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INTRODUCTION

The vast diversity of life forms in angiosperms has been as-

sociated with their diversification, colonization and dominance 
in terrestrial habitats (Ricklefs & Renner, 1994; Tiffney & 
Mazer, 1995; Hamrick & Godt, 1996). Shifts in life form have 
frequently occurred in the history of angiosperm lineages with 
remarkable evolutionary and ecological consequences. Perhaps 
the most important shifts have been from woody to herbaceous 
life forms in independent angiosperm lineages, which accel-
erated the rate of molecular evolution, reflecting differences 
in generation time with many advantageous ecological adap-

tations (Smith & Donoghue, 2008; Smith & Beaulieu, 2009; 
Beaulieu & al., 2013). Among the numerous documented shifts 
in life form, coupled with diversification or colonization of 
novel habitats and associated with key innovations, are the 
changes that gave rise to diverse epiphytic herbs in Peperomia 

Ruiz & Pav. in the moist forests of Central and northern South 
America (Isnard & al., 2012), the bromeliad tank-epiphytes in 

the cool and rainy regions of South America (Givnish & al., 
2014), the succulent life forms in the cacti of the arid regions 
of the New World (Hernández-Hernández & al., 2014), the suc-

culent forms of the iceplants of the Karoo South African region 
(Ihlenfeldt, 1994), the monsoon-adapted epiphytes in Himala-

yan milkweeds (Wanntorp & al., 2014), and the alpine cushion 
life forms in primroses (Boucher & al., 2012),

Orchidaceae is an angiosperm lineage with great variation 
in life form, including both epiphytes and terrestrially growing 
species. The family comprises 19,000 epiphytic species (Zotz, 
2013) and epiphytism along with CAM photosynthesis or with 
the development of a velamen has been linked to diversifica-

tion in several groups, promoting its expansion into canopies in 
tropical lineages inhabiting humid environments (Gravendeel 
& al., 2004; Silvera & al., 2009; Chomicki & al., 2014). Ter-
restrial life forms in orchids include geophytes, plants with 
underground parts that store reserves and allow the plants to 
survive during periods of environmental stress such as dry 
summers and cold winters (Esler & al., 1999; Proches & al., 
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2006). Geophytes have been reported in unrelated orchid lin-

eages in groups mainly inhabiting Mediterranean habitats, with 
winter rain and elevated temperatures (Rundel, 1996; Proches 
& al., 2006). Mycoheterotrophy is another terrestrial life form 
in Orchidaceae, in which plants are achlorophyllous and obtain 
carbon from fungi (Rasmussen & Whigham, 2002; Merckx & 
al., 2013a, b). Shifts from autotrophy to mycoheterotrophy have 
been reported to have taken place thirty times independently in 
orchids (Julou & al., 2004; Barret & Freudenstein, 2008, 2011; 
Freudenstein & Senyo, 2008; Motomura & al., 2010; Adams, 
2011; Merckx & al., 2013a; Xiang & al., 2014). Shifts to my-

coheterotrophy have occurred mostly in Old World tropical 
lineages and it has been suggested that this is an adaptation 
to support photosynthesis in shaded forests with low light, el-
evated temperatures, and moisture enhancing saprotrophic ac-

tivity (Leake, 1994; Martos & al., 2009; Merckx & al., 2013b).
Research in orchids has mostly focused on identifying the 

evolutionary consequences of shifts from terrestrial forms to 
epiphytes and their associations with anther attributes, shifts 
in pollinators or CAM photosynthesis, and species diversifi-
cations (e.g., Neyland & Urbatsch, 1996; Gravendeel & al., 
2004; Silvera & al., 2009; Chomicki & al., 2014; Freudenstein 
& Chase, 2015). Here, we aim to understand the ecological 
consequences of colonizing novel habitats as well as the expan-

sion of the distribution range that accompanied the evolution 
of terrestrial from epiphytic life form in the New World tribe 
Epidendreae. This lineage shows one of the highest diversi-
fication rates in the orchids (Freudenstein & Chase, 2015). It 
includes one of the largest genera in angiosperms, Epidendrum 

L. (Pinheiro & Cozzolino, 2013), and also Pleurothallidinae, a 
lineage of miniature orchids with moist-adapted epiphytic spe-

cies (Pridgeon, 2005b). Within this large group of epiphytes, 
a small clade of three genera includes terrestrial life forms. 
Comprised of Basiphyllaea Schltr., Bletia Ruiz & Pav. and 
Hexalectris Raf., this clade has less than 40 species and has 
been identified as the sister group to the small epiphytic genus 
Chysis Lindl. (Freudenstein & Chase, 2015). We selected this 
group because most of its species are able to inhabit semi-dry 
oak-pine, oak-pinion-juniper woodlands or seasonal tropical 
deciduous forests, with seasonal variation in temperature and 
precipitation. The rest of the Epidendreae usually grow in very 
humid forests, such as tropical evergreen or cloud forest (Luer, 
1986; Ackerman & al., 2001; Pridgeon & al., 2001; Pridgeon, 
2005; Sosa, 2007; Kennedy & Watson, 2010). Furthermore, 
Hexalectris has the northernmost distribution range of the en-

tire Epidendreae, reaching as far north as Missouri and as far 
west as Arizona in North America (Kennedy & Watson, 2010). 
Hexalectris is one of the few New World mycoheterotrophic 
genera associated with narrow clades of mycorrhizal fungi 
and has 8 species (Kennedy & Watson, 2010; Kennedy & al., 
2011), while Basiphyllaea and Bletia are green geophytes, the 
former with 7 species endemic to the Greater Antilles and the 
latter with approximately 25 species distributed from Florida 
to Argentina and the Antilles (Luer, 1972; Ackerman & al., 
2001; Sosa, 2007; Sosa & Díaz, 2014).

Here, using calibrated phylogenies, we estimate the most 
likely ancestral area for Basiphyllaea, Bletia and Hexalectris 

to identify the region and timing of the shift to the terrestrial 
life form. Our hypothesis is that the ancestral area will coin-

cide with that of related groups such as Laeliinae, in Central 
America (Van den Berg, 2005), which is also the area where 
the majority of Chysis and Bletia species occur. Seasonally 
dry tropical forest is a relatively old ecosystem dating from 
the mid-Eocene in North America (Graham, 1964; Axelrod 
& Bailey, 1969), as are the western North American dry oak-
conifer woodlands, which originated in the Tertiary (Axelrod, 
1958). We will identify whether the species in this clade di-
verged in the Tertiary or later, reaching these habitats in the 
Pliocene or Pleistocene, when global cooling and aridification 
occurred (Retallack, 1997).

In addition, we integrate data for the climatic niche with 
phylogenies to infer whether niche shifts in Bletia, Basiphyl-

laea and Hexalectris coincided with the shift from epiphytic 
to terrestrial habitats. We use models of comparative biology 
that allow for the integration of different kinds of trait data 
with phylogenetic parameters as well as tests of niche evolution 
(Neyland & Urbatsch, 1996; Freckleton & al., 2002; Losos, 
2011; Beaulieu & al., 2012; Revell, 2013). Our hypothesis is 
that niche divergence was associated with a shift in life form 
in which epiphytism was lost for terrestrial life forms in the 
Epidendroids, in the clade formed by these three genera. We 
propose that as a consequence of this shift terrestrial life forms 
occupied a wider climate space and consequently expanded 
their distribution ranges into harsher habitats. We expect our 
study will help clarify the evolution of Epidendroid orchids and 
provide data to further our understanding of possible links be-

tween the evolution of life form, changes in climate preferences 
and the radiation of orchid lineages into different habitats.

