Plant Diversity 46 (2024) 448—461

Contents lists available at ScienceDirect

K€ A.i Plant Diversity

CHINESE ROOTS
GLOBAL IMPACT  journal homepage: http://www.keaipublishing.com/en/journals/plant-diversity/

http://journal.kib.ac.cn

Research paper

Plastid phylogenomics provides new insights into the systematics, N
diversification, and biogeography of Cymbidium (Orchidaceae) e

Hai-Yao Chen * ", Zhi-Rong Zhang €, Xin Yao f Ji-Dong Ya €, Xiao-Hua Jin ¢, Lin Wang * f
Lu Lu €, De-Zhu Li ¢, Jun-Bo Yang ", Wen-Bin Yu * "~

2 Center for Integrative Conservation & Yunnan Key Laboratory for the Conservation of Tropical Rainforests and Asian Elephants, Xishuangbanna Tropical
Botanical Garden, Chinese Academy of Sciences, Mengla, Yunnan 666303, China

b University of Chinese Academy of Sciences, Huairou District, Beijing 101408, China

€ Plant Germplasm and Genomics Center, Germplasm Bank of Wild Species, Kunming Institute of Botany, Chinese Academy of Sciences, Kunming, Yunnan
650201, China

d State Key Laboratory of Plant Diversity and Specility Crops, Institute of Botany, Chinese Academy of Sciences, Haidian District, Beijing 100093, China

€ School of Pharmaceutical Sciences, Yunnan Key Laboratory of Pharmacology for Natural Products, and Yunnan College of Modern Biomedical Industry,

Kunming Medical University, Kunming, Yunnan 650500, China
f Southeast Asia Biodiversity Research Institute, Chinese Academy of Sciences, Yezin, Nay Pyi Taw 05282, Myanmar

ARTICLE INFO

Article history:

Received 17 August 2023
Received in revised form

29 February 2024

Accepted 4 March 2024
Available online 12 March 2024

Keywords:

Cymbidium

East Asia

Asian monsoons
Climate change
Biogeographical patterns

ABSTRACT

Cymbidium (Orchidaceae: Epidendroideae), with around 60 species, is widely-distributed across South-
east Asia, providing a nice system for studying the processes that underlie patterns of biodiversity in the
region. However, phylogenetic relationships of Cymbidium have not been well resolved, hampering in-
vestigations of species diversification and the biogeographical history of this genus. In this study, we
construct a plastome phylogeny of 56 Cymbidium species, with four well-resolved major clades, which
provides a framework for biogeographical and diversification rate analyses. Molecular dating and
biogeographical analyses show that Cymbidium likely originated in the region spanning northern Indo-
Burma to the eastern Himalayas during the early Miocene (~21.10 Ma). It then rapidly diversified into four
major clades in East Asia within approximately a million years during the middle Miocene. Cymbidium
spp. migration to the adjacent regions (Borneo, Philippines, and Sulawesi) primarily occurred during the
Pliocene-Pleistocene period. Our analyses indicate that the net diversification rate of Cymbidium has
decreased since its origin, and is positively associated with changes in temperature and monsoon in-
tensity. Favorable hydrothermal conditions brought by monsoon intensification in the early Miocene
possibly contributed to the initial rapid diversification, after which the net diversification rate was
reduced with the cooling climate after the middle Miocene. The transition from epiphytic to terrestrial
habits may have enabled adaptation to cooler environments and colonization of northern niches, yet
without a significant effect on diversification rates. This study provides new insights into how monsoon

activity and temperature changes affected the diversification dynamics of plants in Southeast Asia.
Copyright © 2024 Kunming Institute of Botany, Chinese Academy of Sciences. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Tropical Southeast Asia is home to the second largest tropical
rainforest in the world and harbors four out of 36 recognized
biodiversity hotspots (Myers et al., 2000). This region consists of
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which is made up of more than 20,000 islands (Lohman et al., 2011),
and has experienced some of the most complex geological history
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complex history has resulted in exceptionally high plant diversity
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and rich endemism, for example in the Dipterocarpaceae and
Orchidaceae, two families characteristic of Asian tropical rain-
forests. During the late Oligocene, as Australia drifted northward, it
began to collide with Sundaland. The resulting volcanic activity and
tectonic movements contributed to the formation of island chains
connecting the regions east and west of the Wallace Line (Hall,
1998, 2011, 2013). Biogeographic studies on the genera
Hedychium J. Koenig (Ashokan et al., 2022) and Artocarpus ].R. Forst.
& G. Forst. (Williams et al., 2017) suggested that a variety of climatic
events, including monsoonal intensification and sea-level fluctua-
tions, have played significant roles in driving biodiversity patterns
across Southeast Asia. This series of complex geological events and
climatic changes provided the possibility of migration and dispersal
of organisms in the region, but sampling difficulties across archi-
pelagos have meant that some previous studies did not fully cover
the distribution range of the taxa under investigation. Partly as a
result of this complex history, the factors influencing biodiversity
and historical patterns of species migration and dispersal across
these and adjacent regions continue to be controversial (Tan et al.,
2020; Zhang et al., 2023c).

Cymbidium Sw. (Orchidaceae: Epidendroideae) comprises
approximately 60 species primarily distributed from Southwest
China to the Malay Archipelago, extending into Sulawesi, New
Guinea, and northeastern Australia. Many Cymbidium species
(colloquially known as “Chinese Orchids”) are prized as elegant
ornamentals with delicate, fragrant flowers, and many Chinese
Cymbidium species (e.g., C. ensifolium (L.) Sw., C. faberi Rolfe, C.
goeringii (Rchb.f.) Rchb.f., C. kanran Makino, C. sinense (Andrews)
Willd., and C. tortisepalum Fukuy.) have been cultivated for at least
2000 years, since before the time of Confucius (Liu et al., 2006; Du
Puy and Cribb, 2007). Cymbidium spp. are highly vulnerable to
illegal poaching and habitat loss, and are included in the Conven-
tion on International Trade in Endangered Species (CITES) and the
Wild Plants Under National Key Protection in China. Further
research into the phylogenetic relationships and evolutionary his-
tory of Cymbidium will benefit conservation efforts.

Cymbidium has undergone several revisions to its systematics
and classification. Originally identified by European botanists in the
1600s, the first recognized Cymbidium species was Cymbidium
aloifolium (L.) Sw. This was originally placed in the genus Epiden-
drum by Linnaeus in 1753 and later separated into the distinct
genus Cymbidium by Olof Swartz. The circumscription of
Cymbidium has been highly controversial since Swartz's time, with
many species being transferred to other genera or remaining un-
resolved. Moreover, some Cymbidium species have been proposed
to represent separate genera (e.g., Cyperorchis Blume and Iridorchis
Blume), although these classifications have not been widely adop-
ted. Hunt (1970) was the first to offer a revised and delimited genus,
and several infrageneric classification systems followed his
circumscription of Cymbidium (Liu et al., 2006, 2009; Du Puy and
Cribb, 2007). In a recent revision, Liu et al. (2006) proposed a
new classification system consisting of three subgenera, 16 sec-
tions, and 68 species. Subsequently, Du Puy and Cribb (2007)
incorporated available phylogenetic data into a classification sys-
tem consisting of 11 sections and 52 recognized species. In addition,
Du Puy and Cribb (2007) suggested that 20 species and three va-
rieties recognized by Liu et al. (2006) were narrowly circumscribed
taxa requiring further study.

