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Abstract
Continental islands are useful models to explore the roles of shared historical factors in the evolution of sympatric species.
However, China’s largest continental group of islands, the Zhoushan Archipelago, was neglected by most studies focusing
on biodiversity hotspots. Here we investigated the phylogeographic patterns and the historical demography of two sympatric
hemipteran insects (Geisha distinctissima and Megacopta cribraria), which shared historical factors in the Zhoushan
Archipelago. The results based on mtDNA (COX1, COX2-COX3, and CYTB) and nDNA (28S and ITS2) showed that G.
distinctissima diverged into three genetic lineages (L1–L3) ~8.9–13.7 thousand years ago (kya), which coincided with the
period of island isolation. However, the three lineages exhibit no clear phylogeographic patterns for frequent asymmetrical
gene flow (starting around 5 kya) from the mainland and adjacent islands to other distant islands due to subsequent human
activities. In contrast, only one genetic lineage exists for M. cribraria, without any phylogeographic structures. The ancestral
range in the mainland as well as in neighboring islands, together with the frequent asymmetrical gene flow of M. cribraria
(from the mainland and neighboring islands to more distant islands) within the last 5000 years suggests that human activities
may have lead to the colonization of this species in the Zhoushan Archipelago. The contrasting genetic structures indicate
shared historical factors but independent evolutionary histories for the two sympatric species in the Zhoushan Archipelago.
Our demographic analysis clearly showed that both species underwent population expansion before 5 kya during the post-
LGM (Last Glacial Maximum), which indicates that the two species shared concordant historical demographies. This result
suggests that the population size of the two species was affected similarly by the climatic oscillations of post-LGM in
Eastern China. Together, our findings reveal that the two insect species in the Zhoushan Archipelago exhibit contrasting
genetic structures despite concordant historical demographies, which provides an important framework for the exploration of
the evolution patterns of sympatric species in the continental island.

Introduction

Islands represent ideal model ecosystems to explore the
evolutionary processes of organisms. As islands are geo-
graphically isolated and fragmented habitats, they have long
been used to investigate the mechanisms of biodiversity,
speciation, adaptive radiation, and long-distance dispersal
over oceans (Cowie and Holland 2006; Weigelt and Kreft
2013). Numerous studies have investigated oceanic islands,
as they were never connected to any landmass and thus
initially presented empty niches (Paulay 1994; Duryea et al.
2015). In contrast to oceanic islands, continental islands
were intermittently connected with neighboring continents
by the fluctuation of sea levels during Pleistocene
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glaciation, especially the Last Glacial Maximum [LGM,
∼1.8–2.3 thousand years ago (kya)] during the late Pleis-
tocene (Tsukada 1988). Phylogeographic studies have pro-
vided empirical evidence that several historical events (e.g.,
climatic oscillation and the rising of sea level) can provide
insight into the geographical distribution and demographic
history of many flora and fauna populations worldwide
(Byun et al. 1997; Bittkau and Comes 2005; Huang and Lin
2011; Campagna et al. 2012; Yang et al. 2017). Compara-
tive phylogeography for multiple species has shown that
sympatric species can exhibit concordant phylogeographic
patterns because of shared historical events (Lyons 2003;
Luo et al. 2016). However, several studies have identified
contrasting phylogeographic patterns in many sympatric
species, including invertebrates and mammals (Taberlet
et al. 1998; Ditchfield 2000; Michaux et al. 2005; Lejeusne
et al. 2011). As a result of the discordance in phylogeo-
graphic patterns, the impact of common historical events on
phylogeographic patterns and evolutionary histories of
sympatric species remains under debate (Rossetto et al.
2007).

The comparative phylogeography on continental islands
primarily focuses on biodiversity hotspots such as the

archipelagos in the Mediterranean, North Eastern Europe,
and Ryukyu of East Asia (e.g., Papadopoulou et al. 2009;
Weese et al. 2013; Suzuki et al. 2014; Parmakelis et al.
2015; Kubota et al. 2017). To date, few studies have been
conducted on the continental islands of China, despite the
fact that tens of thousands of islands are located on the
coastal continental shelf, reaching from the tropical to the
temperate zone of the Northern Hemisphere. The Zhoushan
Archipelago is located in the northeast of Zhejiang Province
in East China Sea (Fig. 1). The archipelago consists of 1339
islands and thus constitutes the largest archipelago in China.
These islands were originally part of the Tiantai Mountain
range. They were separated from the mainland following
the rise of sea levels during the late Pleistocene and were
totally isolated about 7–9 kya during the Holocene (Wang
et al. 2014). The Zhoushan Archipelago is characterized by
relatively low species richness and a small geological set-
ting. To date, few species have been investigated on the
islands adjacent to the mainland (Hu et al. 2006; Chen et al.
2008). Recently, Wang et al. (2014) studied the influence of
geographic isolation on the genetic diversity between the
mainland and island populations of pond frogs (Pelophylax
nigromaculatus) across the entire Zhoushan Archipelago.

