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Climate change and geographical events play key roles in driving population genetic structure of organisms, but
different scenarios were suggested for species occurring in tropical and subtropical areas. We investigated the
population genetic structure, diversity and demographic history of the cicada Platypleura hilpa which occurs in
coastal areas of southern China and northeastern Indo-Burma, and analysed the potential impact of climate
change and geological events on its evolutionary history. Our data imply that P. hilpa comprisesfivemain lineages
with nearly unique sets of haplotypes and distinct geographic distributions. Amajor split of the lineages occurred
in the Pleistocene. Geographic distance and geomorphic barriers serve as the primary factors shaping the genetic
population structure, and several climatic factors are associated with the divergence. The potential range during
the Last Glacial Maximum has apparently increased in south China and the exposed South China Sea Shelf. The
Pleistocene sea-level fluctuations had profound effects on the regional genetic structure. The Beibu Gulf repre-
sents a more important geographic barrier than the Qiongzhou Strait in blocking gene flow among populations.
These results contribute to a better understanding of the pressure climatic change and geographical events im-
pose on insects in coastal areas of East Asia.
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1. Introduction

The origin and evolution of biodiversity, essentially speciation, has
been associated with sexual selection, behavioral change, disruptive
ecological selection and disruption of geneflow [1,2]. The past and pres-
ent distributions of invertebrate species are strongly linked to climate,
e.g., the Pleistocene glaciations especially in temperate latitudes [3,4].
The tropical and subtropical areas have never been coveredby ice sheets
[5,6], where invertebrates exhibit a wide local diversity and seem to
have developed a much stronger bond with the ecosystem than their
temperate counterparts [6,7]. Combined with local geological events,
climatic oscillations are an important evolutionary driver, having a
deep impact on shaping the structure of biotas [8]. Climatic fluctuations
during the Pleistocene are responsible for the isolation of populations in
multiple refugia [9,10]. Due to isolation in small refugia, bottlenecking,
founder effects and genetic drift contribute to lower genetic diversity
and population divergence [11,12]. In these refugia, persistence of stable
microclimates facilitates survival during periods of intense fluctuations.
Species then generally shift tomore favourable habitats or undergo suc-
cessful evolutionary adaptations [13]. In addition, geological changes,
such as the separation of formerly adjacent land masses, result in
range fragmentation which can form barriers to gene flow and lead to
genetic diversification and speciation [14–16]. Sometimes, climatic fluc-
tuations and geological changes work together as co-drivers, leading to
genetic diversification and speciation [17,18]. These relative roles that
climate and geography play in driving genetic patterns have important
implications for diversification, conservation, and biogeography [19].

During the past three million years, global climate has fluctuated
greatly [5]. The recent major ice age and sea-level fluctuations have
led to substantial changes in the distribution of many living organisms,
especially taxa in temperate zones [2,6,20]. During the Pleistocene, gla-
cial and interglacial climatic shifts resulted in sea-level changes with
amplitudes of up to 120–140m,with cyclic formation and submergence
of land bridges between landmasses including subtropical and tropical
zones [21]. These changes repeatedly dissected and rejoined popula-
tions of many species, and produced intermittent range contractions
and expansions. Island populations isolated from their mainland rela-
tives could then drive allopatric divergence and incipient speciation. In
addition, significant geological events, such as the formation of
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mountain ranges, also were a source of long-term biogeographical bar-
riers [22]. It is reasonable to assume that climate-mediated changes in
sea level and the formation of mountain ranges likely contributed to ge-
netic variation and divergence among populations and species occur-
ring in related areas.

Paleogeographic reconstructions of fauna provide guidance for for-
mulating testable phylogeographic hypotheses, aswell as a detailed pic-
ture of population history [23]. The distributional dynamics through
time are expected to have genetic consequences. Ecological niche
modelling (ENM) can be used to infer past species distributions,
whichmay supplement the shortage of fossil records in related regions.
ENMs have the potential to show how habitat quality affects genetic di-
versity and genetic connectivity. Together with molecular data, we can
better understand the population dynamics over time and evaluate
the habitat suitability across a certain range [24]. Nevertheless, the
prominent role of older environmental shifts, such as climate-
mediated changes in sea level and the formation of mountain ranges,
in the evolution and/or differentiation of modern insects have rarely
been studied.

Many studies have concluded that temperate species populations
contracted in glacial refugia during the cold stages, following a geo-
graphical expansion during the interglacial phases [20,25]. However,
different scenarios have been suggested for species occurring in tropical
and subtropical areas, because these regions were never covered by ice
sheets, although they did experience cooler and drier climates within
the Miocene [5,6,26]. One such example is Hainan Island on the north-
eastern margin of the Indo-Burma region, one of the most severely
protected biodiversity hotspots in the world, which has experienced
connection-disconnection events with the Chinese mainland due to
sea-level fluctuations throughout the Pleistocene [27]. The topologically
complex coastal areas of the Indo-Burma region including southern
China are an important biodiversity hotspot in East Asia [28], providing
an excellent study system for detecting the relative contributions of pa-
leogeographic processes to local species richness. Hainan Island is lo-
cated in the transitional zone between the subtropical and tropical
zones in the South China Sea, which is adjacent to the coastal areas of
southern China and northern Vietnam. This region is a globally impor-
tant biodiversity hotspot, harbouring high levels of endemism and spe-
cies richness [28]. Phylogenetic methods and ENMs have been applied
to study some of the fauna in Hainan Island [14,29]. While most previ-
ous studies used genetic discontinuities to demonstrate the
phylogeography of endemism in Hainan Island, ecological data were
not explicitly examined to support those processes. How the dispersal
and vicariance scenarios in Hainan and the adjacent mainland regions
due to landscape alterations remains poorly explained.

Cicadas are excellent subjects for bio-geographical studies because
of their low dispersal ability caused by their generally long, subterra-
nean pre-adult stage and short adult lifespan compared with other in-
sects [30,31]. Recent phylogeographical studies have been conducted
with cicadas asmodel organisms inNewZealand [32], the Iberian region
[33], and East Asia [34]. The cicada Platypleura hilpa Walker is patchily
distributed primarily in coastal areas of southern China and northern
Vietnam, and on various islands in the South China Sea, but it has not
been found in the inland of China south to Changjiang (Yangtze) River
(Fig. 1). Osozawa et al. [35] used P. hilpa as the outgroup to reconstruct
the phylogenetic trees of several other Platypleura species collected pri-
marily from the Japan–Ryukyu–Taiwan islands, including specimens
collected from continental Korea–China. However, population differen-
tiation and phylogeography of this species have never been investi-
gated. Here we use an integrative approach, combining genetic data
with climatic and paleoenvironmental data, to elucidate the demo-
graphic history and phylogeography of P. hilpa. Our specific objectives
were, to unravel the phylogeography of P. hilpa and to determine in de-
tail the main ecological factors which affect the population genetic
structure and evolutionary history of this species. The outcome of
these analyses will contribute to a better understanding the effects
that climatic changes and geographic isolation impose on insects occur-
ring in subtropical and tropical coastal areas of East Asia.

