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ABSTRACT
Aims: Asian tropical and subtropical mountain systems (ATSME) encompass a diverse group of complex ecosystems ranging 
from tropical rainforests and subtropical rainforests to alpine grassland. ATSME provide a good chance to explore the mecha-
nisms underlying the pattern of mountain biodiversity patterns, and various hypotheses have been proposed. We aim to charac-
terise diversification in Arethuseae and its driving factors in Asian tropical and subtropical mountain ecosystems and test the 
hypothesis that specific key innovations had an influence on the diversification rates.
Location: Asian tropical and subtropical mountain ecosystems.
Taxon: Arethuseae (Orchidaceae), a group of 700 species mainly endemic in Asian tropical and subtropical mountain ecosystems.
Methods: The phylogenetic relationships of Arethuseae were reconstructed based on protein-coding genes of plastid genomes 
of 75 species + nrITS + 8 plastid genes for 191 species of Arethuseae, representing 96% of the genera (except Aglossorrhyncha) and 
30% of the species in the Arethuseae. Phylogenetic analyses were conducted using maximum likelihood (ML) and Bayesian in-
ference (BI) methods. Divergence times were analysed using BEAST v1.10.4. Diversification rates were estimated using BAMM 
v2.5.0. Ancestral areas of Arethuseae were reconstructed using RASP v.4.3. The D statistic was used to test the phylogenetic 
signal of pseudobulb traits and epiphytic habits during the evolution of the phylogenetic tree of Arethuseae. A maximum entropy 
algorithm was used to model habitat suitability of Arethuseae.
Results: Arethuseae originated in the Asian tropical and subtropical monsoon areas, with diversification at the Oligocene–
Miocene boundary. It was not until the mid-Miocene that Arethuseae began to diversify rapidly. The genera that diverged from 
the mid-Miocene were all epiphytic and most had pseudobulbs. Dramatic increases in situ diversification rates of Arethuseae 
began to diversify rapidly from mid-Miocene.
Main Conclusions: Asian tropical and subtropical mountain ecosystems might serve as both cradles and museums for diver-
sification in Arethuseae. The innovation of pseudobulbs and epiphytic habit may have provided evolutionary opportunities for 
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adaptive radiation of Arethuseae. The intensification of the Asian monsoon and expansion of montane rainforests as well as their 
interactions were crucial for the formation and maintenance of mountain biodiversity in Asia.

1   |   Introduction

Mountain ecosystems encompass rich biodiversity (Antonelli 
et  al.  2018; Badgley et  al.  2017; Favre et  al.  2016, 2015; Lai 
et al. 2021; Myers et al. 2000; Trethowan et al. 2023), cover-
ing approximately 25% of the land but supporting one-third 
of all terrestrial biodiversity (Fjeldsa et  al.  2012; Rahbek, 
Borregaard, Colwell, et  al.  2019; Spehn et  al.  2011). The 
causes of this rich mountain biodiversity have been a focus 
of research in ecology and evolutionary biology (Antonelli 
et  al.  2018; Pandit et  al.  2025; Rahbek, Borregaard, Colwell, 
et  al.  2019). Although the complexity of mountain ecosys-
tems is strongly correlated with species richness, the pro-
cesses and mechanisms underlying this association are not 
clear (Perrigo et  al.  2020). Various hypotheses, including 
pre-adaptation, niche conservatism and museum or cradle 
concepts, have been proposed to explain the rich biodiver-
sity in mountain ecosystems (Dagallier et  al.  2020; Fjeldsa 
et  al.  2012; Gonzalez-Orozco  2023; Hoorn et  al.  2013; Lai 
et al. 2021; Meseguer et al. 2022; Rahbek, Borregaard, Colwell, 
et al. 2019). Specifically, global or regional geological activity, 
historical climate and habitat heterogeneity may determine 
species diversification and biodiversity (Perrigo et  al.  2020; 
Rahbek, Borregaard, Antonelli, et al. 2019).

Asian tropical and subtropical mountain systems (ATSME) 
encompass a diverse group of complex ecosystems ranging 
from tropical rainforests (e.g., New Guinea) and subtropical 
rainforests (e.g., Hengduan Mountains) to alpine grassland 
(e.g., the Himalayas). Seven of 35 global biodiversity hotspots 
are found in Asian tropical and subtropical mountain ecosys-
tems (Myers et al. 2000; Spicer 2017). ATSME are characterised 
by the Asian monsoonal climate system and huge mountain 
chains ranging from the Himalayas (highest mountain sys-
tem) through the Hengduanshan Mountains to southeast 
Asian tropical mountains (Ding et al. 2017; Spicer 2017). The 
Asian monsoon includes the South Asian monsoon and East 
Asian monsoon (Tada et  al.  2016; Zhang et  al.  2012), which 
may have occurred asynchronously (Renner 2016), are among 
the largest and strong monsoon in the world. The uplift of the 
Himalayas, the Tibetan Plateau and the collision between 
Sahul and Sunda shaped the palaeoclimate of Asia (Boos and 
Kuang 2010; Ding et al. 2017; Kooyman et al. 2019; Wilson and 
Moss 1999). These mountain ecosystems play a crucial role in 
biodiversity formation and maintenance, carbon cycling and 
sustainable human development. They provide a good chance 
to explore the mechanisms underlying the patterns of moun-
tain biodiversity and various hypotheses have been proposed. 
For example, Rahbek, Borregaard, Antonelli, et al. (2019) and 
Rahbek, Borregaard, Colwell, et al.  (2019) proposed that the 
mountain regions of Southeast Asia are primarily occupied by 
species that are recently diverged.