Fig. 1 Sample collection of the
two species and the geographical
distribution of different lineages
of G. distinctissima. Locations
of sampling are shown as
different geometric shapes.
Proportion of different lineages
in one population is marked in
different colors based on the
number of haplotypes belonging
to each lineage
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The authors hypothesized that the decreased genetic diver-
sity and genetic differences among populations may have
been caused by the geographic isolation of islands. How-
ever, the impact of geographic isolation on the phylogeo-
graphic pattern of sympatric species in the Zhoushan
Archipelago has not been evaluated. A growing body of
archaeological evidence (e.g., woody paddles and ceramic
boat) indicates that, in addition to natural causes, humans
were active in the area for at least 5400 years (Zhao 2007;
Zheng et al. 2016). Human activities can affect the genetic
structure and population demography of species. For
example, phylogeographic analysis of the weasel (Mustela
nivalis) in the Western-Palearctic region indicated that
human intervention resulted in population dispersal across
the Mediterranean islands (Lebarbenchon et al. 2010).
Similarly, species colonization mediated by human activ-
ities was also reported for the Oriental fire-bellied toad
(Bombina orientalis) in Northeast Asia (Fong et al. 2016).
This study suggested that rice cultivation may have facili-
tated the expansion of the toad population by providing
additional breeding habitat for the species. Therefore, the
Zhoushan Archipelago provides a suitable model ecosystem
to investigate the combined influence of geographic isola-
tion and human activities on the evolutionary processes of
sympatric species.

Geisha distinctissima (Fulgoromorpha: Flatidae) and
Megacopta cribraria (Pentatomomorpha: Plataspidae) are
two hemipteran insects. Both species are widely distributed
in Southern China (Suiter et al. 2010; Zhang et al. 2010).
Geisha distinctissima is characterized by univoltine per
year, with nymphs reaching adulthood between July and
October, and eggs produced during late summer/autumn for
wintering (He et al. 2013). Being a polyphagous insect, this
species inhabits fruit trees (e.g., orange and pear), tea plants,
shrubs (e.g., Pyracantha fortuneana and Neoltisea sericea),
and macrophanerophytes (e.g., Cinnamonum campora,
Sapium sebiferum, and Magnolia grandiflora) (Zhang et al.
2010; Yu and Chen 2013). Many of these plants provide
material for human livelihood (e.g., food, making tools, and
building house), which suggests that the insect is related to
human activities. M. cribraria is multivoltine with three
generations per year in Southern China (Wu et al. 2006).
Adults emerge from March to October and overwinter by
hiding in shelters, such as cavities under the tree bark and
leaf litter adjacent to their host plants. This insect is an
agricultural pest and mainly damages soybean (Glycine
max) and kudzu (Pueraria montana) (Suiter et al. 2010;
Zhang et al. 2012). During our sample collection in the
Zhoushan Archipelago, we found that the two species are
sympatric in most sampling locations. Therefore, we con-
ducted a comparative phylogeographic analysis of co-
occurring G. distinctissima and M. cribraria based on
mitochondrial (mtDNA) and nuclear DNA (nDNA) to

investigate the impact of geographic isolation and human
activities on their evolutionary histories in the Zhoushan
Archipelago.

Materials and methods

Taxon sampling and DNA sequencing

In total, 496 specimens (G. distinctissima: 247; M. cri-
braria: 249) were collected from 17 locations in the
Zhoushan Archipelago (14 locations of 12 islands repre-
senting the entire range of the archipelago) and adjacent
mainland (three locations) (Table 1 and Fig. 1). All samples
were preserved in 95% ethyl alcohol and stored at −20 °C.
Genomic DNA was extracted from leg tissues using a Blood
& Tissue Geniomic DNA Kit (TIANGEN, Beijing). The
mitochondrial cytochrome oxidase subunit 1 (COX1),
cytochrome c oxidase subunit 2 (COX2) to cytochrome c
oxidase subunit 3 (COX3), including two tRNA (Lys and
Asp) and two ATP synthase F0 subunits (ATP6 and ATP8),
and cytochrome b (CYTB) were amplified using specific
primers (Table S1 in Appendix S1). PCR was performed in
25 μL volume containing 12.5 μL Premix Taq™ (Takara
Bio, Dalian), 0.8 μL of each primer, 0.6 μL DNA template,
and 10.3 μL ddH2O. The thermal regime consists of 5 min
initial denaturation at 94 °C; followed by 35 cycles of 30 s
denaturation at 94 °C, 40 s annealing at 50–55 °C, and
1 min extension at 72 °C; and a final extension for 10 min at
72 °C. Nuclear fragment ITS2 and the D2 variable region of
28S rDNA were also amplified following the same reaction
protocols with annealing at 55–60 °C. PCR products were
examined by 1% agarose gel electrophoresis, and suitable
products were sequenced using an ABI 3730 automated
sequencer (TsingKe, Beijing). Several PCR products with
multiple bands were purified and cloned with pDM19-T as
vector and Trans5α cell as competent cell following stan-
dard protocols. Four clones of plasmid DNA of each sample
were sequenced by universal M13 primers. DNA sequences
were assembled by SeqMan in DNAStar Lasergene v7.1.0
package (DNASTAR, Madison, WI, USA) and aligned by
MUSCLE in MEGA 7 (Kumar et al. 2016). In order to
avoid false nucleotide polymorphism, several sites with
missing data in sequences were discarded. All newly
obtained sequences have been submitted to GenBank with
accession numbers MK427708-MK429678 (Tables S2 and
S3 in Appendix S1).

