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ABSTRACT
Alpinia is considered the largest genus of Zingiberaceae with ca. 250 species occurring in tropical and subtropical 
Asia, Australia, and Pacific Islands. The historical biogeography of Alpinia was conducted to explain where Alpinia 
originated and how it migrated to other regions. The phylogeny, divergence times and ancestral area reconstruction 
of Alpinia were performed by using the molecular data based on the comprehensive taxon sampling. Our results 
provide an objective approach to understand the historical biogeography of Alpinia. The genus originated in Asia 
during the Late Cretaceous ca. 69 Ma and started to diverge after the K–Pg boundary during the early Paleocene with 
the presence and development of the tropical rainforest and a warm, moist climate. Alpinia migrated to Malesia and 
then dispersed to Australasia. The molecular analyses supported the diversification of Alpinia in Asia and Malesia. 
Additionally, the Indian Alpinia has likely a common ancestor with Renealmia and Aframomum, and it is possible 
that after originating in Asia, Alpinia migrated from Asia to India then to Africa during the early period of collision 
between the Indian subcontinent and Eurasia to form the common ancestor of Indian Alpinia, Renealmia, and 
Aframomum. Our phylogeny provides a framework for studies in biogeography, comparative ecology, and evolution.
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Introduction
Zingiberaceae (the gingers family) is the largest in the 

order Zingiberales with 53 genera and over 1200 species 
in the world (Kress et al. 2002). In the Zingiberaceae 

family, Alpinia is considered the largest genus with ca. 250 
species. Alpinia is distributed in tropical and subtropical 
Asia, Australia, and Pacific Islands (Larsen et al. 1998; 
Wu & Larsen 2000; Kress et al. 2005). Kress et al. (2005) 
suggested that Alpinia plays an important ecological role 
in understanding the understory vegetation of tropical 
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and subtropical forests. Several species of Alpinia, such as 
A. officinarum, A. galanga, A. coriandriodora, A. kwangsiensis 
are used as important economical, ornamental, food, or 
medicinal plants (Wu & Larsen 2000).

The molecular phylogenetic relationships of Alpinia 
have been conducted by several studies (Rangsiruji et al. 
2000; Kress et al. 2002; 2005; Le 2021). These studies used 
molecular data from both ITS and matK regions. The results 
of molecular analyses from the studies showed that Alpinia 
is polyphyletic; six clades within Alpinia were recognized. 
Kress et al. (2005) based on dataset from 72 species of 
Alpinia suggested that the molecular results are associated 
with morphological features of clades within Alpinia, and 
further study with comprehensive sampling is necessary.

de Boer et al. (2018) and Poulsen et al. (2018) constructed 
the phylogeny of Amomum and Elettaria respectively based 
on molecular data including several genera of the subfamily 
Alpinioideae. The two studies supported the non-monophyly 
of Alpinia, Elettaria, and Amomum, in which several species of 
these three genera are nested. The misidentification of some 
Cardamom species in the Alpinia zerumbet clade could be a 
reason for this complication (Poulsen et al. 2018). Further 
studies and specific sampling will be needed to solve the 
polyphyly of some clades in Alpinioideae.

Le (2021) conducted an update for phylogeny of 
Alpinia based on 110 species of Alpinia. Alpinia is shown 
to consist of six clades, clade I and clade II placed together 
with Aframomum, Renealmia, Amomum, Elettariopsis 
and Paramomum; while clades III, IV, V and VI formed 
together with Nicolaia, Etlingera, Amomum and Hornstedtia. 
Additionally, the study further noted the need to clarify the 
biogeography of the genus based on current distribution.

Kress & Specht (2006) conducted an investigation of 
evolution, biogeography, and diversification of Zingiberales 
based on all the families in the order and three gene regions 
(including rbcL, atpB, and ISS), but without any sample of 
Alpinia. The results indicated that the order Zingiberales 
originated around 124 million years ago (Ma), with major 
family-level lineages becoming established in the Late 
Cretaceous (80-110 Ma) and crown lineages within each 
family beginning to diversify during the early to Mid-
Tertiary (29-64 Ma). In this study, Zingiberaceae was 
estimated to have originated at 105 ± 4.2 Ma. However, 
the evolutionary history of lineages (including Alpinia) in 
Zingiberaceae was not clarified.

