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The evolutionary diversifications of many taxonomic groups, especially those with limited dispersal ability, are
often driven by key geological events, such as tectonic drift, continental collisions, and uplifts of mountains.
Here, we use full range geographic sampling to create a dated molecular phylogeny for two genera of alpine
gingers (Cautleya and Roscoea) in the Pan-Himalaya, and test the correlations between evolutionary diversifica-
tion of this group and major geological events in the studied region. Our results revealed that the origination of
their common ancestor and evolutionary split between the two genera occurred during the middle Eocene and
the late Eocene to the early Oligocene, corresponding well to the proposed two early uplifts of the Himalayan–
Tibetan Plateau. Roscoea species, the highest elevation gingers known, were then divided into distinct Himalayan
and Indochinese clades, simultaneous with the rapid extrusion of Indochina and accompanied by the third
Himalayan uplift around the Oligocene/Miocene boundary. This study highlights the importance of evolutionary
diversification of plants as an independent line of evidence to reflect tectonic events in the Himalayan–
Indochinese region.
© 2015 The Authors. Published by Elsevier B.V. on behalf of International Association for Gondwana Research.

This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The collision of India with Eurasia, beginning in the early Cenozoic
time is the most important geological event in Asia (Yin and Harrison,
2000; Jain, 2014). This long-lasting and still ongoing tectonic process
has triggered obvious geological events in the Pan-Himalaya, including
the early uplifts of the Himalayan–Tibetan Plateau during the middle
Eocene (~40–50 Ma), the Oligocene (~30–40 Ma) (Harrison et al.,
1992; Raymo and Ruddiman, 1992; Chung et al., 1998; Tapponnier
et al., 2001; Replumaz and Tapponnier, 2003; Aikman et al., 2008),
and the Oligocene/Miocene boundary (~22–25 Ma) (Tapponnier et al.,
1990; Leloup et al., 2001; Guo et al., 2002; Cao et al., 2011; Liu et al.,
2012a) possibly with the further extrusion of Indochina (Yang and Liu,
2009; Che et al., 2010) and the later uplifts from the Miocene to the
Pliocene (~15 Ma, ~9–7 Ma and ~5–3 Ma) (Harrison et al., 1992; Shi
et al., 1998; An et al., 2001; Spicer et al., 2003). The later large-scale
uplifts were believed to have driven evolutionary diversifications of
numerous plant and animal groups on/around the Himalayan–Tibetan
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86 691 8715471; fax: +86 691

. on behalf of International Associati

olutionary diversification of a
Research (2015), http://dx.d
Plateau (e.g., Rüber et al., 2004; Liu et al., 2006; Zhang et al., 2006;
Wang et al., 2009; see also Favre et al., 2014; Liu et al., 2014). However,
up to now, no evidence indicated that the early uplifts and rapid
extrusion had driven the continuous diversification of a single plant
group (but see Che et al., 2010 for animals), which in turn reflects the
successive occurrence of these geological events.

The Ginger Family (Zingiberaceae), a Gondwanan monocot lineage,
originated around 105 Ma in the middle Cretaceous, and experienced
a major radiation in the late Cretaceous (Kress and Specht, 2005).
More than 95% of the species in this family are confined to the lowland
tropics (Kress et al., 2002), but two genera (Fig. 1), Cautleya (~2 species)
and Roscoea (~21 species), are found at high elevations in the Pan-
Himalaya (Cowley, 2007; Auvray and Newman, 2010). Their sister
lineage, the genus Hedychium (Kress et al., 2002), is distributed at
lower elevations in tropical and subtropical Asia, including the
Himalayas (HIM) and the Northern Indochina (NIC). Distribution
pattern among these three genera was proposed to be caused by the
Himalayan–Tibetan orogeny (Wu, 1994).