Genetic diversity and population genetic structure

The haplotype and genetic diversity of each sampling
location [including the number of haplotype (Nh), haplotype
diversity (Hd), and nucleotide diversity (π)] were calculated
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using DNASP v5.10.01 (Librado and Rozas 2009). Several
approaches were independently employed to estimate the
population genetic structure of the two species. A Bayesian
inference method was firstly employed using BAPS
v6.0 software (Cheng et al. 2013). In order to ensure sta-
bilized clustering, the model for spatial clustering of groups
with 20 runs was used. Median-joining network analysis of
haplotypes with default parameters was conducted to esti-
mate the population genetic structure using Network v4.6
(Bandelt et al. 2000). In addition, hierarchical analysis of
molecular variance (AMOVA) was used to further test the
validity of the predefined lineages in Arlequin v3.5
(Excoffier and Lischer 2010).

Phylogeographic patterns and estimation of
divergence time

The software package SplitsTree v4 (Huson and Bryant
2005) provides a framework for evolutionary analysis using
both trees and networks based on P-distance. It was there-
fore employed to identify phylogenetic signals of both
mtDNA and nDNA haplotypes. Next, the phylogenetic tree
among populations of the two species was reconstituted
using MrBayes v3.2.6 (Ronquist et al. 2011) through the
online CIPRES workspace (http://www.phylo.org).
Recently, Hosokawa et al. (2014) used a species of Cop-
tosoma as the outgroup and successfully determined the
origin of invading M. cribraria in North America. There-
fore, C. bifaria (GenBank accession: EU427334) was
selected as the outgroup for M. cribraria populations. In
addition, phylogenetic analysis of the family Flatidae based
on mtDNA showed that Salurnis marginellus was located in
a clade more basal than that of G. distinctissima, with
relatively high branch support values (unpublished data).
Thus, S. marginellus was selected as the outgroup for G.
distinctissima populations. In order to avoid over-
parameterization leading to bias estimation of bipartition
posterior probabilities (Lemmon and Moriarty 2004) or
nonidentifiability of model parameters (Marshall et al.
2006), the combined mtDNA and combined nDNA were
independently employed for phylogenetic analysis. The
best-fit models of nucleotide substitution were selected by
the jModelTest v2.1.7 (Darriba et al. 2012) based on Akaike
information criterion, Bayesian information criterion, and
decision theoretic performance-based approach. The opti-
mal models, determined by at least two model-selecting
approaches, were implemented for phylogenetic analysis.
For MrBayes analysis, two independent runs were con-
ducted for 100 million generations with trees sampled for
every 10,000 generations. The first 25% of the sampled
trees were discarded as burn-in. The effective sampling
sizes (ESSs > 200) and the posterior distribution were
examined by Tracer v1.6 (Rambaut et al. 2014). The

maximum clade credibility tree with posterior clade prob-
ability was obtained with TreeAnnotator v1.8.4 in the
BEAST package (Drummond et al. 2012). The divergence
time was estimated using a coalescence-based model with
an uncorrelated lognormal relaxed clock and constant size
tree prior in BEAST v1.8.4 (Drummond et al. 2012). The
relaxed clock model allows different clock rates among tree
branches. The analysis was performed using the proposed
conventional mutation rate of insect COX1 gene of 2.3%
per million years (Brower 1994). The analysis on both
species ran 10 million generations, with trees sampled for
every 10,000 generations and the first 10% of samples as
burn-in. The ESSs and the posterior distribution were
monitored by Tracer v1.6. The tree and divergence time
were visualized using FigTree v1.3.1.

Ancestral range assessment

In order to evaluate the ancestral range of the two species,
the distribution of both species was subdivided into four
geographical areas based on the distance of the islands from
the mainland or Zhoushan Island (Table 1). S-DIVA and
Bayesian Binary MCMC (BBM) methods were used to
estimate the ancestral distribution using the RASP
(Reconstruct Ancestral State in Phylogenies) software
(RASP v3.0; Yu et al. 2015). S-DIVA is a modified version
of the Dispersal–Vicariance Analysis (DIVA) model, which
can calculate the occurrence of an ancestral range at a node
using the frequency of all alternative reconstructions (Yu
et al. 2010). BBM is primarily designed for the recon-
struction of ancestral range, with the probabilities of each
unit area in a given node generated by MrBayes. For our
purpose, the maximum clade credibility tree obtained by
phylogenetic reconstruction was employed for both meth-
ods with default parameters, and the setting of Jukes-Cantor
model+G in BBM was as per a previous study (Perrot‐
Minnot et al. 2018).