The orchid tribe Arethuseae (Orchidaceae, Epidendroideae) 
contains approximately 700 species in 13–27 genera (Chase 
et al. 2021; Huang et al. 2022; Li et al. 2015; Pridgeon et al. 2005), 

99% of them are endemic in tropical and subtropical Asian moun-
tain ecosystems with only six species in two genera distributed 
in North America. Plants of Arethuseae have high ornamental, 
medicinal and economic value (Cribb and Butterfield 1999; Han 
et al. 2021; Pridgeon et al. 2005; Sympli 2021; Zhang et al. 2018). 
They have diverse vegetative organs for the winter and dry sea-
sons, including terrestrial corms in all species (approximately 
8 species) belonging to Anthogonium, Arethusa, Eleorchis and 
Calopogon; tuberous rhizomes in four species of Bletilla; rhi-
zomes in about 140 species of Aglossorrhyncha and Glomera; 
and pseudobulbs in about 550 species of Coelogyne, Otochilus 
and Pholidota (Chase et al. 2015, 2021; Li et al. 2015; Pridgeon 
et al. 2005). With the exception of a few terrestrial species, plants 
of Arethuseae (about 90% of species) are restricted to and grow 
well in tropical and subtropical humid rain forest mountain eco-
systems and are epiphytic on branches and trunks, occupying an 
interlayer ecological niche (Cribb and Butterfield 1999; Pridgeon 
et al. 2005; Wood 2001). With the exception of Aglossorrhyncha 
and Glomera, epiphytic plants of Arethuseae are characterised 
by large pseudobulbs, leathery leaves and a clonal habit (Cribb 
and Butterfield 1999; Pridgeon et al. 2005; Wood 2001). Although 
Arethuseae is among the smallest tribes in Epidendroideae with 
respect to the number of species (Chase et al. 2015), our field-
work indicated that plants in Arethuseae might have the largest 
biomass among orchid tribes in Asia. Many species of Otochilus 
and Pholidota form dense communities larger than 100 m2. Yet, 
little is known about how and when Arethuseae diversified in 
tropical and subtropical Asian mountain ecosystems as well as 
the factors that triggered diversification.

In this study, we assembled the largest data sets for Arethuseae 
to date, with data for 191 species in 27 genera and 71 plastomes 
with aims to (1) characterise diversification in Arethuseae and 
its driving factors in Asian tropical and subtropical mountain 
ecosystems, and (2) test the hypothesis that specific key innova-
tions had influence on the diversification rates.

2   |   Materials and Methods

2.1   |   Taxon Sampling

The plastid genomes of 71 species in Arethuseae were obtained, 
representing 15 genera of the two subtribes in tribe Arethuseae, 
of which plastid genomes and nuclear genes (ITS) of 49 species 
were newly sequenced in this study (Tables S1 and S2). Fifteen 
genera included Anthogonium, Arundina, Bletilla, Bulleyia, 
Coelogyne, Dendrochilum, Glomera, Ischnogyne, Neogyna, 
Otochilus, Panisea, Pholidota, Pleione, Thunia and Thuniopsis. 
All materials were from specimens kept in the herbarium (PE), 
Institute of Botany, Chinese Academy of Sciences or from liv-
ing plants in the China National Botanical Gardens (Tables S1 
and S2).

To generate a more comprehensive phylogenetic framework, 
data for eight plastid genes (matK, ycf1, rbcL, trnF, psaB, rpoC1, 
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rpoC2 and ndhJ) and one nuclear gene (ITS) from 120 spe-
cies of Arethuseae available in NCBI were used (Table S3). In 
total, 191 species (~30% of 700 species) in 27 genera (~96% of 28 
genera) were sampled in Arethuseae (Table S4). Twenty-seven 
genera included Anthogonium, Arethusa, Arundina, Bletilla, 
Bracisepalum, Bulleyia, Calopogon, Chelonistele, Coelogyne, 
Dendrochilum, Dickasonia, Dilochia, Eleorchis, Entomophobia, 
Geesinkorchis, Gynoglottis, Glomera, Ischnogyne, Mengzia, 
Nabaluia, Neogyna, Otochilus, Panisea, Pholidota, Pleione, 
Thunia and Thuniopsis. According to previous studies (Chase 
et al. 2015; Zhang et al. 2023), Epipactis veratrifolia, Elleanthus 
sodiroi, Sobralia bouchei and Sobralia callosa were used as out-
group taxa.

2.2   |   DNA Extraction, Sequencing, Assembly 
and Annotation

The NuClean Plant Genomic DNA Kit was used to extract total 
DNA from silica-dried leaves. Before the library was prepared, 
the genomic DNA of each sample was assessed for quality 
using agarose gel electrophoresis. High-quality DNA was sent 
to Majorbio (Beijing, China) for genomic library construction 
and sequencing using the Illumina HiSeq 2500 sequencing 
platform to generate 150 bp paired-end reads. Raw reads were 
filtered using NGSQCTOOLKIT ver. 2.3.3 (Patel and Jain 2012) 
to remove low-quality bases. Ultimately, for each individual, 5 
Gb of clean data was generated for subsequent plastid genome 
assembly.