Because most Cymbidium phylogenies utilize relatively few DNA
markers, phylogenetic relationships within the genus have not
been well resolved (van den Berg et al., 2002; Yukawa et al., 2002;
Zhang et al., 2002; Du Puy and Cribb, 2007; Sharma et al., 2012).
Moreover, topological incongruence has been observed between
phylogenies generated by nuclear ribosomal internal transcribed
spacer (nrITS) and those by plastid DNA (ptDNA) (Zhang et al.,
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2021). The most recent plastome phylogeny strongly supported
the presence of three major clades/subgenera within Cymbidium,
and weakly supported the isolated species Cymbidium devonianum
Paxton as the sister to the subgenus Jensoa (Zhang et al., 2023b).
Meanwhile, more than ten recently-derived species represented by
multiple individuals were not fully delimited, resulting from
incomplete lineage sorting, plastome capture, or artificial hybridi-
zation in some high value cultivars (Zhang et al., 2023b). Plastome
datasets can be used to reconstruct a robust Cymbidium phylogeny
when heterogeneous samples are excluded, and this can then be
used to infer the evolutionary and biogeographical history of the
genus.

Cymbidium exhibits particularly high diversity and species
richness across Southwest China, Indo-Burma, and the Sunda Shelf,
which belong to the Indo-Burma and Sundaland biodiversity hot-
spots, respectively. These two biodiversity hotspot regions serve as
important connections to neighboring areas, including Wallacea,
the Philippines, and the Himalayas (Tan et al., 2020; Zhang et al.,
2023c). Although Cymbidium is a diverse, widely-distributed
genus, its biogeographical history remains unclear because phylo-
genetic relationships of Cymbidium have not been well resolved
using nrITS and ptDNA markers (Yukawa et al., 2002; Zhang et al.,
2002; van den Berg et al., 2002; Zhang et al., 2021). Previous
phylogenetic analyses of Orchidaceae suggest that Cymbidium
likely originated between the late Oligocene to early Miocene
(Givnish et al., 2015; Li et al., 2019; Kim et al., 2020; Zhang et al.,
2023a). Moreover, Du Puy and Cribb (2007) suggested that
Cymbidium was unlikely to have originated from either the Hima-
layas or Australia, largely based on the phylogeny by Yukawa et al.
(2002) including 37 taxa of Cymbidium using nrITS and ptDNA matK
datasets. Considering the lack of Cymbidium fossils, the origin and
dispersal history of the genus is unlikely to be resolved without a
well-sampled, dated, and robust phylogeny.

Around 90% of species in subfamily Epidendroideae (ca. 22,000
species) are epiphytic (Chase et al., 2015; Zotz et al., 2021), and
epiphytism has evolved independently multiple times in this sub-
family (Chomicki et al., 2015; Zhang et al., 2023a). Research sug-
gests that epiphytism likely evolved in Southeast Asia and
represents an adaptation to regional conditions in Epidendroideae
(Givnish et al., 2016). Generally, epiphytic/lithophytic species have
hard, thick, leathery leaves lacking protruding veins. This pheno-
type results from having a large volume of spongy mesophyll and is
highly associated with crassulacean acid metabolism (CAM)
photosynthesis, an adaptation to water-deficient environments and
a driver of species diversification (Du Puy and Cribb, 2007). How-
ever, Cymbidium contains several terrestrial species, despite its the
most recent common ancestor likely being epiphytic (Zhang et al.,
2023a). Currently, a satisfactory evolutionary framework for
studying the factors driving the transition from epiphytism to ter-
restrialism in Cymbidium is lacking. Studies of the epiphytic to
terrestrial transition in the orchids suggest that the transition may
be influenced by climatic fluctuations, which may be advantageous
for niche colonization in orchids, e.g., Hexalectris Raf. (Sosa et al,,
2016) and Galeandra Lindl. (Martins et al., 2018). Thus, there is a
pressing need to comprehensively study the epiphytic—terrestrial
transition in Cymbidium in order to shed light on the potential
factors influencing it.

Here, we sought to provide a robust phylogeny to serve as the
basis for understanding the evolutionary history and inferring the
underlying drivers of the rich biodiversity of Cymbidium. We
included complete plastome sequences from 56 Cymbidium species,
representing approximately 90% of all recognized species, to
construct a comprehensive phylogeny. The main goals of this study
were to: 1) clarify phylogenetic relationships within Cymbidium; 2)
reconstruct the evolutionary history of Cymbidium through both
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time and space; and 3) estimate species diversification associated
with paleoclimatic factors and life forms.

2. Materials and methods
2.1. Plant sampling, DNA isolation, and sequencing

Our phylogenetic analyses are based on plastome sequences
from 67 species, including 56 Cymbidium species covering all 11
recognized sections (Du Puy and Cribb, 2007). We newly sequenced
17 plastomes, representing 13 Cymbidium species and four out-
groups. The remaining 43 plastome sequences of Cymbidium and
three species of other genera of tribe Cymbidiinae are derived from
Zhang et al. (2023b). A total of 11 outgroup species were used,
including ten species from nine genera of tribe Cymbidiinae
(Freudenstein and Chase, 2015), as well as Cremastra appendiculata
(D. Don) Makino from tribe Epidendreae. We also investigated
whether adding more outgroups improves the phylogenetic reso-
lution of Cymbidium by using the plastome dataset from Zhang et al.
(2023b), which consists of 237 individuals representing 50
Cymbidium species. All newly sequenced plastomes have been
submitted to GenBank (Table S1).

Leaf tissue was collected from living herbarium specimens,
plants cultivated in a greenhouse, or from the wild. Genomic DNA
was extracted from dry leaves using a modified CTAB method
(Doyle and Doyle, 1987). Purified DNA was fragmented to 350—500
bp for library construction, following standard protocols (NEBNext
Ultra Il DNA Library Prep Kit for [llumina), and as described by Zeng
et al. (2018). The 150 bp pair-end reads were generated using an
[llumina Hi-Seq 2500 Sequencing System.

2.2. Plastome assembly and annotation

Clean raw reads were used for de novo assembly of complete
plastomes using the GetOrganelle v.1.7.7.0 toolkit (Jin et al., 2020).
To confirm the accuracy of the de novo assemblies, plastomes were
visualized using Bandage v.0.9.0 (Wick et al., 2015). Plastomes were
automatically annotated using CPGAVAS2 (Shi et al., 2019) and PGA
(Qu et al., 2019), and subsequently manually checked and adjusted
with Geneious v.2021.1.1 (Biomatters, Auckland, New Zealand),
with emphasis on the start and stop codons of protein coding
genes, as well as pseudogenes. Plastome maps were visualized
using the Organellar Genome DRAW v.1.3.1 (Greiner et al., 2019).

2.3. Phylogenetic analyses

After excluding one IR region, we aligned plastome sequences in
MAFFT v.7.505 (Katoh and Standley, 2013), using the default op-
tions, to create a whole genome alignment dataset (WGM). This
dataset was trimmed by removing gaps with trimAl v.1.2 (Capella-
Gutiérrez et al., 2009) to create two matrices: whole genome
alignment matrix-T1 (WGM-T1) using the “-gt 0.9 -cons 60" option,
and whole genome alignment matrix-T2 (WGM-T2) using the
“-nogaps” option. An additional alignment matrix (WGM-0) was
created from the Cymbidium plastome dataset from Zhang et al.
(2023b), but with the outgroups from this study. We also created
a protein coding sequence (CDS) supermatrix dataset. For this
purpose, we extracted 80 CDS genes from annotated plastomes
using the “get_annotated_regions_from_gb.py” script (https://
github.com/Kinggerm/PersonalUtilities). Each CDS gene was
aligned using MAFFT, then all 80 CDS alignments were
concatenated.