2. Results

2.1. Diversity indices and neutrality test

For the combined mitochondrial genes (COI+ COII+ Cytb), we ob-
served 96 haplotypes among the 28 populations (except for the popula-
tion from Babuyan Island) (Table S1). This high haplotype diversity
among genes ranged from 0.152 to 1.000; the haplotype diversity (h)
among populations varied from0.152 (XM) to 1.000 (LJ); and the nucle-
otide diversity (π) ranged from 0.00046 (TGL and DX) to 0.01077 (SX)
(Table 1). Overall, the mean haplotype diversity was higher in popula-
tions from Hainan Island (0.963) than from the China mainland
(0.914) and northern Vietnam (0.436), but the nucleotide diversity in
populations fromHainan Island (0.00477)was lower than for themain-
land populations (0.00826). Populations of P. hilpa from both Hainan Is-
land and the China mainland have a high level of genetic diversity.
Neutrality tests conducted for the combined mtDNA dataset of the 28
populations (again except for the Babuyan Island population)
(Table 1) indicate that the Tajima's D was not significantly different in
all of the populations analysed.

The pairwise Fst ranged from−0.027 (BWL and ZH populations) to
0.487 (TGL and YJ populations) (Table S2). Significantly, genetic diver-
gence was found between the HA population and the remaining popu-
lations, with the maximum mean differentiation value (mean Fst ¼
0.235) varying from 0.096 to 0.312. The Mantel test results produced
an r value of 0.297 and 0.19 for combined mitochondrial gene data
(p = .0019; p = .015) (Fig. S1), indicating a significant correlation be-
tween the genetic distance and the geographic distance in P. hilpa
populations.

2.2. Phylogenetic and genetic structure

We used COI and concatenated (COI+ 18S) genes to construct phy-
logenetic trees of all the sampled populations of P. hilpa and the
outgroup species, respectively (Fig. 2). Seventy-seven haplotypes of
COI gene and 107 haplotypes of concatenated (COI + 18S) genes were
identified (Table S1). The results of both ML and BI trees based on the
COI gene separate P. hilpa populations into five major clades and five
haplogroups, i.e., Clade A (Babuyan Island, BBY), Clade B (southeast
China, SEC), Clade C (Clades C1–C4, Hainan Island, HN), Clade D (Clades
D1–D4, south China, SC), and Clade E (northern Vietnam, NV) (Fig. 2a).
It is the same that the results of BI tree based on concatenated genes
(COI + 18S) separate P. hilpa populations into five major clades and
five haplogroups, i.e., Clades A–E (Fig. 2b). Accordingly, five clades
(Clades A–E) are found in the network based on the COI gene (Fig. 3).
The results based on the COI gene indicate that Clades C2 and D3 are
not monophyletic, but the network demonstrated they are individual
clade (Figs. 2a, 3). The genetic variation among the haplogroups is
71.43% (AMOVA, K = 5, Table 2). In addition, four subclades (Clades
C1–C4) are found in the network based on mtDNA
(COI+ COII + Cytb) for the Hainan Island populations (Fig. 1b).

We further used concatenated mitochondrial genes
(COI + COII + Cytb) to analyse the population structure of all the pop-
ulations from the China mainland, Hainan Island and Vietnam. The ML
analysis is consistent with the Bayesian topology (Fig. S2). The results
of both ML and BI trees separate P. hilpa populations into four major
clades and four haplogroups, i.e., Clade B, Clade C, Clade D and Clade E.
Similarly, the haplotype network ofmtDNAdata (Fig. S2c) also presents
four clusters corresponding to these four clades.

Results from the AMOVA (K=4) for the populations from the China
mainland, Hainan Island and Vietnam show that the overall genetic var-
iation among the four haplogroups is 82.13%, whereas it is only 15.11%
among populations within haplogroups, and 2.76% within populations



Fig. 1.Geographic distribution of P. hilpa. (a) Distribution of P. hilpa. (b) Geographic distribution of themtDNA haplotypes detected in theHainan Island. Coloured dots represent sampling
sites. Dashed colour areas represent different Clade and are the same as in Fig. 2. Detailed information on the locations and codes for the populations are presented in Table 1. (For
interpretation of the references to colour in this figure legend, the reader is referred to the online version of this chapter.)
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(Table 2). The fixation index is high and statistically significant. The
AMOVA results show that most of the genetic variation is attributed to
differences among haplogroups.

We also constructed phylogenetic trees for all the P. hilpa popula-
tions except for the Babuyan Island population based on concatenated
mitochondrial and nuclear genes (COI + COII + Cytb + EF-
1α+ 18S+ ITS1) (Fig. S3). Both the ML and BI analyses indicate a sim-
ilar topology (Fig. S3). The topological structures based on both jointmi-
tochondrial genes and nuclear genes are consistent with the
corresponding network, and are roughly the same with trees con-
structed using concatenated mitochondrial genes as well as individual
nuDNA (Figs. 4a, S2, S3).

2.3. Population structure based on microsatellite data

In the Bayesian analysis of population structure (Fig. 4b), the highest
likelihood of the SSR data was obtained when samples were clustered
into four groups (K = 4). The first group was composed of samples
from 10 populations in Hainan Island; the second group comprised
samples of the two populations from northern Vietnam; the third
group consisted of samples from the 14 populations from south China;
and the fourth group comprised samples of the two populations from
southeast China. Generally, most individuals in each population were
assigned to a particular group, but the LMand TGL populations of north-
ern Hainan Island comprised a mixture of individuals belonging to the
first and third groups (Fig. 3b). Subsequent hierarchical analyses of indi-
viduals of upper groups show a helispherical population structure with
K value increasing, until K = 7 without any trace of stable differentia-
tion (Fig. 3b). Thus, a total of four geographical subgroups were found
for the populations from the Chinamainland and Hainan Island. Results
produced by STRUCTURE analyses are very similar to those of the net-
work analyses (Figs. 3, 4, S2).

2.4. Genetic distances (K2P)

The number of mitochondrial haplotypes within haplogroups
(Clades B–E) ranges from eight (Clade E) to 51 (Clade C) (Table S3).
The haplotype diversity is large, ranging from 0.401 (Clade E) to 1
(Clades C and D). The nucleotide diversity ranges from 0.00047 (Clade
E) to 0.00625 (Clade D). The pairwise corrected genetic distances



Table 1
Samples, genetic diversity and the demographic analysis of 28 populations of P. hilpa based on the mtDNA genes.

Collecting locality Locality code Sample size Longitude, latitude Collection date S h P π (%) D(p) τ Fu's Fs SSD

Bawangling BWL 10 109°03′ E 19°07′ N 28 May2014 3 0.457 6.161 0.425 −1.26022 (0.0950) 8.36111 −2.756NS 0.042NS

Bangxi BX 12 109°06′ E 19°22′ N 1 Jun 2014 6 0.675 3.152 0.250 −1.22601 (0.8890) 9.80555 −6.062NS 0.797NS

Dingan DA 14 110°21′ E 19°40′ N 4 Jun 2014 10 0.857 5.169 0.197 −1.4611 (0.0530) 20.31654 −3.068⁎⁎ 0.202NS

Danzhou DZ 10 109°34′ E 19°30′ N 1 Jun 2014 3 0.364 3.444 0.425 −0.52775 (0.3350) 9.06161 −2.742NS 0.697NS

Jianfengling JFL 12 109°01′ E 18°40′ N 26 Aug 2014 7 0.633 2.344 0.094 −0.47371 (0.0580) 0.66498 −0.369NS 0.074NS

Leiming LM 10 110°19′ E 19°33′ N 3 Jun 2014 4 0.500 5.789 0.159 0.29513 (0.4630) 30.12645 0.102NS 0.032NS

Qixianling QXL 10 109°41′ E 18°41′ N 14 May 2014 8 0.867 17.632 0.177 0.49570 (0.3490) 0.31686 10.57NS 0.797NS

Sanya SY 8 108°57′ E 18°11′ N 30 May 2014 5 0.733 2.546 0.074 −1.37471 (0.0690) 0.77894 −0.693NS 0.047NS