The two high-elevation genera are of different species richness
and geographic distribution. Cautleya, comprising only two species,
is continuously distributed across HIM and NIC (Auvray and
Newman, 2010); whereas the species-rich Roscoea forms two
disjunct groups in HIM and NIC, respectively, and they were separat-
ed by a ~500-kilometer gap (Fig. 1) (Ngamriabsakul et al., 2000;
on for Gondwana Research. This is an open access article under the CC BY-NC-ND license
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Fig. 1.Ranges of alpine gingers (Cautleya and Roscoea) and related genusHedychium. Species of Cautleya (black solid) are continuously distributed from theHimalayas (HIM) to the North-
ern Indochina (NIC), but two species groups of Roscoea are disjunct in distribution betweenHIM (purple solid) and NIC (blue border) by a ~500-kilometer gap. Range ofHedychium (black
dash) covers Asian subtropics and tropics. Ranges are depicted according to field investigation and references (Wu, 1994; Cowley, 2007; Auvray andNewman, 2010). Sutures systems (red
dash) referred to tectonic studies (Yin and Harrison, 2000; Tapponnier et al., 2001; Replumaz and Tapponnier, 2003; Yin, 2010; Chatterjee et al., 2013; Zheng et al., 2013).
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Cowley, 2007). These distributional differences between the genera
are due, in part, to their distinctive biologies. The species of Cautleya
(Fig. 2) are terrestrial/epiphytic, insect-pollinated perennials that
produce a brightly-colored red capsule with black seeds dispersed
by birds (observed in field), and they do not form rhizomatous
tubers. In contrast, species of Roscoea (Fig. 2) are completely terres-
trial, mostly self-pollinated (Zhang and Li, 2008; Fan and Li, 2012)
Fig. 2.Elevation differentiation amongHedychium,Cautleya and Roscoea. N is sample size. “***” in
flowers and fruits/seeds of Cautleya andRoscoea. Sampling sizes for elevation analysis areHedyc
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and possess ant-dispersed seeds, and rhizomatous tubers, which
facilitated their frequently vegetative reproduction (Cowley, 2007).
These characteristics suggest that long-distance seed dispersal by
birds in Cautleya is common while seed dispersal capacity is limited
in Roscoea. The latter genus was likely split into subdivisions by a
sudden plate movement due to its poor dispersal ability. Thus, we
propose that the contrasting distribution patterns in Cautleya and
dicates significant differences between genera (P b 0.001). Dashed-line arrows point to the
hium: N=493, Cautleya: N=105 andRoscoea: N=335. Elevation statistics are in Table S1.
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Roscoea have been affected not only by the geological history of the
region, but also the differences in their morphology and life history,
especially the dispersal ability of seeds. Furthermore, we hypothe-
size that within the genus Roscoea, the separation between the HIM
and NIC species can be attributed to the vicariant evolution caused
by the early uplift of the Himalayan–Tibetan Plateau as well as the
rapid lateral extrusion of Indochina at the same time.

In this study, we aimed to use Cautleya, Roscoea and their close rela-
tives as amodel system to test two hypotheses: (i) the origination of the
common ancestor of Cautleya andRoscoea, and their subsequent separa-
tion, correlated with the two early uplifts of the Himalayan–Tibetan
Plateau; and, (ii) the split of HIM and NIC species in Roscoea is linked
to the rapid lateral extrusion of Indochina, synchronous with the third
uplift of the Himalayan–Tibetan Plateau.

2. Geological setting

This study focused on the Himalayan–Tibetan orogen and adjacent
regions. The Himalayan–Tibetan orogen was shaped by a series of
tectonic accretion events since the early Cenozoic. Three main sutures
on the Himalayan–Tibetan Plateau are the Jinshajiang Suture, the
Bangong–Nujiang Suture and the Indus–Yarlung Tsangpo Suture
(Fig. 1), representing the Tethyan relicts related to the Indo-Eurasian
collision from the Paleogene to the Neogene. These sutures delineate
three terranes acting with the Main Frontal Thrust at north and east of
India. From north to south, these terranes are the Qiangtang, Lhasa
and Himalayas (Yin and Harrison, 2000; Yin, 2006, 2010; Zhang et al.,
2012; Chatterjee et al., 2013). The uplifts of the Himalayan–Tibetan
Plateau, along with the 90° clockwise rotation at the eastern extension
of these sutures and terranes, and the lateral extrusion of Indochina,
are all outcomes of the cumulative Cenozoic deformation of SE Asia as
caused by underthrusting of the Indian Plate beneath the Eurasian
Plate (Figs. 1, 3A, 3B).

3. Methods

3.1. Elevation differentiation

To compare the elevation differentiation among Cautleya, Roscoea and
their sister taxon,Hedychium, weobtained elevation information from the
Global Biodiversity Information Facility (http://data.gbif.org/) and our
own field collections using GPS. We excluded non-independent overlap-
ping observations from the same location. Eventually, we analyzed 511,
105, and 335 observations of Hedychium, Cautleya, and Roscoea, respec-
tively, in SPSS13 (SPSS, Chicago). Because the distributions of elevation
ranges were found to be non-normal for Hedychium and Roscoea, we
performed nonparametric tests (Kruskal–Wallis test) for elevation
differentiation (Figs. 1, 2 and Table S1).

3.2. Molecular sampling and genotyping

Roscoea has a disjunct distribution while Cautleya has a continuous
distribution from the Himalayas (HIM) to the Northern Indochina
(NIC) (Fig. 1). In order to maximize the likelihood that we were
samplingmost of the genetic diversity within each genus, we intensive-
ly sampled populations for Roscoea, including 15 species from 58 local-
ities, while we adopted a representative sampling approach for
Cautleya, including both species from 8 localities (Table S2).