Maximum Likelihood (ML) analyses were conducted for all
datasets with RAXML v.8.2.10 (Stamatakis et al., 2008), using the
GTR+TI'+I model to determine the best-scoring ML tree and 1000

450

Plant Diversity 46 (2024) 448—461

replicates to obtain Maximum Likelihood bootstrap support
(MLBS) values of branches/nodes. MLBS values > 70 were
considered well supported. Bayesian Inference (BI) analyses were
conducted with MrBayes v.3.2.7 (Ronquist and Huelsenbeck,
2003). The best DNA substitution model was chosen for each
DNA dataset by estimating the Bayesian Information Criterion
(BIC) in jModeltest 2 (Darriba et al., 2012). Markov chain Monte
Carlo (MCMC) runs were conducted with 10,000,000 generations
by sampling every 1000 generations. The average standard devi-
ation of split frequencies for each dataset was lower than 0.005
and Potential Scale Reduction Factor of Convergence Diagnostic
for the datasets was 1.00, which showed that the number of
generations for the dataset was sufficient. The first 25% of the trees
was discarded as burn-in, and the remaining trees were used to
generate a majority-rule consensus tree. Bl Posterior Probability
(BIPP) values > 0.95 were considered well supported. The trees
were visualized using the online tool tvBOT (https://www.chiplot.
online/tvbot.html) (Xie et al., 2023).

2.4. Divergence time estimates

The plastome dataset used for divergence time estimates con-
sisted of 170 Orchidaceae species, covering all five recognized
subfamilies and 14 tribes (including 56 Cymbidium species), with
Agave americana L. as the outgroup. A total of 108 plastome se-
quences were downloaded from GenBank (Table S1). Whole plas-
tome sequences were aligned with one IR region excluded. ML
analysis was performed under GTR+I'+1 model in RAXML v.8.2.10
(Stamatakis et al., 2008). Because Cymbidium fossils have yet to be
recorded, divergence time estimates are based on Orchidaceae
species from more distant genera that have representative fossils.
Time calibrations in Orchidaceae widely rely on three unambiguous
Orchidaceae fossils: Dendrobium winikaphyllum Conran, Bannister
& Lee; Earina fouldenensis Conran, Bannister & Lee (Conran et al.,
2009); and Meliorchis caribea S.R. Ramirez & al. (Ramirez et al.,
2007). To set more specific and reasonable time intervals, accord-
ing to the divergence time at the genus level of Orchidaceae, most
of which were lower than 50.0 Ma (Givnish et al., 2015; Zhang et al.,
2023a), the lower bounds of the calibration constraint were set to
50.0 Ma, conservatively. In total, four calibration constraints were
set: 1) the upper and lower bounds of the Orchidaceae crown age
were set to 80.0 Ma and 100.0 Ma, respectively, which is based on
the crown age of Orchidaceae in Zhang et al. (2023a) (101.52 Ma,
95% HPD: 97.08—102.56 Ma) and in Givnish et al. (2016) (90.0 Ma,
95% HPD: 79.7—99.5 Ma); 2) the upper and lower bounds of the
Goodyera clade crown age were set to 15.0 Ma and 50.0 Ma,
respectively, which is based on a Miocene amber-encased
M. caribea pollinarium from the Dominican Republic; the upper
and lower bounds of the both 3) Earina-sister and 4) the Australian
Dendrobium crown age were set to 20.0 Ma and 50.0 Ma, which is
based on fossil leaves of Miocene orchids (Dendrobium Sw. and
Earina Lindl.) from New Zealand.

The divergence times were estimated with MCMCTree in PAML
v.4.10.5 (Yang, 2007). In the control file, we used the independent
rates model (clock = 2) and GTR + G model (model = 7). The
RootAge was set to ‘< 1.28". Two independent MCMC runs were
conducted, each consisting of 400,000 iterations, with sampling
performed every 10 iterations. The first 16,000 iterations were
discarded as burn-in. The acceptance proportions for parameters
varied from 31.0% to 41.0% in the two independent analyses. The
mcmcfile was used for calculating the effective sample sizes (ESS)
values (> 200) in Tracer v.1.7.2 (Rambaut et al., 2018), to validate the
convergences. Chronograms were visualized using the online tool
tvBOT (https://www.chiplot.online/tvbot.html) (Xie et al., 2023).
The chronogram that preserved the five sister taxa from subtribe
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Cymbidiinae as outgroups was used to perform subsequent
biogeographical and diversification analyses.

2.5. Ancestral area reconstruction

We used distribution information, geographic characteristics,
and floristic regions of Cymbidium and five sister outgroup species
(Table S1) (Turner et al., 2001; van Welzen et al., 2003; Thomas
et al., 2012; Sirichamorn et al., 2014; Liu et al., 2021) to define six
geographical regions: A) East Asia, mainly the Himalayas, Moun-
tains of Southwest China, and Indo-Burma; B) India and Sri Lanka;
C) Sundaland; D) the Philippines, including Palawan; E) Wallacea;
and F) New Guinea, northeastern Australia, and adjacent islands.
Ancestral regions and biogeographical dispersal events were
inferred using R package BioGeoBEARS (Matzke, 2018). The Bio-
GeoBEARS package included the three most commonly used
models in historical biogeography: the dis-
persal—extinction—cladogenesis (DEC) model (Ree and Smith,
2008), the dispersal—vicariance analysis (DIVA) model (Ronquist,
1997), and the Bayesian Inference of Historical Biogeography for
Discrete Areas (BayArea) model (Landis et al., 2013). Additionally,
the founder-event speciation can be counted within the three
models in BioGeoBEARS, which was implemented with the + j
parameter. All six models were fitted to our data and the best-fit
model was evaluated using Akaike Information Criterion (AIC)
values. Results of the best-fit model were visualized as pie charts at
each node of the chronogram, with each pie chart indicating the
relative proportion of support for each geographical region
received for that node.

2.6. Time-dependent diversification analyses

To estimate the diversification rate shifts of Cymbidium, the
diversification rates of each clade were estimated using the chro-
nogram in BAMM v.2.5.0 (Rabosky et al., 2013, 2014a; Rabosky,
2014; Shi and Rabosky, 2015). Based on the classification system
by Du Puy and Cribb (2007), the clade-specific sampling fractions of
clades [, II, I1I, and VI were set to 1, 0.92, 0.95, and 0.85, respectively.
The BAMM program was run for 50,000,000 iterations, sampling
every 1000 iterations. Convergence of the BAMM results was
verified by calculating the ESS values (> 200) using R-package
‘BAMMtools v.2.1.10’ (Rabosky et al., 2014b), after the first 10% of
posterior samples were discarded as burn-in.

2.7. Paleoenvironmental-dependent diversification analyses

Global climate fluctuations and plate tectonics are well-known
to have impacted the evolution of Southeast Asian floras (de
Bruyn et al., 2014; Zhang et al., 2023c). Here, we hypothesized
that global cooling and monsoonal intensification likely influenced
the diversification of Cymbidium. To test this hypothesis, four
paleoenvironment-dependent diversification rate models devised
by Condamine et al. (2013) were implemented in R package
RPANDA v.2.2 (Morlon et al., 2016). The annual mean temperatures
of the paleoenvironments were downloaded from Zachos et al.
(2008). The hematite/goethite ratios representing Asian
monsoonal intensity were downloaded from Clift et al. (2014).

2.8. Life form-dependent diversification analyses

The life forms of Cymbidium species were coded as either
epiphytic or terrestrial based on literature and our field observa-
tions (Table S1) (Liu et al, 2006; Du Puy and Cribb, 2007). To
determine whether life form is associated with changes in diver-
sification rate, eight Binary State Speciation and Extinction (BiSSE)
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models (Maddison et al., 2007) were implemented in R package
‘diversitree’ (FitzJohn, 2012). The best model was determined ac-
cording to the lowest AIC value. Finally, the ancestral life form of
Cymbidium was predicted by using Brownian evolution in the “ER”
model (Schluter et al., 1997) with R package ‘phytools’ (Revell,
2012).