Tongguling TGL 14 111°01′ E 19°40′ N 26 Aug 2014 5 0.524 2.131 0.046 0.78976 (0.8430) 3.65874 1.247NS 0.063NS

Xinglong XL 12 110°12′ E 18°45′ N 29 May 2014 6 0.800 12.364 0.128 −0.43010 (0.3970) 0.96587 −1.57NS 0.151⁎

Beihai BH 20 108°50′ E 21°29′ N 23 May 2016 5 0.942 8.369 0.506 −1.28787 (0.0731) 8.46753 −0.415NS 0.306NS

Chongzuo CZ 10 107°50′ E 22°20′ N 19 May 2016 2 0.157 8.169 0.431 −1.37033 (0.0720) 0.64897 −2.973NS 0.052NS

Dongxing DX 10 105°04′ E 29°59′ N 18 May 2016 2 0.300 7.189 0.046 −1.01308 (0.1630) 9.34678 −0.359NS 0.043NS

Fangcheng FCG 20 108°02′ E 21°45′ N 17 May 2016 6 0.846 9.556 0.46 0.62482 (0.2980) 8.79465 3.213⁎ 0.221NS

Fuzhou FZ 8 119°29′ E 26°07′ N 1 Jun 2017 2 0.252 4.461 0.178 1.66370 (0.3172) 7.49852 −1.575⁎ 0.121NS

Guangzhou GZ 24 110°23′ E 21°12′ N 20 Jun 2017 3 0.560 4.254 0.188 −1.10628 (0.2291) 7.54635 −9.347NS 0.758⁎

Leizhou LZ 20 110°05′ E 20°54′ N 1 Jun 2016 10 1.000 7.125 1.063 −1.46110 (0.0530) 0.36452 −1.376NS 0.076NS

Lianjiang LJ 10 110°18′ E 21°36′ N 6 Jun 2014 7 0.866 9.126 0.055 −1.18678 (0.1010) 8.46797 −2.188NS 0.68NS

Maoming MM 20 110°21′ E 21°34′ N 6 Jun 2016 4 0.722 4.125 0.131 −1.29261 (0.0690) 11.45531 −9.327NS 0.003NS

Nanning NN 5 108°33′ E 22°54′ N 21 May 2016 3 0.36 3.2154 0.098 1.10628 (0.1290) 6.64335 −8.447NS 0.658⁎

Sanwei SW 9 115°21′ E 23°08′ N 21 May 2016 2 0.751 8.564 1.077 0.78976 (0.1400) 6.36154 0.477NS 0.124NS

Suixi SX 20 110°14′ E 21°22′ N 6 Jun 2014 7 0.833 2.564 0.071 0.45976 (0.1100) 3.10051 0.727NS 0.380NS

Xiamen XM 5 118°08′ E 24°48′ N 28 May 2017 2 0.152 6461 0.228 0.66370 (0.2451) 6.49852 −2.575⁎ 0.321NS

Yangjiang YJ 20 111°21′ E 22°41′ N 8 Jun 2015 5 0.886 3.684 0.121 −0.42693 (0.4501) 8.79023 −4.365 0.062NS

Zhanjiang ZJ 20 110°′03 E 21°02′ N 4 Jun 2015 7 0.739 4.369 0.101 −0.42693 (0.18302) 10.36457 −4.210⁎⁎ 0.052⁎

Zhuhai ZH 20 113°03′ E 22°27′ N 9 Jun 2015 8 0.901 6.238 0.18 −0.69176 (0.7530) 10.43277 −2.039NS 0.003NS

Hanoi HA 8 113°17′ E 23°8′ N 20 Jun 2013 6 0.485 3.684 0.121 −0.42693 (0.1515) 8.79023 −4.365 0.062NS

Thanh Hoá TH 4 105°48′ E 19°56′ N 14 Jun 2013 3 0.386 4.185 0.331 −0.35691 (0.01245) 6.59032 −5.551 0.112NS

Babuyan island BBY 4 121°27′ E 19°18′ N GeneBank data 2 – – – – – – –

Number of haplotypes (S), haplotype diversity (h), nucleotide diversity (π), average number of pairwise differences (P) in populations of P. hilpa from different regions, Tajima's D (p) and
expansion (coalescence) time under the sudden expansion assumption inmutation generations (τ), Fu's Fs, sum of square deviation (SSD), NS, not significant. Superscript denotes Region.
⁎ 0.05 ≥ p ≥ 0.01.
⁎⁎ 0.01 N p ≥ 0.001.
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based on COI sequences of P. hilpa and other Platypleura species are
shown in Table S3. Intraspecific genetic distances of P. hilpa
(0.000–0.049) are distinctly lower than those between Platypleura spe-
cies (0.088–0.157), without overlap. This indicates that the variations of
populations of P. hilpa have not reached species level. The intraspecific
genetic distances between Babuyan clade (Clade A) and Clade D (popu-
lations of Hainan Island) are the highest (Table S4).

2.5. Estimation of divergence time

The BEAST-derived combined COI and 18SrRNA gene chronogram of
P. hilpa recovered 107 haplotypes (H1–107). The chronogram was cali-
brated by setting the date of the MRCA of P. hilpa at 1.55 ± 0.15 Mya
(node 2 in Fig. 5a). Our results suggest that all populations of P. hilpa
began to diversify in the Pleistocene around 1.55 ± 0.15 million years
ago (Ma) (node 2 in Fig. 5a), with the subsequent establishment of
four clades (Clades B–E) during the Pleistocene (nodes 2–4 in Fig. 5a).
The divergence time between Clade B and Clade C+D+E is estimated
to be 1.32Ma in the early Pleistocene (95%HPD: 0.90–1.74Ma) (node 3
in Fig. 5a). The divergence of Clade C and Clade D + E occurred in the
early Pleistocene at 1.08 Ma (95% HPD: 0.76–1.40 Ma) (node 4 in
Fig. 5b), and the divergence of Clade D and Clade E occurred in themid-
dle Pleistocene at 0.88Ma (95% HPD: 0.57–1.19Ma) (node 5 in Fig. 5a).
The estimated divergence time obtained from the *BEAST analysis is on
average slightly older than that based on the concatenated mitochon-
drial haplotypes (Fig. 5b).

2.6. Demographic history

Neutrality tests were conducted for each of the four haplogroups
(Clades B–E) of P. hilpa (except for the Babuyan Island population)
with the combined mtDNA dataset (Table S3). Mismatch distribution
analyses reveal a multimodal distribution for these haplogroups
(Fig. 6). Among the four haplogroups, Clade C (HN) and Clade D (SC)
show significant, negative values for both Fu's Fs (p b .01) and Tajima's
D (p b .01) tests (Table S3), rejecting a neutral evolution hypothesis and
indicating that recent population expansion has occurred within these
two lineages. The unimodal curves found with the mismatch distribu-
tion provide the same inference of the neutrality tests (Fig. 6), i.e., two
haplogroup expansions have occurred (i.e., Clades C and D) (Fig. 6b,
c). The effective population size estimated for each haplogroup reveals
different profiles of historical demography. The population size of the
SEC (Clade B) and NV (Clade E) remains stable. The minor lineages of
Clade E exhibit a slight decrease in population size, corresponding to
their limited distribution in two sampling sites in Vietnam (HA and
TH). The major lineage of Clade C shows a slight expansion of popula-
tion size at ~0.68 Ma (Fig. 6b). The obvious increase in population size
found in the recently derived haplogroup of Clade D, at ~0.021 Ma
(LGM) (Fig. 6c), demonstrates a demographic and range expansion,
which is also supported by the mismatch distribution analysis. The
star-like structures of the haplotype network corroborates these results
(Figs. 3, S2c).