The historical biogeography of Alpinia is an interesting 
question given by the current distribution in distinct areas of 
the genus; however, it has not been fully studied. Kress et al. 
(2005) conducted phylogenetic analyses to understand the 
evolutionary patterns of Alpinia. The study suggested that 
the understanding of the patterns of evolution of various 
morphological and ecological characteristics of taxa can 
determine the phylogenetic history. However, the study 
sampled only 72 species of Alpinia and did not perform 
the molecular dating and ancestral area reconstruction 

analyses, thus the historical biogeography of Alpinia was 
not investigated and remains unclear.

In order to investigate these global and continental-scale 
biogeographies, it is necessary to formulate a hypothesis 
for the relationships and divergence times of Alpinia. Here 
we conducted phylogenetic and biogeographical analyses 
using molecular data from DNA regions based on intensive 
taxon sampling (including 110 of the 250 species of Alpinia). 
Our aims are to reconstruct the biogeographical history 
of Alpinia reconciled with present-day distributions, fossil 
data, and geological information to specifically: (1) address 
the time of origin for Alpinia and (2) predict hypothetical 
distributions, the original center, and probable dispersal 
routes of Alpinia species.

Materials and methods

Taxon sampling
To fully understand the historical biogeography of 

Alpinia, we used the molecular data from the most recent 
phylogenetic study of the genus Alpinia by Le (2021) for our 
historical biogeography analyses (Tab. S1). In the molecular 
dataset, all clades in the phylogeny of Alpinia were included, 
thus representing the geographical and taxonomic diversity 
of the genus. In the molecular dataset, all the duplicates 
were removed, and we only kept one individual per species. 
In total, 110 species of Alpinia and 39 non-Alpinia species 
were included in the molecular dataset following Kress et al. 
(2002; 2005). Two markers matK and the nuclear ribosomal 
internal transcribed spacer region ITS (including the 5.8S 
and flanking ITS1 and ITS2 spacers) were used for analyses. 
We checked the presence of paralogues in our ITS dataset 
by evaluation rates of evolution, GC content, and mutations 
between the 5.8S (conserved region) and the ITS1, ITS2 
regions (fast evolving regions). Voucher information and 
GenBank accession numbers are presented in Tab. S1. Each 
sequence in the combined dataset was carefully checked 
by using BLAST (blast.ncbi.nlm.nih.gov) under default 
parameters. The two single datasets of two genes matK and 
ITS were aligned by Geneious v.8.0.5 (Kearse et al. 2012). 
Finally, the combined dataset was partitioned into two 
subsets corresponding to two gene regions for molecular 
analyses.

Molecular phylogenetic analyses
The two methods maximum likelihood (ML) and 

Bayesian Inference (BI) were performed on the CIPRES 
Science Gateway Portal (Miller et al. 2010). The ML analyses 
were conducted in RAxML 8.2.12 (Stamatakis 2006) using 
the GTR+I+G standard nucleotide substitution model 
generated by jModeltest 2.1.6 (Darriba et al. 2012) for each 
DNA region and applying 1,000 bootstrap replicates. The 
BI analysis was performed on MrBayes 3.2.6 (Ronquist et 

blast.ncbi.nlm.nih.gov
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al. 2012) on the CIPRES using the nucleotide substitution 
models that estimated separately each gene region by 
jModeltest 2.1.6 (Darriba et al. 2012) (matK: GTR+G, ITS: 
GTR+I+G). Two independent runs, each comprising four 
Markov chain Monte Carlo (MCMC) chains, were conducted. 
We ran the Markov chain Monte Carlo (MCMC) for 10 
million generations, and trees were sampled every 1000 
generations. To check the effective sample sizes (ESSs) of all 
relevant parameters (>200) we used Tracer v.1.6 (Rambaut 
et al. 2014). Majority-rule consensus tree and Bayesian 
posterior probabilities (PP) were obtained after removing the 
first 25 % of sampled generations as burn-in. The obtained 
trees were visualised using FigTree v.1.4.0 (Rambaut 2009).

