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Abstract

Climatic oscillations during the Pleistocene period could have had a profound impact on
the origin of tropical species by the alternation of allopatric isolation and interpopulation
gene flow cycles. However, whether tropical speciation involves strictly allopatric
isolation, or proceeds in the face of homogenizing gene flow, is relatively unclear. Here,
we investigated geographical modes of speciation in four closely related Euphaea
damselfly species endemic to the subtropical and tropical East Asian islands using
coalescent analyses of a multilocus data set. The reconstructed phylogenies demonstrated
distinct species status for each of the four species and the existence of two sister species
pairs, Euphaea formosa/E. yayeyamana and E. decorata/ E. ornata. The species diver-
gence time of the sibling Euphaea damselflies dates back to within the last one Mya of
the Middle to Lower Pleistocene. The speciation between the populous E. formosa of
Taiwan and the less numerous E. yayeyamana of the Yaeyama islands occurred despite
significant bidirectional, asymmetric gene flow, which is strongly inconsistent with a
strictly allopatric model. In contrast, speciation of the approximately equal-sized
populations of E. decorata of the southeast Asian mainland and E. ornata of Hainan
is inferred to have involved allopatric divergence without gene flow. Our findings
suggest that differential selection of natural or sexual environments is a prominent driver
of species divergence in subtropical E. formosa and E. yayeyamana; whereas for tropical
E. decorata and E. ornata at lower latitudes, allopatric isolation may well be a pivotal
promoter of species formation.
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Introduction

Climatic oscillations during the Pleistocene ice ages had
profound impacts on the origin and persistence of
extant species (Hewitt 2000). These severe glacial peri-
ods produced enormous changes in species distribu-
tions, which led to extinction over large parts of their
range, dispersion and colonization into new habitats
and survival and subsequent expansion of isolated rem-
nant populations (Hewitt 2000). The Pleistocene glacial
cycles had large effects on the origin of tropical species,
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dependent largely on the latitude, topography and life
history of the species in question (Hewitt 2000). For
example, in the tropical lowland forests, the speciation
process would have been determined predominantly by
the alternation of allopatric isolation and interpopula-
tion gene flow cycles caused by recurrent glacial con-
tractions and interglacial expansions of forest patches
(Moritz et al. 2009; Rull 2011). As for tropical high
mountains, repeated altitudinal migrations during the
glacial cycles could have promoted speciation by pro-
viding opportunities for successive allopatric isolation,
secondary contact and consequent gene flow among
populations (Rull 2011). However, studies have sug-
gested that the majority of tropical speciation events
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predate the Pleistocene in the pre-Quaternary (Rull
2008; Hoorn et al. 2010) and that extensive gene flow of
mixing populations during the Pleistocene interglacial
periods would have hindered the speciation process
(e.g. Knowles 2000). This questions the extent to which
the Pleistocene glacial cycle affected species formation
in the tropics. Did tropical speciation involve mainly
allopatric isolation without gene exchange or did it pro-
ceed in the face of recurrent homogenizing gene flow
resulting from glacial cycles?