2.7. Ancestral area reconstruction and diversification analysis

Based on the topology of the intraspecific chronogram (Fig. 5a), the
BBManalysis of ancestral distribution areas (Fig. 7b) supports a possible
ancient (pre-Quaternary) distribution of P. hilpa in southeast China (A in
Fig. 7a, b) and south China as well as potentially northeast Vietnam
(node I in Fig. 7b, B in Fig. 7), whichwas likely followed by independent
colonizations from south China (node II in Fig. 7b) to partial region of
north Vietnam (D in Fig. 7), and then to Hainan Island (C in Fig. 7).
The likely origin of P. hilpawas in one of the A or B regions, but the pre-
cise ancestral area was not revealed. The LTT plots indicate that the
southeast China and south China groups exhibit a relatively slow and al-
most constant rate of lineage accumulation. The completely



Fig. 2. Phylogenetic tree. (a) Phylogram reconstructed based COI gene, nodal values near branches indicate bootstrap supports and posterior probabilities of ML/BI, constructed using
BEAST and drawn by FigTree. (b) Bayesian phylogram estimated from concatenated (COI + 18S) genes, constructed using MRBAYES and drawn by FigTree. Numbers at the nodes are
posterior probabilities.
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reconstructed LTT for P. hilpa shows a roughly constant diversification
rate during the Pleistocene at around 2.0 Ma (Fig. 7c).

2.8. Present and past ecological niche models

The AUCvalue for the present potential distribution of P. hilpa is high
(0.858 ± 0.017), indicating a good model fit. The predicted distribution
of this species under present conditions (1950–2000) (as shown in
Fig. 8a) is generally similar to its actual distribution on the China main-
land, Hainan Island, northern Vietnam and Babuyan Island, with a po-
tentially continuous range in south China and a more patchy one
alongside the coastline of southeast China. The potential distribution
range during the LGM contracted greatly in its southeast part, especially
alongside the coastline of southeast China (Fig. 8b). In contrast, the po-
tential distribution during the LGM was apparently increased in south
China, and remained more or less stable in the Leizhou Peninsula and
expanded on the exposed South China Sea Shelf (including present-
day Hainan Island) (Fig. 8b). Despite a southwestward range shift in
general, this species did not retreat entirely to the tropical south during
the LGM (Fig. 8b).
3. Discussion

Correctly evaluating the population differentiation and the phy-
logenetic relationships among populations of the cicada P. hilpa
had been a challenging endeavor, but intraspecific relationships for
different lineages of P. hilpa are clear. In addition to a mtDNA phylog-
eny, we now have a complementary, well supported nuDNA phylog-
eny, with which we can assess the differentiation of P. hilpa and gain
further insight into the evolution and phylogeography of this spe-
cies. Our analysis of molecular data suggests that P. hilpa is composed
of five main lineages (Clades A–E) with almost unique sets of haplo-
types and distinct geographic distributions in, respectively, Babuyan
Island, Hainan Island, and the adjacent mainland (Figs. 2–4, S2). In
conjunction with our molecular dating (Fig. 5), the ancestral range
reconstructions (Fig. 7) indicate that a major split (Clades A–E) oc-
curred in the Pleistocene, which provides insights into revealing
the potential impact of climate change on this herbivorous insect
and other terrestrial organisms in subtropical and tropical coastal
areas of southern China, the northeastern margin of the Indo-
Burma region, and adjacent islands.



Fig. 3.Network profile. Network profile based on COI gene of 28 populations. Each haplotype is represented by a circle. The size of the circle is proportional to that haplotype's frequency.
Colours denote lineage membership and are the same as in Fig. 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the online version of this
chapter.)
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3.1. Associations between genetic diversification and phylogeographical
structure in continental area

Geographical isolation (due to distance, water and mountains) sep-
arates populations, impedes gene flow, and generates genetic differen-
tiation, which has been leading to the evolution of new species (viz,
allopatric speciation) in almost all animal groups (e.g., mammals,
birds, frogs and cicadas) [34,36,37]. Rivers have acted as substantial bar-
riers to gene flowwithin numerous species of insects distributed in East
Asia [34]. Our present study based on combined maternally inherited
mitochondrial DNA and bi-parentally inherited nuclear genes provides
a comprehensive framework to analyse the phylogeography and demo-
graphic history of P. hilpa. The population structure of P. hilpa comprises
Table 2
Analysis of molecular variance (AMOVA) for mtDNA data among the five groups (K= 5) and

Gene(s) Source of variation d.f. Sum of squa

COI Among groups 4 599.822
Among populations within groups 10 41.358
Within populations 123 59.412

COI + COII + Cytb Among groups 3 646.521
Among populations within groups 9 192.324
Within populations 93 129.35

Significance test: 1000 permutations; d.f.: degrees of freedom; Va, Vb and Vc indicate the diffe
five large units with high genetic diversity and obvious hierarchy
(Figs. 2, 3). Both phylogenetic and phylogeographical analyses indicate
significant genetic/geographical isolation among these divergent line-
ages (Figs. 2, S2, S3). This implies that geological events, coupled with
past climatic oscillations (see below), play an important role in driving
genetic patterns and differentiation of this cicada species.

The species P. hilpa is primarily distributed in coastal areas of south-
ern China and northern Vietnam, and also occurs in adjacent islands
such as Hainan Island and Babuyan Island (Clades A–E) (Fig. 1a). The
BBM analysis in our study identified “south China” as the ancestral spe-
cies range with high probability, and suggested two independent, con-
temporaneous colonizations from there to southeast China and
northern Vietnam (Fig. 7). The species extends northeastward to
four groups (K = 4) in P. hilpa defined by SAMOVA.

res Variance components Percentage of variation Fixation indices

8.35487Va 71.43 ΦCT:0.79325
0.70154Vb 19.35 ΦSC:0.49687
0.43314Vc 9.22 ΦST:0.88547
16.25483Va 82.13 ΦCT:0.76241
2.15264Vb 15.11 ΦSC:0.85648
0.89654Vc 2.76 ΦST:0.59341

rence level; All values were significant at p b .01.



Fig. 4. Population structure of P. hilpa. (a) Network profile based on nuclear genes (EF-1α, 18S and ITS1 gene, respectively). Each haplotype is represented by a circle. The size of the circle is
proportional to that haplotype's frequency. Colours denote lineagemembership and are the same as in Figs. 1a, 2. (b) Results of genetic assignments based onvariations at sixmicrosatellite
loci obtained using the Bayesian methods implemented in the program STRUCTURE. Individual specimens from the 28 populations were grouped into four main clusters (K = 4);
histogram of the STRUCTURE analysis for the model with K = 7. See Table 1 for the explanation of the population codes. (For interpretation of the references to colour in this figure
legend, the reader is referred to the online version of this chapter.)
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southeast China (Fujian Province), where the populations (e.g., XM and
FZ populations) form an ecologically and phylogenetically distinct
group (Clade B) and are separated from other lineages by the Wuyi
Mountains and Peale River (Fig. 1). The Wuyi Mountain ranges, one of
the oldest ranges in the coastal regions of southeast China, are continu-
ously distributed in a southwest-to-northeast orientation [38,39]. The
Wuyi Mountains not only represent a major dispersal and climatic bar-
rier for organisms [39,40], but also have historically provided refugia for
plants and animals, as the Quaternary glaciation has not occurred there
[41,42]. Our results suggest that the Wuyi Mountains and the Peale
River appear to have promoted the divergence of the southeast China
lineage of P. hilpa from other lineages.