GetOrganelle v1.7.5 (Jin et al. 2020) was used for chloroplast 
genome assembly, and the results were imported to Bandage 
v. 0.80 (Wick et al. 2015) for the visualisation of complete cir-
cular plastomes. For data that could not be assembled into a 
loop using GetOrganelle v1.7.5 (Jin et  al.  2020), the scaffold 
was used as a reference to manually extend the assembly in 
Geneious Prime (Kearse et  al.  2012), and mapping was re-
peated multiple times to obtain circular plastomes. The nrITS 
assembly was performed initially using GetOrganelle v1.7.5 
(Jin et  al.  2020), and the results were then imported into 
Geneious Prime for filtering to assemble the complete nrITS. 
Pleione bulbocodioides, Bulleyia yunnanensis and Bletilla stri-
ata were used as references for annotation using PGA and Perl 
scripts, and the genes were checked manually using Geneious 
Prime (Kearse et al. 2012).

2.3   |   Phylogenetic Inference

To evaluate whether the ITS and coding regions (CDS) of 
plastid genome datasets (PGD) support statistically different 
phylogenetic hypotheses, we conducted a partition homoge-
neity test on the ITS and plastid genome datasets (PGD). The 
incongruence length difference (ILD) test (Farris et al. 1994) 
resulted in a value of 0.01, which may be attributed to signif-
icant differences in the number of uninformative characters 
between the partitions. We further conducted topology tests 
for the ITS+ PGD tree and PGD tree using the Shimodaira–
Hasegawa (SH) test (Shimodaira and Hasegawa 1999). The re-
sults indicated a consistency between the ITS+ PGD tree and 
the PGD tree (Table S4).

Arethuseae phylogenetic relationships were then recon-
structed using two datasets: (1) M1, including CDS of plastid 
genomes of 75 species (49 species were newly sequenced), 
and (2) M2, a matrix of the CDS of plastid genomes of 75 
species + nrITS + 8 plastid sequences (matK, ycf1, rbcL, trnF, 
psaB, rpoC1, rpoC2, ndhJ) for 191 species of Arethuseae, rep-
resenting 96% of the genera (except Aglossorrhyncha) and 30% 
of the species in the tribe. All these plastid sequences were 
downloaded from NCBI (Table  S4). Missing CDS and se-
quences were treated as gaps. MAFFT was used to align CDS, 
sequences and nrITS. Aligned sequences were trimmed using 
GBLOCK 0.91b (Talavera and Castresana  2007), manually 
checked using BioEdit and finally concatenated into a ma-
trix using PhyloSuite (Zhang et al. 2020). The best-fit nucle-
otide substitution models were evaluated using ModelFinder 
based on the corrected Akaike information criterion (AICc). 
Phylogenetic analyses were conducted using maximum likeli-
hood (ML) and Bayesian inference (BI) methods. For the first 
dataset in RAxML 8.2.10 (Stamatakis 2014), the GTR + I + G4 
model and 1000 bootstrap replicates were used. IQ-Tree 
v.2.0-rc1 (Nguyen et  al.  2015) was used for the reconstruc-
tion of the ML tree for the second dataset using an automatic 
selection model with 100,000 ultra-fast bootstrap replicates. 
The BI analysis was conducted in MrBayes 3.2.6 (Ronquist 
et al. 2012). GTR + I + G4 was the best-fit substitution model 
for the first dataset and GTR + I + G + F was selected for the 
other. Two independent runs were conducted, each consisting 
of four Markov chain Monte Carlo (MCMC) chains, with sam-
pling every 10,000 generations for a total of 10,000,000,000 
generations. Stationarity was determined using Tracer v.1.7.2 
(Rambaut et al. 2018). The first 25% of the sampled trees from 
all runs were obtained as burn-in, and consensus trees were 
constructed from the remaining trees to estimate posterior 
probabilities (PP).

2.4   |   Divergence Time Estimation

BEAST v1.10.4 (Drummond and Rambaut 2007) and the matrix 
M2 were used to calculate divergence times. The marginal likeli-
hood, as estimated through path sampling, was used to evaluate 
competing molecular clock and coalescent model combina-
tions. The optimal configuration integrated an Uncorrelated 
Relaxed Clock with a Yule Process coalescent model (Table S5) 
(Baele et  al.  2012; Drummond et  al.  2005). Six time points 
were selected to calibrate the phylogeny of Arethuseae based 
on 95% HPD intervals for node ages from the fossil-calibrated 
study by Ji et al. (2024): (1) Crown age of Dendrochilum: 5.05–
17.01 Ma; (2) Crown age of Coelogyne + Pleione: 14.11–33.07 Ma; 
(3) Crown age of Pleione: 3.29–17.58 Ma; (4) Crown age of 
Arethusinae + Coelogyninae: 19.67–42.3 Ma; (4) Crown age of 
Arethusinae: 13.97–36.6 Ma; and (6) Root age: 47.8–76.5 Ma. 
Calibrations were applied as uniform priors to accommodate 
uncertainty in fossil age assignments.

The BEAUti interface was used to generate input files for 
BEAST v1.10.4 (Drummond and Rambaut  2007). Three inde-
pendent runs were evaluated, with each MCMC chain set to run 
for 200,000,000 generations and sampling every 20,000 gener-
ations. LogCombiner v1.10.4 (Drummond and Rambaut  2007) 
was used to merge log and tree files from three independent 
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runs, discarding the top 25% of samples from each log and tree 
file as burn-in before merging. Convergence was then checked 
using Tracer v.1.7.2 (Rambaut et al. 2018).