The total genomic DNA was extracted following the CTAB protocol
(Doyle and Doyle, 1987). Primer pairs of chloroplast DNA (cpDNA)
psbA-trnH (Techaprasan et al., 2006) and trnL-F (Taberlet et al., 1991),
and nuclear internal transcribed spacer (nrITS) (Sang et al., 1995)
were used for Polymerase Chain Reaction (PCR). PCR was performed
in a total of 50 μL 1× PCR buffer (50 mM KCl, 10 mM Tris pH 8.0),
2 mM MgCl2, 0.2 μM dNTP, 1 μM primer, 0.25 U Taq DNA polymerase
with about 10 ng of genomic DNA template. We used the following
Please cite this article as: Zhao, J.-L., et al., Evolutionary diversification of a
and rapid extrusion of Indochina, Gondwana Research (2015), http://dx.d
PCR conditions: 94 °C for 5 min, followed by 35 cycles at 94 °C for
30 s, annealing temperatures for 30 s at 72 °C for 1.5 min, followed by a
final extension period at 72 °C for 15 min. The annealing temperatures
were 53 °C, 56 °C and 56 °C for psbA-trnH, trnL-F and nrITS respectively.
PCR products were purified using polyethylene glycol (PEG800). Then
the purified products were bidirectionally sequenced using the PCR
primers in the ABI 3730 DNA Analyzer (Applied Biosystems, Foster
City, CA).We directly sequenced the nrITS, psbA-trnH and trnL-F regions
from ca. 850 Roscoea and 14 Cautleya individuals. DNA sequences
(including nrITS and trnK) for the remaining taxa in the genus-level
phylogeny were downloaded from GenBank (Table S3). Based on the
haplotype network representative nrITS haplotypes of Roscoea were
selected for the genus-level phylogeny (Figs. 3, 4).

Sequences were aligned using MUSCLE merger (Edgar, 2004)
through MAFFT aligner (Katoh et al., 2002) implemented in SATÉ (Liu
et al., 2012b), followed by manual adjustments in MEGA5 (Tamura
et al., 2011). Allelic phases of nrITS were inferred using PHASE
(Stephens et al., 2001; Harrigan et al., 2008). To exclude the impact of
recombinations on the concerted evolution of nrITS, we filtered the
recombination of nrITS within Roscoea using IMGC (Woerner et al.,
2007). Haplotypes were inferred in DNASP 5.1 (Librado and Rozas,
2009). Five DNA datasets were used in following analyses: three
individual-level datasets, including Hedychium, Cautleya and Roscoea,
and two genus-level datasets, including Musaceae, Costaceae and
Zingiberaceae (Tables S3, S4).

3.3. Molecular network

Median-Joining networks (Bandelt et al., 1999) of nrITS, fnrITS and
cpDNA (psbA-trnH + trnL-F) were constructed using NETWORK 4.6
(http://fluxus-engineering.com) with star contraction under maximum-
parsimony execution for nrITS. To visualize the evolutionary origin of
Roscoea through gene trees, Neighbor-Net networks of haplotypes were
constructed using NeighborNet method (Bryant, 2003) based on
Neighbor-Joining distances (Saitou and Nei, 1987) in SPLITSTREE4
(Huson and Bryant, 2006).

3.4. Molecular phylogeny

To statistically test phylogenetic compatibility between nrITS and
cpDNA of Roscoea in individual-level datasets, and nrITS and trnK in
generic-level datasets (Table S4), we did an incongruence-length
difference test (Farris et al., 1994) through PAUP* 4.0b10 (Swofford,
2003). For nrITS and cpDNA of Roscoea, to ensure that all variable sites
were included and to optimize computation time, we used CD-HIT
Suite to minimize the number of homologous sequences (Huang et al.,
2010) with the sequence identity threshold set to 1, which means
sequences with 100% identity were reduced to a single sequence.
Because the number of unique sequences of nrITS (326 sequences)
was different from cpDNA (106 sequences), two dataset combinations
were used in the compatibility tests. One combination included all of
the cpDNA sequences that corresponded to each nrITS sequence,
while another combination contained all of the nrITS sequences and
their corresponding cpDNA sequences. For nrITS and trnK, 103 taxa
were used to test phylogenetic compatibility. We run 100 replicates
for each data combination, eachwith 100 heuristic searches. The results
suggested that nrITS and cpDNA of Roscoea were phylogenetically
incompatible (P = 0.01) and nrITS and trnK were compatible (P =
0.06). Thus, nrITS and cpDNA of Roscoea were analyzed separately and
nrITS and trnK were integrated together.