The role of gene flow in the process of species forma-
tion is contentious among evolutionary biologists (Coy-
ne & Orr 2004; Hey 2006; Nosil 2008). Allopatric
speciation remains the predominant speciation hypothe-
sis in natural populations (Mayr 1954, 1963; reviewed in
Coyne & Orr 2004). In the allopatric model of specia-
tion, physical barriers fully disrupt gene flow between
isolated populations (immigration rate, m = 0) until the
completion of reproductive isolation as a by-product of
genetic divergence caused by local adaptation, mutation
and genetic drift (Gavrilets 2004). Other geographic
models of speciation that permit selection, mutation or
genetic drift-driven divergence in the presence of gene
flow, such as parapatric (0 <m < 0.5) and sympatric
(m = 0.5) speciation (Gavrilets 2003, 2004), have been
perceived as playing minor roles because of the homog-
enizing effects of gene flow in diverged populations
(Coyne & Orr 2004). The allopatric mode of speciation
was based on the ‘biological species concept’, which in
essence considered the whole genome of an individual
as the unit of speciation (Mayr 1954, 1963). In contrast,
Wu (2001) proposed the ‘porous model” of speciation,
which allows a portion of neutral genes within the gen-
ome to exchange continually between diverging popula-
tions, but genes that are differentially adapted between
populations (i.e. speciation genes) are not exchangeable
owing to a detrimental effect on reproduction (Wu
2001). Under this genic view of speciation, strongly
divergent selection of a small number of genes from dif-
ferent environments may drive speciation in the pres-
ence of homogenizing gene flow (Hey 2006; Nosil 2008).
Hey & Wakeley (1997) proposed the isolation model of
speciation, in which fixed genetic differences accumu-
late and shared genetic variations are reduced by
genetic drift through time during the speciation process.
This model can be used as a null hypothesis to assess
the validity of ‘strictly” allopatric speciation in the com-
plete absence of gene flow. Nielsen & Wakeley (2001)
modified this isolation model into the isolation with
migration (IM) model, which allows reciprocal gene
exchanges to occur between diverging species. Using
the IM model, the coalescence of multiple loci can be
modelled for all possible genealogies between the
diverging populations to estimate demographic parame-

ters, including effective population size, migration rate
and divergence time and to test whether or not closely
related species have exchanged genes during species
formation (Hey 2006; Hey & Nielsen 2007).

Euphaea decorata, E. formosa, E. ornata and E. yayeya-
mana are four closely related damselflies (Insecta, Odo-
nata and Euphaeidae) characterized by males having
transparent forewings and black bands on their hind
wings. The current distributions of the four Euphaea
species are entirely allopatric (Fig. 1). Euphaea formosa
and E. yayeyamana are endemic to subtropical Taiwan
and the Yaeyama islands of the Ryukyu Archipelago,
respectively (Matsuki & Lien 1978, 1984; Hayashi 1990)
(Fig. 1). Euphaea decorata is widely distributed on the
southeast Asian mainland, whereas E. ornata is only
found on the tropical Hainan island (Dudgeon 1989).
Oceanic barriers have been considered an effective iso-
lation mechanism for these medium-sized Euphaea dam-
selflies, which have short, rounded wings and limited
long-distance dispersal (Dudgeon 1989; Corbet 1999).
Allopatric species formation is proposed to have hap-
pened for these insular endemics, resulting from geo-
graphic isolation between the islands and the nearby
Asian continent (Ota 1998; Voris 2000). The evidence for
allopatric species has been based largely on fauna simi-
larity among islands and the existence of parapatric or
peripatric distributions of closely related species (Ota
1998). However, allopatric modes of speciation inferred
from current species ranges can be misleading in that
the contemporary range of a species often does not
reflect its historical distribution at the time of specia-
tion, and the geographical barriers may not have been
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Fig. 1 A map of East Asia showing the currently known geo-
graphical distribution and sampling sites (in numbers) of the
four Euphaea damselflies. The numbers correspond to the col-
lecting information listed in Table S1 (Supporting informa-
tion).
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consistently present throughout the species history (Lo-
sos & Glor 2003).

The continental islands of southeast Asia have experi-
enced recurrent sea level changes during past glacial
cycles (Voris 2000). As sea levels fell during glaciated
periods, land bridges were formed, periodically con-
necting the Ryukyu Archipelago, Taiwan, Hainan and
the nearby Asian continent (Voris 2000) and thus
allowed intermittent secondary contacts among for-
merly isolated populations. Consequently, there could
have been plenty of opportunities for resumed gene
flow between these diverged Euphaea species through-
out the glacial cycles. All four Euphaea species appear to
have similar ecological characteristics, preferring fast-
flowing forest streams with open canopy (Dudgeon
1989; Hayashi 1990; Huang & Lin 2011). Nevertheless,
E. formosa and E. yayeyamana differ substantially in
availability of larval prey, body size (Hayashi 1990) and
wing shape (Lee & Lin 2012), which are linked to ener-
getic costs and manoeuver ability in flight. The
decreased body size, long forewings and narrow hind
wings of E. yayeyamana may represent an insular adap-
tation to limited larval prey and a reduced territorial
competition in the smaller Yaeyama islands (Lee & Lin
2012). Local adaptation to a lower quality habitat is
therefore probably to have driven the divergence of
E. yayeyamana from its sister species, E. formosa (Hay-
ashi 1990; Lee & Lin 2012). These insular Euphaea spe-
cies therefore provide the opportunity to test the
likelihood of assumed examples of allopatric speciation,
by examining the dynamics of gene flow between spe-
cies that are probably to have experienced glacial
expansions and consequent episodic secondary contact,
but have ample evidence to suggest that local adapta-
tion could have played a major role in driving diver-
gence.

