, 2003) with the following heuristic search options: 10
random-stepwise-addition replicates with TBR branch swapping and
1000 bootstrap replicates. Bootstrap percentages (BP) of internal nodes
were used as indicators of node reliability. Bayesian inference was
conducted using MrBayes v3.2 on XSEDE in the CIPRES Science
Gateway (Miller, 2010). Configuration files defined linked bran-
chlengths, available models in MrBayes3.2, AICc model selection ap-
proach and a greedy heuristic search algorithm were prepared before
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analyses (Lanfear et al., 2016). Two independent Markov-chain Monte
Carlo (MCMC) analyses were performed, starting with a random trees
and proceeding for 10,000,000 generations, sampling trees every 1000
generations. An average standard deviation of the split frequencies
(ASDSF < 0.01) was determined to indicate a stationary distribution.
The tree topology and posterior probabilities were computed after
discarding the burn-in phase trees (the first 25% of sampled trees).

Maximum-likelihood (ML) phylogenetic trees were performed using
IQtree (Nguyen et al., 2014). Prior to inference, all CDS were in-
dividually evaluated for the with the most appropriate model with the
minimum BIC score computed by ModelFinder embeded in IQtree
(Kalyaanamoorthy et al., 2017). All CharPartition commands were
added to the Charset block manually. The final partitioned NEXUS file
with the model for each partition specified for the individual CDSs was
analyzed by ML with 2000 ultrafast bootstrap (UFBoot) (Chernomor
et al., 2016; Minh et al., 2013; Nguyen et al., 2014) replicates. We
consider bootstrap percentages greater than 95 as well supported.

2.5. Molecular dating

The Bayesian tree for matrix 2 (76 species, 38 mtCDS) was used as a
topological constraint and calibrated using BEAST v. 2.1.3 (Bouckaert
et al., 2014). Due to the limitation of computing facilities (including
online CIPRES Science Gateway) and BEAST, only three commonly used
mtCDS, atp, matR, and nad5 (Cameron, 2009; Qiu et al., 2010), were
used in molecular dating. Two orchid fossils were used as calibration
points for crown clades: (1) Dendrobium, 23.2 million years ago (Ma)
(mean: 1.0, sigma: 1.25 (Conran et al., 2009); (2) Goodyerinae, 15 Ma
(mean: 1.0, sigma: 1.25) (Ramírez et al., 2007). Priors were also placed
on the stem node of Orchidaceae and the monocots (offset: 112 Ma,
sigma: 1.0) and the most recent common ancestor of all extant orchids
(offset: 90 Ma, sigma: 1.0) based on previous results (Givnish et al.,
2015; Givnish et al., 2016b; Xiang et al., 2016). Two runs of MCMC
searches were performed for 100 million generations and sampled
every 10,000 generations, and typically four non-independent chains
were used for each run. A Yule process was chosen for the tree prior.
Log files were monitored using Tracer v1.6 (Rambaut et al., 2014). The
first 10%of trees saved from the first run and the first 8% of trees saved
from the second run were discarded, and the remaining trees were
combined in Logcombiner v. 2.3.0. Convergence was determined by the
effective sample sizes (ESSs) of all parameters assessed as more than
100. A maximum clade credibility (MCC) chronogram was generated in
TreeAnnotator v. 1.8.0 (Drummond and Rambaut, 2007; Drummond
et al., 2012) with median heights for node ages.

3. Results

3.1. Data sets

For this study, ptCDS of 64 species and mtCDS of 73 species were
newly obtained (Table S1). The ratio of lengths of ptCDS and mtCDS is
2:1. The combined alignment of matrix 1 of ptCDS comprised 63246 bp
with 38.3％GC content, of which 12640 bp were potentially parsimony
informative. The concatenated matrix 2 of mtCDS alignment comprised
33867 bp with 44.1％GC content, of which 3514 bp were potentially
parsimony informative. The combined ptCDS and mtCDS matrix (ma-
trix 3) comprised 97113 bp, of which 16,154 were potentially in-
formative.