We obtained similar results when estimating the divergence time of
P. hilpa by using BEAST* (concatenatedmtDNAgenes) and BEAST (com-
bined COI and 18SrRNA genes, calibration value 1.55±0.15Ma) (Fig. 5).
Therefore, we mainly focus on the chronogram of P. hilpa based on
BEAST to analyse the divergence time of related lineages of P. hilpa.
During the mid-Pleistocene (~0.88 Ma), the Vietnamese lineage (Clade
E) was split from the south China lineage (Clades D1–D4), and formed
an ecologically and phylogenetically distinct group (Figs. 1a, 5). A
well-known geological process occurred in Asia during the predicted
period and geographical area, the south-eastern lateral extrusion of
the continental landmass under the pressure of the colliding Asian
and Indian plates, is thought to be linked with these cladogenic events
[43–45]. These tectonic movements occurred during the Oligocene
and earlyMiocene starting at approximately 34–30Ma and, then, lateral
extrusion and shearing between 26 and 17 Ma provoked extensive
faulting and folding of the upper crust in southern China and north-
western Vietnam [44,46,47]. This event eventually generated the Song
Chay detachment faults and Ailao Shan–Red River shear zone
[43,48,49], and the local biota has been influenced by this major discon-
tinuity [50].

Our results, whichwere inferred using a comprehensive range of pop-
ulations of P. hilpa, support the key role the geological event played in



Fig. 5. BEAST-derived chronograms. (a) Thedivergence time of P. hilpa and outgroup taxa basedCOI and 18SrRNA gene sequences, constructed using BEAST and drawn by FigTree. Bluebars
indicate the 95% highest posterior density (HPD) credibility intervals for node ages (in Myr ago, Ma). (b) Species tree analysis implemented in *BEAST based on concatenated
(COI+ COII + Cytb) genes, estimated by *BEAST. Darker branches represent a greater proportion of corresponding trees. Consensus trees are presented by solid lines.
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shaping the early phylogeny of this cicada species. Regarding the region of
northeast Vietnam where it is contiguous to southern China, previous
studies on some invertebrate species suggest that the fauna there is
more similar to that of south China instead of northern Vietnam [6].
Therefore, the distributions of P. hilpa in northeast Vietnam and south
China are put together into the same distribution range in our BBM anal-
ysis of ancestral distribution areas (B in Fig. 7a). We infer that the moun-
tains (e.g., Shiwanda Mountains) located in the border area between
China and Vietnam, together with the Song Chay detachment faults and
Red River delta (Fig. 1), have been serving as effective geographical bar-
riers to the dispersal and gene flowof P. hilpa. Given that P. hilpa ismainly
distributed in the coastal areas of southern China, northern Vietnam and
adjacent islands but does not occur in other areas of the Indo-China Pen-
insula [41,43,51,52], we further infer that the geographical barriers be-
tween northern Vietnam and other remaining areas of the Indo-China
Peninsula (e.g., Fansipan and Phu Luong Mountains) have not only split
the ancestral distribution of P. hilpa there, but also have played an impor-
tant role in impeding the further southward spread of this species.
3.2. Impact of past climate change on genetic divergence and
phylogeography of populations of Hainan Island and the adjacentmainland

Past climatic oscillations coupledwith geological events have played
important roles in forming the contemporary genetic diversity and pop-
ulation structure of animals across the globe [2,10], butmost subtropical
and tropical regions were not glaciated during the Pleistocene [53].
Platypleura hilpa represents a typical insect species in subtropical and
tropical Asia, but how this species responded to past environmental
change remained unknown. Our analysis of population structure of
P. hilpa based on the single COI gene and also combinedmtDNA revealed
significant differentiation for populations that occurred in Hainan Island
and the adjacent mainland (Figs. 2, 3, S2). Our results based on nuDNA
and SSR data indicate an intraspecific gene flow among related popula-
tions of P. hilpa. Obviously, the Qiongzhou Strait forms a natural barrier
to the gene flow (Figs. 1a, 4). BEAST analyses (Fig. 5) indicate that the
Hainan populations split from themainland populations at an estimated
time of ~1.08 Ma (95% HPD: 0.76–1.40). This is coincident with the



Fig. 6.Mismatch distributions (left) and Bayesian skyline plots (right) of four clades (Clades B–E) of P. hilpa. The x axis is in units ofmillions of years ago. The y axis is equal to the effective
population size. Estimates of means are joined by a solid line, whereas the upper and lower lines delineate the 95% HPD limits. E means a natural constant and is approximately equal to
2.718. LGM, Last Glacial Maximum.
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early-to-mid-Pleistocene, during which glacial cycles led to sea-level
fluctuation [2,20]. One of the most important factors for interpreting
this population structure could be the role of the Qiongzhou land-
bridge (i.e., the exposure or submergence of the South China Sea
Shelf) [45,54]. The Qiongzhou land-bridge repeatedly amalgamated
Hainan Island with the adjacent mainland during glacial periods when
sea levels were lower [45,46,55]. It is plausible that P. hilpa had reached
the island via dispersal and, with geographic isolation fostering specia-
tion, ancestral populations there could have evolved into ecologically
and phylogenetically independent groups. Genetic admixture between
mainland and island populations could have occurred possibly up to
the last glacial period with themost recent land-bridge. This admixture
scenario is corroborated by the Ecological Niche Modeling (ENM),
which reveals a band of suitable LGM habitat extending from south
China across the Qiongzhou land-bridge to Hainan during the LGM
(Fig. 8b). Correspondingly, continental nuDNA haplotypes are found in
P. hilpa populations occurring on Hainan Island, which reflect strongly
asymmetrical nuclear introgression from mainland populations into is-
land populations, with selection against immigrant nuDNA. In addition,
our results show that the populations of Hainan aremost closely related
to those from south China, but are distantly related to populations of
northern Vietnam (Figs. 2–4). This suggests that the Beibu Gulf (previ-
ous Gulf of Tonkin, shown in Fig. 1) represents a more important geo-
graphic barrier than the Qiongzhou Strait to gene flow among P. hilpa
populations.

Island-mainland distributions have often been considered a model
for the study of isolation and genetic divergence [56]. Compared to
theirmainland counterparts, islandpopulations are generally character-
ized as having lower genetic variation, less among-population differen-
tiation, more significant inbreeding, and a much higher risk of



Fig. 7. Biogeographical ancestral optimization performed with statistical dispersal-vicariance analysis (S-DIVA) and Bayesian binary MCMC (BBM). (a) Distribution map of the four
delimited areas (A–D) used herein. (b) Combined results of the ancestral area reconstructions: coloured pie charts at the nodes indicate the probability of ancestral areas inferred
using a parsimony-based statistical dispersal–vicariance method (S–DIVA). (c) Lineages-through-time (LTT) plot with 95% confidence interval of P. hilpa. Biogeographical regions: A,
southeast China; B, south China and northeast Vietnam; C, the Hainan Island; D, partial region of north Vietnam. (For interpretation of the references to colour in this figure legend, the
reader is referred to the online version of this chapter.)
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extinction [57,58]. The general effects of episodes of warming and
cooling during the Pleistocene on genetic diversity and structure of
tropical and subtropical species remain largely unclear, especially for
endemic taxa of islands. Hainan Island, known as a biodiversity hotspot
in East Asia [28], is located in the transitional zone between tropical and
subtropical regions in the South China Sea. Its fauna has always received
increased attention because of the special geographical location and the
diversified ecological environments [59,60]. The topography of Hainan
Island is diverse, withWuzhi and YinggelingMountains approaching el-
evations of 1800m, rising steeply from the central and southern regions
and giving way to a broad plain in the north (Fig. 1b). Our molecular
analyses revealed that the population structure of the Hainan lineage
of P. hilpa comprises four subclades with high genetic diversity and ob-
vious hierarchy (Clades C1–C4) (Figs. 1b, 2a, 3). High genetic differenti-
ation is observed among SY, QXL and remaining populations of Hainan
Island (Fig. 1b), suggesting that the Wuzhi and Yinggeling Mountain
ranges have been important barriers limiting gene exchange among
populations on different sides of the mountain series. As mentioned
above, continental nuDNA haplotypes are found in P. hilpa populations
of Hainan Island, but no continental mtDNA haplotypes are found
from the island populations. This reflects how high levels of genetic
drift and extinction occurred in the island populations, and/or that
strongly asymmetrical nuclear introgression from mainland popula-
tions into island populations occurred with selection against immigrant
mtDNA [61].