3. Results
3.1. Plastome characteristics of the plastid genomes

The plastomes of the 13 Cymbidium and four outgroup species
sequenced here exhibit typical quadripartite architecture, with a
large single copy (LSC: 84,179 bp—86,879 bp), a small single copy
(SSC: 13,285 bp—18,397 bp), and two inverted repeat (IR: 25,269
bp—27,122 bp) regions (Table 1). The boundaries of the LSC/IR and
SSC/IR regions are consistent across the majority of the 17 species.
The plastome size varies from 149,481 bp to 159,502 bp, and the GC
content varies from 36.40% to 37.00% (Table 1). The 17 plastomes
contain between 104 and 114 unique genes, including 70—80 CDS,
30 tRNA, and four rRNA genes. Among these, six full-length CDS
(ndhB, rpl2, rpl23, rps7, rps19, and ycf2), three partial CDS (rpl22,
rps12, and ycf1), four rRNA, and seven tRNA genes are duplicated in
the IR regions.

3.2. Cymbidium plastome phylogenomics

The WGM dataset was 159,655 bp in length, including 33,821
variable sites and 16,265 parsimony-informative sites; the WGM-
T1 dataset was 117,771 bp in length, including 24,860 variable
sites and 12,833 parsimony-informative sites; the WGM-T2 dataset
was 93,367 bp in length, including 16,086 variable sites and 8175
parsimony-informative sites; and the CDS supermatrix dataset was
73,855 bp in length, including 11,667 variable sites and 5421
parsimony-informative sites.

All analyses fully support monophyly of Cymbidium
(MLBS = 100/BIPP = 1.00). Phylogenetic relationships between
major clades within Cymbidium are well-resolved using the WGM,
WGM-T1, and WGM-T2 datasets, with identical topologies (Fig. 1
and S1-S3). These datasets support four major clades, as well as
nine monophyletic sections. Only two sections, Jensoa and Flo-
ribundum, are not supported as monophyletic groups. The first
divergent clade (Clade I) is C. devonianum (MLBS 100/
BIPP = 1.00), which is sister to the remaining three clades. The
following clade (Clade II) contains 12 species (MLBS = 100/
BIPP = 1.00), corresponding to the monophyletic subclades Aus-
trocymbidium (3 spp.) (MLBS = 100/BIPP = 1.00), Cymbidium (7
spp.) (MLBS = 100/BIPP = 1.00), Borneense (1 spp., Cymbidium
borneense ].J. Wood), and Floribundum (1 spp., C. elongatum). The
sister relationship between Clades IIl and IV is moderately sup-
ported by both the WGM (MLBS = 74/BIPP = 1.00) and WGM-T1
(MLBS = 65/BIPP = 0.99) datasets. Within Clade III, subclade
Pachyrhizanthe is sister to subclade Jensoa I (MLBS = 99/
BIPP = 1.00). In addition, the Pachyrhizanthe: Jensoa II cluster is
sister to subclade Jensoa I (MLBS = 100/BIPP = 1.00). Subclade
Floribundum 1 is the most basal and sister to the (Pachyrhizanthe:
Jensoa 11): Jensoa I cluster (MLBS = 100/BIPP = 1.00). Within Clade
IV, subclade Cyperorchis is sister to a group consisting of subclade
Himantophyllum and subclade Annnamaea (MLBS 100/
BIPP = 1.00). Subclade Parishiella is the most basal of Clade IV. The
WGM-O0 dataset strongly supports four major clades (MLBS = 100),
with C. devonianum being the first divergent clade (Fig. S4). With
differences among the remaining three clades in the topology,
Clade III is the second divergent clade (MLBS = 92), and Clade II is
sister to Clade IV with weak support (MLBS = 69).
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Table 1
Overview of the physical properties of the plastid genomes of Cymbidium and outgroup species sequenced in this study.
Species %GC  Sequence LSC (bp) IR (bp) SSC (bp) Gene Content Pseudogenes/Loss
Length (bp) (Protein-Coding/tRNA/rRNA)

C. aloifolium 36.80% 156,140 85,298 27,001 16,840 75/30/4 ndhA, ndhD, ndhE, ndhF, ndhH; ycf15

C. atropurpureum 36.90% 154,337 85,786 26,715 15,121 74/30/4 ndhA, ndhD, ndhE, ndhG, ndhH, ndhl, ycf15

C. cyperifolium 37.00% 152,735 85,341 25,598 16,198 75/30/4 ndhA, ndhD, ndhF, ndhG; ndhH, ycf15

C. elegans 36.70% 156,504 85317 26,683 17,821 80/30/4 ycfl5

C. floribundum 36.80% 153,930 84,396 25,669 18,196 77/30/4 ndhD, ndhF, ndhH; ycf15

C. hartinahianum 37.00% 150,365 84,179 25,785 14,616 74/30/4 ndhA, ndhC, ndhD, ndhF, ndhG; ndhH, ycf15

C. hookerianum 36.80% 154,142 84,543 26,372 16,855 77/30/4 ndhD, ndhF, ndhG; ycf15

C. mannii 37.00% 153,024 84,666 26,951 14,456 74/30/4 ndhA, ndhB, ndhC, ndhD, ndhF, ndhH; ycf15

C. pubescens 36.70% 153,386 85,981 25,269 16,867 70/30/4 ndhA, ndhB, ndhC, ndhD, ndhF, ndhG, ndhH, ndhl,
ndhJ; rpl20, ycf15

C. roseum 36.80% 155,838 84,798 27,122 16,796 77/30/4 ndhF, ndhG, ndhl; ycf15

C. sanderae 36.80% 156,030 84,767 26,682 17,899 80/30/4 yefls

C. whiteae 36.80% 156,319 84,949 26,706 17,958 80/30/4 ycfl5

C. erythrostylum 36.90% 152,575 84,212 26,949 14,465 71/30/4 ndhA, ndhB, ndhC, ndhD, ndhE, ndhF; ndhG, ndhl, ndhj, ycf15

Thecostele alata 36.40% 154,092 85,076 26,069 16,878 72/30/4 ndhA, ndhB, ndhD, ndhF, ndhH, ndhl, ndhJ, ndhK; ycf15

Grammatophyllum speciosum 36.90% 156,648 85,015 26,688 18,257 80/30/4 yefl5

Eulophia graminea 37.00% 149,481 85,078 25,559 13,285 70/30/4 ndhA, ndhB, ndhC, ndhD, ndhF, ndhG, ndhH, ndhl,
ndhJ, ndhK; ycf15

Cremastra appendiculata 37.00% 159,502 86,879 27,113 18,397 80/30/4 ycfl5

However, the topology of the trees based on the CDS super-
matrix dataset differs from those based on the WGM, WGM-T1, and
WGM-T2 datasets (Figs. 2 and S5). Notably, the CDS supermatrix
dataset does not support subclade Bigibbarium as the most basal or
sister to the other three clades. Instead, the CDS supermatrix
dataset supports subclade Bigibbarium as sister to subclade Flo-
ribundum 11, albeit with weak support (MLBS = 56/BIPP = 0.92), and
the Bigibbarium: Floribundum II cluster as sister to the other sub-
clades (Fig. S5). In addition, the (Cymbidium: Borneense): Austro-
cymbidium cluster is sister to the ((Jensoa II: Pachyrhizanthe): Jensoa
I): Floribundum 1 cluster according to the CDS supermatrix phy-
logeny (MLBS = 31/BIPP = 1.00) (Fig. S5), although it is sister to
subclade Floribundum 1l according to the other three datasets
(MLBS = 100/BIPP = 1.00). Finally, the CDS supermatrix dataset
supports subclade Parishiella as basal to the ((Cymbidium: Bor-
neense): Austrocymbidium): (((Jensoa II: Pachyrhizanthe): Jensoa I):
Floribundum I) cluster (MLBS = 87/BIPP = 1), although it is basal to
Clade IV according to the other three datasets (MLBS = 100/
BIPP = 1.00).