3.2. Phylogenetic analyses of ptCDS

Results for matrix 1, including Bayesian inference (BI), maximum
likelihood (ML) and MP (maximum parsimony), are similar with a few
exceptions for support of some nodes and relative positions of some
tribes (Fig. 1). Results of four partitioned and the nonpartitioned ML
analyses are almost identical with the exception of support for a few

nodes. We use the BI results with for partitioned analyses in further
discussion because BI results are the best supported.

The backbone of Orchidaceae is strongly supported (PP > 0.95,
BPML > 95 or BP MP > 85) with the exception of five nodes in
Epidendroideae (Fig. 1). Orchidaceae are subdivided into five sub-
families with high support. Apostasioideae, Cypripedioideae and Va-
nilloideae are successively sister to the two largest subfamilies, Orchi-
doideae and Epidendroideae, which are sister to each other. Most tribes
and subtribes have high support, and some tribes or subtribes, such as
Epipogiinae, Gastrodieae, Pogonieae and Vanilleae, have long branches
(inset in Fig. 1). Conversely, several tribes of Epidendroideae, including
Collabieae, Cymbidieae, Epidendreae, Podochileae, and Vandeae, have
much shorter branches along the backbone (inset in Fig. 1).

In Orchidoideae, Orchideae are sister to well supported Diurideae
plus Cranichidieae. In Epidendroideae, Neottieae and Sobralieae are
successive sisters to the rest of Epidendroideae with high support.
Thaieae are weakly supported as sister to higher Epidendroideae
(Fig. 1). Mycoheterotrophic Gastrodieae are sister to Epipogiinae, and
the embedding of Gastrodieae in Nervilieae is strongly supported. The
position of Gastroidieae/Nervilieae is weakly supported. Two tribes,
Arethuseae and Malaxideae, were resolved as successive sisters to the
remaining of higher Epidendroideae (Fig. 1). In Arethuseae, Arethu-
sinae are sister to Coelogyninae. Collabieae and Podochileae form a
clade well supported as sister to Cymbidieae, Epidendreae plus Vandeae
(Fig. 1). Risleya falls with Calypsoinae (Epidendreae) instead of in the
expected position in Collabieae. Vandeae are sister to a moderate sup-
ported clade of Cymbidieae and Epidendreae. In Neottieae (including
two mycoheterotrophic accessions) interrelationships were not re-
solved.

3.3. Phylogenetic analyses of mtCDS

Topologies from the phylogenetic analyses of 38 mtCDS genes
(matrix 2) (Fig. 2) are generally congruent in terms of the clades
identified with that produced from the ptCDS (matrix 1) but with many
exceptions in which relative positions of subfamilies, tribes and sub-
tribes shift (Fig. 3). Support for some nodes also differs. The backbone
of Orchidaceae is strongly supported with the exception of some nodes
of higher Epidendroideae (Fig. 2). Orchidaceae can be subdivided into
five well-supported clades that correspond to the previously recognized
subfamilies (Fig. 2). Apostasioideae, Cypripedioideae and Vanilloideae
are successively sister to the rest of Orchidaceae (Fig. 2).

In Orchidoideae, Diurideae and Cranichideae are successively sister
to Orchideae with strong support. In Epidendroideae, Neottieae and
Sobralieae are successively sister to the rest of Epidendroideae with
high support. Gastrodieae are sister to Nervilieae, and these two tribes
form a highly supported clade along the backbone of Orchidaceae.
Tropidieae are sister to the rest of Epidendroideae with high support
(Fig. 2), after which Arethuseae, and Thaieae are successively sister to
the rest with high support. Epigeneium amplum is distantly related to
other species of Dendrobiinae as sister to the remaining of higher Epi-
dendroideae but with no support (PP = 0.73). Cymbidieae are sister to
Vandeae (minus Polystachya) with high support. Polystachya is nested
within Malaxideae but with no support (PP = 0.84), far away from its
usual position as sister to the rest of Vandeae. The interrelationships of
six tribes, Collabieae, Podochileae, Epidendroideae, Vandeae, Malax-
ideae and Cymbidieae (all higher Epidendroideae) are resolved but
with low to medium support (PP < 0.95, BPML < 95, BPMP < 85). In
Neottieae, Neottia is sister to remaining of tribe, including Aphyllorchis,
Cephalanthera, and Neottia. In Arethuseae, Arundina is sister to the rest
of Coelogyninae.