Maximum parsimony (MP) analyses were conducted using the
heuristic search in PAUPwith 100 random addition sequence replicates
and tree bisection-reconnection (TBR) branch swapping. All character
stateswere treated as equallyweighted. Bootstrap valueswere obtained
with 1000 bootstrap replicates. In each bootstrap replicate, we
performed 100 random addition sequence replicates followed by TBR
lpine ginger reflects the early uplift of the Himalayan–Tibetan Plateau
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Fig. 3. Evolution of Cautleya and Roscoeawith associated tectonic events. (I) and (II) are fossil calibration nodes. (a–d) are reference nodes comparedwith previous publications (Table 1).
(e) Origination of the common ancestor of Cautleya + Roscoea at ~44 (29–65) Ma, being related to the first uplift of the Himalayan–Tibetan Plateau. (f and A) Roscoea diverged from
Cautleya at ~32 (18–50)Ma caused by the second stage of uplift. (g and B) Evolutionary split between HIM Roscoea and NIC Roscoea at ~23 (13–38)Ma probably caused by a rapid lateral
extrusion of Indochina with the third uplift. Dashed lines on A and B represent the suture systems show in Fig. 1. “*” indicates stable braches with Bayesian support N 0.90, except node
e N 0.80. Brown circle at node (g) indicates Roscoea had continuous distribution across the Himalayas before ~23Ma and then was partitioned by a sudden vicariance event (Fig. S5). De-
tailed branch information is shown in Fig. S1. Q = Quaternary. Plio. = Pliocene. Plei. = Pleistocene.
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swapping, mulTrees on and keeping no more than 1000 trees per
random addition sequence replicate.

Bayesian inference (BI) was implemented in MRBAYES 3.1.2
(Ronquist and Huelsenbeck, 2003). The best-fitting nucleotide substitu-
tionmodels for each datasetwere selected using theAkaike Information
Criterion (AIC), were carried out in jModelTest 0.1 (Posada, 2008). Two
independent Bayesian runs were performed through 1,000,000 genera-
tions with four Markov chains. A consensus tree was calculated after
discarding the first 25% trees as a burn-in period. The best-fitting nucle-
otide substitution models for each dataset are presented in Table S4.

Maximum likelihood (ML) based inference of phylogenetic trees was
executed in RAxML-HPC BlackBox 7.4.4 (Stamatakis, 2006; Stamatakis
et al., 2008) on Cyberinfrastructure for Phylogenetic Research (CIPRES)
Science Gateway 3.3 (http://www.phylo.org/portal2) (Miller et al.,
2010). Bootstrappingwas automatically completedwhen certain criteria
Please cite this article as: Zhao, J.-L., et al., Evolutionary diversification of a
and rapid extrusion of Indochina, Gondwana Research (2015), http://dx.d
weremet (BlackBox), instead of specifying the replicates of bootstraps. A
best tree was found using ML search.

To avoid long-branch attraction, we only used Zingiberaceae to
ascertain themonophyly of subfamilies inMP analysis for nrITS dataset.
Phylogenetic trees of BI and ML were also reconstructed for
Zingiberaceae. Generally, tree topologies among these three methods
(MP, BI, ML) were congruent for each dataset and among datasets
(Figs. S1, S2). MP, BI, ML analyses of nrITS and nrITS + trnK confirmed
the monophylic relationship among subfamilies in Zingiberaceae.
Monophyly of Cautleya, Roscoea and Hedychium was also inferred.
Hedychium and Larsenianthus formed a strong monophyly. Because
Larsenianthus are endemic to northeastern India including only four
species and its elevation within the elevation range of Hedychium
(Kress et al., 2010), Hedychium + Larsenianthus branches were
represented as Hedychium.
lpine ginger reflects the early uplift of the Himalayan–Tibetan Plateau
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3.5. Estimation of divergence times

Because the topology of the genus-level nrITS phylogenywas identi-
cal to the combined reconstruction of nrITS+ trnK and the nrITS dataset
Please cite this article as: Zhao, J.-L., et al., Evolutionary diversification of a
and rapid extrusion of Indochina, Gondwana Research (2015), http://dx.d
contained a relatively balanced number of samples for each genus of
Zingiberaceae, the nrITS dataset was used to estimate phylogenetic-
calibration times through two reliable fossil calibrations (Table 1). No
fossil record is available for Roscoea and its close relatives. In order to
lpine ginger reflects the early uplift of the Himalayan–Tibetan Plateau
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obtain relatively reliable and reasonable divergence timescales, we used
a two-step time indirect estimation, fossil calibration in the distantly
related branches and the secondary calibration.

3.5.1. Fossil calibration
The most reliable fossil record of Zingiberales is the seed of Ensete

oregonense (Musaceae), dated to be 43-million-years old (Manchester
and Kress, 1993). This fossil time served as the minimum divergence
time between Ensete and Musella according to their sister relatives
(Kress and Specht, 2005; Li et al., 2010; Liu et al., 2010). The splitting
time of Ensete–Musella should be less than the crown time of Musaceae
at the late Cretaceous (Kress and Specht, 2005; Christelová et al., 2011).
Thus, in the lognormal prior of BEAST, offset was set to 43Ma, log(mean)
was 1.0 and log(stdev) was 0.5.