Population demography and gene flow

Neutrality analysis was conducted to investigate the demo-
graphic history of the two species. Under the assumption of
neutrality, the expanded population usually exhibits negative
values for both Tajima’s D and Fu’s FS. Pairwise mismatch
distributions were also conducted to confirm the historical
demography of the two species. It has previously been shown
that the unimodal mismatch distribution represents population
expansion, while multimodal formats represent populations
whose size remains constant (Rogers and Harpending 1992).
In addition, statistical parameter raggedness (Rg) index and
the sum of square deviations (SSD) were also calculated to
further confirm the demographic history of both species. A
small value of the Rg index indicates an expansion event of
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populations, and a significant SSD value shows the stability
of the population size (Dsouli-Aymes et al. 2011). Both
indices were calculated in Arlequin v3.5. The population size
dynamics over time was estimated with the best-fit models of
nucleotide substitution using Bayesian Skyline Plot (BSP) in
BEAST. The Markov Chain was used to run 100 million
generations, with trees sampled for every 10,000 steps and the
first 25% samples as burn-in. The coalescent Bayesian skyline
method was conducted under an uncorrelated lognormal
relaxed clock model. The parameter estimates and ESS values
were monitored by Tracer v1.6.

The gene flow among the defined lineages of the two
species was estimated. The mutation-scaled population size
(θ; θ=Neμ, where Ne is theeffective population size and μ

themutation rate per generation) and the mutation-scaled
migration rate (M; M=m/μ, where m is themigration rate)
were calculated using Bayesian inference in Migrate v3.6
(Beerli and Felsenstein 2001). Parameters were set as long-
inc= 20, long-steps= 1,000,000, burn-in= 100,000. To
increase the efficiency of the MCMC, four heating chains
from cold to boiling were used with parameter setting at 1,
1.5, 3, and 10,000. Although the Bayesian inference is more
efficient in searching parameter space than the ML approach,
the convergence among runs remains uncertain (Beerli 2005).
Therefore, each run was repeated three times. The mean
values of the average M were counted, and their statistical
differences were examined by T-tests to evaluate dispersal
patterns among defined lineages for the two species.

Results

Genetic diversity and population genetic structure

We obtained a 2811/2604 bp combined mtDNA fragment
(COX1: 840/793 bp, COX2-COX3: 1110/1062 bp, and
CYTB: 861/749 bp) without pseudogenes and nuclear copies
from 242/249 individuals in G. distinctissima and M. cri-
braria, respectively. A 650-bp combined nDNA fragment
(28S rDNA:125 bp, ITS2: 525 bp) was obtained from G.
distinctissima (sequences for 28S rDNA are listed in
Appendix S2). For unknown reasons, we failed to obtain the
ITS2 fragment in M. cribraria even after multiple attempts.
By following our protocol, we only obtained a 488-bp
fragment of 28S rDNA from all sampled individuals in M.
cribraria. Eighty-four (in G. distinctissima) and 127 (in M.
cribraria) haplotypes were identified using the combined
mtDNA fragment in the two species (Tables S4 and S5 in
Appendix S1). In contrast, relatively few haplotypes (25 in
G. distinctissima and 4 inM. cribraria) were obtained in the
two species when using nDNA fagment (Tables S6 and S7
in Appendix S1), which suggests that the nDNA fragment is
highly conserved in both species.

BAPS analysis based on mtDNA showed that three distinct
lineages (L1–L3) were recognized in G. distinctissima (Fig.
2a). However, these three lineages did not exhibit clear geo-
graphical patterns. Populations from MAI (mainland) dis-
tributed into L2 (XY) and L3 (RYS), and clustered with
populations from AMI (adjacent-mainland islands: LHJT,
LHTM, TH, JT, ZW, QTS, ZJJ). Populations from AMI
scattered across all three lineages without clear geographical
separation. Interestingly, populations from AZI (islands
adjacent to Zhoushan Island: XS, DS, DJ, QS) and RIS
(remote islands: GQ & SJ) were isolated from each other. The
former nested into L2, while the latter nested into L1. Con-
sistent with our BAPS analysis, the mtDNA haplotype net-
work also identified the three lineages (L1–L3) divided by
several missing haplotypes and mutations (Fig. 2b). Most
haplotypes in L1 and L2 were derived from the ancestral
haplotype H_1 and H_15 in one or two steps. Geographical
mapping of the three lineages showed that they also lacked
observable geographical separation (Fig. 1). In addition, we
identified two lineages in G. distinctissima by BAPS analysis
using the nDNA fragment (Fig. S1 in Appendix S3).
Nevertheless, the haplotype network derived by nDNA frag-
ment displayed a star-shaped network without any discernable
genetic structure (Fig. 2c), which suggests that the division of
the two lineages in G. distinctissima is unreliable for the
conservation of nDNA fragment. BAPS analysis based on
both mtDNA and nDNA failed to identify any distinguishable
genetic structure among the populations of M. cribraria (data
not shown). Additional network analysis using mtDNA hap-
lotypes showed that populations of M. cribraria presented
only one lineage with a star-shaped network (Fig. 3a). Most
haplotypes were derived from a few ancestral haplotypes
(H_5, H_8, H_18, H_29, H_34 and H_47), which suggests
potential recent expansion events of M. cribraria. Network
analysis on nDNA of M. cribraria showed that haplotype
H_1 was shared by almost all individuals with only three
derived haplotypes (Fig. 3b).