3.4. Phylogenetic analyses based on the combined dataset of ptCDS and
mtCDS

Results of matrix 3, including BI, ML and MP, are similar to the
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matrix 1 tree (plastome) with few exceptions involving support of some
nodes and relative position of few groups (Fig. 3). The backbone of
Orchidaceae is fully supported (PP > 0.95, BPML > 95 or BPMP > 95).
Orchidaceae are subdivided into the five subfamilies with high support
(Fig. 3). All sampled tribes and subtribe were recovered with high
support. In Neottieae, Neottia is sister to remaining members of the
tribe.

3.5. Molecular dating

Our results based on the mitochondrial results indicate that
Cypripedioideae diverged from the remainder of Orchidaceae at 86
million years ago (Ma) and Vanilloideae at 81 Ma. The two largest
subfamilies, Orchidoideae and Epidendroideae, diverged from each
other 67 Ma (see Fig. 4 for ages plus 95% confidence intervals), near the
K-T boundary. Within Vanilloideae, Pogonieae diverged from Vanilleae
59 Ma. The four major clades at the base of Epidendroideae diverged
from the rest between 60 and 44 Ma. The seven tribes of higher

Epidendroideae diverged from each rapidly between 37 and 22 Ma
(Fig. 4, Table S6). Gastrodieae separated from Nervilieae about 35 Ma,
whereas other six mycoheterotrophic taxa diverged from their sister
groups within last 30 Ma.

4. Discussion

4.1. Conflict between ptCDS and mtCDS

There appear to be some conflicts between the mitochondrial and
plastid trees. The backbone of Orchidaceae is strongly supported in
both with the exception of a few nodes. The results of ptCDS agree with
most previous analyses, including those based on ptCDS and nuclear
genes (Deng et al., 2015; Givnish et al., 2015). The phylogenetic posi-
tions of several tribes and subtribes, such as Epipogiinae, Gastrodieae,
Nervilinae, and Tropidieae, unresolved or weakly supported in previous
analyses (Freudenstein and Chase, 2015; Givnish et al., 2015; Givnish
et al., 2018; Lam et al., 2018), are still unresolved in our analyses of

Fig. 1. Phylogram from 76 protein-coding genes of plastid genome for 76 taxa, including 74 orchids and two outgroups, inset is the outline of Bayesian inference tree
showing the long branches associated with the mycoheterotrophic taxa. Asterisks indicate mycoheterotrophic taxa. Numbers above branch are Bayesian posterior
probabilities/bootstrap percentages of maximum likelihood bootstrap percentages/bootstrap percentages of maximum parsimony. “*” indicates BS = 100% or
PP = 1.00. “–” indicates BS < 50% or PP < 0.50. Orchid tribe and subfamily are shown for each placeholder.
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ptCDS (Fig. 1).
The mtCDS results, however, are different in some respects from

that of ptCDS (Fig. 5) and all previous analyses of nuclear regions
(rDNA and low-copy nuclear genes) and plastid DNA markers. The re-
lative positions of two subfamilies, Vanilloideae and Cypripedioideae,
are reversed in the trees based on these two datasets, but in the com-
bined analysis the order found with the plastid data is recovered, which
might be expected, given that the mitochondrial matrix has many fewer
informative positions (Fig. 5). It is noteworthy that the relative posi-
tions of Vanilloideae and Cypripedioideae in the mtCDS tree agree with
some previous results based on plastid rbcL (Cameron et al., 1999),
although in this case the result was poorly supported. The phylogenetic
positions of some tribes and subtribes, such as Epipogiinae, Gastro-
dieae, Tropidieae, which have always been weakly supported or not
been included in previous studies, are well resolved in analyses of the
mtCDS data. The position of Thaieae within the higher Epidendroideae
in the mtCDS analysis is instead sister to higher Epidendroideae with

the ptCDS and combined analyses. The interrelationships of several
recently radiated tribes, including Vandeae, Collabieae, Cymbidieae,
Epidendreae, and Podochileae, have high support in ptCDS and com-
bined trees but most of these not in that from the mtCDS data alone.