3.3. Estimation of divergence times

The stem age of Cymbidium was estimated as 21.10 Ma (95%
Highest Posterior Density (HPD): 12.20—29.80 Ma) during the early
Miocene, and the crown age as 13.80 Ma (95% HPD: 8.12—19.20 Ma),
which represents the split between Clade I and the other three
clades (Fig. S6; Table 2). Clade Il was estimated to have diverged at
13.20 Ma (95% HPD: 7.76—18.36 Ma) during the middle Miocene.
Clades Ill and Clade IV were estimated to have diverged at 12.70 Ma
(95% HPD: 7.45—17.70 Ma). Within Clade II, subclade Floribundum II
diverged at 12.62 Ma (95% HPD: 7.38—17.56 Ma) and subclade
Austrocymbidium diverged at 11.19 Ma (95% HPD: 6.52—15.71 Ma).
The split between subclade Borneense and subclade Cymbidium was
estimated to have occurred at 9.75 Ma (95% HPD: 5.62—13.91 Ma).
Within Clade 111, subclade Floribundum I diverged at 9.55 Ma (95%
HPD: 5.38—13.94 Ma), the stem age of subclade Jensoa [ was esti-
mated to be 7.62 Ma (95% HPD: 4.15—11.57 Ma), and the split be-
tween subclade Jensoa Il and Pachyrhizanthe was dated to 7.30 Ma
(95% HPD: 3.93—11.17 Ma). Within Clade 1V, subclade Parishiella
diverged at 11.93 Ma (95% HPD: 6.94—16.72 Ma), the subclade
Cyperorchis diverged at 9.60 Ma (95% HPD: 5.45—13.94 Ma), and
subclades Himantophyllum and Annamaea diverged at 7.14 Ma (95%
HPD: 3.54—11.27 Ma).
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The crown age of the monophyletic subclade Austrocymbidium,
which is only distributed in Australia, was estimated to be 8.31 Ma
(95% HPD: 4.53—12.45 Ma). The crown age of the terrestrial cluster
(Jensoa 1I: Pachyrhizanthe): Jensoa 1 was estimated to be 7.62 Ma
(95% HPD: 4.15—11.57 Ma). Finally, the terrestrial species Cymdi-
dium hartinahianum and C. borneense originated at 7.40 Ma (95%
HPD: 4.00—11.30 Ma) and 9.75 Ma (95% HPD: 5.62—13.91 Ma),
respectively.

3.4. Reconstruction of the ancestral area

According to the best fit model (BAYAREALIKE + ] model,
AIC = 249.4) (Table S2), Cymbidium was inferred to have originated
in region A (East Asia, mainly the Himalayas, Mountains of South-
west China, and Indo-Burma) during the early Miocene (node O,
Fig. 3A). In total, 25 dispersal events were identified, including four
events during the Miocene and 21 during the Pliocene-Pleistocene
(Fig. 3B and C).

We identified the most dispersal events between regions A and
C (Sundaland). These included eight emigration events from region
A to Sundaland, plus one immigration event from Sundaland to
region A (node 3, Fig. 3A), occurring only in the ancestor of subclade
Cymbidium. We also detected four dispersal events from region A to
region B (India and Sri Lanka), but none from Sundaland to region B.
The species in the Philippines had two sources, including four
dispersal events from Sundaland and two from region A. To the east
of the Wallace Line, we detected four dispersal events from Sun-
daland to region E (i.e., Wallacea) and one from Wallacea to region F
(New Guinea, northeast Australia, and adjacent islands) (node 12,
Fig. 3A), as well as one long-distance dispersal event from Sunda-
land to region F (node 2, Fig. 3A).

We observed primarily unidirectional dispersal events, with
only one immigration event occurring in the opposite direction
from Sundaland to region A (node 3, Fig. 3A). Emigration occurred
primarily from region A, with a total of 14 dispersal events
observed. Only one immigration event to region A was observed.
The second largest number of emigration events occurred from
Sundaland, which serves as a connector between region A and
adjacent regions, such as the Philippines, Wallacea, and Australia.
Notably, one long-distance dispersal event was observed from
Sundaland to Australia, followed by in situ diversification within
Australia and the formation of the monophyletic subclade Austro-
cymbidium (node 2, Fig. 3A).



H.-Y. Chen, Z.-R. Zhang, X. Yao et al.

0.009
branch length

Plant Diversity 46 (2024) 448—461

Cymbidium wilsonii C190464
Cymbidium hookerianum C190491
Cymbidium changningense ZL032
Cymbidium lowianum 17144
Cymbidium erythraeum ZL029
Cymbidium flavum C191808
Cymbidium sanderae 01740
Cymbidium insigne ZL034
Cymbidium mastersii ZL308

Cymbidium cochleare ZL026 Cyperorchis

Cymbidium elegans ZL007

Cymbidium eburneum ZL028

20011 Cymbidium maguanense ZL10
1 Cymbidium roseum ZL191

T .

L Cymbidium whiteae 01473

86 Cymbidium tracyanum ZL001
&E Cymbidium gaoligongense C191805
i Cymbidium iridioides ZL042
&E Cymbidium sichuanicum ZL012
1 ZL0o16
¥

Cymbidium wenshanense

Clade IV

Cymbidium tigrinum 17717
Cymbidium ensifolium ZL443
Cymbidium kanran C191822
Cymbidium sinense ZL003
Cymbidium tortisepalum ZL056
Cymbidium defoliatum ZL315

JParishiella

4 Cymbidium teretipetiolatum ZL461 Jensoall
1 Cymbidium nanulum ZL312
100 Cymbidium serratum ZL453
g Cymbidium goeringii ZL149
ml: Cymbidium omeiense ZL140
1 Cymbidium faberi ZL139
100 Cymbidium caulescens H4601
&E Cymbidium lancifolium ZL127 Pachyrhizanthe
1 Cymbidium macrorhizon ZL059
100 Cymbidium cyperifolium ZL022
Clade Il e I Cymbidium giubeiense ZL013 Mensoaill
0 100 Cymbidium suavissimum O1467
100 1 Cymbidium floribundum C190428 .
K 1 Cymbidium chloranthum ZL188 Floribundum |
& | I Cymbidium hartinahianum ZL190
100 Cymbidium pubescens ZL171
Cymbidium bicolor ZL180
Cymbidium aloifolium ZL160
Cymbidium rectum TB6365 Cymbidium
100 Cymbidium finlaysonianum ZL172
T Cymbidium atropurpureum O1465
Cymbidium mannii ZL050 o
Cymbidium borneense ZL107 J Borneense
100 Cymbidium madidum O1472
100 ! ITI: Cymbidium suave ZL199 Austrocymbidium
100§ 1 ! L Cymbidium canaliculatum ZL313
1 CIade 1l Cymbidium elongatum ZL192 : Floribundum 1l
Cymbidium devonianum ZL017 JBigibbarium
Clade | 100 Thecopus maingayi CYMW7
10014 Thecostele alata 0373
100 100 1?0 1 Grammatophyllum scriptum CYMW3
1 Acriopsis javanica CYMW5
Grammatophyllum speciosum 0890
100 Eulophia graminea S09928
100] 1 Geodorum densiflorum MT153204
100 1 1100 Oncidium sphacelatum KM032624

1 Erycina pusilla JF746994
Dipodium roseum MN200386

Cremastra appendiculata S11295

Fig. 1. Maximum Likelihood phylogeny of Cymbidium based on the WGM dataset, including 56 species. MLBS and BIPP values are shown above and below branches, respectively.
Scale bar represents the number of substitutions per site for the ML tree with branch length (top-left).