Another reliable fossil record at the family level includesmacrofossils
of the Late-Cretaceous Zingiberopsis (Hickey and Peterson, 1978). Based
on the rolled-leaf hispine beetles' damage on the leaf of Zingiberopsis,
Wilf et al. (2000) concluded that the adaptive radiations of specialized
hispine beetles were associated with the radiation of Zingiberaceae
during the late Cretaceous or earlier. Thus, the late Cretaceous
(~65 Ma) served as the minimum crown time of Zingiberaceae.
Moreover, the radiation of Zingiberaceae should follow than the
origination of Zingiberaceae around 105 ± 4 Ma (Kress and Specht,
2005). Therefore, we used lognormal prior, which offset was 65 Ma,
log(mean) was 2.0 and log(stdev) was 1.0.

3.5.2. Secondary calibration
Hedychium were used as outgroup due to their monophyletic

position in relation to Roscoea in the fossil calibrated tree (Figs. 3, S1).
We used two time points for secondary calibration: the crown time of
Hedychium + Cautleya + Roscoea and the divergence time between
Roscoea and Cautleya. Estimated times of UERC under fossil calibration
were used in secondary calibration based on the Bayes Factor
(Table S5). UERC was used in secondary calibration with lognormal
prior.

3.5.3. BEAST running
Molecular dating of the genus-level phylogeny based on Bayesian

MCMC algorithm was performed in BEAST 1.7.4 (Drummond and
Rambaut, 2007) on the Cyberinfrastructure for Phylogenetic Research
(CIPRES) Science Gateway 3.3 (http://www.phylo.org/portal2) (Miller
et al., 2010). Nucleotide substitution models were the same as those
used in MrBayes, described above. Tree prior was set to Yule Process
Speciation model. Analysis included both uncorrelated lognormal
relaxed clock (ULRC) and uncorrelated exponential relaxed clock
(UERC), using two independent replicates with length of chain was
40,000,000. Convergences were checked in TRACER 1.5 (http://tree.
bio.ed.ac.uk/software/tracer). The best-fitting molecular clock model
(ULRC vs. UERC) was selected using Tracer according to the Bayesian
Table 1
Divergence times based on fossil calibration under uncorrelated exponential relaxed clock (UER
uncorrelated lognormal relaxed clock (ULRC) are appended in Table S7. Ma is million years ag

Node Taxa Fossil calibration

I Musella–Ensete divergence Offset = 43, log(mean)
log(sd) = 0.5

II Zingiberaceae crown Offset = 65, log(mean)
log(sd) = 1.0

a Root crown
b Musaceae crown

c Zingiberaceae–Costaceae divergence
d Costaceae crown
e Hedychium + Cautleya + Roscoea crown
f Cautleya–Roscoea divergence
g Roscoea split

Please cite this article as: Zhao, J.-L., et al., Evolutionary diversification of a
and rapid extrusion of Indochina, Gondwana Research (2015), http://dx.d
Factor between runs estimated using marginal likelihood (Suchard
et al., 2001). Because posterior probabilities of some internal nodes in
Zingiberoideae were lower than 0.90, an additional eight independent
replicates were run in BEAST to test the stability of objective divergence
times among Cautleya, Roscoea and Hedychium using the best-fitting
molecular clock model UERC (Table S6). A maximum clade credibility
(MCC) tree with median heights was produced using Treeannotator
1.6.2 after burning 25% trees using the result of first run. Trees were
visualized using FIGTREE 1.3.1. We also excluded the unstable taxa
(indicated in Table S3) in Zingiberoideae to ascertain the targeted
divergence time again with two independent runs. The targeted diver-
gence timeswere stable in twelve runs despite the fact that the position
of unstable taxa was variable (Table S6). We found that if the strong
monophyly was supported at family/subfamily level, the date of the
high-supported-value node would be stable.

3.6. Ancestral area reconstructions

Biogeographic events (vicariance vs. dispersal) and common ances-
tral area of Roscoea were inferred using three methods: (1) statistical
dispersal-vicariance analysis (S-DIVA) (Ronquist, 1997; Yu et al.,
2010); (2) Bayesian binary MCMC (BBM); (3) a likelihood approach
using the dispersal–extinction–cladogenesis model (DEC) (Ree and
Smith, 2008). Haplotype datasets of nrITS and cpDNA and trimmed
fossil-calibration tree were used to biogeographic reconstructions. All
models were implemented in RASP (http://mnh.scu.edu.cn/soft/blog/
RASP). We defined three biogeographic areas according to the distribu-
tion range of Roscoea, Cautleya and Hedychium: the Himalayas (HIM),
the north of Indochina (NIC) and tropical area. Roscoea was portioned
into HIM and NIC. Cautleya contained HIM and NIC. Hedychium
contained all three areas. 40,000 trees obtained from BEAST analysis
were inputted into RASP. 5000 random trees were used for S-DIVA
(Ronquist, 1997; Yu et al., 2010) and BBM analysis (http://mnh.scu.
edu.cn/soft/blog/RASP). MCC tree produced in BEAST analysis was
used as a condense tree. For the BBM analysis, the number of cycles
was set to 100,000 with 20 chains. Among-site rate variation was
based upon a gamma distribution.