The apparent conflicts between the plastid and mitochondrial trees
may be driven by the different substitution rates of these two genomes,
heterogeneity of the plastid substitution rate and RNA editing in mi-
tochondrial genome (Bowe and DePamphilis, 1996; Liu et al., 2014;
Petersen et al., 2006; Wicke et al., 2016). In comparison with plastid
genes, the mitochondrial genes are characterized by lower substitution
rates and correspondingly lower homoplasy, which has been argued to
make them more suitable for resolving relatively deep relationships
(Qiu et al., 2010; Richardson et al., 2013). In contrast, plastid genes
might be more useful for reconstructing phylogenetic relationships
among taxa with relatively rapid/recent speciation events, in which
phylogenetic signal is often low in mtCDS. Recent results indicated that
an elevated substitution rate also has an adverse impact on

Fig. 2. Phylogram from 38 protein-coding genes of mitochondrial genome for 76 taxa, including 74 orchids and two outgroups; inset is outline of the Bayesian
inference tree showing the long branches associated with the mycoheterotrophic taxa. Asterisks indicate mycoheterotrophic taxa. Numbers above branch are
Bayesian posterior probabilities/maximum likelihood bootstrap percentages/maximum parsimony bootstrap percentages. “*” indicates BS = 100% or PP = 1.00. “–”
indicates BS < 50% or PP < 0.50. Orchid tribe and subfamily are shown for each placeholder.
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phylogenetic results (Xi et al., 2014). In particular, an elevated sub-
stitute rate has been identified for many plastid genes in mycohetero-
trophic species (Barrett and Davis, 2012; Delannoy et al., 2011;
Logacheva et al., 2011; Wicke et al., 2016). Fully mycoheterotrophic
species are common in Orchidaceae (Merckx, 2013), particularly in
some tribes (e.g. Gastrodieae and Wullschlaegelieae), subtribes (e.g.
Epipogiinae) and genera (e.g. Aphyllorchis and Lecanorchis), all species
of which are fully mycoheterotrophic (Givnish et al., 2015; Merckx,
2013). Degradation of parts of the plastid genome and an elevated
substitute rate are common in these mycoheterotrophs. With few ex-
ceptions, the gene contents and substitution rates of mitochondrial
genomes are more stable across the angiosperms (Drouin et al., 2008;
Mower et al., 2007; Sloan et al., 2012; Wolfe et al., 1987). RNA editing
sites are frequent in mitochondrial genes, but broad studies have con-
cluded that RNA editing had no direct effect on reconstructions of
phylogeny (Qiu et al., 2010). Nuclear paralogs of mitochondrial genes

usually have high substitution rates, which might lead to the long
branches and distorted results (Petersen et al., 2006). Our assembly of
mitochondrial genes was based on reads with high coverage (coverage
ranging from 50 to 100) in genome skimming data, which will reduce
the likelihood of recovering nuclear paralogs.

Despite this apparent conflict, the combined analysis of these two
datasets was also strongly supported (Figs. 3, 5). A similar result for the
combined analysis of apparently incongruent mitochondrial and plastid
genes was observed in a study of monocots (Davis et al., 2004).The
results of combined matrix 3 were similar to those of matrix 1 (plastid
CDS), but those of three weakly supported clades of lower Epiden-
droideae instead received high combined support. However, two of
three nodes have slightly lower MP support along backbone of Orchi-
daceae (for positions of Gastrodieae + Nervilieae, BPMP < 50; node of
Tropidieae, BPMP = 75), but these are still higher than with the ptCDS
alone, and their posterior probabilities are 1.00 in all analyses. It is