For mtDNA, AMOVA analysis of the three lineages in
G. distinctissima showed that the largest variation was
distributed among lineages (74.1% P < 0.001) (Table 2),
which suggests that the three lineages exhibit strong genetic
divergence. When comparing only AZI and RIS groups, we
found that they exhibit significant genetic difference, with
~50% variation (P < 0.001) (Table 2). In contrast, the lar-
gest variation (95.55% variation, P < 0.001) of nDNA
occurs within G. distinctissima populations (Table 2).
However, the variations of both mtDNA and nDNA were
distributed within M. cribraria populations (Table 2),
indicating that M. cribraria exhibits little genetic diver-
gences among populations. In addition, it seems that the
genetic diversity among MAI, AMI, AZI, and RIS for both
species differs on the basis of mtDNA (Table 1). However,
AMOVA analysis for the four groups showed the largest
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genetic variation for both species distributed within groups
(Table S8), which suggests that populations among the four
regions exhibit little genetic difference.

Phylogeographic patterns, divergence time, and
ancestral distribution

Our SplitsTree analysis for G. distinctissima also identified
three distinct lineages on the basis of mtDNA haplotypes
(Fig. S2 in Appendix S3). The monophyly of the three
lineages was further verified by phylogenetic analysis based

on mtDNA haplotypes (the best-fit model: HKY+ I+G)
(Fig. 4). However, we failed to determine the exact rela-
tionship among the three lineages due to their relatively low
support values. Our haplotype network of the mtDNA
fragment shows that L3 is divergent from the other two
lineages, while the phylogenetic tree of the three lineages
shows that L1 is the basal clade. The divergence time
showed that the three lineages began to separate at around
13.7 kya (95% HPD: 13.5–13.8 kya) and thoroughly formed
before 8.9 kya (95% HPD: 7.4–10.4 kya). S-DIVA analysis
showed that the potential ancestral range of G.

Fig. 2 Genetic structures of G. distinctissima based on mtDNA and
nDNA. a BAPS analysis based on mtDNA; b network map based on
mtDNA; c network map based on nDNA. The size of circles represents

the number of individuals for the haplotype. The numbers in the square
brackets are mutations
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distinctissima lay in the AMI+ RIS region with an occur-
rence frequency of 100% (Fig. S3a in Appendix S3).
Although the BBM method performed poorly (Fig. S3b in
Appendix S3), this result suggests that the ancestral range of
G. distinctissima may originate in the AMI+ RIS region.
Similar to the results of the other two analyses (BAPS and
network analysis) derived from nDNA, SplitsTree analysis
based on the same fragment also failed to identify obser-
vable genetic lineages in G. distinctissima (Fig. S4 in
Appendix S3). Therefore, we omitted the phylogenetic
analysis, analysis of divergence time, and ancestral range
evaluation using the nDNA fragment.

Both SplitsTree and phlylogenetic analysis based on
mtDNA haplotypes (the best-fit model: HKY+ I+G)
showed that populations of M. cribraria failed to yield
discernible genetic structures (Figs. S5 and S6 in Appendix
S3). As the phylogenetic signal of the mtDNA fragment

was insufficient, we also omitted the estimation of diver-
gence time among populations of M. cribraria. Analysis of
ancestral range showed that both methods (S-DIVA and
BBM) performed poorly in determining the ancestral dis-
tribution of M. cribraria (Fig. S7 in Appendix S3).
Nevertheless, these results suggest that the potential
ancestral range lies in the MAI or MAI+AMI region. In
addition, only four haplotypes were identified on the basis
of nDNA in M. cribraria, with most individuals sharing
haplotype H_1. This observation suggests that the amount
of variation based on nDNA is insufficient to estimate the
genetic structure and divergence time.

Demographic history and gene flow

Neutrality tests on both species identified significant nega-
tive values of Tajima’s D and Fu’s FS (except nDNA in M.

Fig. 3 Network map of M. cribraria. a network map based on mtDNA; b network map based on nDNA. The circle size represents the number of
individuals for the haplotype
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cribraria) with P < 0.05 (Table S9 in Appendix S1), which
suggests that the two species may have undergone popu-
lation expansion. Although the multimodal format of mis-
match distribution was identified based on mtDNA in G.
distinctissima, the small Rg index and the lack of significant
SSD imply that populations of G. distinctissima exhibit
recent expansion events (Fig. 5a). The BSP analysis showed
that the size of G. distinctissima populations increased
rapidly before the genetic divergence of the three lineages
(L1–L3), and a mild expansion event occurred at 5–9 kya
(Fig. 5b). In M. cribraria, a canonical unimodal mismatch
distribution with a small Rg index and no significant SSD
was identified using mtDNA, which indicates that the spe-
cies had undergone a more recent population expansion
(Fig. 5c). The BSP analysis also shows that M. cribraria
experienced a slow increase in population size until
~7.5 kya, and since then maintained a stable population size
(Fig. 5d).