Divergence time estimation
The combined molecular dataset and the uncorrelated 

lognormal Bayesian method in BEAST v.1.8.0 (Drummond 
et al. 2012) were used to estimate the divergence times of 
Alpinia. We partitioned the combined molecular dataset 
using the “unlink substitution model” option, and applied 
a substitution model from the results of jModelTest v.2.1.6 
to each partition. The Yule process tree prior was run for all 
dating. Condamine et al. (2015) noted that the Yule prior 
was recommended in the manual use of BEAST, and most 
molecular dating analyses used the Yule prior. Although 
Condamine et al. (2015) suggested that the birth-death 
process had a better fit than the Yule process in some 
situations, they also suggest that some recent studies have 
used both the Yule and birth-death process but they did 
not find any differences in age estimates between the two 
models. The birth-death process will not necessarily always 
better fit the data just because it seems more biologically 
realistic than a simpler Yule model, especially for shallower 
divergence times. The uncorrelated lognormal clock model is 
more likely to yield accurate estimates than the uncorrelated 
relaxed clock model that assumes an exponential distribution 
of the evolutionary rates.

We used lognormal distribution for the calibration point, 
and normal distribution was used for the divergence age 
following results from the previous studies (Lu et al. 2013; 
Deng et al. 2014; Liu et al. 2018). We ran the two separate 
MCMC for 150 million generations with trees taken every 
15,000 generations. Tracer v.1.6 (Rambaut et al. 2014) 
was used to check if ESSs for all relevant parameters were 
well above 200 and that stationarity had been reached. 
A maximum clade credibility tree was then built by 
TreeAnnotator v.1.8.0 (Rambaut & Drummond 2010) with 
the initial 25 % of trees discarded as burn-in. The final result 
was visualized in Figtree v.1.4.0 (Rambaut 2009).

Hickey & Peterson (1978) noted that the fossil leaf of 
genus Zingiberopsis is closely related to the extant genus 
Alpinia. Wilf et al. (2000) further recognized that the nearest 
living relative to Zingiberopsis is the Asian genus Alpinia. The 
fossil genus Zingiberopsis was known from Late Cretaceous 
through the earliest Oligocene (Hickey & Peterson 1978; 

Wilf et al. 2000). Moreover, Kress & Specht (2006) used 
Zingiberopsis at 65 Ma for estimating the divergence time of 
Zingiberales. In addition, Forest (2009) suggested that the 
age of a fossil is generally treated as a minimum constraint 
in calibration procedures for the true age of the clade which 
the fossil is assigned. Thus, we accepted Zingiberopsis to be 
related to Alpinia and used it to calibrate the crown node 
of Alpinia at 65 Ma (95 % HPD of 63.1 - 69.1 Ma) in this 
study. Alpinia is non-monophyletic, some non-monophyletic 
clades of Aframomum, Renealmia, Amomum, Elettariopsis, 
Paramomum, Nicolaia, Etlingera, Hornstedtia, Leptosolena, 
Vanoverberghia, and Plagiostachys were nested within Alpinia, 
however this could be as a result of misidentifications 
(Poulsen et al. 2018). Therefore, we considered the crown 
node of Alpinia including all the nested species within this 
genus.

Kress & Specht (2006) estimated the divergence time of 
Zingiberaceae at 105 ± 4.2 Ma, hence, we consider 105 Ma 
as the divergence age of Zingiberaceae and calibrated the 
stem node of Zingiberaceae at 105 Ma (95 % HPD of 100.1 
- 109.9 Ma). Additionally, the two extinct zingiberalean 
species Spirematospermum chandlerae and Spirematospermum 
wetzleri were respectively described by Friis (1988) and Li 
et al. (2018) as fossils of Zingiberaceae. However, Magallón 
et al. (2015) suggested that, although Spirematospermum is 
usually considered to Zingiberaceae, the genus likely has a 
closer relationship to Musaceae based on the presence of a 
chalazal member, rudimentary micropylar collar and hilar 
cavity. These features do not occur in extant Zingiberaceae. 
Spirematospermum has been used to calibrate the stem nodes 
of Zingiberales and Commelinales (Magallón et al. 2015). 
Thus to determine the position of the Spirematospermum in 
divergence time estimation of Alpinia or even Zingiberaceae 
is uncertain. The divergence age of Zingiberaceae from 
Magallón et al. (2015) is likely too young to be used as 
a Zingiberopsis fossil. Therefore, we do not consider 
Spirematospermum as the calibration point of Zingiberaceae 
from Magallón et al. (2015) for divergence time estimation 
of Alpinia.