MATERIALS AND METHODS

Taxon sampling. — Epidendreae is a large tribe including 
approximately 5000 species. We selected representative taxa 
of the six subtribes identified in this group in previous phylog-

enies (Van den Berg & al., 2000, 2005) and in Genera orchi-

dacearum (Pridgeon & al., 2005). We selected species of Chy-

sis (Chysinae), Isochilus R.Br. and Ponera Lindl. (Ponerinae), 
Masdevallia Ruiz & Pav., Pleurothallis R.Br. and Stelis Sw. 
(Pleurothallidinae), Arpophyllum La Llave & Lex., Encyclia 

Hook., Epidendrum L., Guarianthe Dressler & W.E. Higgins, 
Laelia Lindl. and Prosthechea Knowles & Westc. (Laeliinae), 
comprising 48 accessions for the phylogenetic analyses. Sam-

pling concentrated on the terrestrial clade formed by Basiphyl-

laea, Bletia and Hexalectris (Bletiinae), and we included 85% 
of the total number of species of this group. As outgroup, two 
species of Coelia Lindl. (Coeliinae, the sixth subtribe of Epi-
dendreae) were selected based on previous phylogenies (Van 
den Berg & al., 2000, 2005). An updated classification of 
Orchidaceae (Chase & al., 2015) included Chysis in subtribe 
Bletiinae and added subtribes Agrostophyllinae and Calyp-

soinae to tribe Epidendreae. These groups have been repeatedly 
retrieved with variable support in a grade and as sister groups to 
Epidendreae (Górniak & al., 2010; Freudenstein & Chase, 2015; 
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Givnish & al., 2015). However, here we only considered the six 
groups traditionally recognized in tribe Epidendreae. Vouchers 
and GenBank accession numbers are provided in Appendix 1.

DNA extraction, amplification, and sequencing. — DNA 
was isolated using either a modified 2× CTAB method (Cota-
Sánchez & al., 2006) or the DNeasy Plant MiniKit (Qiagen, 
Valencia, California, U.S.A.) following the manufacturer’s in-

structions. Five DNA plastid regions were sequenced: accD with 
primers accD-HexF and accD-HexR, psbA with primers psbA-
HexF and psbA-HexR, and atpA with primers atpA-HexF and 
atpA-HexR, the latter three DNA regions according to Kennedy 
& Watson (2010); matK was sequenced using primers 1R_KIM 
and 3F_KIM (Dunning & Savolainen, 2010), and for trnL-F we 
used primers Tab-E and Tab-F (Taberlet & al., 1991). PCR prod-

ucts were purified with QIAquick columns (Qiagen) or ExoSAP-
IT (Affymetrix, Santa Clara, California, U.S.A.), sequenced 
with the TaqBigDye Terminator Cycle Sequencing kit (Perkin 
Elmer Applied Biosystems, Foster City, California, U.S.A.) and 
processed on a 310ABI DNA sequencer (Perkin Elmer Applied 
Biosystems). The sequences were edited in Sequencher v.4.1 
(Gene Codes, Ann Arbor, Michigan, U.S.A.) and aligned manu-

ally in Phyde (Müller & al., 2010). Although we used only plastid 
regions we expect the results will be robust to further sampling 
of independent data based on the most recent and comprehensive 
orchid phylogeny that exclusively utilized chloroplast markers 
and retrieved well-supported trees (Givnish & al., 2015).

Phylogenetic analyses and molecular dating.— Molecu-

lar dating followed a two-step approach using BEAST v.1.6.2 
(Drummond & Rambaut, 2007). In the first step, our sampling 
included 148 representative members of subfamily Epidendr-
oideae, and two outgroups from within Orchidaceae (Arach-

norchis, Chloraea) and two distant outgroups (Anigozanthos 

Labill., Nypa Steck). We assembled a matrix of concatenated 
sequences that included fragments of ITS (858 bp), matK 

(1510 bp), trnL-F (1646 bp), and rbcL (379bp). ITS gene trees 
and plastid trees showed no supported conflict at 70% boot-
strap (BS), and concatenation was carried out (see Pirie, 2015; 
separate ITS and plastid trees are included in Electr. Suppl.: 
Figs. S1–S3). Sequences were retrieved from GenBank and 
aligned automatically using MUSCLE (Edgar, 2004), followed 
by manual refinement using BioEdit v.5.0.6 (Hall, 1999). A 
list of species and accession numbers is provided in Appendix 
2. To corroborate previously reported phylogenetic relation-

ships and evaluate clade support, maximum likelihood (ML) 
phylogenetic analyses were conducted with RAxML v.7.0.4 
(Stamatakis, 2006). Each molecular marker was assigned an 
independent general time reversible (GTR) substitution model 
with 25 rate categories to model gamma-distributed site-
specific rate heterogeneity. Clade support was assessed with 
1000 replicates of a nonparametric bootstrap analysis, also con-

ducted with RAxML. Divergence times were estimated with 
the uncorrelated lognormal (UCLN) relaxed clock in BEAST 
v.1.6.2 (Drummond & Rambaut, 2007). We used both a pure 
birth (Yule) and a birth-death model for the speciation process. 
We executed three runs of 5 × 107 generations each and sampled 
every 1000 generations. After confirmation of chain conver-
gence and effective sample sizes in Tracer v.1.5 we combined 

sampled trees of only two of the chains using LogCombiner 
v.1.6.1 (part of the BEAST distribution) and annotated them 
using TreeAnnotator v.1.6.1 (Drummond & Rambaut, 2007).

Three internal nodes were calibrated with fossil-derived 
ages following Gustafsson & al. (2010). (1) The node for the 
clade including Earina valida Rchb.f., E. autumnalis Hook.f. 
and Agrostophyllum majus Hook.f. and (2) the node for the clade 
including Dendrobium officinale Kimura & Migo, D. crystal-

linum Rchb.f. and D. kingianum Lindl. Both were assigned a 
uniform prior distribution set with a defined lower boundary 
of 20 Ma and an upper boundary of 120 Ma. These calibrations 
were based on fossil leaves found in Early Miocene deposits 
of New Zealand, which were confidently assigned to Dendro-

bium Sw. and Earina Lindl. and were described in Ramírez & 
al. (2007; see also Gustafsson & al., 2010). (3) The root of the 
tree (excluding outgroups Nypa and Anigozanthos) was set to 
have a uniform distribution with a lower boundary of 93 Ma 
and an upper boundary of 120 Ma following Gustafsson & al. 
(2010). The upper age constraint of 120 Ma for the calibrations 
corresponds to the oldest known monocot fossils (Friis & al., 
2004; Gustafsson & al., 2010).