2.5   |   Diversification Rates

Bayesian Analysis of Macroevolutionary Mixtures (BAMM 
v2.5.0) (Rabosky et  al.  2014) was used to analyse diversifica-
tion rates with a maximum clade credibility tree. To account 
for 30% sampling of total species in Arethuseae, the sampling 
fraction was estimated for each clade reconstructed in our phy-
logeny. The evolutionary rate parameter priors were set using 
the BAMMtools v2.1.6 (Rabosky et al. 2014) package in R with 
the setBAMMpriors function. We ran 1,000,000 generations 
with sampling every 1000 generations. The coda package was 
used to assess convergence, ensuring that the effective sam-
ple size was > 200 and the first 10% of samples were discarded 
as burn-in. The BAMM output data were analysed in R using 
the BAMMtools package (Rabosky et  al.  2014). To visualise 
the change in diversification rates through time, logarithmic 
lineage-through-time (LTT) plots were constructed using the R 
package APE (Paradis et al. 2004).

2.6   |   Ancestral Geographical Range Analysis

Five biogeographic regions for Arethuseae were defined based 
on the existing distribution, climate and geological character-
istics of the tribe: North America (A), Asian tropical islands (B, 
including the Malay Archipelago, Indonesia and New Guinea), 
Asian tropical monsoon area (C, including the Central South 
Peninsula, the Indian Peninsula and Hainan Island in China), 
Asian subtropical monsoon area (D) and Asian temperate 
monsoon area (E, including northern Japan and the Thousand 
Islands).

Ancestral areas of Arethuseae were reconstructed using RASP 
v.4.3 (Yu et al. 2020). The differences between the distribution 
of the outgroup and Arethuseae species may affect the recon-
struction of the ancestral region of Arethuseae; therefore, we 
removed the outgroup (Table  S6). The Dispersal-Extinction 
Cladogenesis (DEC) model, Dispersal-Vicariance Analysis 
(DIVA) model, BayArea model and each model ‘+J’ were fitted, 
where ‘+J’ is jumping species formation. The maximum allow-
able distribution area was set to three based on the distribution 
of extant Arethuseae.

2.7   |   Ancestral State Reconstruction

The presence of a pseudobulb and epiphytic habit of Arethuseae 
was coded based on previous studies on extant species (Table S6). 
To determine the appropriate trait evolution model, we inde-
pendently fitted an equal rates model (ER), an all-rates-different 
model (ARD) and a symmetric rates model (SYM) using the 
fitMk function in the phytools package in R. Ancestral state 
reconstructions of pseudobulb and epiphytic habit were then 
estimated using stochastic character mapping with 500 simula-
tions using the make.simmap function in the package phytools 
(Revell 2012).

2.8   |   Evolutionary Rates and Phylogenetic Signal 
Testing

To test the phylogenetic signal of pseudobulb traits and ep-
iphytic habits during the evolution of the phylogenetic tree of 
Arethuseae, the D statistic was calculated using the phylo.d 
function in the package caper in R (Fritz and Purvis 2010). A 
value of D = 1 indicates that the observed trait has a phylogenet-
ically random distribution (i.e., no phylogenetic signal), while 
D = 0 indicates that the observed trait showed a pattern of evo-
lution consistent with Brownian motion (i.e., a strong phyloge-
netic signal). D < 0 indicates high conservation of the trait of 
interest and D > 1 indicates overdispersion. We performed 1000 
permutations to evaluate the significance of D.

The key innovation hypothesis suggests that increases in di-
versification over time are coincident with the evolution of 
key traits and that changes in diversification rates can in-
fluence the evolution and distribution of traits (Heard and 
Hauser  1995). In this study, trait-diversification rate cor-
relations were tested using a state-dependent speciation and 
extinction (SSE) model. We simulated speciation rates (λ), ex-
tinction rates (μ), and transition rates (q) with and without 
pseudobulbs using the BiSSE model (binary-state speciation 
and extinction model) in the diversitree package under the R 
language. Based on the prevailing view of the key innovation 
hypothesis, we focused on the speciation rate (λ). We fitted 
eight BiSSE models with decreasing complexity that included 
constraints on speciation, extinction, and transition rates 
between trait states (Table S7). The best-fitting models were 
selected based on likelihood-ratio tests under a chi-squared 
distribution and Akaike's information criterion (AIC). ML was 
used to optimise full and constrained models. MCMC chains 
were run for 10,000 generations for the best-fitting models in 
1000 randomly sampled phylogenetic trees of Arethuseae.

2.9   |   Calculation of Maximal Number 
of Occurrence Events

To quantify the temporal dynamics of species diversification, 
we calculated the Maximal Number of Occurrence Events 
(MOE) based on divergence time estimates. A maximum clade 
credibility tree, generated using BEAST v1.10.4 (Drummond 
and Rambaut 2007), was used to extract node-specific diver-
gence times. For each node, the 95% HPD intervals of node 
heights were obtained using the R package treeio v1.32.0 
(Wang et  al.  2020). We defined a time slice range from 0 to 
40 million years ago (Ma) with a step size of 1 Ma. For each 
1 Ma time slice, we counted the number of nodes whose 95% 
HPD intervals overlapped with the slice, generating raw MOE 
values.