Ancestral area reconstruction
Bayesian approach to dispersal-vicariance analysis 

(Bayes-DIVA; Nylander et al. 2008) and BioGeoBEARS 
(Matzke 2013) were applied to reconstruct the ancestral 
area of Alpinia.

The Bayes-DIVA method can minimize phylogenetic 
uncertainty by utilizing the posterior distribution of trees 
resulting from BEAST and generate credibility support 
values for alternative phylogenetic relationships (Nylander 
et al. 2008; Yu et al. 2011). For the Bayes-DIVA analysis, the 
results from the BEAST analysis were used as input data. 
The final representative tree was computed after the first 
25 % of sampled generations discarded as burn-in.

The BioGeoBEARS was implemented in R (R Development 
Core Team 2016). Two likelihood-based models under the 
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BioGeoBEARS method were implemented: Dispersal-
Extinction-Cladogenesis (DEC; Ree & Smith 2008), and the 
likelihood version of dispersal-vicariance (DIVA; Ronquist 
1997; herein DIVALIKE). In each model, an additional “j” 
parameter (founder event/jump speciation) was added, 
which allows descendant lineages to have a different area 
from the direct ancestor (Matzke 2013; Vasconcelos et 
al. 2017). Thus, a total of four models resulted. Species 
distribution data were obtained from field and herbarium 
studies (E, U, L, HN, PE, KUN, HAST), references (Larsen 
et al. 1998; Wu & Larsen 2000). Additional data were 
downloaded from the Global Biodiversity Facility (http://
www.gbif.org). Atkins et al. (2020) noted that the sampling 
density can also impact the historical biogeography analyses, 
thus a comparison of our sampling rates against current 
species estimates to evaluate the impact of sampling density 
on the results is presented in Tab. S2.

Six main regions were defined based on the floristic 
regions and the extant distribution of Alpinia and 
outgroups: A, Asia (including East Asia, Indochina and 
Myanmar); B, India (including India and Sri Lanka); C, 
Malesia (including Malaysia, Indonesia, Philippines, and 
Singapore); D, Australasia (including Australia, New Zealand, 
New Guinea, and Pacific Islands); E, America; F, Africa. The 
floristic regions named as America (E) and Africa (F) were 
set for outgroups taxa only. Thus, we set six as the maximum 
number of areas for both the two methods in ancestral area 
reconstruction analyses.

Results

Phylogeny of Alpinia
The aligned positions of matK and ITS data sets were 

2994 and 837 base pairs, respectively. The combined matrix 
of the two markers consisted of 3831 base pairs (Tab. 
S3). We found that most ITS sequences are pseudogenes, 
only 21/144 sequences (14.5 %) are functional genes. The 
functional sequences are found in all the six clades of 
Alpinia. Bailey et al. (2003) suggested that it should not 
be assumed that functional and non-functional sequences 
included in phylogenetic analyses of taxa are necessarily 
paralogous to one another or that functional copies are 
necessarily orthologous, while exclusion of putative 
pseudogenes a priori from phylogenetic analyses may 
not be necessary (Razafimandimbison et al. 2004). There 
is only one individual per species in our molecular data 
(including the ITS dataset) and no indication in our data 
that the observed polymorphisms predate the divergence 
of these taxa. Therefore, it is reasonable for our ITS dataset 
to be used to conduct the phylogenetic and historical 
biogeographic analyses of Alpinia (Razafimandimbison 
et al. 2004).

The topologies from ML and BI analyses of the combined 
dataset were congruent, with the differences having low 
support. Thus, the molecular phylogeny of Alpinia is 
presented in Fig. 1 based on the Bayesian tree with BS and 
PP values. Alpinia was supported to be non-monophyletic 
and six major clades were recognized within Alpinia (Fig. 1). 
These molecular results were congruent with the previous 
studies (Kress et al. 2002; 2005; Le 2021). However, the 
relationships among these clades are not well resolved 
and showed a similar level of resolution to previous results 
(Kress et al. 2002; 2005; Le 2021).

