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Abstract

The orchid tribe Tropidieae comprises three genera, Tropidia, Corymborkis and Kalimantanorchis. There
are three fully mycoheterotrophic species within Tropidieae: Tropidia saprophytica, T. connata and Ka-
limantanorchis nagamasui. A previous phylogenetic study of K nagamasui, based only on plastid matK
data, placed K. nagamasui outside the clade of Tropidia and Corymborkis without support. In this study,
we performed phylogenetic analyses using a nuclear ribosomal DNA spacer (ITS1-5.8S-ITS2), a low-
copy nuclear coding gene (Xdb) and a mitochondrial intron (nad1b-c intron) to study the phylogenetic
relationships within Tropidieae. We included six photosynthetic and all three fully mycoheterotrophic
Tropidieae species. The resulting phylogenetic trees placed these fully mycoheterotrophic species inside
the Tropidia clade with high support. In our trees, these three species do not form a monophyletic group
together, because the photosynthetic 7" graminea is nested amongst them. Our results also suggest that the
loss of photosynthetic ability occurred at least twice in Tropidia.
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Introduction

The tribe Tropidieae is one of the earliest diverging clades in subfamily Epidendroideae
(Orchidaceae) and currently contains three genera: Corymborkis Thouars, Tropidia
Lindl. and Kalimantanorchis Tsukaya, M.Nakaj. & H.Okada (Tsukaya et al. 2011;
Freudenstein and Chase 2015; Koch et al. 2016). Corymborkis comprises eight species
and has a pantropical distribution (Rasmussen 1977; Govaerts et al. 2019). About
30 species are recognised in Tropidia and most of the species occur in tropical Asia
and Australasia; the Neotropical 7. polystachya (Sw.) Ames is the only species outside
Asia and Australasia (Jones and Bolger 1988; Kumar et al. 2015; Koch et al. 2016;
Ormerod 2018). Kalimantanorchis is the most recently established genus in the tribe
with the single fully mycoheterotrophic species K. nagamasui Tsukaya, M.Nakaj. &
H.Okada from Sabah and West Kalimantan in Borneo (Tsukaya et al. 2011; Suetsugu
et al. 2017a). Two other fully mycoheterotrophic species are reported in Tropidieae;
both belong to Tropidia: T. saprophytica ].].Sm. and 7. connata J.J.Wood & A.L.Lamb.
Tropidia saprophytica has been recorded from Sabah and Sarawak and 7. connara from
Sabah and West Kalimantan (Wood 1988; Kikuchi and Tsukaya 2017). Wood (1984)
established the fully mycoheterotrophic genus Muluorchis J.J. Wood together with the
description of Muluorchis ramosa ].].Wood. He later found that the species is conspe-
cific with 77 saprophytica and synonymised Muluorchis with Tropidia (Wood 1988).
Wood and Lamb later described another fully mycoheterotrophic species, 7. connata
(Wood and Cribb 1994). Tropidia connata is easily distinguished from 7. saprophytica
by the zigzag inflorescence, connate lateral sepals and shortly spurred lip (Wood and
Cribb 1994). More recently, Kalimantanorchis was established as a new genus, based
on its morphological characters and molecular phylogenetic data (Tsukaya et al. 2011).
The subterranean tuberous structure of Kalimantanorchis had never been observed in
the other two fully mycoheterotrophic 7ropidia species, although we now know that
a tuberous structure occurs at least in 7. connata as well (Tsukaya et al. 2011; Kikuchi
and Tsukaya 2017). Kikuchi and Tsukaya (2017) suggested that the tuberous struc-
tures of the fully mycoheterotrophic Tropidieae species may be equivalent to the tuber-
like nodules of other leafy Tropidia (Yeh et al. 2009, Chun-Kuei et al. 2013). On the
other hand, Tsukaya et al. (2011) provided a molecular phylogenetic tree based only on
plastid mazK data, in which Kalimantanorchis was placed outside the clade comprising
Tropidia and Corymborkis.

The study of mycoheterotrophy is hampered by two major obstacles (Merckx et
al. 2013a). One is the rarity of many fully mycoheterotrophic species: several have
been found only once or twice in the field. Due to the scarcity of adequate material,
for some of the species, information is lacking even at the basic level of morphology
and anatomy. The other major obstacle is the elevated plastid DNA substitution rates
usually occurring in fully mycoheterotrophic plants. In these plants, the leaves are nor-
mally reduced to scales or sheaths and they are achlorophyllous (Tsukaya 2018). Most
of the plastid genes of fully mycoheterotrophic species are, supposedly, not functioning
anymore as the plants have lost the ability to conduct photosynthesis and often expe-
rienced higher mutation rates and deletions in these genes (Freudenstein and Senyo
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2008; Delannoy et al. 2011). Although some fully mycoheterotrophic species still re-
tain amplifiable plastid DNA regions, they can be difficult to align and analyse due to
these elevated substitution rates (Merckx et al. 2013a). Since most of the phylogenies
of the photosynthetic, presumably autotrophic or partially mycoheterotrophic rela-
tives are at least partly based on plastid regions, it is sometimes impossible to relate the
fully mycoheterotrophic species properly to other lineages. Therefore, the phylogenetic
placement of fully mycoheterotrophic plants has often been difficult. These problems
also apply to the fully mycoheterotrophic Tropidieae species.