To reduce stochastic fluctuations and avoid over-interpretation 
of short-term variations, raw MOE values were smoothed using 
a sliding window spanning 5 million years. The smoothed MOE 
at each time point was computed as the mean of raw values 
within the window, with edge effects excluded from subse-
quent analyses. Significant shifts in MOE trends were identified 
using the e.divisive function in the R package ecp v3.1.6 (James 
and Matteson 2015). The following parameters: the maximum 
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number of random permutations = 1000, the significance 
level = 0.05, the minimum number of observations between 
change points = 5 and moment index alpha = 1.

2.10   |   Ecological Niche Modelling

We obtained distribution data for 28 genera of Arethuseae from 
the Global Biodiversity Information Facility (GBIF http://​www.​
gbif.​org) and field records accumulated by our research team. 
After excluding localities with ambiguous coordinates, poten-
tial misidentifications and spatial duplicates within a 10-km 
radius, we retained 4451 georeferenced records (Table  S8) to 
map the observed distribution of Arethuseae. For these records, 
19 bioclimatic variables were extracted from the WorldClim2 
database (Fick and Hijmans  2017) with a spatial resolution of 
30-arc-second using ArcGIS v.10.6 (ESRI).

To model habitat suitability, we used the maximum entropy al-
gorithm implemented in MaxEnt v.3.4.4 (Phillips et al. 2006, 
2017). Collinear variables (|r| ≥ 0.80) were systematically re-
moved through pairwise correlation analysis, resulting in 
seven predictors for final model calibration (Table S9). Model 

parameters were set as follows: (1) random test percentage: 
25%; (2) regularisation multiplier: 2; (3) cross-validation repli-
cates: 10; (4) maximum background points: 104; (5) the output 
format was set to logistic; and (6) the jackknife method was 
set to detect the results. All other parameters retained default 
settings.

3   |   Results

3.1   |   Phylogenetic Inferences

Plastid genomes (plastomes) for 49 species of Arethuseae were 
newly sequenced and 26 were downloaded from NCBI (https://​
www.​ncbi.​nlm.​nih.​gov/​). Two datasets, matrix 1 (M1, 75 species 
with all 76 plastid protein coding sequences (ptCDS), in total 
63,376 bp) and matrix 2 (M2, 76 ptCDS + nrITS data for 195 spe-
cies, in total 65,389 bp), were used for phylogenetic inference. 
The phylograms constructed using Bayesian inference (BI) and 
maximum likelihood (ML) methods based on M1 were highly 
consistent and strongly supported (Figure S1). The phylogenetic 
relationships based on M2 were consistent with the topology 
obtained based on M1 (Figure  1, Figure  S2). Considering the 

FIGURE 1    |    Maximum likelihood (ML) tree reconstruction for Arethuseae based on plastid genes and ITS. Black dots above branches indicate 
bootstrap support (BS) values of 100%, and grey dots indicate BS > 90%.
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representativeness of species, the ML phylogram based on M2 
was selected for all subsequent analyses.

3.2   |   Divergence Time Estimation

The stem age of Arethuseae was 38.66 Ma (95% HPD: 49.48–
31.89 Ma) (Figure S3). Arethusinae and Coelogyninae diverged 
during the early Oligocene at 28.75 Ma (95% HPD: 35.33–
22.48 Ma). In Arethusinae, four genera, Arundina, Anthogonium, 
Mengzia and Calopogon, diverged successively along the back-
bone of Arethusinae at 26.14, 21.54, 18.68 and 12.02 Ma, re-
spectively. In Coelogyninae, five genera without pseudobulbs, 
Dilochia, Glomera, Thunia, Bletilla and Thuniopsis, diverged 
successively along the backbone of Coelogyninae from the mid-
dle to late Oligocene (26.07–23.13 Ma) (Figure S3). Genera with 
pseudobulbs, such as Pleione, Bulleyia and Coelogyne, diverged 
from the backbone of Coelogyninae in the early-to-middle 
Miocene (22.01–11.96 Ma). With a few exceptions, most species 
of Arethuseae diverged in the middle Miocene to late Miocene 
during a period of global cooling (Figure S3).

3.3   |   Ancestral Geographical Range

The BAYAREALIKE+J model with the smallest corrected 
Akaike's information criterion (AICc) value and the largest 
AICc_wt value was identified as the best-fit biogeographical 
model for our data (Tables S10 and S11). Our results indicated 
that Arethuseae originated in tropical and subtropical monsoon 
areas of Asia (Figure S4). At least two long-distance dispersal 
events were identified in Arethusinae: (1) the dispersal of the 
ancestor of Calopogon from the tropical and subtropical mon-
soon areas of Asia to North America in the early Miocene, and 
(2) the dispersal of the ancestor of Eleorchis from North America 
to Japan in the late Miocene (Figure S4, V1 and V2). Three main 
dispersal events within tropical and subtropical Asia were iden-
tified: (1) the dispersal of the common ancestor of Dilochia and 
Glomera from tropical and subtropical mainland Asia to tropi-
cal islands of Asia during the late Oligocene, (2) the dispersal of 
Dendrochilum s.l. from mainland Asia to the tropical island of 
Asia in the middle Miocene and (3) the dispersal of Coelogyne 
from mainland Asia to tropical islands in the late Miocene 
(Figure S4, V3–V5).