Clade I was weakly supported as close relative to 
Renealmia and Aframomum (Fig. 1), while the remaining 
clades were well supported as separate clades by molecular 
data except clade IV (Fig. 1). Some non-monophyletic clades 
of Nicolaia, Etlingera, Amomum, Hornstedtia, and Leptosolena 
are closely related to clade V but weakly supported, while 
Vanoverberghia is nested within clade V (Fig. 1). Plagiostachys 
is nested within clade IV. Nevertheless, the systematic 
position of the clades is still uncertain.

Age estimates
The divergence time estimates for Alpinia are presented 

in Fig. 2. The stem node of Alpinia was estimated to be 69.06 
Ma (95 % HPD: 64.86-75.06 Ma) (node 0, Fig. 2), while, the 
crown age of Alpinia was estimated to be 65.06 Ma (95 % 
HPD: 64.03-69.39 Ma) (node 1, Fig. 2). Clade VI splitted 
from its ancestor at 62.96 Ma (95 % HPD: 57.31-68.01 
Ma) (node 3, Fig. 2). Clades III splitted from a common 
ancestor with clade V together with Etlingera, Hornstedtia, 
and Nicolaia at 56.86 Ma (95 % HPD: 49.66-63.22) (node 
5, Fig. 2). The largest clade - clade IV diverged at 53.05 Ma 
(95 % HPD: 45.47-59.97 Ma) (node 9, Fig. 2).

Ancestral area reconstruction
The comparison of sampling rates indicated that our 

sampling density is better than Kress et al. (2005) in all 
geographic regions for Alpinia with the highest in Asia 
(164 %) and lowest in Australasia (100 %) with the same 
number of species distributed in this region (Tab. S2). 
Thus, the results from this study are more advanced. The 
reconstructions obtained for the major clades of interest 
using the BioGeoBEARS and Bayes-DIVA were highly 
congruent (Tab. 1). However, the results from BioGeoBEARS 
show higher resolution for more nodes than Bayes-DIVA. 
Among the four models, the results indicated higher log-
likelihood values for three parameters in comparison to 
two parameters (Tab. 2), hence, indicating jump speciation 
(i.e., dispersal between non-adjacent areas) as an important 
pattern in range variation of Alpinia. Moreover, the model 
DEC+j in the BioGeoBEARS analyses was the best-fit 
biogeographical model. Therefore, we only present the 
reconstruction of BioGeoBEARS under the DEC+j model 
(Fig. 3). The result of ancestral area reconstructions from 
Bayes-DIVA is shown in Fig. S1.

http://www.gbif.org
http://www.gbif.org
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Figure 1. Majority rule consensus tree of Alpinia from the Bayesian inference based on the combined datasets of two DNA regions 
(matK and ITS). ML bootstrap values and posterior probabilities (PP) of the BI analysis are presented above the branches. “–” indicates 
the support values less than 50 %. The circumscription of sections follows the classification of Kress et al. (2005).
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Figure 2. Maximum clade credibility tree inferred from BEAST based on the combined datasets of two DNA regions. The bars 
around node ages indicate 95 % highest posterior density intervals. Node constraints are indicated with stars. Nodes of interests 
were marked as 0–10.
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Figure 3. Ancestral area reconstruction of Alpinia by BioGeoBEARS (j = 0.0028, LnL = −250.18). Geologic time scale is shown at the 
bottom. Area abbreviations are as follows: A, Asia (including East Asia, Indochina, and Myanmar); B, India (including India and Sri 
Lanka); C, Malesia (including Malaysia, Indonesia, Philippines, and Singapore); D, Australasia (including Australia, New Zealand, New 
Guinea, and Pacific Islands); E, America; F, Africa.
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Our results suggest that Alpinia originated in Asia and 
then diverged to India, Malesia and Australasia (Fig. 3). 
The most recent common ancestor of Alpinia was likely 
located in Asia. Clade II of Alpinia originated in Asia and 
then widely spread in this area (Fig. 3). Similarly, clades 
III, IV, V and VI originated or split from ancestors in Asia, 
and then spread in Asia or dispersed to Malesia (Fig. 3), 
while two Indian species (A. fax and A. abundiflora) of clade 
I originated in India, but the geographical ancestral area of 
this clade is still not clear.