Fig. 3. Phylogram from the combined 38 mitochondrial genome and 76 plastid genome protein-coding genes for 76 taxa, including 74 orchids and two outgroup;
inset is outline of Bayesian inference tree. Asterisks indicate mycoheterotrophic taxa. Numbers above branch are Bayesian posterior probabilities/ML bootstrap
percentages/maximum parsimony bootstrap percentages. “*” indicates BS = 100% or PP = 1.00. “–” represents BS < 50% or PP < 0.50. Orchid tribe and subfamily
are shown for each placeholder.
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Fig. 4. Time-calibrated tree of Orchidaceae based on three protein-coding genes (atp1, matR, and nad5) for 74 orchid species obtained with BEAST and constrained
by the topology of the mitochondrial phylogenomic concatenated tree. Numbers at nodes are median ages in million years ago (My). The topology of tree from
concatenated analyses of 38 protein-coding genes of mitochondrial genome 76 taxa. Asterisks indicate mycoheterotrophic taxa. Orchid tribe and subfamily are shown
for each placeholder.
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likely that the greater number of phylogenetically informative plastid
sites mask the incongruence with the mitochondrial results or that there
is an obscure phylogenetic signal in the mtCDS that agrees with and
enhances that in the ptCDS matrix.

4.2. Orchidaceae phylogeny based on mtCDS

Authors of recent molecular analyses of Orchidaceae have con-
sistently recommended recognition of five subfamilies, but in the
mtCDS analysis the relative placements of Cypripedioideae and
Vanilloideae are reversed to that previous observed (Cameron, 2004;
Cameron et al., 1999; Chase et al., 2003; Gorniak et al., 2010). This
reversal of positions has important alternative implications for the
evolution of some orchid characters, for example the origin of orchid
velamen, and the number of fertile anther. These changed positions are
more compatible with pre-molecular ideas about orchid evolution,
which envisages the shift from three anthers to go to an intermediate of
two before falling to the single anther present in Vanilloideae, Orchi-
doideae and Epidendroideae. This scenario is complicated because the
anther present in orchids with a single anther is not among the two
present in Cypripedioideae, so it is clear that these transitions to one or
two anthers happened independently (Dressler, 1993), but the in-
dependent loss in Vanilloideae from that in Orchidoideae/Epiden-
droideae is not a parsimonious explanation.

Our studies have produced new insights into the orchid tree of life.

Due to the loss and the elevated substitution rate of plastid genes, the
phylogenetic position of several mycoheterotrophic tribes, subtribes
and genera, such as Gastrodieae, Epipogiinae and Risleya, have not
resolved or not included in previous studies (Cameron, 2004; Cameron
et al., 1999; Chase et al., 2003; Gorniak et al., 2010), but the phylo-
genetic positions of these mycoheterotrophic groups here have high
support. Gastrodieae were sister to Nervilieae with high support. The
phylogenetic placement of monotypic Risleya was highly problematic
based on morphological grounds, and it was previously considered as a
member of Malaxideae or Collabieae (Chase et al., 2015; Dressler,
1993; Xiang et al., 2014); here, it falls with Calypsoinae (Epiden-
droideae) with high support. Monotypic Thaieae have been considered
as sister to higher Epidendroideae (Xiang et al., 2012), but our results
indicate that it is a member of higher Epidendroideae, which is sup-
ported by its the general morphological characters, such as corms,
pseudostem formed by petioles, inflorescences arising from corms,
which are similar to those of Anthogonium (Arethuseae) and Cremastra
(Epidendreae). Polystachya has previously been included in Vandeae,
but our results indicated that it may instead belong to Malaxideae,
which is not in conflict with its general morphological characters, such
as their shared distinctive pseudobulbs, terminal inflorescences, floral
mentum and waxy pollinia. These alternative positions should be im-
portant foci in future phylogenetic and morphological studies.

Most tribes of Epidendroideae received support, and tribal inter-
relationships were resolved with exception of Arethuseae and

Fig. 5. Phylograms from the 76 plastid genome protein-coding genes (ptCDS) and 38 mitochondrial genome (mtCDS) for 76 taxa, respectively. A, phylogram of
ptCDS; B, phylogram of mtCDS. Insets are outline of Bayesian inference tree. Asterisks indicate mycoheterotrophic taxa. Red lines indicate the relative position of
some taxa in ptCDS and mtCDS phylograms. Numbers above branch are Bayesian posterior probabilities/ML bootstrap percentages/maximum parsimony bootstrap
percentages. “*” indicates BS = 100% or PP = 1.00. “–” indicates BS < 50% or PP < 0.50. Orchid tribe and subfamily are shown for each placeholder.
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Malaxideae. The genera of Neottieae, Aphyllorchis, Cephalanthera and
Epipactis, are highly similar in morphological terms, whereas Neottia is
morphologically similar to Palmorchis, which has usually been found to
be sister to the rest of Neottieae (see (Xiang et al., 2012; Zhou and Jin,
2018)). For Collabieae, relationships of each clade agree with previous
results (Xiang et al., 2014).