3.4   |   Diversification and Rate Shifts

We detected nine diversification rate shifts; however, only three 
had a posteriori probability of > 0.5 (Figure S5). The most likely 
rate shift node was determined using the getBestShiftConfig-
uration function (Figure  2A). As visualised using a phylorate 
plot of speciation rates, most genera had high diversification 
rates and diversification rates were significantly higher in the 
pseudobulb taxa than in non-pseudobulb taxa (Figure 2B). Rate-
through-time plots suggested that the speciation rate and net di-
versification rate of Arethuseae accelerated significantly near 
the Oligocene–Miocene boundary. About 18 Ma, the speciation 
rate exceeded the extinction rate and reached a peak during the 
late Miocene (about 8 Ma). Moreover, the diversification rate re-
mained relatively high thereafter (Figure 2C). The increases in 

speciation rate and net diversification rates were consistent with 
the location of rate shifts in the phylogeny.

3.5   |   Ancestral State Reconstruction 
of Pseudobulbs and Epiphytism

The all-rates-different model (ARD) was selected as the best-fit 
model based on likelihood and AIC values (Table S12). Ancestral 
state reconstructions showed that epiphytic habits arose inde-
pendently at least twice in Arethuseae. Pseudobulbs originated 
at least once in Arethuseae (Figures S6 and S7).

3.6   |   Evolutionary Rates and Phylogenetic Signal

Phylogenetic signals based on D statistics were evaluated for 
pseudobulb traits and epiphytic habits of Arethuseae. Pseudobulb 
traits (D = −1.32) and epiphytic habits (D = −1.35) were highly 
conserved, suggesting that closely related species share this 
trait (Table  S13). Equal speciation and transition rate models 
were selected as the best models based on likelihood ratio tests 
under a chi-squared distribution and AIC (Table S7). Our results 
showed that net diversification rates of taxa with pseudobulbs 
were higher than those of taxa without pseudobulbs, while the 
extinction rate shows the opposite trend (Figure S8).

3.7   |   Temporal Dynamics of Arethuseae 
Occurrence

The smoothed MOE curve revealed a pronounced intensifi-
cation of diversification rates in Arethuseae over the 0–40 Ma 
timeframe (Figure  3). A marked acceleration initiated near 
the Oligocene–Miocene boundary, with the MOE increasing 
linearly until reaching its first peak at ca. 5 Ma. Subsequent to 
this peak, the MOE trajectory entered a secondary acceleration 
phase, continuing into the present.

The e.divisive algorithm identified seven statistically poten-
tial change points (p ≤ 0.05) in the MOE curve, partitioning 
the diversification history into three distinct phases:(1) 38.01–
23.5 Ma: characterised by the initial divergence of the sub-
tribes Arethusinae and Coelogyninae; (2) 23.5–8.5 Ma: a rapid 
radiation phase coinciding with the emergence of pseudobulb-
bearing lineages; (3) 8.5 Ma–present: a renewed acceleration 
phase (Figure 3).

3.8   |   Influential Climatic Factors 
for the Distribution of Arethuseae

We obtained 4451 valid georeferenced records of 28 genera of 
Arethuseae and extracted 19 bioclimatic variables for each re-
cord from the WorldClim2 database (Fick and Hijmans 2017). 
After removing collinear variables (|r| ≥ 0.80), seven predictors 
were retained to model the climatically suitable distribution 
of Arethuseae (Figure  S9): Mean Diurnal Range (Bio2), Max 
Temperature of Warmest Month (Bio5), Mean Temperature of 
Driest Quarter (Bio9), Annual Precipitation (Bio12), Precipitation 
Seasonality (Bio15), Precipitation of Driest Quarter (Bio17) 
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FIGURE 2    |     Legend on next page.
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and Precipitation of Warmest Quarter (Bio18) (Table S14). The 
MaxEnt model demonstrated high predictive accuracy, achiev-
ing a mean training AUC of 0.879 ± 0.001 across 10 replicate 
runs (Figure S10). Jackknife analysis revealed Precipitation of 
Warmest Quarter (Bio18) as the dominant climatic driver of 
Arethuseae distribution, contributing 62.6% to the model, fol-
lowed by annual precipitation (Bio12; 29.3%) and max tempera-
ture of warmest month (Bio5; 2.8%) (Table S14).

4   |   Discussion

4.1   |   Phylogeny of Arethuseae

Recent molecular phylogenetics studies indicated that generic 
delimitation in Arethuseae is necessary (Chase et  al.  2021; 
Goldman et al. 2001; Huang et al. 2022; Li et al. 2015; van den 
Berg et al. 2005; Wati et al. 2021). Our phylograms were consis-
tent with previous results but provide new insights into the phy-
logenetic relationships and classification of Arethuseae based on 
more samples and plastome data. For example, we found that 
Dilochia, Glomera, Thunia + Bletilla, Thuniopsis and Pleione are 
successive sister groups along the backbone of Coelogyninae, 
different from the comb-like or weakly supported phylograms 
in previous studies (Chase et  al.  2021; Li et  al.  2015; Wati 
et al. 2021) (Figure S11).