For DEC analysis (Ree and Smith, 2008), we assumed four dispersal
parameters. One, dispersal among three areas were free (rate = 1.0)
before crown time of Hedychium + Cautleya + Roscoea, because we
assumed uplift of the Himalayan–Tibetan Plateau was beginning and
pantropical elements could easily be distributed to higher elevations
(Morley, 2007). Two, dispersal between HIM and NIC was free
(rate = 1.0) and dispersal from tropical area to HIM and NIC was
reduced (rate = 0.5) before divergence of Cautleya and Roscoea,
because the Himalayan–Tibetan Plateau had reached a certain elevation
for the formation of ancestor of Cautleya and Roscoea. Three, dispersal
between HIM and NIC was also free (rate = 1.0) and dispersal from
tropical area to HIM and NIC became increasingly reduced (rate =
C). Nodes are available in Figs. 3 and S1. 95%HPD is 95%highest posterior density. Results of
o.

Median (95%HPD)
(Ma)

Reference time

= 1.0, 45.49 (43.71–48.55)

= 2.0, 73.43 (65.19–105.92)

139.68 (99.72–203.44) 107–114 (Kress and Specht, 2005)
61.16 (47.85–89.88) 50–87 (Kress and Specht, 2005)

57.8–80.5 (Christelová et al., 2011)
129.01 (95.88–186.67) 99–109 (Kress and Specht, 2005)
70.65 (40.18–112.45) 47–74 (Kress and Specht, 2005)
43.88 (28.60–64.72)
32.42 (17.87–49.53)
23.28 (13.20–37.80)
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0.1) before split of HIM Roscoea and NIC Roscoea, because the elevation
of the Himalayan–Tibetan Plateau was fit with the origination of
Roscoea ancestor. And four dispersal between HIM and NIC and dispers-
al from tropical area to HIM and NIC basically stopped (rate = 0.1 or
0.0) after split of NICRoscoea andNICRoscoea, because the continued in-
crease in elevation and the extrusion of Indochina. Fossil-calibration
trees and secondary-calibration trees were use for biogeographic
reconstructions.

4. Results

4.1. Elevation differentiation

The genera were found at different mean elevations, from low to
high: Hedychium (1419 ± 31 m; N = 493), Cautleya (2207 ± 52 m;
N = 105) and Roscoea (2767 ± 33 m; N = 335) (Fig. 2 and Table S1).
Both chi-square values of a nonparametric test and F values of Homoge-
neity of Variances Test indicate that elevation differentiation among al-
pine gingers is significant (P b 0.001). The segregation of genera along
an elevational range suggested that their divergencesmay be associated
with the uplift of the Himalayan–Tibetan Plateau.

4.2. Sequence characteristics

We tested our hypotheses with five DNA datasets (Tables S2–S4).
Three haplotype data sets (nrITS, recombination-filtered nrITS and
cpDNA psbA-trnH + trnL-F) obtained from approximately 850 individ-
uals of Roscoea in 15 (out of 21) species, 14 individuals in the two spe-
cies of Cautleya, and one individual of each of two species of
Hedychium were used to examine the evolution of the disjunct species
of Roscoea. Another two DNA data sets were used to reconstruct a
genus-level phylogeny of the family Zingiberaceae: one set included
194 taxa with nrITS sequence data; the other set included 103 taxa
with nrITS + trnK sequence data. The nrITS data set was used to esti-
mate divergence times of the lineages. DNA fragments sequenced in
this study were deposited in GenBank as haplotypes (accessions
KF906847–KF907101).

4.3. Network and phylogeny

Wedid not detect genetic divergence betweenHIMandNIC Cautleya
lineages, indicating no significant biogeographic divergence within
Cautleya between these two regions. However, both haplotype
networks and phylogenies strongly demonstrated a deep split between
HIM Roscoea andNIC Roscoea, with no nrITS sequences or cpDNA haplo-
types shared between the two areas (Figs. 4, S3, S4). HIM Roscoea exhib-
ited simpler nrITS network relationship than NIC Roscoea. Cautleya is
genetically most similar to the outgroup Hedychiumwhile HIM Roscoea
is more similar to Cautleya andHedychium than to NIC Roscoea. Further-
more, the evolutionary divergence between HIM and NIC species of
Roscoea is equivalent to the genus-level split between Roscoea and
Cautleya, indicating a burst of diversification in Roscoea. The topology
of the genus-level phylogenies based on different methods (Bayesian
inference, maximum likelihood and maximum parsimony) and differ-
ent data sets (nrITS and nrITS + trnK) were almost identical to the
most recent classification of Zingiberaceae (Kress et al., 2002)
(Figs. S1, S2).

4.4. Divergence times

Molecular dating estimates by uncorrelated exponential relaxed
clock (UERC) were compatible with uncorrelated lognormal relaxed
clock (ULRC) under fossil calibration (Tables 1, S7). Moreover, Bayesian
factors determined that UERC was better than ULRC (Log10 Bayes
factors = 4.69, Table S5). Thus, the following discussion focuses on
the results of UERC. Although there were unstable taxa in the fossil
Please cite this article as: Zhao, J.-L., et al., Evolutionary diversification of a
and rapid extrusion of Indochina, Gondwana Research (2015), http://dx.d
calibration phylogeny, they did not affect the dates of objective nodes
(a–g) through the comparison of twelve-runs (Table S6).