Discussion

Origin of Alpinia in Asia
Alpinia was supported as non-monophyletic by some 

studies (Kress et al. 2002; Kress et al. 2005; Le 2021; this 
study). Within Alpinia, several other genera were nested 
such as Aframomum, Amomum, Renealmia, Elettariopsis, 
Paramomum, Leptosolena, Vanoverberghia, Plagiostachys, 
Etlingera, Hornstedtia, and Nicolaia (Figs. 1, 2, 3) (Kress et 
al. 2002; Kress et al. 2005; Le 2021). Moreover, some of 
the above genera are also recognized as non-monophyletic 
(Amomum, Etlingera) (Figs. 1, 2, 3), therefore determining 
the geographical ancestral area of Alpinia is difficult. 
However, our results of ancestral area reconstruction 
analyses indicated that the main nodes in the backbone of 
the ancestral area reconstruction tree are in Asia (Fig. 3), 

which showed that the common ancestor of Alpinia, and 
its allies originated in Asia. This result is consistent with 
the only fossil (Zingiberopsis) of Alpinia dating to the Late 
Cretaceous which was discovered in Asia (Hickey & Peterson 
1978; Wilf et al. 2000).

The biogeographical analyses and divergence time 
estimations suggest that the stem group of Alpinia originated 
in Asia ca. 69.06 Ma (95 % HPD: 64.86, 75.06 Ma) during 
the Late Cretaceous (node 0, Figs. 2, 3; Tab. 1), and soon 
after the initial origin Alpinia started to diverge in early 
Paleocene at 65.06 Ma (95 % HPD: 64.03, 69.39 Ma) (node 
1, Figs. 2, 3; Tab. 1). During the Late Cretaceous, the Asian 
continent was a vast land dominated by forests (Lomolino 
et al. 2010), and the climate here was favorable (Zachos et 
al. 2001). The appearance of the K–Pg boundary (66 Ma) 
made a change for terrestrial plant ecosystems (Wolfe & 
Upchurch 1986; Vajda et al. 2001; McElwain & Punyasena 
2007; Nichols & Johnson 2008; Schulte et al. 2010; Wang 
et al. 2012). The K–Pg boundary is associated with the 
Cretaceous–Paleogene extinction event, a mass extinction 
which destroyed the majority of the world’s Mesozoic 
species (Fortey 1999). Up to 57 % of all plant species in 
North America disappeared (Wilf & Johnson 2004), 40 % 
disappeared in Central Africa and New Zealand (Morley 
2000), and 70 % disappeared in tropical South America 
(Parra et al. 2007) at the end of the Cretaceous (Wang et 
al. 2012). However, the modern tropical rainforests began 
to appear after the K–Pg boundary (e.g. Upchurch & Wolfe 
1987; Wing & Boucher 1998; Morley 2000).

Table 1. Summary of supported clades, divergence age estimation (Ma) by BEAST and ancestral area reconstructions by Bayes-DIVA. 
Node numbers refer to Figs. 2, 3. Area abbreviations are as follows: A, Asia (including East Asia, Indochina and Myanmar); B, India 
(including India and Sri Lanka); C, Malesia (including Malaysia, Indonesia, Philippines, and Singapore); D, Australasia (including 
Australia, New Zealand, New Guinea, and Pacific Islands); E, America; F, Africa.