Theoretical models have demonstrated that speciation
in the face of gene flow is feasible under particular cir-
cumstances (Gavrilets 2003, 2004). Recently, empirical
evidence for speciation with gene flow has been rapidly
accumulating thanks to analytical advances (Hey 2006;
Hey & Nielsen 2007) and the availability of a mass of
genomic data (Ekblom & Galindo 2010). Significant sig-
nals of gene flow during species formation have been
documented in a number of vertebrates, including
chimpanzees (Osada & Wu 2005; Won & Hey 2005),
gorillas (Osada & Wu 2005; Thalmann et al. 2007), liz-
ards (Leaché & Mulcahy 2007), salamanders (Niemiller
et al. 2008; Nadachowska & Babik 2009), fishes (Berner
et al. 2009) and birds (Peters et al. 2007; Brumfield et al.
2008; Li et al. 2010; Yeung et al. 2011). These divergent
population genetic studies have demonstrated signifi-
cant gene flow among diverging natural populations
and species. Studies of insects such as grasshoppers
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(Carstens & Knowles 2007), butterflies (Bull et al. 2006;
Arias et al. 2008), mosquitoes (Turner et al. 2005) and
fruit flies (Hey & Nielsen 2004) have also revealed sub-
stantial migration among diverging species that sup-
ports the model of speciation in the face of gene flow.
Despite recent advances and emerging patterns of spe-
ciation in a few selected model organisms and a small
number of tropical species, the vast majority of mon-
model’ organisms on Earth inhabit tropical regions,
where the prevailing mode of speciation remains lar-
gely unknown. To address fully the relative frequency
and importance of different evolutionary processes
leading to speciation, it is essential to understand the
dynamics of gene flow between recently diverged spe-
cies across taxa and regions, especially in nonmodel
organisms in the tropics.

We present an investigation on the evolutionary his-
tories and divergent population genetics of E. decorata,
E. formosa, E. ornata and E. yayeyamana using multilo-
cus sequences. This study is the first to test the hypoth-
eses that E. formosa and E. yayeyamana, and E. decorata
and E. ornata are more closely related to each other as
two sibling species pairs than to the other East Asian
Euphaea species and that these four damselflies repre-
sent genetically differentiated species among which
gene flow ceased completely some time ago, after isola-
tion. Second, we have examined the role of past cl te
change in speciation in subtropical and tropical East
Asian islands by testing the prediction that the specia-
tion in these four Euphaea species occurred during the
Pleistocene period. Our final aim was to quantify the
changes of effective population sizes and the level of
gene flow during species formation between E. formosa
and E. yayeyamana, and between E. decorata and E. or-
nata and to reveal the geographic mode of speciation
by testing the null hypothesis of a strict allopatry
model against a series of nested demographic models
in IM.

Materials and methods

Sampling, DNA extraction and sequencing

Damselfly specimens of the four Euphaea species (decora-
ta, formosa, ornata and yayeyamana) were collected from
two to five geographic localities across the species’
ranges (Fig. 1, Table S1, Supporting information). At
least three individuals per species were chosen from
each location, giving a total of 109 individuals for the
four Euphaea species (25 decorata, 24 formosa, 29 ornata
and 31 yayeyamana). To reconstruct the phylogenetic
relationship of the East Asian Euphaea species, the speci-
mens of six additional Euphaea species (amphicyana, cora,
masoni, querini, refulgens and subcostalis) and Bayadera
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brevicauda (Selys, 1853) were obtained from Indonesia,
the Philippines, Taiwan and Vietnam (Table S1, Sup-
porting information). Bayadera brevicauda was used as
an outgroup in the phylogenetic analyses because the
genus Bayadera is sister to Euphaea (Bybee et al. 2008).
The collected specimens were immersed in 95% EtOH
immediately after capture in the field and later stored
at —80°C in the laboratory. Genomic DNA was
extracted from the insect’s thoracic muscle or hind
femur using a MasterPure™ Complete DNA Purifica-
tion Kit (EPICENTRE, Wisconsin, USA). Voucher speci-
mens were deposited into the insect collection of the
Department of Life Science at Tunghai University.