In 2011 and 2012, multiple specimens of Tropidia connata were collected by the
last author (HT) in Borneo. These specimens included underground tuberous structures,
which were not described in the original description (Wood and Cribb 1994) due to the
incompleteness of the examined material. The examination of tuberous structures in 7
connata clearly indicates that the tuber is a shared character between Kalimantanorchis
nagamasui and T. connata, suggesting that Kalimantanorchis may not be distinct from 77o-
pidia (Kikuchi and Tsukaya 2017) (Fig. 1). As already mentioned, Tsukaya et al. (2011)
provided a phylogenetic analysis based on a plastid region (mazK), which placed Kaliman-
tanorchis outside the Tropidia + Corymborkis clade. However, this result had low support,
possibly because of a highly elevated substitution rate of matK in Kalimantanorchis.

Figure 1. Tropidia connata ].] Wood & A.L.Lamb and Kalimantanorchis nagamasui Tsukaya, M.Nakaj. &
H.Okada. A Gross morphology of 7. connara individual (specimen number 1040, collected in January, 2011
by H. Tsukaya, H. Okada and A. Soejima). B Gross morphology of fruiting K. nagamasui individual (speci-
men number HT1035, collected in January, 2011 by H. Tsukaya, H. Okada and A. Soejima). Scale in cm.
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Based only on the morphological findings of Kikuchi and Tsukaya (2017), Ormer-
od and Juswara (2019) synonymised Kalimantanorchis with Tropidia; however, they
did not provide molecular evidence to counter the findings of Tsukaya et al. (2011).
In this study, we were able to include all three fully mycoheterotrophic species within
a broader sampling of Tropidieae compared to the previous phylogenetic analysis of
Tsukaya et al. (2011) and conducted molecular phylogenetic analyses using a nuclear
ribosomal DNA spacer (ITS1-5.85-1TS2), a low-copy nuclear coding gene (X4h) and
a mitochondrial intron (nad1b-c intron) to clarify the placement of the fully mycohet-
erotrophic species.

Methods

Taxon sampling and plant material

Nine species of Tropidieae were included in this study (six species of Tropidia, one
of Kalimantanorchis and two of Corymborkis). We sampled all three fully mycohet-
erotrophic species. Apart from Tropidia polystachya occurring in the Neotropics, all
sampled Tropidia species are native to Asia. We selected Sobralia rosea Poepp. & Endl.
(Epidendroideae: Sobralieae) as an outgroup taxon for the phylogenetic analyses con-
sidering that Sobralieae is sister to the rest of Epidendroideae, except for Neotticae
(Freudenstein and Chase 2015; Givnish et al. 2015). We obtained three sequences of
Sobralia rosea from GenBank. We used five DNA samples from the DNA Bank of the
Royal Botanic Gardens, Kew. Four samples were collected in the field and extracted in
this study. We provided the sample and voucher information in Table 1.

DNA extraction, PCR amplification and sequencing

DNA extraction was conducted for the four samples obtained in the field using FTA
cards (Whatman, Tokyo, Japan) and DNeasy kit (Qiagen, Hilden, Germany). Ampli-
fication for the nuclear ITS, Xdh and mitochondrial 7ad1b-c intron, was performed
for nine samples using TaKaRa ExTaq polymerase (TaKaRa Bio, Shiga, Japan) and
DreamTaq DNA Polymerases (Thermo Fisher, Epsom, UK). The following primer
sets were used: ITS1 and ITS4 for ITS1-5.8S-ITS2 (White et al. 1990), X502 and
X1599R for Xdh (Gérniak et al. 2010) and nadl exon B and nadl exon C for nadl
b-c intron (Demesure et al. 1995). For ITS, the thermal cycling protocol began with 3
min initial denaturation at 94°C, followed by 35 amplification cycles, each with 15 s at
94°C, 30 s at 44°C and 40 s at 72°C, which was concluded by a final extension at 72°C
for 7 min. For Xdp, the thermal cycles were as follows: initial denaturation at 94°C for
2 min, 6 touchdown cycles of 45 s at 94°C, 45 s at 53°C and 90 s at 72°C, reducing
one degree per cycle, which was followed by 28 cycles of 45 s at 94°C, 45 s at 47°C and
90 s at 72°C and a final extension at 72°C for 5 min. For nadl b-c intron, the thermal
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Table 1. Voucher information and GenBank accessions of samples used in phylogenetic analyses. Her-
barium codes follow Thiers (2019). Samples with NA were extracted in this study, except for S. rosea.
Sequences of S. rosea were obtained from GenBank.