In the second step of estimating divergence times, we used 
the age estimate for the crown group of the clade represent-
ing tribe Epidendreae obtained in the previous step. Because 
results with both models (birth and birth-death) were similar, 
we used dates retrieved by the birth model of 64.68 Ma (log-

normal mean = 4.17 Ma, SD = 13, zero offset = 0; 95% highest 
posterior density [HPD] 80.14–52.26 Ma) as calibration for 
estimating times of divergence within the Bletiinae. For this 
analysis, the data matrix comprised the five plastid DNA mark-

ers (accD, psbA, atpA, matK, trnL-F). We used an uncorrelated 
lognormal relaxed clock model and a Yule speciation process 
as a prior. The GTR + G evolutionary model was selected based 
in jModelTest v.0.1.1 (Posada, 2008). Three independent 20 
million generation runs were performed with random starting 
trees, sampling every 1000 generations. Tracer v.1.5 was used 
to assess convergence and effective sample sizes (ESS) for all 
parameters and to combine tree files from the three BEAST 
runs. AWTY was used to determine whether tree topologies 
were converging in the same space. If convergence between 
the independent chains was evident, we combined the samples 
from each run using LogCombiner v.1.6.1. After discarding 
10% of the trees as burn-in, those remaining were summarized 
in a maximum clade credibility tree with TreeAnnotator v.1.6.1 
with the PP limit set to 0 and representing mean node heights. 
The single tree was visualized with Figtree v.1.5.4 (http://tree.
bio.ed.ac.uk/software/figtree/).

Life form evolution and ancestral area estimation. — Spe-

cies were coded as epiphytes, (terrestrial) geophytes or myco-

heterotrophs based on the literature and our observations. We 
estimated ancestral states for life form under an ML framework 
using BayesMultiState implemented in BayesTraits v.1.0 (Pagel 
& Meade, 2006). To take into account phylogenetic uncertainty 
we ran the ML analyses over 1000 randomly selected trees 
obtained from the output of the BEAST dating analysis.

To estimate ancestral areas, we classified species distri-
bution areas according to Morrone (2014). Geographic areas  



Sosa & al. • Life form evolution in epidendroid orchids

238 Version of Record

TAXON 65 (2) • April 2016: 235–248

were designated as follows: (A) Nearctic region (B) Mexican 
Transition Zone, (C) Mesoamerican subregion, (D) Antillean 
subregion, and (E) Brazilian subregion. We reconstructed an-

cestral geographic ranges using Bayesian methods with BBM 
(Bayesian Binary MCMC) analyses implemented in RASP 
v.2.0b (Yu & al., 2015), using models of character state evolu-

tion assuming equal rates of change and fixed or estimated state 
frequencies with biogeographic regions considered as character 
states. These methods accommodate phylogenetic uncertainty 
by averaging the ancestral estimation over a sample of user-
supplied trees, in this case, the 1000 randomly selected trees 
obtained from the BEAST analyses. Estimated ancestral ranges 
at each node on the consensus chronogram were obtained. The 
maximum number of unit areas allowed for nodes was set to 
five. For the BBM analyses we set a null distribution for the 
ancestral range of the root of the tree, and we ran ten MCMC 
chains simultaneously for 5 × 104 generations, sampling a state 
every 100 steps, and discarding 100 samples as burn-in.

Estimation of evolution of climate preferences. — Geo-

referenced records were compiled from databases (GBIF and 
Mexican database REMIB) for the same 48 accessions of our 
Epidendreae phylogenetic analyses, with a total of 1300 re-

cords. With the exception of Basiphyllaea wrightii (Acuña) 
Sosa & M.A.Díaz, which has a restricted distribution, all spe-

cies comprised 10–30 records. We used climate and precipita-

tion variables downloaded at a resolution of 30 arc seconds 
from the WorldClim database (Hijmans & al., 2005). We per-
formed a correlation analysis to eliminate correlated environ-

mental variables with the program PAST v.3.06 (Hammer & al., 
2001). The averages of these ecological variables for each spe-

cies was calculated and considered for mapping trait evolution 
in our phylogeny. To visualize ancestral climate preferences 
we constructed a traitgram, following the approach by Revell 
(2013) for character mapping where possible character histories 
are sampled in proportion to their probability. Traitgrams ar-
range species along a continuous trait axis and connect them 
with their underlying phylogenetic tree. Internal node positions 
correspond to ancestral states obtained from the likelihood 
analysis (Revell, 2013). This ancestral trait estimation was done 
using the phytools package in R v.2.15.2 (R Development Core 
Team, 2012). To investigate the role played by life-form tran-

sitions in climatic niche evolution we fitted different flexible 
Brownian motion (BM) and Ornstein-Uhlenbeck (OU) models 
to our data. In these, we either constrained parameters to be 
equal in all trees or allowed them to vary in rate of evolution 
between two selective regimes (epiphytes vs. terrestrial geo-

phytes and mycoheterotrophs). The two simplest models were 
a single-rate BM model (BM1) and an OU model with one 
optimum for all species within the tree (OU1). We fitted a BM 
model that assigned a separate rate for each selective regime 
on the tree (BMS). The remaining four OU models differed in 
how the rate parameters were allowed to vary in the model. 
The OUM model had different state means and a single α and 
σ2 acting on all selective regimes. Finally, we assessed the fit 
of the OUMV, OUMA, and OUMVA models that assumed two op-

tima but varied α and σ2 between different selective regimes. 
In all cases, we dropped θ0 from the model and assumed that 

the starting value was distributed according to the stationary 
distribution of the OU process. All models were fitted using 
the R package OUwie (Beaulieu & al., 2012).

RESULTS

Phylogenetic analyses and molecular dating. — In our 
phylogenetic analyses, species of the six subtribes of Epiden-

dreae were retrieved in well supported clades (PP = 0.97–1, BS 

= 84%–99%): the two species of Coelia (Coeliinae) and Chysis 

(Chysinae); Laelia, Epidendrum, Guarianthe, Prostehechea, 
Encyclia and Arpophyllum (Laeliinae); Masdevallia, Stelis 

and Pleurothallis (Pleurothallidinae); Isochilus and Ponera 

(Ponerinae); Bletia, Basiphyllaea and Hexalectris (Bletiinae; 
Fig. 1). Bletia was not retrieved as monophyletic. Two species, 
B. punctata La Lave and B. urbana Dressler, formed a clade 
sister to the remaining species of Bletiinae; Basiphyllaea was 
retrieved in a clade with species of Bletia and Hexalectris spe-

cies were retrieved in a clade (Fig. 1). In our dating analyses, 
our two-step dating approach in the first step estimated an age 
of origin of 97.7 Ma for subfamily Epidendroideae, which lies 
within the credibility interval (95% HPD) of 115–83 Ma, and 
for tribe Epidendreae the estimate was 60.3 Ma (95% HPD = 
60.34–37.31 Ma; Electr. Suppl.: Fig. S1). This estimated mean 
and its interval were used to calibrate the phylogeny with rep-

resentative members of tribe Epidendreae for the second step, 
in which estimation of age of origin of the terrestrial clade 
formed by Bletia, Basiphyllaea and Hexalectris was ca. 48 
Ma (95% HPD 48.71–21.18). Within the terrestrial clade, the 
subclade including most species of Bletia, Basiphyllaea and 
Hexalectris originated ca. 40 Ma (95% HPD = 41.63–9.94), 
and the Hexalectris clade diverged at 33 Ma (95% HPD = 
41.14–8.18; Fig. 1).