To estimate the dispersal patterns of the two species in
the Zhoushan Archipelago, the gene flow among different
regions was analyzed using mtDNA (Fig. 6 and Table S10
in Appendix S1). As shown in Fig. 6, a markedly asym-
metric gene flow occurred in G. distinctissima from AMI to
MAI. For M. cribraria, however, we identified an antipodal
gene flow direction. To estimate the gene flow of the entire
region in the Zhoushan Archipelago and its adjacent
mainland, we combined the regions of MAI and AMI. Our
estimation clearly showed that both species exhibited

frequent asymmetrical gene flow from MAI+AMI to dis-
tant islands. Furthermore, the migration rates distinctly
increased in recent 5 kya, which suggests that the frequent
asymmetrical gene flow occurred no earlier than 5 kya in
both species (Fig. S8 in Appendix S3).

Discussion

In summary, our study clearly demonstrates that, although
G. distinctissima and M. cribraria exhibit concordant his-
torical demographies, they feature contrasting genetic
structures in the Zhoushan Archipelago. During our analy-
sis, we found that the mtDNA fragment contains more
signal sites than the nDNA fragment, which provides rela-
tively high resolution for the genetic structures and the
demographic history of the two species. It has previously
been reported that, due to its maternal inheritance, mtDNA
alone cannot reveal the complete historical processes of a
species with different evolutionary histories between males
and females due to wing polymorphism (Gäde 2002).
However, no reports have been published to date about the
differences in wing morphology and dispersal ability
between males and females of both G. distinctissima and M.
cribraria. Therefore, although our hypothesis is mainly
derived from the analysis of our mtDNA dataset, it clearly
reflects the complete evolutionary history of the two
species.

Table 2 Results of NAMOVA for the two species based on mtDNA and nDNA fragments

Species Source of variation d.f. Sum of squares Variance components Percentage of variation Fixation index

mtDNA fragment

G. distinctissima Among lineages 2 886.853 6.592 74.1% FST= 0.741 P= 0.000

Within lineages 240 553.851 2.308 25.9%

Total 242 1440.704 8.900

AZI & RIS group:
between groups

1 159.284 2.986 49.59% FST= 0.496 P= 0.000

AZI & RIS group:
within groups

104 315.706 3.036 50.41%

AZI & RIS
group: total

105 474.991 6.022

M. cribraria Among populations 14 121.563 0.425 20.75% FST= 0.208 P= 0.000

Within populations 235 381.617 1.624 79.25%

Total 249 503.180 2.049

nDNA fragment

G. distinctissima Among populations 14 9.410 0.018 4.45% FST= 0.045 P= 0.000

Within populations 227 87.602 0.386 95.55%

Total 241 97.012 0.404

M. cribraria Among populations 14 1.807 0.002 2.64% FST= 0.026 P= 0.091

Within populations 234 20.860 0.089 97.36%

Total 248 22.667 0.092
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Frequent asymmetric gene flow of the two species

Our comparative analysis shows that both G. distinctissima
and M. cribraria exhibit little genetic divergences among
populations located in the Zhoushan Archipelago and the
adjacent mainland. Mainland populations usually display

higher genetic diversity than the island populations
(Frankham 1997). A recent comparative analysis on pond
frogs (P. nigromaculatus) in the Zhoushan Archipelago also
put forward the same conclusion (Wang et al. 2014). This
study suggested that the genetic differences between
mainland and island populations may be shaped by island

Fig. 4 The phylogenetic tree and divergence times of G. distinctissima based on mtDNA. The numbers on the top of the bar show the posterior
probability and the numbers below represent the divergence time with 95% HPD
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isolation due to the rise of sea level during the Holocene.
However, our results indicate that both insect species
underwent frequent asymmetrical gene flow events, starting
from the mainland and adjacent islands region, and
spreading toward more distant islands, which may have
resulted in genetic homogenization of the populations on
the mainland and across the Zhoushan Archipelago. Fur-
thermore, the gene flow occurred no earlier than 5 kya, and
exhibited an increasing trend over time. Previous arche-
ological studies have suggested that humans dwelled in the
Zhoushan Archipelago for at least 5400 years (Zhao 2007;
Zheng et al. 2016). Subsequently, human activities between
the Zhoushan Archipelago and mainland increased with the
development of shipbuilding in China (Fang 2008).
Therefore, human activities may have resulted in the fre-
quent asymmetrical gene flow among populations for both
species. In addition, most of the host plants for the two
species are vital for the development of human civilization.
Stout shrubs and arbors can be used to build houses and
manufacture paddles, boats, and rafts. Despite the lack of
adequate documentation for kudzu, numerous archae-
ological studies and historical records have shown that the
utilization of kudzu and soybean by humans has a history of
more than 5000 years in China (Xiao et al. 2013; Sun 2014).
It also has been reported that M. cribraria usually travels

long distances due to related human activities by attaching
to the surface of clothing, goods, and vehicles (Takano and
Takasu 2016). Together, these findings further suggest that
human activities may result in the frequent asymmetrical
gene flow and subsequently homogenize the gene pool
between populations of the two species in the Zhoushan
Archipelago and adjacent mainland.