Taxon Voucher information Kew DNA ITS Xdh nadl b-c
Bank ID intron

Corymborkis corymbis Thouars 10041 (REU) 23681 MH596711 MH594866 MHS594874

Corymborkis veratrifolia (Reinw.) Tsukaya et al., NA MH596710 MH594865 MH594875

Blume B200608289 (BO)

Kalimantanorchis nagamasui Tsukaya et al., T31 NA MH596709 MH594864 MHS594873

Tsukaya, M.Nakaj. & H.Okada (BO, TI)

Sobralia rosea Poepp. & Endl. Romano, Sob5 and NA KT923827 KT923862 EF464132
Szlachetko

Tropidia bambusifolia (Thwaites) without number 17721 MH572221 MH594863 MH594872

Trimen

Tropidia connata ].].Wood & Tsukaya et al., 224 NA MH596708 MH594862 MH594871

A.L.Lamb (TT)

Tropidia graminea Blume Duangjai, 40 21775 MH596707 MH594861 MH594870
(BRUN, K)

Tropidia nipponica var. hachijoensis ~ Matsumoto, 466 NA MH596706 MH594860 MH594869

FMaek. & Yokota (TNS)

Tropidia polystachya (Sw.) Ames 89001 (MWC) 0-211 MH596705 MH594859 MHS594868

Tropidia saprophytica ].].Sm. Cameron 0-798 MH596704 MH594858 MH594867

cycles were set as follows: pre-melting for 3 min at 94°C, followed by 35 cycles of 15
s at 94°C, 30 s at 50°C and 2 min at 72°C and a final extension at 72°C for 7 min.
Cycle sequencing was conducted using Big Dye Terminator v3.1 Cycle Sequencing
Kit (Applied Biosystems, Foster City, CA, USA) with the same primers used for PCR
reactions. We additionally used nad1M as an internal primer for sequencing radl b-c
intron (see Freudenstein and Chase 2001). Newly generated 27 sequences were depos-
ited in GenBank and their accession numbers are listed in Table 1 with the accession
numbers of the three sequences of Sobralia, which were obtained from GenBank.

Phylogenetic analyses

In total, 30 sequences were edited and assembled using Geneious Prime 2019.2.1
(https://www.geneious.com) (Kearse et al. 2012). Sequence alignments for each region
were generated with the MUSCLE alignment tool (Edgar 2004), installed in Geneious
Pro using the default setting. Phylogenetic relationships were inferred for the concat-
enated alignments of the three markers (ITS, #ad16-c intron, Xdh). The best partition-
ing scheme was selected by the Bayesian Information Criterion (BIC) using Partition-
Finder 2.1.1 (Guindon et al. 2010; Lanfear et al. 2016). The best partitioning and
substitution models for each partition were estimated as follows: ITS (K80+QG), nadI
b-c intron (K81UF), Xdb first and second codon (K80), Xd/ third codon (HKY). The
Maximum Likelihood (ML) analysis was conducted using IQ-TREE 1.6.12 (Nguyen
etal. 2015). We obtained branch supports by the ultrafast bootstrap with 1000 repli-
cates (Hoang et al. 2018). The Bayesian Inference (BI) analysis was performed using
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MrBayes 3.2.7a (Ronquist et al. 2012). The Bl analysis was run for 50000 generations.
Trees were sampled every 100 generations of the MCMC chain. By default, MrBayes
discarded the first 25% samples from the cold chain. The average standard deviation of
split was checked at the end of the run. Using the sump command, the model param-
eters were also checked for the convergence diagnostic, the Potential Scale Reduction
Factor (PSRF). All the PSRF values were close to 1.0. A 50% majority rule consensus
tree was estimated using the sumt command to obtain the posterior probabilities for
each clade. Generated trees were visualised using FigTree 1.4.3 (Rambaut 2017). Clad-
es with over 85% bootstrap (BS) value or 0.95 Bayesian Posterior Probability (PP) were
considered strongly supported. Clades with over 75% BS or 0.90 PP support were
considered moderately supported. Clades with lower support values were not regarded
as reliably supported clades.

Results

The aligned sequence lengths for each region were 669 bp (ITS), 1389 bp (nadlb-c
intron) and 843 bp (Xdh). We separately conducted ML analyses for the three regions
and none of the incongruences in topology was significantly supported between the
trees. Therefore, the combined usage of the three markers was justified.

The positions of all the taxa were consistent in both trees resulting from the ML
and BI analyses for the combined alignments. As the topology was consistent with
strong support, we added the bootstrap values obtained from the BI analysis to the ML
tree, which is shown in Figure 2.