Ancestral character evolution and area estimation. — Our 
analyses indicate that the ancestral state at the root of the tree 
(including Chysis and Coelia) is epiphytism (P = 0.88). The 
ancestral character estimation reveals a shift at the base of 
the Basiphyllaea-Bletia-Hexalectris clade with a probability 
of 0.83 for geophytism and a posterior shift in the Hexalectris 

clade to mycoheterotrophism (P = 0.99; Fig. 1).
Our results for ancestral area estimation indicate that after 

the early split of Coelia and Chysis, the ancestral area recon-

structed for the Epidendreae was the Mexican Transition Zone 
(B) or the Mexican Transition Zone and the Mesoamerican 
subregion (BC), with similar probability values (P = 0.44 and 
P = 0.46, respectively; Fig. 2). Two major clades arose within 
Epidendreae. The first includes Laelia through Ponera, with an 
ancestral area for which the highest probability values are also in 
the Mexican Transition Zone and the Mesoamerican subregion 
(BC), possibly indicating a major expansion into area C. The 
second clade corresponds to Bletia-Hexalectris-Basyphyllaea, 
with its most probable ancestral area in the Mexican Transition 
Zone (B; 0.67). The lineage comprised of most species of Ble-

tia, Basyphyllea and Hexalectris most likely has its ancestral 
areas in the Mexican Transition Zone (B), with independent 
colonizations into the Antillean subregion (D) and the Brazilian 
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Fig. 1. Bayesian phylogeny of tribe Epidendreae. Values above and below branches are posterior probabilities and bootstrap percentages, respectively. The time frame was estimated with a 
molecular dating analysis. Life form evolution was estimated in a maximum likelihood framework. a, Laelia anceps, pseudobulbs; b, L. anceps, flower; c,  Pleurothallis (Specklinia) blancoi; d, 

Masdevallia floribunda; e, Bletia purpurea, corms; f, B. patula; g, Basiphyllaea wrightii, corm; h, B. wrightii, flower; i, Hexalectris spicata, plants; j, H. spicata, inflorescence.
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variables, while the lowest AICc (corrected Akaike information 
criterion) value for Precipitation of wettest month is obtained 
for OUMVA model, indicating goodness of fit for the climate 
variables. Moreover, the model OUMVA, showed the highest 
likelihood values for all climate variables suggesting goodness 
of fit as well (Table 1). These results indicate that the adaptive 
optima differed between the two life forms (epiphyte vs ter-
restrial geophytes and mycoheterotrophs) (Table 1).

DISCUSSION

Phylogenetic analyses and molecular dating. — Our re-

sults retrieved the clade formed by Bletia punctata La Llave & 
Lex. and B. urbana Dressler as the sister group to the Bletia-

Basiphyllaea clade. The monophyly of Bletia and Basiphyllaea 

has previously been reconstructed differently, and depends 
on the sets of molecular markers and morphological charac-

ters that were used (Sosa, 2007). Although the results of our 
phylogenetic analyses mostly concur with those of previous 
studies of epidendroid orchids (e.g., Van den Berg & al., 2005; 
Górniak & al., 2010; Freudenstein & Chase, 2015), they dis-

agree regarding the position of some groups such as Isochilus 

subregion (E). The reconstructed ancestral area of the subclade 
comprised of Hexalectris is also in the Mexican Transition Zone 
(B; 0.66). The reconstructed ancestral ranges for this clade in-

dicate a possible expansion into the Nearctic region (A; Fig. 2).
Evolution of climate preferences. — Differences in climate 

preferences become obvious in our reconstruction of niche oc-

cupancy. Divergent evolution of the terrestrial clade is apparent 
in the traitgram for precipitation of the wettest month (BIO 13), 
where the Basiphyllaea-Bletia-Hexalectris clade diverged from 
the other clades (Fig. 3). Traitgrams for annual mean tempera-

ture (BIO 1) and annual precipitation (BIO 12) also show diver-
gence of the terrestrial clade, however, in both climate variables 
a small group of Basiphyllaea and Bletia catenulata and other 
species such as B. antillana and B. riparia occupies niches 
similar to the epiphytic taxa (Fig. 3). The clade of Hexalectris 

diverged from the clades of Bletia and Bletia-Basiphyllaea in 
temperature seasonality (BIO 4), annual precipitation (BIO 
12) and precipitation of the wettest month (BIO 13), occupying 
niches with more extreme temperatures and scarce precipita-

tion (Fig. 3). With regard to niche evolution, OU models for 
every climate variable showed a better fit than BM models 
(Table 1). The OUM had the lowest AICc values for annual mean 
temperature, temperature seasonality and annual precipitation 

Fig. 2. Estimation of ancestral area. Pie charts at nodes represent 95% confidence intervals for the relative frequencies of ancestral area optimizations.
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and Ponera (subtribe Ponerinae), which can be attributed to 
sampling; our sampling concentrated on taxa of the terrestrial 
clade. Furthermore, in the phylogeny of epidendroid orchids, 
Freudenstein & Chase (2015) retrieved Chysis as the sister 
group of the Basiphyllaea-Bletia-Hexalectris clade. Based on 
this, tribe Bletiinae was re-circumscribed in the updated clas-

sification of Orchidaceae by adding Chysis (Chase & al., 2015). 
However, our results identified Chysis in a clade with Coelia 

as was also found in the most recent Orchidaceae phylogeny 
based on 75 plastid genes (Givnish & al., 2015). Irrespective of 
this, the Bletia-Basiphyllaea-Hexalectris clade was retrieved 
as a well-supported group.

Most of our estimated ages for clades within subfamily 
Epidendroideae are older than the dates suggested by Ramírez 
& al. (2007) or by Gustafsson & al. (2010). However, Magallón 
& al. (2015), using a comprehensive sampling of angiosperm 
families and 137 fossil-derived calibrations, with two differ-
ent relaxed molecular clock-like methods, identified a time 
interval of 118.15–98.67 Ma for the stem clade of Orchidaceae. 
In a study of Vanilla Mill., Bouétard & al. (2010), in a dating 
analysis that included taxa representative of the entire Orchid-
aceae, calibrated the Vanilloideae crown node to 71 Ma. In 
addition, Chomicki & al. (2014) in their extensive molecular 
dating analysis using 335 species of orchids reported that the 
divergence of the crown group of Orchidaceae started in the 
Upper Cretaceous, at 93.7 (121–75) Ma. Moreover our estimated 
ages were similar to a recent study based on 75 plastid genes, 

in which Bletiinae was found to be an early divergent group at 
27 Ma (Givnish & al., 2015). Therefore, our estimate of diver-
gence for the orchids and for Epidendreae coincides with the 
latest calculations.