Ninety-five percent highest posterior density (95%HPD) ages of key
nodes (a–d) were compatible with the ages obtained in previous re-
search (Figs. 3, S1 and Table 1). The crown splitting time of
Hedychium + Cautleya + Roscoea was ~44 Ma (median time,
95%HPD: 29–65 Ma). Roscoea diverged from Cautleya at ~32 Ma
(95%HPD: 18–50 Ma). The split between HIM Roscoea and NIC Roscoea
dated to ~23Ma (95%HPD: 13–38Ma). The times of secondary split be-
tweenHIM Roscoea andNIC Roscoeawere ~25Ma (95%HPD: 17–35Ma)
and ~21 Ma (95%HPD: 13–31 Ma) for nrITS and cpDNA respectively
(Table S8), which approximates to the fossil-based estimation that part-
ly excluded the impact of hybridization and sample size of Roscoea on
time estimation.

4.5. Biogeographic ancestral reconstructions

Using S-DIVA, BBM and DEC revealed that the common ancestral
area of Roscoea covered HIM and NIC before ~23 Ma (node g, Figs. 3,
S1). The proportions of common ancestral areas, estimated by the
three datasets (Table S4) were 1.0/1.0/1.0 (S-DIVA), 0.50/0.62/0.61
(BBM) and 1.0/1.0/1.0 (DEC). Only one vicariance event was detected
at ~23 Ma in the split of Roscoea into two groups (Figs. 3, S5). Because
DEC connected geological events to plant migration events using hy-
pothesized parameters, our discussion on biogeographic construction
based on this rational result.

5. Discussion

Combining molecular divergence times of biological organisms and
geological events on a tectonic scale can construct a more meaningful
bridge to understand the correlation between organismic evolution
and tectonic events (e.g., Liu et al., 2002; Zhang et al., 2006; Che et al.,
2010; Mao et al., 2010, 2012; Yu et al., 2014). Here, we integrate
multiple lines of evidence in alpine gingers, such as biological character-
istics, phylogenetic inferences andmolecular dating, as well as supports
from other studies in plants (e.g., Liu et al., 2002; Mao et al., 2010) and
animals (e.g., Rüber et al., 2004; Zhang et al., 2006; Che et al., 2010),
to test the correlation between evolutionary diversifications of plants
and successive occurrence of tectonic events. We also address basic
questions about the timing of the early uplift of the Himalayan–Tibetan
Plateau and rapid lateral extrusion of Indochina. Although our estima-
tion of diversification timescale in alpine gingers agreeswellwith previ-
ous molecular dating efforts in the ginger family (Table 1), we were still
cautious to interpret these molecular dating outputs considering
potential effects of error-introducing factors, such as the lack of the
direct fossil calibrations and uneven species sampling among lineages.

5.1. Splits among genera reflecting two early uplifts of the Himalayan–
Tibetan Plateau

Uplifts of the Himalayan–Tibetan Plateau, caused by crustal thicken-
ing, spanned from the beginning of the Eocene (~40–50 Ma) to current
times (Harrison et al., 1992; Shi et al., 1998; Yin and Harrison, 2000;
Replumaz and Tapponnier, 2003; Aikman et al., 2008; Jain, 2014). The
well-supported monophyly of Cautleya+ Roscoea and the clear separa-
tion between the two genera in their molecular diversity, elevational
distribution, and fundamental life history traits suggested that their
diversifications were probably driven by two early uplifts of the Hima-
layan–Tibetan Plateau. First, the deep divergence between the lower
elevation Hedychium and the common ancestor of Cautleya + Roscoea
at ~44 (29–65) Ma (Fig. 3, Tables 1, S6) was related to the uplift and
associated climate change during the middle Eocene (~40–50 Ma)
(Harrison et al., 1992; Raymo and Ruddiman, 1992; Chung et al.,
1998; Replumaz and Tapponnier, 2003; Aikman et al., 2008). This age
fell in line with a previous investigation on the lineage divergence of
lpine ginger reflects the early uplift of the Himalayan–Tibetan Plateau
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the Asiatic Salamanders which also well correlated the rapid uplift of
the Himalayan–Tibetan Plateau during ~40–51 Ma (Zhang et al., 2006).