In both the ML and BI trees, Corymborkis species form a monophyletic clade (BS =
100%, PP = 1). Tropidia species also form a monophyletic clade with the Neotropical
1" polystachya as the first diverging species with a moderately high PP support (0.91)
but with a low BS support (65%) (Fig. 2). In our trees, 1. polystachya is sister to all
Asian Tropidia species. In this Asian Tropidia clade, the East Asian Tropidia nipponica
var. hachijoensis EMaek. & Yokota is the first diverging species, followed by the Sri
Lankan Tropidia bambusifolia (Thwaites) Trimen. The three fully mycoheterotrophic
Tropidieae species form a clade (clade Myco, hereafter) with the photosynthetic 7ropi-
dia graminea Blume. In clade Myco, the clade which includes K. nagamasui and 1. sap-
rophytica (clade A, hereafter) is sister to the clade formed by 7 connata and 1. graminea
(clade B, hereafter) with high support (BS = 95%, PP = 1).

Discussion
Monophyly of Corymborkis and Tropidia
Corymborkis and Tropidia were each inferred as monophyletic in our study. In the

comparative morphological study of Corymborkis by Rasmussen (1977), Tropidia poly-
stachya was mentioned as an exceptional Tropidia species because of the type of inflo-
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Tropidia saprophytica

Clade A

Clade Myco
Tropidia connata

Clade B

Tropidia graminea

99/1

Tropidia bambusifolia

65/0.91

Tropidia nij ica var.

Tropidia polystachya

Corymborkis corymbis
100/1

Corymborkis veratrifolia

Sobralia rosea

0.008

Figure 2. Phylogenetic relationships of Tropidicae based on Maximum Likelihood analysis on three non-
plastid regions (ITS, nad1 b-c intron and Xdh). Numbers at nodes are Bootstrap Percentages obtained by
Maximum Likelihood analysis and Bayesian Posterior Probabilities, respectively. Fully mycoheterotrophic
species are shown in bold. Red branches indicate mycoheterotrophic origins. The scale bar below the tree

indicates the substitution rate.

rescence feature, which is shared with Corymborkis: branched inflorescence when fully
developed. As 1. polystachya is placed as the first diverging species of Zropidia in our
trees, we suggest that the branched inflorescence may be a symplesiomorphic character
in Corymborkis and 1. polystachya. As the morphology of these orchids is still little stud-
ied, it would be desirable to analyse character evolution in more detail using a broader
sampling of Tropidieae.

Evolution of non-photosynthetic feature

The evolutionary pathway to full mycoheterotrophy is hypothesised to be irreversible
(Barrett et al. 2014). Once the ability to perform photosynthesis is lost, the photo-
synthetic genes are not expected to be regained (Lam 2016). In our results, 7ropidia
graminea, a photosynthetic species with well-developed leaves, is placed as a sister tax-
on to fully mycoheterotrophic 7. connata in clade B, which is sister to clade A. Granted
that the evolution of the non-photosynthetic feature is irreversible, we hypothesise that
the ancestral character of clade A and clade B is photosynthetic. Therefore, this result
indicates that non-photosynthetic features independently evolved at least twice from
photosynthetic ancestors in the Zropidia clade (Fig. 2). However, the branch lengths
of the basal nodes of clade A and clade B are short and it might be the case that long
branch attraction or the incongruences amongst datasets influenced this topology. We
can only test this if we increase the number of sampled species from Asian 7ropidia and
include more markers to conduct phylogenetic analyses.
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Flowering plant genera with multiple transitions to full mycoheterotrophy have
rarely been reported to date. Hexalectris Raf. (Orchidaceae) and Burmannia L. (Bur-
manniaceae) are two of the few genera known to have multiple transitions to full my-
coheterotrophy (Merckx et al. 2008; Barrett et al. 2019).

In Orchidaceae, more than 230 species in 43 genera are assumed to be non-photo-
synthetic and thus fully mycoheterotrophic (Merckx et al. 2013b). It is estimated that
within Orchidaceae, full mycoheterotrophy has evolved about 30 times independently,
possibly from partially mycoheterotrophic ancestors (Freudenstein and Barrett 2010).
Partially mycoheterotrophic species still retain the ability to photosynthesise at the same
time gaining carbon also from the mycorrhizal fungal partners and this nutritional
mode of life has been suggested to be more widespread in Orchidaceae than previously
assumed (Gebauer et al. 2016). Partial mycoheterotrophy has been hypothesised to be
an intermediate evolutionary step from initial mycoheterotrophy towards full mycohet-
erotrophy in Orchidaceae (Merckx et al. 2013a). For instance, it is likely that in Cym-
bidium Sw. fully mycoheterotrophic species evolved from partial mycoheterotrophic
ancestors (Motomura et al. 2010). Partial mycoheterotrophy has been confirmed for
many photosynthetic orchid species, mainly in subfamily Epidendroideae through iso-
topic analyses (Julou et al. 2005; Cameron et al. 2009; Suetsugu et al. 2017b).