Ancestral life form and biogeographic area. — Although 
evidence for a primitively epiphytic habit of orchids has been 
presented (Robinson & Burns-Balogh, 1982), a recent analysis 
identified the terrestrial habit as ancestral and epiphytism as 
derived in orchids; the latter evolved four to seven times and 
was lost again seven to ten times and, as expected, the most 
important change to epiphytism occurred in the Epidendroideae 
(Chomicki & al., 2014). Moreover, epiphytism has been associ-
ated with the diversification of this orchid tribe followed by its 
expansion into the New World and linked to anther characters 
involved in pollinator specificity (Freudenstein & Chase, 2015). 
Our results suggest that the most recent common ancestor of 
the clade with the majority of taxa of Epidendreae and the ter-
restrial clade of Baspiphyllaea-Bletia-Hexalectris has a high 
probability of an ancestrally epiphytic life form, and that there 
was a shift to terrestrial life forms in this clade. Moreover, in 
Malaxideae, another epidendroid orchid group, a transition 
from epiphytic to terrestrial habit has also been documented, 
stressing the significance of vegetative characters in orchid 
evolution (Cameron, 2005). Molecular dating suggests that the 
Baspiphyllaea-Bletia-Hexalectris clade diverged slightly later 
than the rest of the taxa in Epidendreae formed by epiphytic 
species, and that the mycoheterotrophic clade of Hexalectris 

Table 1. Fit of model selection for the evolution of climate preference. Two selective regimes (epiphytes vs. terrestrial geophytes and mycohetero-

trophs) were assigned over the chronogram. 
Evolutionary models

Variable BM1 BMS OU1 OUM OUMV OUMA OUMVA

Annual mean temperature
−Ln L −221.51 −221.35 −218.9463 −216.6186 −216.1474 −216.6106 −214.7785
 AIC  447.02  448.71  443.8926  441.2372  442.2948  443.2212  441.557
 AICc  447.29  449.25  444.4381  442.1674  443.7234  444.6498  443.6058

Temperature seasonality 
−Ln L   −3.17   −3.11   −0.0173    1.7747    2.1972    1.7818    3.6111

 AIC   10.34   12.2300    6.0346    4.4505    5.6057    6.4364    4.7778
 AICc   10.61   12.7716    6.5801    5.3807    7.0343    7.8650    6.8266

Annual precipitation 
−Ln L −372.06 −370.8767 −369.6107 −363.1707 −362.9307 −362.3165 −361.2056
 AIC  748.12  747.7534  745.2214  734.3414  735.8614  734.6331  734.4111
 AICc  748.39  748.2988  745.7668  735.2716  737.2899  736.0616  736.4599

Precipitation of wettest month 
−Ln L −278.43 −277.3907 −275.6486 −267.0831 −267.0824 −266.8007 −262.9838
 AIC  560.86  560.7813  557.2971  542.1662  544.1647  543.6014  537.9675
 AICc  561.12  561.3268  557.8426  543.0964  545.5933  545.0300  540.0163

AIC, Akaike information criterion; AICc, size-corrected AIC scores; BM, Brownian motion model; BMS, Brownian model with separate range 
for each selective regime; Ln L, natural logarithm of likelihood; OU, Ornstein-Uhlenbeck model; OU1, single optimum for all species; OUM, two 
optima for all species; OUMV , three optima for all species; OUMA, two optima but varied α; OUMVA, two optima but varied α and σ2.
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and a clade formed by most species of Bletia 

and Basiphyllaea diverged at similar times in 
the Oligocene.

Our results suggest that Mexico and 
Central America were the ancestral areas for 
the Baspiphyllaea-Bletia-Hexalectris clade. 

The majority of Bletia and Hexalectris spe-

cies are distributed in this area. This ances-

tral area coincides with that of the closely 
related Laeliinae for which Central America 
has also been proposed as the ancestral area 
(Van den Berg & al., 2000; Antonelli & al., 
2010). Our ancestral area estimation suggests 
that dispersal occurred from this region to the 
Antilles and to South America, in the group 
with Basiphyllaea and Bletia catenulata Ruiz 
& Pav. and in the clade of Bletia meridana 

(Rchb.f.) Garay & Dunst. and to North Amer-
ica in the case of Hexalectris.

Evolution of climate preferences. — A 

number of angiosperm lineages have geophytic 
life forms, and these are most common in 
monocots in areas with Mediterranean climate, 
i.e., a seasonal dry-summer subtropical climate 
with winter rains (Rundel, 1996; Proches & al., 
2006). Traitgrams for annual mean tempera-

ture, annual precipitation and precipitation of 
wettest month showed that the Basiphyllaea-

Bletia-Hexalectris clade departed from the rest 
of the clades formed by epiphytes, suggesting 
a shift of climate preferences in annual mean 
temperature and precipitation and most sig-

nificantly in seasonal precipitation, implying 
that terrestrial species show a preference for 
seasonal climates. Divergence of the mycohet-
erotrophic Hexalectris clade from the Bletia 

and Bletia-Basiphyllaea clades in temperature 
seasonality, annual precipitation and precipita-

tion of wettest month reflects that the species 
of Hexalectris occupy more extreme northern 
habitats. Although our study does not allow us 
to identify which plant morphological adapta-

tions result in certain climatic tolerances, our 
results may indicate that evolution into harsh 
habitats like semi-arid areas has been made 
possible by the emergence of terrestrial forms, 

Fig. 3. Traitgrams visualizing ancestral climate 
preferences in tribe Epidendreae. A, Annual mean 
temperature; B, Temperature seasonality; C, Annual 
precipitation; D, Precipitation of the wettest month. 
— Uncertainty is shown in the upper left for every 
climate variable as increasing transparency around 
the point estimates; the most transparent areas indi-
cate the 95% confidence interval. — Branches of  
Bletia and Basiphyllaea clade  are purple. Branches 
of Hexalectris clade are pink and the branches of the 
rest of clades in Epidendreae are green.
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in particular the mycoheterotrophic 
habit. Traitgrams are a powerful tool 
to visualize quantitative trait evolution, 
like climate variables. However, only 
the OU models identified differences 
in niche evolution. Niche evolution or 
specialization to new conditions might 
enable colonization of new habitats 
with different climate regimes that 
previously limited the distribution of 
a clade (Wiens & Donoghue, 2014). 

Our OU models with their different 
selective optima indicate that diverse 
climatic constraints have acted on epi-
phytes and terrestrial forms differently, 
suggesting that there was a shift in cli-
mate niche in terrestrial forms from the 
epiphytic forms that allowed plants to 
occupy a wider range of climate space, 
more remarkably in mycoheterotrophic 
plants. Further research is needed to 
understand the role the association of 
Hexalectris with the Sebacina lineage 
of mycorrhizal fungi has played in ex-

panding its distribution range.
Spatio-temporal life form evolu-

tion of the terrestrial clade. — Crown 
dates for the Basiphyllaea-Bletia-

Hexalectris clade indicate that this 
terrestrial group started diversifying in 
the Mid-Eocene and that diversification 
continued into the Oligocene. These 
dates coincide with those calculated 
for New World plant groups adapted 
to arid conditions, such as Cact aceae 
(32.11 Ma, Hernández-Hernández & 
al., 2014) or Agav aceae (Asparagales; 
ca. 35–30 Ma; Good-Avila & al., 2008). 