Based on phylograms and morphological characters of 
Arethuseae, we propose the following taxonomic treatments for 
the Coelogyne complex: (1) the expansion of Bulleyia to include 
some Pholidota species (Bulleyia s.l. is characterised by long and 
pendulous inflorescences, persistent and large floral bracts); (2) 
the expansion of Panisea to include Ischnogyne (Panisea s.l. is 
characterised by racemes with 1–2 flowers, floral bracts small, 
petals similar to sepals, lip flat or slightly depressed at base 
but never saccate); (3) the expansion of Coelogyne to include 
Neogyna, Otochilus, Dickasonia and some species of Pholidota; 
and (4) the expansion of Dendrochilum to include Geesinkorchis, 
Nabaluia, Chelonistele, Gynoglottis, Entomophobia and some 
Coelogyne species distributed only in the tropical island region 
of Asia. Coelogyne s.l., Panisea s.l. and Bulleyia s.l. form the 
Coelogyne complex (Figure 1, Figure S2).

4.2   |   Key Innovations in Arethuseae

The formation of the monsoon climate forced organisms in the 
East Asia and Southeast Asia region to adapt to seasonal cli-
matic changes and to endure months of water saturation and 
extreme drought conditions (Spicer 2017). Some ferns adapt to 
seasonal changes through defoliation and dormant stages (Wang 
et al.  2012). The emergence of pseudobulbs in the Arethuseae 
facilitated a shift from a terrestrial to an epiphytic habit to cope 
with these conditions.

Adaptive radiations require geographic, ecological and evolu-
tionary opportunities (Losos 2010; Simpson 1953), where evolu-
tionary opportunity refers to the ability of a lineage to diversify 
to utilise available resources (Miller et  al.  2023; Valen  1971; 
Wahlert  1965), specifically to generate new interactions with 
the environment. In the present study, the diversification rate 
differed between taxa with and without pseudobulbs, and a rate 
shift occurred in pseudobulb groups (Figure 2A,B). The key in-
novation hypothesis suggests that increased diversification is 
associated with the evolution of key traits and that changes in 
diversification rates can influence the evolution of traits (Miller 
et al. 2023). Based on state-dependent speciation and extinction 
(SSE) models (Figure S9), we found that net diversification rates 
were significantly higher in pseudobulb clades than in clades 
without pseudobulbs, while the extinction rate shows the op-
posite trend. These results further suggest that the evolution of 
pseudobulbs facilitated the habit shift from terrestrial to epi-
phytic in Arethuseae.

Ancestral state reconstruction revealed two independent evo-
lutionary origins of the epiphytic habit and a single origin of 
the pseudobulb trait. Furthermore, phylogenetic signal tests 
revealed that pseudobulb traits and epiphytic habits showed 
highly conserved evolutionary patterns (Figures  S6 and S7, 
Table S13). These conserved traits are closely related to plant nu-
trient utilisation and may be related to selection in different hab-
itats and correlated evolution of structural and functional traits. 
Arethuseae did not diversify immediately after the rapid diver-
gence of two subtribes at the Mid-Oligocene, which were mainly 
terrestrial in habit (except for Glomera) and without pseudob-
ulb traits (Figure 3). Coelogyninae diversified rapidly until the 
Oligocene–Miocene boundary (23 Ma) (Figures 2C and 3). These 
genera shifted from a geophytic habit to a lithophytic and/or ep-
iphytic habit and from rhizomes to pseudobulbs. These changes 
may be adaptations to the Asian monsoonal climate (i.e., to en-
dure the complex habitat of several months of water saturation 
and extreme drought) (Spicer 2017). On the one hand, pseudob-
ulbs can store large amounts of water, minerals and carbohy-
drates, enabling the growth and survival of epiphytic orchids in 
the dry season (He 2018). On the other hand, the evolution of 
pseudobulbs facilitated the habitat transition from terrestrial to 
epiphytic in Coelogyninae, thus allowing these species to access 
ecological niches in the middle or upper layers of the rainforest 
and utilise the available resources in these niches. Interestingly, 
Glomera includes about 155 epiphytic species (https://​www.​
ipni.​org) but did not show a high diversification rate; it is possi-
ble that the epiphytic habit enabled the genus to diversify only in 
humid tropical island areas due to the absence of pseudobulbs.

4.3   |   The Diversification Dynamics of Arethuseae

Our ancestral region reconstructions and molecular dat-
ing analyses indicate that Arethuseae originated in Asian 

FIGURE 2    |    (A) Best shift configurations based on phylorate plots for Arethuseae. (B) Comparison of species formation rates, extinction rates and 
net species diversification rates for taxa with and without pseudobulbs. (C) Rate-through-time plots for the speciation rate (green), extinction rate 
(yellow) and net diversification (purple), with shaded areas indicating 95% confidence intervals.
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FIGURE 3    |     Legend on next page.
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tropical and subtropical monsoon areas (Central-South 
China) at 38.66 Ma (95% HPD: 49.48–31.89 Ma; Figure  S3). 
Subsequently, at least two long-distance dispersal events were 
identified, facilitating the disjunct distribution of Arethuseae 
between North America and East Asia (Figure S4). This bio-
geographic pattern exhibits parallels with numerous orchid 
genera, such as Bulbophyllum (south American, Africa and 
Asia) (Pridgeon et al. 2014), Calanthe (Asia, Africa and Central 
America) (Pridgeon et  al.  2005), Gastrodia (Asia, Africa, 
Oceania) (Huang et  al.  2018), Pogonia (northern American 
and East Asia) (Pansarin et  al. 2008), display current-day 
disjunct distribution. LDD in orchids were facilitated by the 
dust-like orchid seeds that predominantly adapted to wind 
dispersal (Jersakova and Malinova  2007). In addition, three 
main dispersal from mainland Asia to the tropical islands of 
Asia were detected and followed by in situ diversification; in-
stead, dispersal from tropical islands of Asia to Asian main-
land was not detected (Figure  S4). Our results indicate that 
the tropical and subtropical monsoon regions of Asia are the 
centres of dispersal for the radiation of Arethuseae.