So far, the occurrence of partial mycoheterotrophy in 77opidia has not been exam-
ined. However, all species of 7ropidia usually grow in deep shade in the forest under-
storey, which supports the hypothesis that they might be partially mycoheterotrophic
(Rasmussen 2005). In order to elucidate the evolutionary pathway from photosyn-
thetic plants to fully mycoheterotrophic organisms in Zropidia, isotopic analyses on
photosynthetic Tropidia species would be indispensable.

Kalimantanorchis, a synonym of Tropidia

Kalimantanorchis is nested in the Asian Tropidia clade with high support in our study. This
suggests that the previous molecular phylogenetic analysis, based only on plastid mazK
(Tsukaya et al. 2011), failed to show the phylogenetic relationships. The mazK sequence
of Kalimantanorchis used in that study was extremely short (501 bp) and we suspect
that it also had a particularly high substitution rate, which possibly made the alignment
problematic and thus caused the unsupported placement of Kalimantanorchis outside the
Tropidia + Corymborkis clade. According to our results and the finding of the tuberous
underground structures being a shared character with 7. connata (Kikuchi and Tsukaya
2017), we cannot support the recognition of Kalimantanorchis as a distinct genus.

Conclusions

According to morphological data by Kikuchi and Tsukaya (2017) and the highly sup-
ported positions of Kalimantanorchis inside Tropidia in our phylogenetic trees, we re-
ject both grounds (i.e. the unique subterranean tuberous structure of Kalimantanorchis
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and the result of the molecular phylogenetic analysis based on 74zK) for the establish-
ment Kalimantanorchis as a distinct genus suggested by Tsukaya et al. (2011). We sup-
port the synonymisation of Kalimantanorchis with Tropidia, as proposed by Ormerod
and Juswara (2019).

Our results suggest that the loss of photosynthetic ability occurred at least twice
in Zropidia. Genera with multiple transitions to non-photosynthetic full mycohetero-
trophy have rarely been reported. These genera may play an important role in future
studies of the evolution of mycoheterotrophy, as they may provide insights into the
drivers of such transitions.

Acknowledgements

The authors thank the Secretariat of Permission for Foreign Research, the Ministry of
Research and Technology, Republic of Indonesia (RISTEK) and the Indonesian Insti-
tute of Science (LIPI) and members of the Betung Kerihun National Park office (West
Kalimantan) for kindly supporting us and allowing access to the park. Access permits
were granted to HT by RISTEK. TABSK would like to thank Liszlé Csiba and Dr. Juan
Viruel, who gave IABSK thorough support at Royal Botanic Gardens, Kew. IABSK
is also thankful to Dr. Vincent Merckx for being an essential mentor. Lastly, IABSK
would like to thank Roel van der Borgh for giving him motivational support. This work
was financially supported by the LISF grant (L17070: Leiden University Fund). This
grant was awarded to IABSK. Asahi-glass foundation also supported this study.

References

Barrett CF, Freudenstein JV, Li J, Mayfield-Jones DR, Perez L, Pires JC, Santos C (2014) Inves-
tigating the path of plastid genome degradation in early transitional heterotrophic orchids,
and implications for heterotrophic angiosperms. Molecular Biology and Evolution 31(12):
3095-3112. https://doi.org/10.1093/molbev/msu252

Barrett CE Sinn BT, Kennedy AH (2019) Unprecedented parallel photosynthetic losses in a
heterotrophic orchid genus. Molecular Biology and Evolution 36(9): 1884-1901. https://
doi.org/10.1093/molbev/msz111

Cameron DD, Preiss K, Gebauer G, Read DJ (2009) The chlorophyll-containing orchid Coral-
lorhiza trifida derives little carbon through photosynthesis. The New Phytologist 183(2):
358-364. https://doi.org/10.1111/j.1469-8137.2009.02853.x

Chun-Kuei L, Tsan-Piao L, Mo-Shih T (2013) Tropidia namasiae, a new species of Orchidaceae
(Epidendroideae, Tropidieae) from southwestern Taiwan. Novon: A Journal for Botanical
Nomenclature 22(4): 424—427. https://doi.org/10.3417/2011003

Delannoy E, Fujii S, Colas des Francs-Small C, Brundrett M, Small I (2011) Rampant gene
loss in the underground orchid Rhizanthella gardneri highlights evolutionary constraints
on plastid genomes. Molecular Biology and Evolution 28(7): 2077-2086. https://doi.
org/10.1093/molbev/msr028


https://doi.org/10.1093/molbev/msu252
https://doi.org/10.1093/molbev/msz111
https://doi.org/10.1093/molbev/msz111
https://doi.org/10.1111/j.1469-8137.2009.02853.x
https://doi.org/10.3417/2011003
https://doi.org/10.1093/molbev/msr028
https://doi.org/10.1093/molbev/msr028