3.5. Estimation of time-dependent diversification rates
The BAMM analyses failed to identify any significant rate

shifts in the best diversification shift configuration (Fig. 4A).
Cymbidium had a high speciation rate during the early stage in
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the middle Miocene and this has steadily decreased to the pre-
sent day (Fig. 4A). In contrast, the extinction rate has slowly
increased from origination to the present (Fig. S7B). Conse-
quently, the net diversification rate has steadily decreased
through time (Fig. S7C).



H.-Y. Chen, Z.-R. Zhang, X. Yao

Table 2

et al.

Stem and crown ages (Ma) of the main clades within Cymbidium.

Plant Diversity 46 (2024) 448—461

Clade Stem age 95% HPD of stem age Crown age 95% HPD of crown age
Cymbidium 21.10 12.23-29.84 13.83 8.12-19.23
Clade | 13.83 8.12—-19.23 13.83 8.12-19.23
Clade II 13.22 7.76—-18.36 12.62 7.38—17.56
Subclade Floribundum 11 12.62 7.38—-17.56 12.62 7.38—-17.56
Subclade Austrocymbidium 11.19 6.52—15.71 8.31 453-12.45
Subclade Borneense 9.75 5.62—-13.91 9.75 5.62—13.91
Subclade Cymbidium 9.75 5.62—-13.91 7.64 4.32—-11.16
Clade 111 12.72 7.45-17.70 9.55 5.38—-13.94
Subclade Floribundum 1 9.55 5.38—-13.94 7.40 4.00-11.29
Subclade Jensoa II 7.30 3.93-11.17 435 1.75-7.95
Subclade Pachyrhizanthe 7.30 3.93-11.17 3.30 1.55-5.83
Subclade Jensoa | 7.62 4.15-11.57 3.09 1.63-5.04
Clade IV 12.72 7.45-17.70 11.93 6.94-16.72
Subclade Parishiella 11.93 6.94—-16.72 11.93 6.94—-16.72
Subclade Himantophyllum 7.14 3.54-11.27 7.14 3.54-11.27
Subclade Annamaea 7.14 3.54—11.27 7.14 3.54-11.27
Subclade Cyperorchis 9.60 5.45—-13.94 7.25 4.04—-10.79
Jensoall Jensoall
(A) **/**/** (B)
Pachyrhizanthe Pachyrhizanthe
**/**/**
99/91/6 Jensoal ll Jensoa ll
———stll F/oribundum | Floribundum |
74/65/-- ) Cymbidium -
Cyperorchis
ok [ e Borneense
Austrocymbidium mm—!
**199/99] ..
provl /**/** ) )
167 Parishiella
Parishiella
N Cyperorchis
**/iiE Cymbldlum
R Borneense
**/**/** - -
——mmll Austrocymbidium
Floribundum Il Floribundum i — _
Bigibbarium Bigibbarium —

Fig. 2. Phylogenetic topologies of Cymbidium using (A) WGM and (B) CDS datasets. MLBS values from WGM, WGM-T1, WGM-T2, and CDS are shown above branches. The pentastar
indicates that the MLBS value was 100 and the hyphen indicates that the MLBS value was less than 60.

3.6. Estimation of life form-dependent diversification rates

To determine whether the diversification patterns differed be-
tween epiphytic and terrestrial species, we analyzed the speciation
rate, extinction rate, and net diversification rate of the largest
terrestrial and epiphytic clades in Cymbidium (i.e., the terrestrial
cluster consisting of subclades Jensoa 1, Jensoa 1I, and Pachyrhi-
zanthe; the epiphytic cluster consisting of subclades Parishiella,
Himantophyllum, Annamaea, and Cyperorchis). The speciation rate of
the terrestrial clade was quite similar to that of the entire genus
(Fig. S7A), while the extinction rate was slightly lower (Fig. S7B).
The net diversification rate of the terrestrial clade has been slightly
higher than the entire genus since approximately 3.8 Ma (Fig. S7C).
The epiphytic clade has had a higher speciation rate and extinction
rate since 10 Ma, but the net diversification rate has been lower
than that of the entire genus since 1.8 Ma (Fig. S7). The BiSSE results
showed that the difference in speciation rate between epiphytic
and terrestrial species was not significant (Table S3, AIC = 280.51).
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3.7. Estimation of paleoenvironment-dependent diversification
rates

Paleoenvironment-dependent analyses indicated that both the
Asian monsoon intensity and historical temperature were posi-
tively correlated with the net diversification rate of Cymbidium
(Fig. 4B and C; Table S4). According to AICc values, the overall best
model (Table S4, model 12, AICc = 280.719) suggested that speci-
ation rate varied exponentially with temperature change and
exhibited constant extinction rate. The second-best paleotemper-
ature-dependent model suggested that speciation rate varied lin-
early with temperature change and exhibited constant extinction
rate (Table S4, model 16, AICc = 280.819). The speciation rate of the
second-best model was lower than that of the best model but was
still positively correlated with temperature. In the monsoon-
dependent model, the best (Table S4, model 3, AlCc = 284.365)
and second-best (Table S4, model 7, AICc = 284.376) models sug-
gested that the positive relationship between speciation rate and
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Fig. 3. Ancestral area reconstruction and dispersal history of Cymbidium. (A) The BioGeoBEARS results according to the BAYAREALIKE + ] model, based on the extant distribution of
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monsoon intensity exhibits a similar trend with two parameters.
These results demonstrate that the decreasing net diversification
rates of Cymbidium over time may be related to climate fluctuation
and the cooling trend since the middle Miocene.

3.8. Reconstruction of the ancestral state of life form

Our analyses predict that the ancestral Cymbidium life form was
epiphytic. A state shift from epiphytic to terrestrial occurred at least
three times: the node at which subclade Borneense and subclade
Cymbidium split (9.75 Ma), the node at which C. hartinahianum and
the rest of the species in subclade Floribundum I split (7.40 Ma), and
the node at which subclade Floribundum 1 and the (Jensoa II:
Pachyrhizanthe): Jensoa I cluster split (9.55 Ma) (Fig. 5).
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4. Discussion
4.1. Phylogeny and systematics of Cymbidium

Previous studies failed to fully resolve the phylogenetic re-
lationships within Cymbidium using nrITS and ptDNA markers
separately or combined (van den Berg et al., 2002; Yukawa et al.,
2002; Zhang et al., 2002; Du Puy and Cribb, 2007; Sharma et al.,
2012; Zhang et al., 2021). Earlier studies using nrITS and ptDNA
matK data with a sample size of up to 75% of all Cymbidium species
supported four to five major clades (van den Berg et al., 2002;
Yukawa et al., 2002), which is inconsistent with traditional classi-
fication systems (Liu et al., 2006). In the most recent study, Zhang
et al. (2021) reconstructed a phylogeny for 70 Cymbidium samples
(representing about 50 recognized species) using nrITS and seven
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Fig. 4. Diversification dynamics of Cymbidium. (A) BAMM analysis showed that Cymbidium originated in the middle Miocene with a high speciation rate followed by decreasing
speciation rate to the present day. Palaeoenvironment-dependent diversification rate analysis showed that the net diversification rate of Cymbidium positively correlates with (B)
paleotemperatures (data from Zachos et al. (2008)) and (C) Asian monsoon intensity (data from Clift et al. (2014)).

ptDNA markers. Their results showed that the phylogenetic back-
bone was not well resolved using either nrITS or concatenated
ptDNA datasets, and that the topology was incongruent between
nrITS and ptDNA phylogenies. The topological incongruence likely
resulted from the relatively low number of informative sites in both
the nrITS and ptDNA datasets. In the most recent Orchidaceae
phylogenomic study using low-copy nuclear genes with 16 selected
species of Cymbidium (Zhang et al., 2023a), however, topological
incongruences were recovered between nuclear datasets (with six
different number gene-sets) and plastome datasets (Fig. S8). The
conflicting placement of some samples may have resulted from
hybridization/introgression or incomplete lineage sorting (Yu et al.,
2013; Zhang et al., 2021). Incomplete species samplings and
missing data can also cause topological incongruence between
analyses.