The maximal number of occurrence events (MOE) began in-
creasing at 33.5 Ma, coinciding with the initial divergence of 
subtribes Arethusinae and Coelogyninae (Figure 3). The MOE 
began to increase at 23.5 Ma, which coincides with tectonic 
activities in the Himalayas (Figure  3). This tectonic activity 
strengthened the summer monsoons in East and South Asia, 
potentially enhancing regional precipitation. Concurrently, the 
pseudobulb trait emerged at this period, facilitating the diver-
sification of Arethuseae in East and South Asia. Rate-through-
time analyses further confirmed that net diversification rates 
exceeded extinction rates at the Oligocene–Miocene boundary 
(Figure 3). Ecological niche modelling identified Precipitation of 
Warmest Quarter (Bio18) as the primary climatic determinant of 
Arethuseae distribution (Table S14). Thus, we suggest that envi-
ronmental drivers and key innovations synergistically promote 
the diversification of Arethuseae.

From 18.5 to 5 Ma, the MOE showed a linear increase and 
reached the first peak about 5 Ma (Figure  3). This coin-
cided with the global Mid-Miocene Climatic Maximum (ca. 
17–14 Ma) and the establishment of the East Asian ‘Super 
Monsoon’ period (ca. 12–4 Ma) (Farnsworth et  al.  2019). 
Meanwhile, the flourishing continuously of Asian evergreen 
broadleaf forests during the Miocene (Li et al. 2022) likely pro-
vided ample ecological opportunities for the diversification of 
Coelogyninae. Additionally, the widespread uplift of Borneo 
during the middle Miocene (Morley 2018), the dramatic uplift 
of New Guinea in the late Miocene (Toussaint et al. 2014) and 
significant sea-level oscillations in Southeast Asia may have 
further facilitated the dispersal of Coelogyninae from Asia to 
the tropical islands.

The MOE declined transiently at 4 Ma but rapidly rebounded, indi-
cating that Northern Hemisphere glaciation (‘Icehouse State’) did 
not influence Arethuseae diversification (Westerhold et al. 2020). 
This suggests that the tropical and subtropical mountainous re-
gions of Asia serve as both cradles and museums for the diversifi-
cation of Arethuseae. From 5 Ma to the preindustrial period, even 
as precipitation in East Asia was declining, the MOE showed a 
secondary acceleration, which may be attributed to the adaptive 
advantages brought by pseudobulbs, which buffered the impact 
of Arethuseae on hydroclimate change, especially during the dry 
season, and maintained diversity during the Neogene–Quaternary 
transition.

The main limitation of this study is limited taxon sampling, 
which included approximately 30% of species in Arethuseae. The 
incomplete sampling of species may affect our estimations in sev-
eral aspects, such as impacting inferred ancestral states (Brightly 
et al. 2024; Salisbury and Kim 2001), altering the estimations of 
species diversification rate over time (Wu et al. 2025) and even 
the reconstruction of phylogeny. The diversification rates and an-
cestral state reconstruction should be interpreted with caution.

5   |   Conclusion

Using plastid genes and nrITS data, we established a robust 
phylogenetic framework for the tribe Arethuseae, which re-
veals novel relationships within the Coelogyne complex and 
proposes revised generic delimitations. Arethuseae originated 
in the tropical and subtropical monsoon regions of Asia during 
the middle Oligocene (ca. 28 Ma) and subsequently experienced 
accelerated diversification during the Oligocene–Miocene 
(O–M) boundary and the middle Miocene. This diversification 
coincided with the uplift of the Himalayas, the intensifica-
tion of the Asian monsoon and the emergence of pseudobulb 
traits. Our results indicate that environmental drivers and key 
innovations synergistically promoted the diversification of 
Arethuseae. This study emphasises how key innovations inter-
act with environmental factors to shape tropical biodiversity 
and provides a model for testing evolutionary hypotheses in 
other plant lineages. Furthermore, the Asian tropical–sub-
tropical mountains serve as both a cradle (generating new 
diversity) and a museum (preserving ancient lineages) for 
Arethuseae, underscoring their conservation importance.
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FIGURE 3    |    Diversification of Arethuseae in relation to orogenesis and palaeoclimate. Global climate change curves were derived from deep 
ocean temperatures estimated by Hansen et al. (2013). Mean annual precipitation on the Tibetan Plateau and neighbouring areas simulated by 
Farnsworth et al. (2019) under ideal CO2 indicates the evolutionary trend of the Asian monsoon. The blue curve describes the ‘stepwise hypothesis’ 
of Himalayan uplift proposed by Ding et al. (2017). EOT, Eocene–Oligocene Transition; NMCO, Middle Miocene Climatic Optimum. The red curve 
describes the maximal number of occurrence events (MOE) per million years of Arethuseae. Seven grey dotted lines indicate estimated significant 
change points, respectively (p ≤ 0.05). The black line describes the lineage-through-time (LTT).
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