4.3. Temporal evolution of Orchidaceae

Although one fossil of Orchidaceae (Earina, see (Conran et al.,
2009)) was not used in our analyses, our molecular dating of Orchi-
daceae was based on previous results of crown age and two fossils of
Orchidaceae, which seems to us to be a reliable approach. The dating
indicate that there might have been a period of stasis after the early
rapid divergence of the first three small subfamilies between 90 and
81 Ma. Another 14 Ma passed before divergence of two largest sub-
families (Fig. 3). The two tribes of Vanilloideae, Pogonieae and Va-
nilleae diverged approximate 59 Ma, pushing forward their crown ages
by 18 million years (My) relative to the estimate of Givnish et al.
(2015). Major clades of higher Epidendroideae, including Arethuseae,
Cymbidieae, Collabieae, Epidendreae, Malaxideae, Podochileae, Van-
deae and constituting about 70% of orchids species, diverged from each
other between 37 and 22 My, which was younger and covered a longer
period of time relative to other studies (Givnish et al., 2016a; Givnish
et al., 2015; Gustafsson et al., 2010). This finding suggests that these
clades, i.e., Cymbidieae and Vandeae, might have higher net species
diversification than previous thought (Givnish et al., 2015).

Our results indicate that most mycoheterotrophic orchid taxa are
relatively young and evolved in last 30 My, with the exception of
Gastrodieae, which are slightly older. There are two possible explana-
tions for the last result. One is that mycoheterotrophs evolved
throughout the history of the orchids but have been evolutionary dead
ends that did not survive for a long, resulting in no old mycohetero-
trophic clades. The other is that orchids have only recently evolved the
capacity to be fully mycoheterotrophic, a phenomenon that has been
triggered by some unknown evolutionary innovation and/or altered
environmental factors. However, the systematic position of mycohe-
terotrophic orchid species shows that mycoheterotrophy must have
evolved several times independently, as it occurs in three subfamilies
and in genera that are sometimes only distantly related within the same
subfamily. Gastrodieae are the largest (approximately 100 species) and
probably also the oldest mycoheterotrophic clade of extant
Orchidaceae. They are widespread in Asia, Africa, Oceania, and South
America (Pridgeon et al., 2005). Recently, many new species of Gas-
trodieae have been discovered (such as (Aung and Jin, 2018; Huang
et al., 2015; Martos et al., 2015; Suetsugu, 2017)), suggesting that
mycoheterotrophs could be evolutionarily active and successful, at least
in the short term.

5. Conclusions

The results of our analyses of ptCDS parallel those of previous stu-
dies of plastid markers, but make important contributions in terms of
the larger taxon sampling included here relative to e.g. Givnish et al.
(2015, 2016a). These plastid CDS results also agree with higher-level
relationships as evidenced in analyses of low-copy nuclear genes (e.g.
Gorniak et al., 2010; Deng et al., 2015). To a large extent, our analyses
of mtCDS agree with these previous studies, but for some taxa, it pro-
vides an alternative positions that seem generally to be better aligned
with at least some morphological characters. It seems obvious to us that
it is not a matter of one set of genes being “correct” and the other
“wrong”. These differences suggest that the evolution of these taxa has
likely been more complex than previously hypothesized. These taxa
should be important foci in future orchid phylogenetic studies. Our
temporal results based on the mtCDS matrix also generally support the
hypotheses developed in previous such studies on orchids, but as with

the phylogenetic placements they indicate slightly different scenarios
that could be more accurate reflections of events. These results require
further evaluation with respect to their implication for intepretation of
molecular evolution. Finally, inclusion of less rate-heterogeneous
mtCDS in future studies of holomycotrophic orchids holds great pro-
mise for overcoming the loss of some common phylogenetic markers in
the plastid genome and widely varying substitution rates in both plastid
and low-copy nuclear genes, which have made estimating phylogenetic
positions of these taxa problematic in previous studies.
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