3.3. Long-distance dispersal of cicadas across the ocean

Platypleura hilpa is patchily distributed in the coastal areas of south-
ern China, northernVietnamandmany islands adjacent to themainland
(e.g., Hainan, Mazu, Jinmen and Penghu Islands, shown in Fig. 1), but
does not occur in Taiwan Island [41,51,52]. Recently, Osozawa et al.



Fig. 8. Potential distributions as probability of occurrence for P. hilpa in subtropical Chinamainland, Hainan Island and northern Vietnam. (a) The suitable areas for P. hilpa during the under
present conditions (1950–2000). (b) At the Last Glacial Maximum (LGM). Ecological niche models were established with present bioclimatic variables on the basis of extant occurrence
points (black dots) of the species using MAXENT.
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[35] discovered P. hilpa fromBabuyan (BBY) Island and the Luzon Volca-
nic Arc of the Philippines, where themajority of islands are younger and
have origins in the Quaternary (~1.55 Myr) [62]. There is an active
backarc basin of the Okinawa trough in front the East China Sea,
which started spreading at ~1.55 Ma, leading the forearc area including
the Ryukyu Islands to be subsided [62]. The continental shelf was
reflected by eustatic sea-level change after ~20.5 Ma when the South
China Sea (back arc basin) ceased sea floor spreading [45]. In addition,
there was nomountain building process and sea floor spreading during
this period [45]. Given that the Babuyan Island has never been geo-
graphically connected to Taiwan and the adjacent mainland due to the
absence of a land-bridge there [63], and that cicadas do not have the
ability for long-distance dispersal across the ocean [31], a question
which is raised is: how did P. hilpa disperse long-distance across the
ocean from themainland and/or adjacent islands to Babuyan Island? Al-
though our analyses did not include the P. hilpa population from Penghu
Islands, we proffer that there is a close affinity between this population
and the populations occurring in Xiamen (XM) Island due to their very
close geographical affinity (~140 km). However, ourmolecular phyloge-
netic analyses revealed that the Babuyan population is more closely re-
lated to populations from South China (e.g., ZJ population of Guangdong
Province) rather than to theXMpopulation. Phylogenetic trees based on
combined (COI+ 18S) genes (Fig. 2b) and COI gene haplotype network
(Fig. 3) both imply possible historical dispersal events for P. hilpa from
south China to Babuyan Island, as the haplotype from the latter occupies
“tip” (derived) positions relative to the ancestral haplotype from the
former (south China). Divergence time analysis (Fig. 5a) suggests that
the BBY clade might have been separated from a common ancestor in
the Pleistocene (~1.55 Ma) when Taiwan and Penghu Islands were
linked to the mainland due to the fall in sea-level [62]. But then again,
as the Babuyan Island and Luzon Islands has never been geographically
combined to Taiwan and the adjacent mainland due to the absence of
any land-bridge there [63], we infer that the distribution of P. hilpa on
the Babuyan Island might have been caused by long-distance dispersal
through rafting. This pattern of long-distance dispersal across oceanic
barriers is a rare event, but strong storms and ocean currents can
drive these stochastic processes [64]. Rafting of terrestrial organisms
to remote oceanic islands has been reported from a range of floating
substrates and across all major oceans of the world [65]. For example,
previous studies have indicated that cross-oceanic dispersal of a few
flightless weevils could have resulted from oceanic currents [63]. Our
field investigations reconfirmed that P. hilpa females oviposit in the
dead twigs of its host-plant Ficus microcarpa Linn. F. [66]. This plant is
a common monoecious tree, widely distributed in the fig center area
of Asia-Australasia [67]. It is possible that P. hilpamight have colonized
the Babuyan Island belt after its eggs harbored in the twigs of host-
plants had been rafted on floating substrates from the mainland (most
possibly south China).

Regarding the distribution of P. hilpa only on the Penghu Islands but
not on the neighboring Taiwan Island, one explanation could be that
P. hilpa has dispersed to Taiwan but went extinct. This scenario is sup-
ported by the ENM, which reveals a band of suitable LGM habitat ex-
tending from south China across the South China Sea Shelf to the
Penghu Islands as well as the west coastal area of Taiwan (Fig. 8b). An
alternative explanation could be that this species never spread south-
eastward to Taiwan Island.

3.4. Historical demography

The glacial cycles of the Quaternary resulting in climatic oscillation
and sea-level fluctuation had a significant influence on the evolutionary
history and contemporary distribution patterns of current species in
Vietnam and China, even if this area was not completely covered by
ice sheets [53,68]. Results of our study indicate that the Hainan Island
lineage of P. hilpa (Clade C) shows a “star-like” pattern characteristic
of population expansion,which is confirmed by our Bayesian skyline re-
sults (Table S3; Figs. 3, S2c). As this expansion signal is dated to themid-
Pleistocene (0.68 Ma, 95% CI: 0.39–0.97) (Fig. 6b), it clearly indicates
that this species might have benefited from a host-plant expansion as
a result of the warmer and more humid climates promoted by a stron-
ger Asian summer monsoon during the early Pleistocene in Hainan Is-
land and adjacent areas [59,66]. In addition, the glaciation periods, as
well as the accompanying lowering and rising of sea levels during the
Pleistocene, are known to have greatly affected land mass configura-
tions and plant and animal distributions in Southeast Asia [69]. The pop-
ulations of P. hilpa from south China show genetic imprints of a
demographic expansion as inferred by a negative Tajima's D test and
Fu's Fs test, which is supported by the mismatch distribution analysis
and Rogers test of sudden population expansion [70] (Table S3;
Fig. 6c). This expansion time is estimated to be LGM (Fig. 6c). Maxent
models indicate (Fig. 8b) that this intensification of the subtropical
monsoon climate would have increased levels of precipitation in south
China due to the formation of land-bridges across the South China Sea
[71]. Consequently, the suitable habitats of P. hilpa as well as its host
plants might have expanded southward along with the South China
Sea Shelf, resulting in a rapid population expansion of P. hilpa during
the LGM (Fig. 8b).

The rise of the Tibet–Qinghai Plateau is believed to have had a pro-
found impact on organisms on the Tibetan Plateau itself and neighbor-
ing areas including Guangxi Province, Guangdong Province and
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Hainan Island [72,73]. The distribution pattern of P. hilpa in the main-
land of Southeast Asia indicates that the Yunnan-Guizhou Plateau,
Nanling Mountains and Wuyi Mountains are obstacles to the dispersal
of this species northward, which might be closely related to the post-
glacial development of flora of Southeast Asia [39,40]. Given that this ci-
cada species is patchily distributed in the coastal areas, we infer that his-
torical climate changes together with climate-related sea-level changes
mainly shaped the current distribution pattern and genetic divergence
of P. hilpa, as sea level fluctuations could have led to local extinctions
of some populations or caused populations to be isolated depending
on the size of a landmass and its connectivity to other landmasses. Sub-
sequent dispersal and accumulation of genetic differences of P. hilpa
over time arepossible evolutionarymechanisms that account for the ge-
netic divergence we observed.