Node Bayesian PP Age estimates mean
(95 % HPD) [Ma]

BioGeoBEARS
(DEC+j) Bayes-DIVA (maximum probability)

0 1.0 69.06 (64.86, 75.06) A A (100)
1 < 0.90 65.06 (64.03, 69.39) A A (98.43)
2 < 0.90 54.38 (43.67, 62.85) A A (84.67)

3 < 0.90 62.96 (57.31, 68.01) A
AC (50.29)
A (48.86)

4 < 0.90 59.23 (52.74, 64.61) A A (75.74)
5 < 0.90 56.86 (49.66, 63.22 A AC (79.81)
6 < 0.90 37.57 (23.85, 51.04) C AC (100)

7 1.0 18.34 (08.56, 29.14) AB
BEF (49.49)
BF (49.49)

8 < 0.90 25.21 (18.85, 31.09) C C (100)
9 < 0.90 53.05 (45.47, 59.97) A A (100)

10 < 0.90 22.68 (15.30, 29.68) C AC (100)

Table 2. Comparison of the fit of different models of biogeographical range evolution and model specific estimates for different 
parameters (d = dispersal, e = extinction, j = weight of jump dispersal (founder speciation)).

Model Parameter No LnL D e j AIC AIC weight
DEC 2 −250.58 5.5×10−3 6.2×10−2 0 496.3 0.468

DEC+j 3 −250.18 5.1×10−3 6.3×10−2 0.0028 495.5 0.258
DIVALIKE 2 −253.24 5.8×10−3 6.8×10−2 0 532.3 1.9×10−5

DIVALIKE+j 3 −263.13 2.5×10−3 1.0×10−8 0.0143 510.5 1
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Forests (including tropical forests, temperate forests 
and mountainous forests at high elevation) were present 
throughout the Northern Hemisphere during the early 
Cenozoic, which allowed intercontinental dispersal of 
plants (Wei et al. 2015; West et al. 2015). Morley (2000, 
2003), Jablonski (2004), Schuettpelz & Pryer (2009), and 
Couvreur et al. (2011) suggested that the tropical forests 
were present during the Paleocene/Eocene, however, at that 
time this biome was located at the middle paleolatitudes 
where the climate was more favorable. Most Alpinia species 
prefer to grow in low- to mid-elevation forests and form 
clumps with stems from 1-3 m high except some species 
from east of Wallace’s Line (e.g. the Moluccas, Fiji) which 
tend to grow much larger (A. regia, A. boia) or some species 
in New Guinea and Sulawesi which are found in montane 
forests up to 2000 m above sea level. Notably, the presence 
of Alpinia in tropical and subtropical forests is quite common 
(Kress et al. 2005).

Additionally, during the early Paleocene, the climate was 
warm before the thermal maximum in the late Paleocene 
(Zachos et al. 2001). Thus, the presence and development 
of the forest biomes could have provided potential habitats 
for the origin and divergence of Alpinia since it likes to grow 
in the understory, along forest margins, and in light gaps 
in the forests.

Many species of Alpinia are dominant in wetlands and 
along watercourses (Kress et al. 2005). The fruit of Alpinia 
is capsule and usually globose, thus the exocarp is able to 
protect the seeds for a long time even in a humid condition. 
Alpinia seems to be adapted to disperse by watercourses. 
However, the fruits of Alpinia have bright colors (orange 
and red), which can attract birds or small rodents, thus 
birds and small rodents can also act as dispersal agents for 
the seeds of Alpinia (Deng et al. 2015). Larsen et al. (1998) 
suggested that fruits of Zingiberaceae can be dispersed by 
birds, while seeds can be dispersed by ants, mice, squirrels 
or by rain and running water. Therefore, during the early 
evolution, Alpinia likely diverged and widely spread only 
in Asia (Fig. 3) creating endemic species in Asia, and later 
dispersed to Malesia and Australasia.

Migration to Malesia
Alpinia presents the richest diversity in humid tropical 

lowlands and mountain forests of Malesia and SE Asian 
monsoon regions (Larsen et al. 1998). Our biogeographical 
analyses supported that Asia and Malesia are the two richest-
species regions where Alpinia’s ancestor was often dominant 
(Fig. 3). Results from ancestral area reconstruction analyses 
inferred that Asia was the ancestral area of Malesian Alpinia, 
and that Alpinia migrated from Asia to Malesia and back to 
Asia several times since 37.57 Ma during the Late Eocene 
(node 6, Fig. 3). The two areas, Asia and Malesia, are very 
close and even contiguous. In the earliest migration period, 
much of Sundaland was submerged (Hall 2012), however, 
many island chains between Asia and Australasia belonging 