It has been reported previously that other factors such as
monsoons, ocean currents, and dispersal ability of the spe-
cies facilitate gene flow among populations isolated by
geographical barriers (Chiang et al. 2006; Tseng et al.
2018). The East China Sea contains ocean currents that flow
from south to north (Ni et al. 2014), which may aid the
dispersal of the two winged insects from mainland to the
Zhoushan Archipelago via drifting. However, neither spe-
cies exhibits visible gene flow between the mainland and
the Zhoushan Archipelago prior to 5 kya (Fig. S8 in
Appendix S3), suggesting that dispersal by flight and ocean
current had negligible effect on the frequent asymmetrical
gene flow before the beginning of human activities. Fur-
thermore, the Zhoushan Archipelago is located in the sub-
tropical zone, which experiences prevailing northern or
southeast trade winds throughout the year (Ye 2000). Thus,
the direction of the trade wind is inconsistent with the gene
flow direction from the mainland to adjacent islands.

Fig. 5 Mismatch distribution and Bayesian skyline plots (BSP) ana-
lysis of the two species based on mtDNA. a and c represent the
mismatch distribution for G. distinctissima and M. cribraria,

respectively; b and d represent the Bayesian skyline plots for G. dis-
tinctissima and M. cribraria, respectively
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Contrasting genetic structures of the two species

Although our two sympatric species failed to exhibit clear
phylogeographic patterns, they present contrasting genetic
structures in the Zhoushan Archipelago. Multiple lines of
evidence indicate that G. distinctissima formed three dis-
tinct genetic lineages (L1–L3). This phenomenon was also
identified in Chinese Water Deer (Hydropotes inermis
inermis), which showed significant genetic differentiation
without visible geographical separation (Hu et al. 2006).
According to a previous hypothesis, the genetic dis-
continuities with the lack of spatial separation may have
arisen from secondary contact among populations (Avise
et al. 1987). The ancestral distribution of G. distinctissima

in the AMI+RIS regions hints that the ancestral population
may have widely distributed in the Zhoushan Archipelago.
The Zhoushan Archipelago was once covered by abundant
arbors and shrubs (Ye 2000; Chen et al. 2010). Most of
those plants (e.g., Lauraceae, Euphorbiaceae, Celastraceae,
and Aquifoliaceae) are known to be hosts to G. dis-
tinctissima (Zhang et al. 2010; Yu and Chen 2013), which
also suggests that their ancestral populations were once
widely distributed in the area. The divergence time esti-
mation showed that the three lineages began to split
~13.7 kya (Fig. 4) ago, and they all formed at 8.9 kya in
spite of their uncertain phylogenetic relationship. This
suggests that the three lineages had completely diverged at
8.9–13.7 kya. During this period, the sea level of East China

Fig. 6 Migration (M) of the two insects among different regions based
on mtDNA. M indicates the mutation-scaled migration rate. MAI
mainland, ZIS the Zhoushan Island (including ZJJ), RTL regions
including TH, LHTM, LHJT, and JT (this region includes only TH and

LHTM for M. cribraria), AMI adjacent-mainland islands including
islands of ZIS and RTL regions, AZI islands adjacent to Zhoushan
Island, RIS remote islands
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Sea continuously rose from ∼−70 to −20 m, and geo-
graphically isolated several of the islands (Zhang et al.
2013). This isolation possibly blocked the gene flow and
resulted in the genetic differentiation among populations of
G. distinctissima. Thereafter, human-mediated secondary
contact among divergent populations and the frequent
asymmetrical gene flow from the mainland and adjacent
islands to distant islands may have resulted in the collapse
of spatial separation and the uncertain relationship between
the three lineages in G. distinctissima. Thus, on the basis of
these results, we hypothesize that the combined roles of
island isolation and human activity in the region shaped the
three lineages without clear geographical separations in G.
distinctissima. Our analysis showed that, in contrast to G.
distinctissima, M. cribraria exhibits only one single lineage.
The location of the ancestral range in the MAI or MAI+
AMI region suggests that the ancestral population of M.
cribraria did not distribute in the Zhoushan Archipelago or
just inhabit in the islands adjacent to the mainland. This
indicates that M. cribraria colonized into the entire archi-
pelago after it spread from the mainland or adjacent islands.
Furthermore, our analysis showed that the frequent asym-
metrical gene flow from the mainland and adjacent islands to
distant islands occurred in <5 kya. This time period overlaps
with the period of human activities in the region. Therefore,
human activities may have resulted in the spread of M.
cribraria from the mainland to the Zhoushan Archipelago.
In addition, the persistent human activities in the mainland
and other islands may have further increased gene flow and
homogenized gene pools among populations inM. cribraria.