20 Izai A.B. Sabino Kikuchi et al. | PhytoKeys 140: 11-22 (2020)

Demesure B, Sodzi N, Petit R] (1995) A set of universal primers for amplification of poly-
morphic non-coding regions of mitochondrial and chloroplast DNA in plants. Molecular
Ecology 4(1): 129-134. https://doi.org/10.1111/j.1365-294X.1995.tb00201.x

Edgar RC (2004) MUSCLE: Multiple sequence alignment with high accuracy and high through-
put. Nucleic Acids Research 32(5): 1792-1797. https://doi.org/10.1093/nar/gkh340

Freudenstein JV, Barrett CF (2010) Mycoheterotrophy and diversity in Orchidaceae. In: Se-
berg O, Petersen G, Barfod AS, Davis JI (Eds) Diversity, Phylogeny and Evolution in the
Monocotyledons, the Proceedings of the Fourth International Conference on Monocot
Systematics. Aarhus University Press, Copenhagen, 25-37.

Freudenstein JV, Chase MW (2001) Analysis of mitochondrial nad1b-c intron sequences in
Orchidaceae: Utility and coding of length-change characters. Systematic Botany 26(3):
643-657. https://doi.org/10.1043/0363-6445-26.3.643

Freudenstein JV, Chase MW (2015) Phylogenetic relationships in Epidendroideae (Orchidace-
ae), one of the great flowering plant radiations: Progressive specialization and diversifica-
tion. Annals of Botany 115(4): 665-681. https://doi.org/10.1093/a0b/mcu253

Freudenstein JV, Senyo DM (2008) Relationships and evolution of mazK in a group of leafless
orchids (Corallorhiza and Corallorhizinae; Orchidaceae: Epidendroideae). American Jour-
nal of Botany 95(4): 498-505. https://doi.org/10.3732/ajb.95.4.498

Gebauer G, Preiss K, Gebauer AC (2016) Partial mycoheterotrophy is more widespread
among orchids than previously assumed. The New Phytologist 211(1): 11-15. https://doi.
org/10.1111/nph.13865

Givnish T7], Spalink D, Ames M, Lyon SP, Hunter SJ, Zuluaga A, Iles W], Clements MA, Ar-
royo MT, Leebens-Mack J, Endara L (2015) Orchid phylogenomics and multiple drivers
of their extraordinary diversification. Proceedings of the Royal Society B: Biological Sci-
ences, 282(1814): 20151553. https://doi.org/10.1098/rspb.2015.1553

Goérniak M, Paun O, Chase MW (2010) Phylogenetic relationships within Orchidaceae based
on a low-copy nuclear coding gene, Xdh: Congruence with organellar and nuclear ribo-
somal DNA results. Molecular Phylogenetics and Evolution 56(2): 784-795. https://doi.
org/10.1016/j.ympev.2010.03.003

Govaerts R, Bernet B, Kratochvil K, Gerlach G, Carr G, Alrich B, Pridgeon AM, Pfahl ], Cam-
pacci MA, Holland-Baptista D, Tigges H, Shaw ], Cribb P, George A, Kreuz K, Wood ]
(2019) World Checklist of Orchidaceae. Facilitated by the Royal Botanic Gardens, Kew.
http://wesp.science.kew.org/ [Retrieved 17 September 2019]

Guindon S, Dufayard JE Lefort V, Anisimova M, Hordijk W, Gascuel O (2010) New algorithms
and methods to estimate maximum-likelihood phylogenies: Assessing the performance of
PhyML 3.0. Systematic Biology 59(3): 307—321. https://doi.org/10.1093/sysbio/syq010

Hoang DT, Chernomor O, von Haeseler A, Minh BQ, Vinh LS (2018) UFBoot2: Improving
the ultrafast bootstrap approximation. Molecular Biology and Evolution 35(2): 518-522.
hteps://doi.org/10.1093/molbev/msx281

Jones DL, Bolger J (1988) Native Orchids of Australia. Reed Natural History, New Holland,
364-365. https://doi.org/10.5694/j.1326-5377.1988.tb133739.x

Julou T, Burghardt B, Gebauer G, Berveiller D, Damesin C, Selosse MA (2005) Mixotrophy
in orchids: Insights from a comparative study of green individuals and nonphotosynthetic


https://doi.org/10.1111/j.1365-294X.1995.tb00201.x
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1043/0363-6445-26.3.643
https://doi.org/10.1093/aob/mcu253
https://doi.org/10.3732/ajb.95.4.498
https://doi.org/10.1111/nph.13865
https://doi.org/10.1111/nph.13865
https://doi.org/10.1098/rspb.2015.1553
https://doi.org/10.1016/j.ympev.2010.03.003
https://doi.org/10.1016/j.ympev.2010.03.003
http://wcsp.science.kew.org/
https://doi.org/10.1093/sysbio/syq010
https://doi.org/10.1093/molbev/msx281
https://doi.org/10.5694/j.1326-5377.1988.tb133739.x