In this study, plastome phylogenies support four major
Cymbidium clades, in agreement with the nrITS + matK dataset
used by Yukawa et al. (2002) and the plastome datasets used by
Zhang et al. (2023b). In addition, the relationships between and
within the four major clades are well-resolved for the first time.
Notably, we sampled 35 of the 36 taxa included in the Yukawa et al.
(2002) study (we did not include Cymbidium aliciae), and found
that they all cluster into the same clades as in this earlier study. In
Yukawa et al. (2002), Clades [, 1II, and IV formed a clade, with
moderate support, according to parsimony and neighbor-joining
analyses. The plastome phylogeny of Zhang et al. (2023b)
including 50 taxa showed that the genus consisted of three major
clades and the isolated species C. devonianum. However, the
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phylogenetic relationships among those four clades were not well-
resolved.

Increasing the sampling fraction of ingroups and sister out-
groups can improve the accuracy of phylogenetic inferences
(Hedtke et al., 2006; Heath et al.,, 2008). In this study, we
included more sister outgroups (ten species from subtribe Cym-
bidiinae and one species from tribe Epidendreae). The phylog-
enies based on the WGM, WGM-T1, WGM-T2 and WGM-O
datasets fully support that C. devonianum (Clade I) was the first to
diverge. These results indicate that the inclusion of sufficient and
close outgroups can improve phylogenetic resolution in the
placement of C. devonianum. They also confirm the key role of
outgroups in phylogenetic reconstruction, which is useful for
further molecular phylogeny. Within Clades 1I and 1V,
C. elongatum and C. tigrinum are supported as sister to the
remaining species, with support values ranging from 85 to 100 in
two trimmed WGM datasets. This relationship is completely
collapsed in the CDS supermatrix dataset, indicating that
C. elongatum and C. tigrinum may be treated as separate clades.
Therefore, it appears that Cymbidium experienced a rapid radia-
tion during the early stages of diversification, and conserved DNA
regions may fail to reveal clear evolutionary relationships among
them. In the nuclear phylogenomic study (Zhang et al., 2023a),
the species tree of the 299 gene-set obtained nearly congruent
clades with the plastome tree (Fig. S8D), with the exception that
C. devonianum fell into Clade II as sister to C. aloifolium. The
placement of C. devonianum requires further investigation. Future
nuclear phylogenomics research on Cymbidium should increase
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species sampling and be compared with plastome phylogenies to
achieve a comprehensive understanding of the evolutionary
history of Cymbidium.

Compared to the two systematic classifications of Cymbidium
recently published (Liu et al., 2006; Du Puy and Cribb, 2007), our
results are largely in agreement with the classification of Du Puy
and Cribb (2007). However, in our study two sections in this clas-
sification are not supported as monophyletic: subclades Flo-
ribundum and Jensoa (Figs. 1 and 2). In addition, Du Puy and Cribb
(2007) commented on ten taxonomically-confused or little-
known species that were included in this study: Cymbidium cau-
lescens, C. mannii, C. changningense, C. defoliatum, C. flavum, C.
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gaoligongense, C. maguannense, C. serratum, C. sichuanicum, and C.
teretipetiolatum. In agreement with Du Puy and Cribb (2007), the
current phylogenetic results indicate that C. defoliatum, C. mannii,
and C. teretipetiolatum should be treated as separate species. Our
analyses groups the remaining species into one clade, including
C. caulescens as sister to C. lancifolium, C. changningense sister to C.
lowianum, C. flavum sister to C. erythraeum, C. gaoligongense sister to
C. tracyanum (as well as C. iridioides), C. maguannense sister to C.
eburneum, C. serratum sister to C. goeringii, and C. sichuanicum sister
to C. wenshanense. The phylogenetic relationships among these
species may provide important evidence for taxonomic revision of
Cymbidium in a future study.
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4.2. Evolutionary and biogeographic history of Cymbidium

We dated the origin of Cymbidium to the early Miocene
(21.10 Ma), which is older than some estimates (Givnish et al., 2015;
Zhang et al., 2023a), but later than that of Kim et al. (2020). These
discrepancies are likely because our robust and large-scale phy-
logeny is based on an increased sample size. Our ancestral area
reconstruction indicated that the most likely ancestral region for
Cymbidium is the region spanning northern Indo-Burma to the
eastern Himalayas, as the earliest divergent species (C. devonianum)
and more than 60% of extant species are widely distributed across
this region. Subsequently, Cymbidium underwent dispersal from
the continental Indochinese Peninsula to the Malay Archipelago,
and vice versa. Previous studies, including those of van den Berg
et al. (2002) and Du Puy and Cribb (2007), suggested that
Cymbidium originated in Southeast Asia or from Indo-Burma to the
Malay Archipelago. Our results, in contrast, strongly indicate that
Cymbidium is more likely to have orignated from the eastern
Himalayas to the eastern Indo-Burma region, whereas Cymbidium
species in the Malay Archipelago are likely derived from Indo-
Burmese ancestors.

Cymbidium exhibit uneven distribution patterns from Southeast
Asia to northeast Australia. For instance, subclade Cymbidium
ranges widely across Southeast Asia, whereas subclade Austro-
cymbidium is represented by only a few species restricted to
northeast Australia. Geographically, Southeast Asia is closely con-
nected with the Himalayas, Mountains of Southwest China (i.e, the
Hengduan Mountains (Liu et al., 2022)), and Australia. The
biogeographical history of Cymbidium indicates that plate tectonics
and the climate dynamics of Southeast Asia created oppotunities
for dispersal and shaped the biogeographic pattern of the genus.
The ancestor of subclade Cymbidium dispersed to the Sunda Shelf
during the middle Miocene, and experienced species contraction
and expansion in mainland Asia and Borneo during the late
Miocene. Beginning in the late Oligocene, the Australian Plate
began to collide with Sundaland (Hall, 1998, 2009, 2011, 2013). This
geological process facilitated the emergence of islands and the
formation of land bridges, and the exposed Sunda Shelf provided
channels for organisms to migrate and spread (Hall, 1998, 2009). In
addition, plate tectonics are thought to have disrupted the Indo-
nesian throughflow, initiating the East Asian monsoon and result-
ing in a moist monsoonal climate across Sundaland and East Asia,
which was highly suitable for Cymbidium (Morley, 2012). These
factors contributed to the divergence of subclades in Southeast
Asia, such as subclades Cymbidium, Borneense, and Floribundum II.
Meanwhile during this period, the ancestor of subclade Austro-
cymbidium underwent long-distance dispersal to Australia via is-
land chains. This event may be attributed to historical contingency,
as the dust-like seed may have swept across the island chains and
arrived at Australia by chance (Givnish et al., 2016).