It has been verified that sympatric species with con-
cordant phylogeographic patterns exhibit a long-standing
geographical association and shared biogeographic history
(Arbogast and Kenagy 2001). The distinct ancestral ranges
of G. distinctissima and M. cribraria show that they are not
historically sympatric, which suggests that the two insect
species have different biogeographic histories and relatively
short geographical association. It has been reported that most
currently sympatric species share no common biogeographic
histories, which also causes the phylogeographic differences
(Arbogast and Kenagy 2001). Therefore, although no clear
phylogeographic patterns could be deteremined for the two
species, the contrasting genetic structures suggest that they
responded differently to the shared historical factors (island
isolation and human activities) and had independent evolu-
tionary histories in the Zhoushan Archipelago. Numerous
studies also have shown that many sympatric species
exhibited different genetic structures and geographical sub-
division (Hurtado et al. 2004; Michaux et al. 2005; Rossetto
et al. 2007; Crandall et al. 2010). It has been hypothesized
that these differences are associated with the dispersal abil-
ities, host preferences, and biological traits of organisms.
The evolution of organisms is an extremely long and

complicated process that involves multiple aspects of genetic
organization, ecological requirement, biological feature,
biogeographic histories, and their interactions. Any biotic or
abiotic element (e.g., the habitat preferences and dispersal
abilities of species, climate oscillation, geological barriers,
and biogeographic differences) can affect the evolutionary
trajectory of organisms. Therefore, a comparative analysis of
multiple regions, larger sample numbers, and multiple fac-
tors should be performed to better understand the evolu-
tionary histories of sympatric species.

Post-LGM population expansion of the two species

Both neutrality test and mismatch analysis showed that the
two species underwent population expansion events. Our
analysis indicates that a sharp increase of G. distinctissima
populations occurred before the genetic divergence of the
three lineages post LGM. Subsequently, the population size
exhibited a mild increase at 5–9 kya. By contrast, the
population of M. cribraria expanded during the post-LGM
period until 7.5 kya. These expansion events occurred ear-
lier than the event of gene flow (started no earlier than
5 kya) and human activities (from about 5.4 kya) in the
Zhoushan Archipelago, which indicates that human activ-
ities and gene flow are unlikely to have caused population
expansion events in both species. Previous reports have
shown that during the LGM period thermophilic species
were restricted in small refugia, while they stretched their
ecological niches as the temperature rose during the post-
LGM period (Runck and Cook 2005). In spite of these
climatic fluctuations, the temperature in Eastern China
continued to rise post LGM (Yang and Xie 1984), which
suggests that the area is suitable for thermophilic plants. In
addition, climatic fluctuations caused the sea level of the
East China Sea to rise slowly and reach current levels until
~5.5 kya (Yang and Xie 1984). The relatively low sea levels
may have exposed the abundant land area of continental
islands and adjacent mainland to thermophilic plant colo-
nization. It has been reported that most host plants (such as
kudzu, soybean, and several species of family Lauraceae,
Euphorbiaceae, Celastraceae, and Aquifoliaceae) of the two
species are thermophilous (Wu and Chen 1994; Wang et al.
2009; Wang and Ye 2017). Therefore, the climatic fluc-
tuations of Eastern China during the at post-LGM period
may have provided more ecological niches for host plants
and also facilitated population expansion of G. dis-
tinctissima and M. cribraria.

Conclusions

In the present study, we conducted a comparative phylogeo-
graphic analysis of two sympatric hemipteran species (G.

Comparative phylogeography of two hemipteran species (Geisha distinctissima and Megacoptay 219



distinctissima andM. cribraria) in the Zhoushan Archipelago
and its adjacent landmass. Our results clearly demonstrate that
G. distinctissima formed three distinct genetic lineages
(L1–L3) with no visible geographical separation. This phy-
logeographical pattern is caused by the combined roles of
geographical isolation of islands and the recent frequent
asymmetric gene flow (from mainland and adjacent islands to
other distant islands) caused by human activities. However,
M. cribraria only forms one genetic lineage and exhibit no
geographical separation attributable to human-mediated recent
colonization from the adjacent mainland region. The con-
trasting genetic structures suggests that the two currently
sympatric species with different biogeographic histories
showed different responses to island isolation and human
activities, and independent evolutionary histories in the
Zhoushan Archipelago. Our demographic analysis of popu-
lation histories for the two species showed that they experi-
enced population expansion during the post-LGM period,
which reflects the similar impacts of the climatic fluctuations
in Eastern China on the population size of the two species.
Our results reveal that the two hemipteran insects studied here
exhibit contrasting genetic structures while displaying con-
cordant historical demographies because of the shared his-
torical factors in the Zhoushan Archipelago. Further studies
with additional samples and a comprehensive consideration of
multiple factors should provide a better understanding of the
evolutionary patterns of the sympatric species in the
Zhoushan Archipelago.
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