Molecular phylogenetic study of Tropidieae 21

individuals of Cephalanthera damasonium. The New Phytologist 166(2): 639-653. https://
doi.org/10.1111/j.1469-8137.2005.01364.x

Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, Sturrock S, Buxton S, Cooper A,
Markowitz S, Duran C, Thierer T, Ashton B, Meintjes I, Drummond A (2012) Geneious
Basic: An integrated and extendable desktop software platform for the organization and
analysis of sequence data. Bioinformatics (Oxford, England) 28(12): 1647-1649. https://
doi.org/10.1093/bioinformatics/bts199

Kikuchi IABS, Tsukaya H (2017) Epitypification with an emended description of Tropidia
connata (Orchidaceae, Epidendroideae, Tropidieae). PhytoKeys 80: 77-85. https://doi.
org/10.3897/phytokeys.80.12304

Koch AK, Hall CE Smidt E, Almeida ABRD, Bolson M, Silva CA (2016) First record of
the genus Tropidia Lindl. (Orchidaceae) for Brazil. Hoehnea 43(4): 521-528. https://doi.
org/10.1590/2236-8906-33/2016

Kumar V, Rao AN, Agrawala DK (2015) Tropidia namasiae (Orchidaceae): A new distribu-
tional record for India from Manipur. Richardiana 15: 17-22.

Lam VKY (2016) Phylogenomics and comparative plastome analysis of mycoheterotrophic
plants. PhD Thesis, The University of British Columbia, Canada.

Lanfear R, Frandsen PB, Wright AM, Senfeld T, Calcott B (2016) PartitionFinder 2: New
methods for selecting partitioned models of evolution for molecular and morphological
phylogenetic analyses. Molecular Biology and Evolution 34(3): 772-773. https://doi.
org/10.1093/molbev/msw260

Merckx VS, Chatrou LW, Lemaire B, Sainge MN, Huysmans S, Smets EF (2008) Diversifica-
tion of myco-heterotrophic angiosperms: Evidence from Burmanniaceae. BMC Evolution-
ary Biology 8(1): 178. https://doi.org/10.1186/1471-2148-8-178

Merckx VS, Mennes CB, Peay KG, Geml ] (2013a) Evolution and diversification. In: Merckx
VS (Ed.) Mycoheterotrophy, the Biology of Plants Living on Fungi. Springer, New York,
215-244. https://doi.org/10.1007/978-1-4614-5209-6_5

Merckx VS, Freudenstein JV, Kissling J, Christenhusz MJ, Stotler RE, Crandall-Stotler B,
Wickett N, Rudall PJ, Maas-van de Kamer H, Maas PKM (2013b) Taxonomy and clas-
sification. In: Merckx VS (Ed.) Mycoheterotrophy, the Biology of Plants Living on Fungi.
Springer, New York, 19-101. https://doi.org/10.1007/978-1-4614-5209-6_2

Motomura H, Selosse MA, Martos E Kagawa A, Yukawa T (2010) Mycoheterotrophy evolved
from mixotrophic ancestors: Evidence in Cymbidium (Orchidaceae). Annals of Botany
106(4): 573-581. https://doi.org/10.1093/a0b/mcq156

Nguyen LT, Schmidt HA, von Haeseler A, Minh BQ (2015) IQ-TREE: A fast and effective
stochastic algorithm for estimating maximum likelihood phylogenies. Molecular Biology
and Evolution 32(1): 268-274. https://doi.org/10.1093/molbev/msu300

Ormerod P (2018) Notes on Asiatic Tropidia (Orchidaceae: Tropidieae). Harvard Papers in
Botany 23(1): 77-83. https://doi.org/10.3100/hpib.v23iss1.2018.n9

Ormerod P, Juswara L (2019) New names in Indonesian orchids. Harvard Papers in Botany
24(1): 27-30. https://doi.org/10.3100/hpib.v24iss1.2019.n5

Rambaut A (2017) FigTree-version 1.4.3, a graphical viewer of phylogenetic trees. hetp://tree.
bio.ed.ac.uk/software/figtree/


https://doi.org/10.1111/j.1469-8137.2005.01364.x
https://doi.org/10.1111/j.1469-8137.2005.01364.x
https://doi.org/10.1093/bioinformatics/bts199
https://doi.org/10.1093/bioinformatics/bts199
https://doi.org/10.3897/phytokeys.80.12304
https://doi.org/10.3897/phytokeys.80.12304
https://doi.org/10.1590/2236-8906-33/2016
https://doi.org/10.1590/2236-8906-33/2016
https://doi.org/10.1093/molbev/msw260
https://doi.org/10.1093/molbev/msw260
https://doi.org/10.1186/1471-2148-8-178
https://doi.org/10.1007/978-1-4614-5209-6_5
https://doi.org/10.1007/978-1-4614-5209-6_2
https://doi.org/10.1093/aob/mcq156
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.3100/hpib.v23iss1.2018.n9
https://doi.org/10.3100/hpib.v24iss1.2019.n5
http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/

22 Izai A.B. Sabino Kikuchi et al. | PhytoKeys 140: 11-22 (2020)

Rasmussen FN (1977) The genus Corymborkis Thou. (Orchidaceae): A taxonomic revision.
Botanisk Tidsskrift 71(3—4): 161-192.