to the Malesia region appeared during the late Eocene to 
early Oligocene (Holloway & Hall 1998; Meimberg et al. 
2001; Morley 2003; Clayton et al. 2009; Hall 2012; Zahirovic 
et al. 2014; Liu et al. 2018). Some of the potential dispersers, 
e.g. fruit pigeons and large cuckoos, can travel at least several 
hundred kilometers (Higgins 1999) and the large seeds were 
occasionally passed within 5.5 h (Wotton et al. 2008; Liu 
et al. 2018). Moreover, all rivers in SE Asia flow into the 
South China sea. Thus, we hypothesize that following the 
watercourses, fruits of Alpinia could have migrated to the 
islands of the Malesia region. All the migrations between 
Asia and Malesia occurred since the late Eocene (less than 
37.57 Ma, 95 % HPD: 23.85-51.04 Ma) (node 6, Fig. 3). In 
addition, the climate during this time was warm and moist 
in most of Southeast Asia (Zachos et al. 2001), which may 
have facilitated the migration of Alpinia through Asia to 
Malesia and then back to Asia.

Dispersal to Australasia
Our ancestral area reconstruction analyses indicated that 

all Australasia lineages of Alpinia originated in Malesia and 
dispersed to Australasia two times since the late Oligocene 
25.21 Ma (95 % HPD: 19.19-31.09 Ma) (node 8, Fig. 3). 
During the late Oligocene, Malesia and Australasia were 
very close, thus, a hypothesis involving transoceanic 
long-distance dispersal should also be considered as an 
explanation to the disjunction of Alpinia between Malesia 
and Australasia. In the similarity of the migration to Malesia 
of Alpinia, a long-distance dispersal was likely mediated by 
watercourses or birds from Malesia to Australasia (Liu et al. 
2018). This event is an example of “out-of-Asia” migration 
to the Southern Hemisphere.

Origin of Indian Alpinia
The two Alpinia species of clade I (A. fax and A. 

abundiflora) are endemic to India. However, the molecular 
data supported that the two species were closely related 
to Renealmia as well as Aframomum (Fig. 1). Therefore, 
they likely shared common ancestors. Our ancestral area 
reconstruction analyses inferred that the two species A. fax 
and A. abundiflora originated in India at 18.34 Ma (95 % 
HPD: 08.56-29.14 Ma) (node 7, Fig. 3) after the Indian 
subcontinent collided with Eurasia at 43-50 Ma. However, 
the origin of the two species is still not clear, because the 
common ancestors of the two species with Renealmia and 
Aframomum are not clearly determined (Fig. 3). Even so, our 
results showed that Asian Alpinia is likely the ancestor to 
the clade including Indian Alpinia (A. fax and A. abundiflora), 
Renealmia (R. alpinia and R. battenbergiana) and Aframomum 
(A. angustifolium and A. daniellii) (Fig. 3). Therefore, we 
hypothesize that after originating in Asia, Alpinia migrated 
from Asia to India then to Africa during the early period of 
collision between the Indian subcontinent and Eurasia to 
form the common ancestor of Indian Alpinia, Renealmia and 
Aframomum. In addition, the endemic species A. smithiae 
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of India was derived from Malesia the closest area to India 
during the mid-Miocene when the climate was optimum 
(warm and wet) (Zachos et al. 2001) (Fig. 3).

Conclusion
The study based on molecular analyses of comprehensive 

taxon sampling confirms that Asia has been a major center 
of origin for Alpinia and its allies since the early Paleocene 
and then spread to Malesia and back to Asia several times 
since the late Eocene, likely by watercourses and birds. The 
lineages distributed in Australasia are younger members that 
dispersed from Malesia after the late Oligocene, whereas the 
origin of some Indian Alpinia share common ancestors with 
Renealmia and Aframomum. Thus, likely after originating in 
Asia, Alpinia migrated from Asia to India during the early 
period of collision between the Indian subcontinent and 
Eurasia to form the common ancestor of Indian Alpinia, 
Renealmia, and Aframomum. Our study adds an example 
of “out-of-Asia” migration in the biogeographic history to 
the Southern Hemisphere.
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