3.5. Potential impacts of climate and environment change based on ENM
evidence

Past climate change at larger scales has influenced dispersal and
range shifts inmany taxa [74]. During the past threemillion years global
climate has fluctuated greatly, resulting in the recent major ice age and
substantial changes in the distributions of many living organisms in
temperate and tropical zones [2,5]. Such changes include fragmentation
of previously contiguous habitats of populations in animals, which
might have resulted in both genetic and behavioral divergence. Climate
is often thought to be the predominant range-determining mechanism
at large spatial scales [75]. In particular, habitat loss affects the spatial
pattern of residual habitat and induces microclimatic changes and hab-
itat fragmentation [76]. Habitat fragmentation is a major threat to the
survival of natural populations and to the functioning of ecosystems,
which consequently leads to species endangerment, extinction, and bio-
diversity loss [77,78]. The single-refugium hypothesis generally is based
on a star-like haplotype network in the whole population and would
present decreasing trends on genetic diversity from one single refugium
to the newly colonized routes and/or fringe areas [79]. However, this
pattern was not found for P. hilpa.

Our present study suggests that P. hilpa is likely derived frommulti-
ple glacial refugia rather than a single refugium, as several lines of evi-
dence support the scenario of multiple glacial refugia at least in
Hainan Island and southern China. In detail, not only the mtDNA data
but also the nuDNA data in our study revealed two major distinct hap-
lotype groups (Figs. 3, 4, S2); and especially based on the mtDNA data,
the two lineages (Clade C and Clade D) independently possessed high
genetic diversity (Table S3). As mentioned above, the divergence of
these two lineages dated back to the early Pleistocene, which is much
earlier than the LGM, implying that they had occupied independent gla-
cial refugia where stable suitable environments could have been main-
tained through history [80]. In particular, our ENM of present and paleo
periods (LGM) indicates that stable suitable habitats through time for
P. hilpa existed in both Hainan Island and southern China (Fig. 8). The
ancestral area distribution of P. hilpa indicates that themost recent com-
mon ancestor of the populations in these areas were relatively old
(Fig. 7b). It is therefore plausible to postulate that these regions had
been occupied as the refugia for different lineages of P. hilpa.

Regarding the host plants, P. hilpa is specialized to live on Ficus
microcarpa Linn. F., a common evergreen and native species in subtrop-
ical China [81] and also amain tree species in the tropical forest [67]. Al-
though Chen [82] recorded that P. hilpa was observed perching on
Casuarina equisetifolia Forst in the windbreak forest of Penhu Island,
the author did not note whether this plant is the host plant for this ci-
cada species or not. The population divergence, vicariance and evolu-
tionary history and, in particular, the current distribution of P. hilpa
should be definitely closely related with the historical and current dis-
tribution of its host plant F. microcarpa. We propose that Pleistocene
sea-level fluctuations had profound effects on lineage diversification
and the regional genetic structure of this cicada species. The
demographic history of this species was influenced by habitat require-
ments and changes in climate during the last glacial maximum, which
might have also affected the distribution of the host-plant
F. microcarpa. Our study highlights the importance of physical barriers,
such as mountains, rivers and straits, in shaping the present-day distri-
bution of a species at lower latitudes, and provides insights into reveal-
ing potential impact of geological events on insects in subtropical and
tropical coastal areas of southern China and the northern Indo-China
Peninsula. The outcome of our analyses will contribute to a better un-
derstanding of the pressures climatic change imposes on insects occur-
ring in these areas, particularly those with a long, subterranean pre-
adult stage and low dispersal ability in the adult stage..

4. Materials and methods

DNA extraction, amplification, sequencing in combination with mi-
crosatellite genotyping methods, ecological niche modeling (ENM)
and key environmental variables are described in supplemental
materials.

4.1. Specimen collection

In total, 361 individuals of P. hilpa were sampled from 28 localities
from coastal areas of southeast China (SEC), south China (SC), northern
Vietnam (NV) and Hainan Island (HN) (Fig. 1) (Table 1). Consecutive
samples at a location were collected a minimum of 100 m apart, or in
different fields, to minimize the chance of sampling P. hilpa from the
same colony. After capture, two legs of each individual were immedi-
ately removed, placed in 95% ethanol and later transferred to
a − 80 °C freezer. Two congeneric species, Platypleura kaempferi
(Fabricius) and P. assamensis Atkinson, were chosen as outgroup taxa
for phylogenetic analyses. All specimens used for molecular identifica-
tion and phylogenetic analysis are listed in Table 1.

Sequenced voucher specimens, except for those of the Babuyan Is-
land (BBY) population, were deposited in the Entomological Museum
of Northwest A&F University (NWAFU), Yangling, China.

4.2. Phylogenetic analyses

The most suitable partitioning strategies and evolutionary models
for each partition were estimated using the program
PARTITIONFINDER v1.1.1 [83] by giving the program different potential
groups of 1st, 2nd, and 3rd codon positions of protein-coding genes. The
Bayesian Information Criterion (BIC) was used to compare alternative
partitioning schemes and sequence models. Maximum likelihood
(ML) analysis was executed with the program raxmlGUI v1.3, a graphi-
cal front-end for RAxML [84]. All ML analyseswith the “thorough” boot-
strap setting were run ten times starting from random seeds under the
GTR+ I+Gmodel. Thiswas repeated until the likelihood score and pa-
rameter estimates no longer changed. Trees were initially estimated
under maximum parsimony by stepwise random addition with tree
bisection-reconnection (TBR) branch swapping on ten replicates, keep-
ing the best tree only. Bootstraps [85] were conducted for the ML anal-
yses using the final parameter settings for 100 pseudo replicates, saving
the best tree from ten search replicates per bootstrap replicate. The
bootstrap support value (BS) was evaluated by analysis with 1000 rep-
licates. Concatenated mitochondrial and nuclear genes
(COI + COII + Cytb + EF-1α + 18S + ITS1 and COI + COII + Cytb) to
gain further insight into the population genetic structure of P. hilpa oc-
curring in China and Vietnam. Individual loci (COI and 18S) genes
were analysed independently to reconstruct phylogenetic trees of all
populations before combining them.

BI analysis was conducted using MRBAYES v3.1.2 [86]. The Markov
chain Monte Carlo (MCMC) algorithm was run for 2000,000 genera-
tions, with four incrementally heated chains. The analysis involved
starting from a random tree and sampling every 100 generations. The
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average standard deviation of the split frequency among runswas lower
than 0.01, indicating that the sampling of the posterior distributionwas
adequate. The average standard deviation of split frequencies and the
Potential Scale Reduction Factor (PSRF) were used for examining con-
vergence. The stationarity was determined with the program TRACER
v1.5 [87] by plotting the log-likelihood values versus generation num-
ber. After the first 25% of the yielded trees were discarded as burn-in,
a 50%majority-rule consensus treewith the posterior probability values
was constructed by summarising the remaining trees.