However, estimates for the aridification 
of North America are more recent, from 
the Pliocene to the Pleistocene and co-

incide with global cooling (Retallack, 
1997; Graham, 1999). The divergence 
time for small clades from the driest ar-
eas such like H. arizonica and H. cole-

manii coincides with this period of arid-

ification. Climate influences nitrogen 
availabitlity in soils, thus determining 
the types of mycorrhizal fungi and the 
associated vegetation that dominates 
across climatic gradients (Hobbie & 
Högberg, 2012). Mycoheterotrophic 
plants are usually rare plants, with local 
patchy distributions, yet of sometimes 
rather wide geographic distribution 

(Barrett & Freudenstein, 2008, 2011), 
as found in Hexalectris.
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Appendix 1. Voucher specimens.
Species, locality and voucher information (for the specimens collected in this project). GenBank accession numbers (accD, matK, trnL-F, psbA, atpA) used for 
the phylogenetic, dating and niche evolution analyses. Newly generated sequences are indicated by an asterisk (*).
Arpophyllum giganteum Hartw. ex Lindl., EU213267, –, EU214139, EU213708, AF265527. Basiphyllaea wrightii (Acuña) Sosa & M.A.Díaz, Cuba, Camacho 
17788 (HAC), KU054333*, KU054346*, –, –, DQ445842*. Bletia antillana M.A.Díaz & Sosa, Cuba, Sosa, Diaz & Llamacho 1380 (HAJB), KU054334*, 
KU054347*, KU054359*, KU054372*, –. Bletia campanulata La Llave & Lex., Mexico, Greenwood, McCullough & Stewart 1035 (AMO), KU054335*, 
KU054348*, KU054360*, KU054373*, DQ445832*. Bletia catenulata Ruiz & Pav., Peru, Vázquez & Jaramillo 4953 (NYBG), KU054336*, –, –, AY121718*, 
–. Bletia ensifolia L.O.Williams Mexico, Greenwood, McCullough & Stewart 1035 (AMO), KU054337*, KU054349*, KU054361*, KU054374*, DQ445838*. 
Bletia gracilis Lodd., Mexico, Sosa 1298 (UC), KU054338*, KU054350*, KU054367*, KU054375*, DQ445834*. Bletia lilacina A.Rich. & Galeotti, Mexico, 
Sosa & al. 1273 (UC, XAL), KU054339*, KU054351*, KU054363*, –, DQ445835*. Bletia macristhmochila Greenm., Mexico, Soltero 128 (IBUG), KU054340*, 
KU054352*, KU054364*, KU054377*, DQ445836*. Bletia meridana (Rchb.f.) Garay & Dunst., Venezuela, Carmevali & Pardo 6355 (CICY), KU054341*, 
KU054353*, KU054366*, KU054378*, DQ445839*. Bletia neglecta Sosa, Mexico, Sosa 1318 (XAL, UC), KU054342*, KU054354*, KU054366*, KU054379*, 
DQ445837*. Bletia parkinsonii Hook., Mexico, Sosa & Castillo 1272 (UC, XAL), KU054343*, KU054355*, KU054365*, KU054380*, –. Bletia purpurea 
(Lam.) DC., Mexico, Sosa 1275 (UC), –, –, EU490678*, –, AY008452*. Bletia riparia Sosa & Palestina, Mexico, Palestina 590 (MEXU, NY, XAL), KU054344*, 
KU054356*, KU054368*, KU054381*, DQ445840*. Bletia roezlii Rchb.f., Mexico, Lyonnet & Chávez s.n. (MEXU), KU054345*, KU054357*, KU054369*, 
KU054382*, DQ445841*. Bletia urbana Dressler, Mexico, Sosa 1278 (UC, XAL), –, –, KU054370*, –, –. Chysis bractescens Lindl., –, –, JN589957, –, 
AF266971. Coelia macrostachya Lindl., –, –, AY121743, –, AF519967. Coelia triptera G.Don ex Steud., –, –, –, –, AF266972. Encyclia cordigera (Kunth) 
Dressler, EU213294, –, EU214166, EU213735, AY422417. Epidendrum cinnabarinum Salzm. ex Lindl., GQ890598, –, –, GQ890570, JQ646010. Epidendrum 

pseudepidendrum Rchb.f., EU213295, –, AF263753, EU213736, AF266986. Guarianthe aurantiaca (Bateman) Dressler & W.E.Higgins, EU213271, –, EU214143, 
EU213712, AF267043. Guarianthe skinneri (Bateman) Dressler & W.E.Higgins, EU213273, –, EU214145, EU213714, AF267046. Hexalectris arizonica 
(S.Watson) A.H.Kenn. & L.E.Watson, FJ427897, FJ427866, FJ427806, –, FJ427746. Hexalectris brevicaulis L.O.Williams, FJ427881, FJ427850, FJ427790, 
FJ427821, FJ427761. Hexalectris colemanii (Catling) A.H.Kenn. & L.E.Watson, FJ427893, FJ427862, FJ427803, FJ427834, FJ427742. Hexalectris grandiflora 
(A.Rich. & Galeotti) L.O.Williams, FJ427885, FJ427854, FJ427795, FJ427825, FJ427735. Hexalectris nitida L.O.Williams, FJ457844, FJ457828, FJ457804, 
FJ457820, FJ457788. Hexalectris parviflora L.O.Williams, FJ427891, FJ427860, FJ427801, FJ427832, FJ427740. Hexalectris revoluta Correll, FJ457842, 
FJ457826, FJ457802, FJ457818, FJ457786. Hexalectris spicata Barnhart, FJ457853, FJ457837, FJ457813, FJ427844, FJ457797. Hexalectris warnockii Ames & 
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Correll, FJ457838, FJ457822, FJ457798, FJ457814, FJ457782. Isochilus amparoanus Schltr., EU213303, –, AY368412, EU213744, AF266962. Isochilus major 
Cham. & Schltdl., –, –, EU490696, –, AY422381. Laelia anceps Lindl., –, –, AF263794, –, AF267021. Laelia rubescens Lindl., –, –, EU214368, –, AY422401. 
Lepanthes woodburyana Stimson, –, –, AF265472, –, AF265494. Masdevallia floribunda Lindl., –, –, AY368416, –, AF266966. Masdevallia pinocchio Luer 
& Andreetta, –, –, AF265445, –, AF293433. Masdevallia uniflora Ruiz & Pav., –, –, AF265446, –, AF265490. Pleurothallis mentosa Cogn., –, –, AF265486, 
–, AF293435. Pleurothallis ruscifolia R.Br., –, –, EU214430, –, AF265500. Ponera exilis Dressler, –, –, AF263763, –, AF266963. Ponera striata Lindl., –, –, 
AY396077, –, AY422380. Prosthechea cochleata (L.) W.E.Higgins, EU213317, –, KJ773041, EU213757, AY422429. Prosthechea fragrans (Sw.) W.E.Higgins, 
EU213319, –, EU214190, EU213760, AY422427. Stelis argentata Lindl., –, –, KJ472362, –, AF265510. Stelis gigantea Pridgeon & M.W.Chase, –, –, JF934864, 
–, AF265513. Stelis pilosa Pridgeon & M.W.Chase, –, –, JF934848, –, AF265517. Stelis rubens Schltr., –, –, FR837536, –, FR837539.