Biogeographical inference suggests that the dispersal of
Cymbidium to the adjacent regions (Borneo, Philippines, and Sula-
wesi) primarily occurred during the Pliocene-Pleistocene period,
including four dispersal events crossing the Wallace Line (Fig. 3C).
Volcanic activity and repeated sea level fluctiations during this
period may have faciliteted the dispersal of Cymbidium between
mainland Asia and island Southeast Asia. Climate-driven fluctua-
tions in sea level played a crucial role in the formation of island
chains, facilitating species interchange and subsequent isolation
(Cannon et al., 2009; Hanebuth et al., 2011). Additionally, volcanic
activity produced island chains as stepping stones between Sun-
daland and adjacent regions (Hall, 2009). For example, subclade
Cymbidium spread from Borneo to the Philippines and Sulawesi,
forming its current biogeographic pattern in Southeast Asia within
5 Ma. In addition, C. cyperfolium and C. ensifolium dispersed from
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mainland Asia to the Philippines via island chains during periods of
low sea level. Taken together, it is clear that a complex geographical
history and fluctuating climates encouraged species migration and
diversification, with sea-level fluctuations, tectonic movements,
and volcanic activity also impacting species dispersal patterns and
promoting isolation events (Thomas et al., 2012, 2017; Guo et al.,
2015; Williams et al., 2017; Kartonegoro et al., 2022; Zhou et al.,
2022).

4.3. Species diversification and evolution of life forms in Cymbidium

The eastern Himalayas and northern Indo-Bruma are not only
the birthplace of Cymbidium, but also boast the highest Cymbidium
species diversity, containing half of all Cymbidium species (Du Puy
and Cribb, 2007). It is commonly accepted that climate changes
have played an important role in species diversification (Spicer,
2017; Ye et al, 2022). Our results show that Cymbidium has
exhibited a high net diversification rate, followed by a decelerating
speciation rate and an accelerating extinction rate. The positive
relationship between net diversification rate and global tempera-
ture and monsoon intensity indicates that Cymbidium should be
well-suited to tropical regions, thriving in warm and humid envi-
ronments. As such, the initial high net diversification rate may have
benefited from favorable hydrothermal conditions brought on by
monsoons. The eastern Himalayas and northern Indo-Burma are
situated in the central region impacted by the uplift of the Hima-
layas (Ding et al., 2017) and the intensification of the Asian
monsoon system, which is characterized by the interaction of three
Asian monsoons (East Asia monsoon, South Asia monsoon, and
Northwest Pacific monsoon) (Wang and LinHo, 2002; Jiang et al.,
2017). A ‘supermonsoon’ period was established around
3.0—14.0 Ma and marked by a distinct increase in annual precipi-
tation (Clift et al., 2014; Farnsworth et al., 2019). The impact of
monsoons on other plant lineages has been extensively explored
(Jiang et al., 2017; Kong et al., 2017; Ding et al., 2020; Ashokan et al.,
2022; Ye et al., 2022). Several studies have reported the profound
influence of Asian monsoons on the diversification patterns of
various plant groups. For example, the paleotropical woody
bamboo subtribe, Melocanninae, shares a similar pattern with the
impact of South Asian Monsoon intensification since the early
Miocene (Zhou et al., 2022). Investigations of Hedychium provide
evidence of Himalayan orogeny and monsoonal intensification
shaping the evolutionary trajectories of this genus (Ashokan et al.,
2022). In the karst ecosystems of southern China, monsoons have
been identified as a key driver of diversification in Primulina (Kong
etal., 2017). All highlight the significant role of mountain uplift and
monsoon intensification in shaping regional biodiversity dynamics.
We speculate that monsoonal intensification during the Miocene
likely played a crucial role in the diversification of Cymbidium. In
this scenario, Cymbidium had a high initial speciation rate. How-
ever, after the middle Miocene, there was a continuous decline in
temperature (Zachos et al., 2008; Holbourn et al., 2018; Westerhold
et al., 2020). We hypothesize that this climatic change may have
influenced the living environment of Cymbidium, resulting in a
decrease in the speciation rate and an increase in the extinction
rate, ultimately leading to a decrease in net diversification rate.

Additionally, we found that the extinction rate of the terrestrial
clade is lower than that of the entire lineage (Fig. S7B), suggesting
that the epiphytic to terrestrial transition may represent an adap-
tation to a cooling climate. Climate fluctuations during the Miocene
resulted in more severe environmental conditions, including
reduced precipitation (Farnsworth et al., 2019) and colder tem-
peratures (Holbourn et al., 2018) from 6.3 to 9.4 Ma. This period
coincided with the time point associated with habit changes
(Fig. 5). In addition, compared to epiphytic Cymbidium species,
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terrestrial species exhibit adaptations to cooler conditions. For
example, certain Cymbidium species are distributed across higher
altitudes and latitudes, e.g., C. goeringii and C. kanran in Japan and
Korea (Du Puy and Cribb, 2007) (Fig. 5). The transition from
epiphytic to terrestrial habits likely conferred advantages, enabling
these species to adapt to cooler environments and occupy a wider
range of northern niches. Several studies on orchids and ferns have
demonstrated similar evolutionary patterns. For instance, re-
terrestrialization in microsoroid ferns (Polipodiaceae) allowed
these plants to colonize new ecological niches (Chen et al., 2023)
and the orchid genus Galeandra (Martins et al., 2018) and Hex-
alectris (Sosa et al., 2016) responded to the expansion of savannas in
South America. These examples highlight the ecological flexibility
and adaptive strategies employed by different plant lineages in
response to changing environmental conditions.

Although the results from trait-dependent diversification rates
analysis indicated that there were no significant differences in
diversification rate between epiphytic and terrestrial species
(Table S3), changing life form may have improved environmental
adaptability and allowed Cymbidium species to occupy new inches.
Trait-dependent diversification is detected less often when phylo-
genetic trees have fewer tips or younger root ages (Helmstetter
et al,, 2023), and methodological biases associated with our small
datasets could have lead to ambiguous evolutionary histories.
Within the orchid family, the adaptive evolution of traits does not
necessarily accelerate the diversification rate. For instance, the
change from C3 to CAM photosynthesis has been demonstrated to
act as an evolutionary “gateway” trait allowing Malagasy Bulbo-
phyllum species to widen their ecological niches, despite a lack of
significant differences in the diversification rate between these two
photosynthetic types (Gamisch et al., 2021).

5. Conclusions

In this study, we generated a robust and relatively comprehensive
plastome-based phylogeny of Cymbidium covering all recognized
sections and including around 90% of known species. The relation-
ships between and within the four major clades are well-resolved for
the first time. Cymbidium most likely originated in the region of East
Asia in the early Miocene (~21.10 Ma), mainly in the Himalayas,
Mountains of Southwest China (the Hengduan Mountains), and Indo-
Burma. Our findings indicate that dispersal of Cymbidium species to
Southeast Asia was facilitated by various geoclimatic factors, such as
the uplift of the Himalayas and subsequent tectonic movements, sea-
level fluctuations, and volcanic activities. The diversification of
Cymbidium coincided with monsoonal intensification in the early
Miocene, while global cooling since the middle Miocene may have
contributed to a steadily decreasing net diversification rate. The
transition from epiphytic to terrestrial habits potentially facilitating
the adaptation to cooling environments and the colonization of
northern niches, yet without significant effect on diversification rate.
The results of this study provide further insight into the evolutionary
history of plants in Southeast Asia. However, further studies should be
conducted on more taxa to better understand floristic exchanges
between mainland Asia and Southeast Asia, as well as the adaptation
strategies of plants to climate changes in the Southeast Asian region.
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