Rasmussen EN (2005) Tropidia. In: Pridgeon AM, Cribb PJ, Chase MW (Eds) Genera Orchi-
dacearum, Volume 4: Epidendroideae (Part 1). Oxford University Press, Oxford, 622-623.

Ronquist E Teslenko M, van der Mark P, Ayres DL, Darling A, Héhna S, Larget B, Liu L,
Suchard MA, Huelsenbeck JP (2012) MrBayes 3.2: Efficient Bayesian phylogenetic infer-
ence and model choice across a large model space. Systematic Biology 61(3): 539-542.
hteps://doi.org/10.1093/sysbio/sys029

Suetsugu K, Kikuchi ABIS, Suleiman M, Tsukaya H (2017a) New distributional records for the
mycoheterotrophic orchid Kalimantanorchis nagamasui from Sabah, Borneo, Malaysia. Acta
Phytotaxonomica et Geobotanica 68(2): 117—-121. https://doi.org/10.18942/apg.201621

Suetsugu K, Yamato M, Miura C, Yamaguchi K, Takahashi K, Ida Y, Shigenobu S, Kaminaka
H (2017b) Comparison of green and albino individuals of the partially mycoheterotrophic
orchid Epipactis helleborine on molecular identities of mycorrhizal fungi, nutritional modes
and gene expression in mycorrhizal roots. Molecular Ecology 26(6): 1652-1669. https://
doi.org/10.1111/mec.14021

Thiers B (2019) Index Herbariorum: A Global Directory of Public Herbaria and Associated
Staff. New York Botanical Garden’s Virtual Herbarium. http://sweetgum.nybg.org/science/
ih/ [accessed 9.11.2019]

Tsukaya H (2018) How have leaves of mycoheterotrophic plants evolved—From the view
point of a developmental biologist. The New Phytologist 217(4): 1401-1406. https://doi.
org/10.1111/nph.14994

Tsukaya H, Nakajima M, Okada H (2011) Kalimantanorchis: A new genus of mycotroph-
ic orchid from West Kalimantan, Borneo. Systematic Botany 36(1): 49-52. https://doi.
0rg/10.1600/036364411X553117

White TJ, Bruns T, Lee SJWT, Taylor JL (1990) Amplification and direct sequencing of fungal
ribosomal RNA genes for phylogenetics. In: Innis MA, Gelfand DH, Sninsky JJ, White T]
(Eds) PCR protocols: a guide to methods and applications 18(1): 315-322. https://doi.
org/10.1016/B978-0-12-372180-8.50042-1

Wood JJ (1984) New orchids from Gunung Mulu National Park, Sarawak. Kew Bulletin 39(1):
73-98. https://doi.org/10.2307/4107856

Wood JJ (1988) Muluorchis reduced to Tropidia (Orchidaceae). Kew Bulletin 43(4): 663-665.
hteps://doi.org/10.2307/4129962

Wood JJ, Cribb PJ (1994) A checklist of the orchids of Borneo. Royal Botanic Gardens, Kew
(KRBG), London.

Yeh C, Leou C, Yeh C (2009) A new species of Tropidia (Orchidaceae) from Southern Taiwan.
Taiwania 54(2): 140-144. https://doi.org/10.6165/tai.2009.54(2).140


https://doi.org/10.1093/sysbio/sys029
https://doi.org/10.18942/apg.201621
https://doi.org/10.1111/mec.14021
https://doi.org/10.1111/mec.14021
http://sweetgum.nybg.org/science/ih/
http://sweetgum.nybg.org/science/ih/
https://doi.org/10.1111/nph.14994
https://doi.org/10.1111/nph.14994
https://doi.org/10.1600/036364411X553117
https://doi.org/10.1600/036364411X553117
https://doi.org/10.1016/B978-0-12-372180-8.50042-1
https://doi.org/10.1016/B978-0-12-372180-8.50042-1
https://doi.org/10.2307/4107856
https://doi.org/10.2307/4129962
https://doi.org/10.6165/tai.2009.54(2).140

	Molecular phylogenetic study of the tribe Tropidieae (Orchidaceae, Epidendroideae) with taxonomic and evolutionary implications
	Abstract
	Introduction
	Methods
	Taxon sampling and plant material
	DNA extraction, PCR amplification and sequencing
	Phylogenetic analyses

	Results
	Discussion
	Monophyly of Corymborkis and Tropidia
	Evolution of non-photosynthetic feature
	Kalimantanorchis, a synonym of Tropidia

	Conclusions
	Acknowledgements
	References