4.3. Genetic diversity and population structure analyses

The haplotypes were defined using DNASP v5.0 [88] based on the
mitochondrial genes andnuclear genes. Genetic diversitywas estimated
using DNASP v5.0 by computing haplotype diversity (h) and nucleotide
diversity (π). To further investigate the relationships among unique
haplotypes, unrooted networks were constructed using two methods:
the neighbor-net algorithm with SPLITSTREE v4.6 [89], and a median-
joining method constructed with default settings in NETWORK v5.0
[90]. The data of the combined mitochondrial genes and three nuclear
genes were concatenated respectively for analysis of the China and
Vietnam populations, as well as COI gene for all populations. In order
to test genetic barriers and to define groups of populations, SAMOVA
2.0 was used to analyse spatial molecular variance, without prior struc-
ture parameters [91]. The proportion of total genetic variance (FCT) was
maximised by the spatial analysis of molecular variance (SAMOVA) be-
cause it was different between population groups to predefine number
of groups (K). SAMOVA was run with K from 2 to 9 on the basis of sim-
ulated annealing steps. In order to estimate genetic variation level
among and within groups, AMOVA [92] was carried on in SAMOVA.
The significance of variance components was detected with permuta-
tions. A three-level hierarchical analysis of molecular variance
(AMOVA) was performed with genetic variation and fixation indices
Fst values implemented in ARLEQUIN v3.5 [93] by computing conven-
tional F-statistics from haplotypes with 1000 permutations. Multiple
methods were performed to understand the population genetic struc-
ture of P. hilpa. First, pairwise Fst was examined using ARLEQUIN v3.5
between each pair of the sampled populations; then, Mantel tests of
the genetic distance [Fst/(1-Fst)] vs the geographical distance (ln km)
based on mitochondrial genes calculated with the software ZT v1.1
[94] were conducted to estimate the level of isolation by distance.

The individual-based genetic structure of the SSR loci was also eval-
uated. The number of P. hilpa populations was determined using a
Bayesian genotypic clustering method in STRUCTURE v2.3.3 [95].
Mean values were calculated from 10 simulations for each model (k ¼
2–7) assuming admixture and correlated allele frequencies between
populations with a 500,000 replications burn-in period and 500,000
Markov Chain Monte Carlo replicates. As suggested by Hubisz et al.
[96], sampling locality was set as a priority to magnify potential signals
of population structuring. The criteria identifying the most likely num-
ber of clusters followed Pritchard et al. [97] and Evanno et al. [98]; the
evaluation conducted in the website of STRUCTURE HARVESTER [99].
CLUMPP v1.1.2 [100] was carried out to merge the results from replica-
tions of each K, and bar plotting results were created with DISTRUCT
v1.1 [101].

4.4. Divergence time estimation

The divergence times for the haplotype lineages based on combined
COI and 18SrRNA genes were estimated using the software BEAST v1.8.2
[102]. As presented in Osazawa et al. [62], the Ryukyu Islands were iso-
lated from China at 1.55 Ma which were not gradually separated, but
synchronously subsided (but not completely submerged). After care-
fully consideration, the differentiation between each of the most recent
common ancestor (MRCA) of the endemic P. hilpa of the Babuyan Island
population and the remaining lineages, began at 1.55 ± 0.15 Ma based
on the geological evidence for island separation, was used, i.e., a date of
1.55 ± 0.15 Ma was input into BEAUti for the time to MRCA for P. hilpa.
Running BEAST was done by incorporating each xml input file made by
BEAUti. TRACER v1.5 [87] was used to verify the posterior distribution
and the effective sample sizes (ESSs) from the MCMC output.
TREEANNOTATOR v1.10 was used to find a maximum credibility tree
with the annotation of mean node ages and the 95% highest posterior
density (HPD) intervals [103]. We assessed whether a ESS N 200 was
achieved for all parameters after the analyses. The tree with divergence
time estimates was displayed using FIGTREE v1.4.3 [104]. The same set-
tings for three independent runs were used in order to ensure the con-
sistency of the results.

Because an uncalibrated molecular clock analysis can offer a way to
estimate approximate divergence times, although it is not ideal, when
no calibration information (e.g., fossil data) are available [32,34,105],
we also used *BEAST to estimate divergence time based on all of the
concatenatedmitochondrial sequences to further test the lineage diver-
gence time revealed in the mitochondrial haplotypes [106]. The pro-
posed conventional mutation rates for insect mitochondrial COI gene
2.3% per million years (i.e., 0.0115 substitutions/site per lineage) was
used [107]. The set of parameters was the same as that used with the
mitochondrial haplotypes.

4.5. Demographic history analysis

Demographic history was analysed for all the groups identified via
the package DNAsp. We calculated Tajima's D (D) and Fu's Fs statistic,
and ran 10,000 coalescent simulations for each statistic to create 95%
confidence intervals to investigate the historical population demo-
graphics and test whether the sequences conformed to the expectations
of neutrality. Pairwise mismatch distribution analyses were performed
tofindevidence of past demographic expansionsusing DNASP v5.0. His-
torical demographic trends were investigated through a mismatch dis-
tribution analysis using ARLEQUIN v3.5 to detect expansion through
the linear fitting of observed and simulated curves with the significance
of two parameters (SSD and Hrag). The population history was also in-
vestigated by estimating the changes in the effective population size
over time using a Bayesian skyline plot [108] implemented in the soft-
ware BEAST v1.8.2. This approach incorporates uncertainty in the gene-
alogy using MCMC integration under a coalescent model. The
piecewise-linear skylinemodelwas selected for the Bayesian skyline co-
alescent tree priors. Chains were run for 200million generations with a
sampling every 20,000 generations. The convergence and output of
BEAST were checked and analysed using TRACER v1.6.

4.6. Ancestral area reconstructions and diversification rate through time

Bayesian binary MCMC (BBM) analysis and statistical dispersal-
vicariance analysis (S-DIVA) implemented in RASP v3.0 [109]were con-
ducted using trees retained from the intraspecific BEAST analysis to re-
construct the geographical diversification of P. hilpa. In order to prevent
biasing inferences towards wide or unlikely distributions, the outgroup
was pruned for ancestral state reconstructions. According to the distri-
bution range of the four phylogroups, the distribution range of P. hilpa
was divided into four main areas (A, southeast China; B, south China
and northeast Vietnam; C, Hainan Island; D, partial region of north
Vietnam; the eastern watershed of Pearl River is the boundary of A
and B, and the Song Chay detachment faults separate B and
D) (Fig. 7a). The DIVA method was used in a statistical context by
these two analyses to calculate the probability of ancestral areas over
a Bayesian posterior distribution of tree topologies. Given phylogenetic
uncertainty, the estimation of ancestral area marginal probabilities has
been suggested to decrease uncertainty in the biogeographical recon-
struction [110]. The number of maximum areas at each node was set
to six. To account for phylogenetic uncertainty, 5000 out of 20,000
post-burn-in trees from BEASTwere randomly chosen for BBManalyses
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[111]. The root distributionwas set to null, 10MCMC chainswas applied
with the F81 + Γ model running for 106 generations, and sampled the
posterior distribution every 100 generations; the first 25% sampled
were discarded as burn-in.

To account for phylogenetic uncertainty, 1000 randomly selected
trees we used from the postburn-in BEAST trees. Parsimony reconstruc-
tion was conducted in MESQUITE 3.04 [112] by using the ‘trace charac-
ter over trees’ option and unordered character state transformations. A
multiple lineage-through-time plot (LTT) was used to display the over-
all pattern of diversification in P. hilpa graphically. Each plot was imple-
mented with the R package APE [113] using a 1000 random tree-set
derived from the BEAST output and the consensus chronogram ar-
ranged for the ancestral state reconstruction, removing time by time
the outgroup samples and unnecessary species of P. hilpa.
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