Appendix 2. Species and GenBank accession numbers (ITS, matK, trnL-trnF, rbcL) used for the estimation of divergence dates within Epidendroideae. 
Outgroups are marked with *.
Acianthera johnsonii (Ames) Pridgeon & M.W.Chase, AF262920, EU214424, –, –. Acrorchis roseola Dressler, AY174761, AY396086, AY422389, –. Agros-

tophyllum majus Hook.f., AF521080, AY368391, AF519965, AF518054. Alamania punicea La Llave & Lex., AF260177, AY425801, AY422452, –. Anathallis 

dolichopus (Schltr.) Pridgeon & M.W.Chase, JF934776, JF934840, –, –. Anigozanthos flavidus Redouté*, –, AB088796, GU223397, EF422992. Arachnorchis 

arenicola (Hooper & A.P.Br.) D.L.Jones*, GQ866474, GQ866529, GQ866796, –. Arpophyllum giganteum Hartw. ex Lindl., AF266742, AF265485, AF266975, 
AF074110. Artorima erubescens (Lindl.) Dressler & G.E.Pollard, EF079374, AY425798, AY422449, –. Barbosella cucullata (Lindl.) Schltr., AF262815, 
AF265483, AF265525, –. Barkeria whartoniana (C.Schweinf.) Soto Arenas, AF260170, AF263754, AF266999, –. Basiphyllaea hamiltoniana Ackerman & 
Whitten, AF521050, EU490676, AF519903, AF518026. Bifrenaria atropurpurea Lindl., AF239336, AF239432, AF239528, –. Bletia catenulata Ruiz & Pav., 
AY008462, AY121720, DQ445833, AF518024. Brachionidium valerioi Ames & C.Scweinf., AF291098, AF265488, AF291102, –. Brassavola cucullata R.Br., 
AY008589, AY396097, AY422400, –. Broughtonia negrilensis Fowlie, AY008569, AY396093, AY422396, –. Calanthe calanthoides (A.Rich. & Galeotti) 
Hamer & Garay, AF521063, AF263632, AF519942, AF264159. Cattleya dowiana Bateman, AF260210, AY396100, AY422403, AF074122. Caularthron bila-

mellatum (Rchb.f.) R.E.Schult., AF260173, AF263780, AF267001, AF518059. Chloraea chica Speg. & Kraenzl.*, JQ045481, GQ917038, FR832153, FR831977. 
Chysis bractescens Lindl. EF079363, AY121747, AF266971, AF074126. Coelia macrostachya Lindl., AY008472 AY121743 AF519967 AF518056. Constantia 

cipoensis Porto & Brade, AF260193, AF263796, AF267023, –. Cymbidium ensifolium Sw., AF284716, AF470464, –, AF074141. Dendrobium crystallinum 
Rchb.f., AF363023, AF445447, EF397917, D58407. Dendrobium kingianum Bidwill ex Lindl., EU430384, AF263651, AF519958, AF074146. Dendrobium 

officinale Kimura & Migo, AF311776, EF221847, EF397937, FJ216567. Dilomilis montana (Sw.) Summerth. AF262915, AF263765, AF266967, AF074150. 
Dimerandra emarginata (G.Mey.) Hoehne, AF260179, AY425795, AF267008, –. Dinema polybulbon Lindl., AF260154, AY396109, AF266977, AF518061. 
Diodonopsis erinacea (Rchb.f.) Pridgeon & M.W.Chase, –, EU214180, –, –. Domingoa kienastii (Rchb.f.) Dressler, AY008564, AY396095, AY422398, –. 
Dracula chimaera (Rchb.f.) Luer, AF262766, AF265444, AF265489, AF518039. Dresslerella elvallensis Luer, AF262901, AF265477, AF265521, –. Dryadella 

edwallii (Cogn.) Luer, AF262824, AF265454, AF265505, –. Earina autumnalis Hook.f., AF260149, AF263656, AF266970, AF074155. Earina valida Rchb.f., 
AF521077, AY121741, AY008448, AF518052. Echinosepala aspasicensis (Rchb.f.) Pridgeon & M.W.Chase, –, EU214340, –, –. Encyclia adenocaula (La Llave 
& Lex.) Schltr., AY008526, AY396111 AY422414, –. Epidendrum campestre Lindl., AF260174, AF263781, AF267002, AF518060. Epidendrum cardiochilum 
L.O.Williams, –, FJ238563, FJ238600, –. Epidendrum ciliare L., AY008503, FJ238564, –, –. Epidendrum cocoense Hágsater, EU554334, EU214345, –, –. Epi-

dendrum conopseum R.Br., AY008506, AY396080, AY422383, –. Epidendrum diffusum Sw., FJ238549, FJ238565, FJ238601, –. Epidendrum flexuosum 
G.Mey., –, EU214346, FJ869421, –. Epidendrum fulgens Brongn., EU554338, –, FJ869398, –. Epidendrum ibaguense Kunth, AY008505, AY396079, AY422382, 
–. Epidendrum insulanum Schltr., 54333, EU214349, –, –. Epipactis helleborine (L.) Crantz, AF521059, EU490692, AF519922, Z73707. Eria ferruginea 
Lindl., AF521071, AF263660, AF519954, AF074164. Frondaria caulescens (Lindl.) Luer, AF262914, AF265471, AF265528, –. Galeandra devoniana Schomb. 
ex Lindl., EU877142, AY368408, –, AF074171. Gongora amparoana Schltr., AF239385, AY368409, AF239577, AY368358. Hagsatera brachycolumna 
(L.O.Williams) R.González, AY008515, AY396088, AY422391, –. Helleriella guerrerensis Dressler & Hágsater, AF260142, AF263761, AF266961, AF518029. 
Hexalectris revoluta Correll, FJ427935, FJ427802, FJ427771, AF264168. Hexalectris spicata Barnhart, FJ427922, FJ427805, FJ427774, –. Homalopetalum 