Subsequently, Roscoea diverged from Cautleya at ~32 (18–50) Ma,
that is synchronouswith a second rapid uplift of theHimalayan–Tibetan
Plateau at the onset of theOligocene to the Eocene (~30–40Ma) (Chung
et al., 1998; Replumaz and Tapponnier, 2003). The deep split of lineages
in spiny frogs around 27 (19–36) Ma (Che et al., 2010), which was
proposed to be triggered by rapid uplift of the Himalayan–Tibetan
Plateau, is consistent with our age estimation. Putting together,
although previous studies proposed that many biological diversifica-
tions were link to early uplifts of the Himalayan–Tibetan Plateau that
occurred roughly either during 35–45 Ma or 25–35 Ma (Favre et al.,
2014), the early diversifications of high-elevation gingers well reflected
uplifts of the plateau during both periods for the first time.

5.2. Disjunct distributions of Roscoea resulting from the lateral extrusion of
Indochina

The lateral extrusion of Indochina from the South China Block,
including lateral movement southeast of the Tibetan Plateau around
the eastern Himalayan syntaxis, was a striking tectonic episode in Asia
(Tapponnier et al., 1990; Leloup et al., 2001; Bai et al., 2010; Cao et al.,
2011; J. Liu et al., 2012; Xu et al., 2012). Although geological evidences
suggested that the Indochina Block sheared along the Ailao Shan-Red
River faults (ASRR) can be postdated to ~36 Ma, the most rapid slip of
Indochina likely occurred between ~22 Ma and ~25 Ma (Leloup et al.,
2001) corresponding to the hard Indo-Eurasian collision (Wang et al.,
2006). Meanwhile, rock metamorphism in the eastern Himalayan
syntaxis had a peak at 23 Ma (Zhang et al., 2012), large modification
of the Yangtze River induced by rapid extrusion of Indochina at the
Oligocene/Miocene boundary (~23 Ma) (Zheng et al., 2013) and the
disconnection of the Yarlung Tsangpo-Irrawaddy river in the Early
Miocene (~20 Ma) driven by rapid deformation of the eastern Himala-
yan syntaxis (Robinson et al., 2014), indicating that the Asian litho-
sphere experienced a huge alteration around the Oligocene/Miocene
boundary. It remains debated about the relative importance of crustal
thickening (plateau uplifts) versus lateral extrusion contributed to the
Indo-Asia collision (Tapponnier et al., 2001; Yang and Liu, 2009).
However, the lateral extrusion of Indochina is likely correlated with an
early uplift of the Himalayan–Tibetan Plateau (Shi et al., 1998) and the
further geological evidence did suggest the extensive uplift during the
Oligocene/Miocene boundary (Guo et al., 2002).

Phylogenetic and molecular dating analyses of Roscoea suggested
that the HIM and NIC species, with a ~500 km wide gap separating
the disjunct areas, are reciprocally monophyletic. Ancestral area
reconstructions indicated that Roscoea originated in the Himalayan
region and then expanded its ranges to occupy both HIM to NIC. The
extensive population-level sampling of most species of Roscoea from
two regions revealed that no haplotype was shared between them.
Such allopatric divergence was most likely caused by a single relatively
rapid vicariant event (Figs. 3, S5). Molecular dating revealed that HIM
and NIC Roscoea species split into distinct lineages at ~23 (13–38) Ma
(Fig. 3 and Tables 1, S6), which is likely correlatedwith the approximate
geological time of the remarkable lateral shear of ASRR when Indochina
was displaced N500 km southeastwards of South China by the Indo-
Eurasian collision (Tapponnier et al., 1990; Lacassin et al., 1997). In
fact, this vicariant divergence in some animals was suggested to result
from the synchronous uplift of the Himalaya–Tibetan Plateau with
lateral extrusion of Indochina (Che et al., 2010). A few animal and
plant groups in the high-altitude region were dated to have originated
or diverged from their sister group around the Oligocene/Miocene
boundary, supporting that this lateral extrusion of Indochina probably
occurred synchronously with the extensive plateau uplift (Liu et al.,
2002; Rüber et al., 2004; Zhang et al., 2006; Mao et al., 2010). Overall,
these biogeographic results seem together to support the tectonic
hypothesis that around the Oligocene/Miocene boundary the rapid
Please cite this article as: Zhao, J.-L., et al., Evolutionary diversification of a
and rapid extrusion of Indochina, Gondwana Research (2015), http://dx.d
lateral extrusion of Indochina occurred synchronously with extensive
uplift of the Himalayan–Tibetan Plateau after the Indo-Eurasian
collision.

6. Conclusions

The Indo-Eurasian collision caused a series of large-scale orogenic
events. Our findings based on an integrative methodology in plants
provide an independent line of evidence for interpreting these geologi-
cal events. Two early uplifts of the Himalayan–Tibetan Plateau and the
third with a rapid lateral extrusion of the Indochina Block most likely
shaped the early biogeographic history of two alpine ginger genera
Cautleya and Roscoea. We predict that other plants of this region,
which possess similar distribution ranges from the Himalayas to the
north of Indochina, will show similar biogeographic history as illustrat-
ed here. Our results also indicate that herbaceous species with the
reduced ability for long-distance seed dispersal and restricted pollen
flowmay harbor unique genetic imprints that reflect ancient geological
and environmental changes in this region.
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