pumilio Schltr., AY008524, AY396089, AY422392, –. Isabelia virginalis Barb.Rodr., AF260161, AF263747, AF266987, –. Isochilus amparoanus Schltr., 
AF260143, AY121726, AF266962, AY368361. Jacquiniella teretifolia Britton & P.Wilson, AY008519, AY396087, AY422390, –. Laelia purpurata Lindl. & 
Paxton, AY008641, AY396104, AY422407, –. Lepanthes woodburyana Stimson AF262890, AF265472, AF265494, –. Lepanthopsis astrophora (Rchb.f. ex 
Kraenzl.) Garay, AF262893, AF265487, AF265493, –. Leptotes bicolor Lindl., AF260185, AF263789, AF267014, –. Listera smallii Wiegand, AF521058, 
AF263668, AF519921, AF074184. Loefgrenianthus blanche amesiae Hoehne, AF260183, AF263787, AF267012, –. Lycaste cruenta Lindl., AF239342, 
AF239438, AF239534, AF074185. Masdevallia calura Rchb.f, DQ923773, EU214384, –, –. Masdevallia floribunda Lindl., AF260146, AY368416, AF266966, 
–. Masdevallia pinocchio Luer & Andreetta, AF262778, AF265445, AF293433, –. Masdevallia uniflora Ruiz & Pav AF262769, AF265446, AF265490, 
AF518040. Maxillaria umbratilis L.O.Williams, AF239331, AF239427, AF239523, –. Meiracyllium gemma Rchb.f., AF260153, AY121749, AF266974, –. 
Microepidendrum subulatifolium (A.Rich. & Galeotti) W.E.Higgins, AF262778, AF265445, AF293433, –. Mormodes aromatica Lindl. –, AY368417, –, –. 
Myoxanthus punctatus (Barb.Rodr.) Luer, AF262885, AF265479, AF265519, –. Myrmecophila tibicinis Rolfe AY429392, AY396099, AY422402, –. Neocog-
niauxia hexaptera Schltr., AF260148, AY425793, AF266969, AF518037. Schltr., AF521066, AY121735, AF519945, –. Nidema boothii Schltr., AY008522, 
AY396081, AY422384, –. Nypa fruticans Wurmb.*, –, AF543743, AJ241282, AY289688. Octomeria gracilis Barb.Rodr., AF262911, AF265484, AF265526, 
AF518044. Oestlundia cyanocolumna (Ames, F.T.Hubb. & C.Schweinf.) W.E.Higgins, AF262848, AF302648, AF276026, –. Oncidium excavatum Lindl., 
AF350843, AY368423, –, AF074201. Orleanesia amazonica Barb.Rodr., AF260176, AF263755, AF267004, –. Palmorchis trilobulata L.O.Williams, –, 
AJ310052, AJ409435, AF074206. Phalaenopsis equestris (Schauer) Rcbh.f AF537012, AF263677, AY265754, AF074211. Platystele misera (Lindl.) Garay, 
AF262823, AF265470, AF265504, –. Pleione formosana Hayata, AF302740, EU490703, AF503686, AF264173. Pleurothallis angustilabia Schltr., AF262868, 
AF302647, –, –. Pleurothallis cardiantha Rchbl.f., AF262832, AF265462, AF265501, –. Pleurothallis endotrachys Rcbh.f., AF262859, AF265456, AF265508, 
AF074217. Pleurothallis fenestrata Barb.Rodr. AF262857, AF265468, AF265518, –. Pleurothallis lentiginosa F.Lehm. & Fraenzl., AF275692, AF275696, 
AF276028, –. Pleurothallis linearifolia Cogn., AF262869, AF265473, AF265495, –. Pleurothallis mentosa Cogn., AF262864, AF265486, –, –. Pleurothallis 

ochreata Lindl., AF262858, AY008458, AY008446, AF518038. Pleurothallis peperomioides Ames, AF275690, AF291103, AF291101, –. Pleurothallis prolifera 
Herb. ex Lindl., AF275688, AF275697, AF276027, –. Pleurothallis racemiflora Lindl., AY008477, AY396076, AY422379, –. Pleurothallis ruscifolia R.Br., 
AF262836, AF265463, AF265500, AF518042. Pleurothallis segoviensis Rchb.f., AF262866, AF276313, AF265515, –. Pleurothallis sicaria Lindl., AF262848, 
AF302648, AF276026, –. Pleurothallis tripterantha Rcbh.f., AF275694 , AF302649, AF293439, –. Pleurothallis tubata Lodd. ex Steud., AF262845, AF265466, 
AF265514, –. Pleurothallopsis nemorosa Barb.Rodr., AF291099, AF291104, AF291100, –. Ponera striata Lindl., AF260145, AY121727, AF266965, AY368368. 
Porroglossum amethystinum (Richb.f.) Garay, AF262804, AF265448, AF265491, –. Prosthechea abbreviata ( Schltr. ) W.E.Higgins, AF260181, AF263757, 
AF267010, AF518063. Prosthechea aemula (Lindl.) W.E.Higgins, AY008544, AY396125, AY422428, –. Prosthechea chimborazoensis (Schltr. W.E.Higgins, 
AY429407, AY396123, AY422426, –. Prosthechea cochleata (L.) W.E.Higgins, AY008545, AY396126, AY422429, –. Prosthechea cretacea (Dressler & 

Appendix 1. Continued.
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Appendix 2. Continued.
G.E.Pollard) W.E.Higgins, AY429413, AY396134, AY422437, –. Prosthechea fragrans (Sw.) W.E.Higgins, AY429408, AY396124, AY422427, –. Prosthechea 

glauca Knowles & Westc., AY429410, AY396130, AY422433, –. Prosthechea ionocentra (Rchb.f.) W.E.Higgins, AY429411, AY396131, AY422434, –. Pros-

thechea ochracea (Lindl.) W.E.Higgins, AY429412, AY396133, AY422436, –. Prosthechea prismatocarpa (Rchb.f.) W.E.Higgins, AY008548, AY396132, 
AY422435, –. Prosthechea pseudopygmaea (Finet) W.E.Higgins, AY429409, AY396128, AY422431, –. Prosthechea pygmaea (Hook.) W.E.Higgins, AY008546, 
AY396127, AY422430, –. Prosthechea vitellina (Lindl.) W.E.Higgins, AY008547, AY396129, AY422432, –. Pseudolaelia vellozicola (Hoehne) Porto & Brade, 
AY008488, AY121748, AF266994, AF518057. Psychilis krugii (Bello) Sauleda, AF260157, AY396092, AF266981, –. Quisqueya ekmanii Dod, AY008567, 
AY425796, AY422447, –. Restrepia aristulifera Garay & Dunst., AF262907, AF265481, AF265522, –. Restrepiella ophiocephala (Lindl.) Garay & Dunst., 
AF262909, AF265482, AF265523, –. Rhyncholaelia glauca Schltr., AY008584, AY396101, AY422404, –. Scaphosepalum gibberosum Rolfe, AF262817, 
AF265458, AF265503, AF518041. Scaphyglottis imbricata (Lindl.) Dressler, AY174749, AY396083, AY422386, –. Sobralia macrantha Lindl., HM854639, 
HQ329058, –, AF074228. Sophronitis cernua Lindl., AF260200, AY396103, AF267032, –. Stanhopea tigrina Bateman, AF239352, AF239448, AF239544, 
–. Stelis alajuelensis Pridgeon & M.W.Chase, JF934810, JF934870, –, –. Stelis alta Pridgeon & M.W.Chase, JF934804, JF934865, –, –. Stelis argenta Lindl., 
AF262878, AF265464, AF265510, –. Stelis brunnea (Dressler) Pridgeon & M.W.Chase, JF934798, JF934859, –, –. Stelis carnosilabia (A.H.Heller & A.D.Hawkes) 
Pridgeon & M.W.Chase, JF934807, EU214425, –, –. Stelis carpinterae (Schltr.) Pridgeon & M.W.Chase, JF934796, JF934857, –, –. Stelis convallaria (Schltr.) 
Pridgeon & M.W.Chase, JF934791, JF934851, –, –. Stelis despectans Schltr., JF934761, JF934831, –, –. Stelis dressleri Luer, JF934759, JF934829, –, –. Stelis 

gelida (Lindl.) Pridgeon & M.W.Chase, JF934778, JF934842, –, –. Stelis gigantea Pridgeon & M.W.Chase, JF934803, JF934864, –, –. Tetramicra elegans 
Cogn., AY008566, AY396094, AY422397, –. Trichosalpinx berlineri (Luer) Luer, AF262900, AF265475, AF265497, –. Trisetella scobina Luer, AF262808, 
AF265449, AF265492, –. Wullschlaegelia aphylla Rchb.f., –, AY368434, –, AY368436. Zootrophion dayanum (Rchb.f.) Luer, AF262895, AF265452, AF265499, 
–. Zygopetalum maculatum (Kunth) Garay, Y870097, AY869998, AY869901, AF074246.