For all individuals of the four Euphaea species (decora-
ta, formosa, ornata and yayeyamana), DNA fragments of
the mitochondrial cox2 gene were amplified using pub-
lished primers (C2-J-3102, Jordan et al. 2003; E-C2-N-
3740, Huang & Lin 2011). The Euphaea-specific ND5-
143F (5-CCA TGA TCA AAT CTC TTA ACT AA-3)
and ND5-1133R (5-TGC TGC TAT RAC YAA RAG
TGC-3") primers were designed and used to amplify
fragments of the mitochondrial nad5 gene. A eukaryote-
specific 185F/28SR primer set was used to amplify frag-
ments of the ribosomal ITS gene (Weekers ef al. 2001).
The fragments of nine additional nuclear loci (act, anon,
arr, awd2, EFlo, fer, mlc, lopl and sdhB) were amplified
using EPIC (exon-primed, intron-crossing) primers
developed for Euphaea by Lee & Lin (Molecular Ecology
Resources Primer Development Consortium et al. 2011).
For individuals of the other six Euphaea species (amphic-
yana, cora, masoni, querini, refulgens and subcostalis) and
B. brevicauda, fragments of the cox2 and arr genes were
amplified. Each PCR contained a total volume of 50 pL,
composed of 100-300 ng of template DNA, 0.4 pm of
forward and reverse primers, 0.2 mm of dNTPs and
0.04 unit of ProTaq polymerase (Protech Technology,
Taiwan). The PCR profile was as follows: denaturing at
94 °C for 3 min, 35 cycles of amplification at 94 °C for
1 min followed by the optimal annealing temperature
(cox2 & nadb: 54 °C; ITS: 52 °C; EPIC loci: Lee & Lin
Molecular Ecology Resources Primer Development Con-
sortium et al. 2011) for 1 min and 72 °C for 1 min, then
a final extension at 72 °C for 10 min. The target PCR
products were purified using a Gel/PCR DNA Frag-
ments Extraction Kit (Geneaid, Taipei, Taiwan) and
either sequenced directly (act, awd2, cox2, EFla, ITS,
nad5, sdhB and anon), or cloned into the pCR® 2.1-TOPO
vector (Invitrogen) and sequenced by randomly choos-
ing more than three positive clones (arr2, fer, mlc and
lop1). Positive clones were confirmed by performing
PCRs using M13E/M13R primers. Purified PCR prod-
ucts and plasmid DNA were sequenced in both direc-
tions on an ABI PRISM™ 377 automatic sequencer (Perkin
Elmer, USA) at the Mission Biotech, Taiwan.

The DNA sequences were assembled and manually
edited in EditSeq (DNASTAR Lasergene package, Madi-
son, USA). The edited sequences were aligned using the
cLustAL W method in MegAlign (DNASTAR; Lasergene
Package, Madison, USA) and then modified manually.
The sequence alignments were unambiguous as they
contained only short indels. Gametic phases of nuclear
sequences with heterozygous sites were determined
using a PHASE algorithm of a coalescent-based Bayes-
ian method (Stephens et al. 2001) implemented in DNASP
(v. 5, Librado & Rozas 2009). The Markov chain Monte
Carlo (MCMC) process was set to 100 000 generations
and sampled every 100 generations to infer haplotype
data sets for subsequent analyses.

Genetic diversity statistics and phylogenetic analyses

Standard population genetic diversity statistics were
calculated for each locus within each of the four Eup-
haea species (decorata, formosa, ornata and yayeyamana)
using DNAsP: the number of polymorphic sites (S), the
haplotype diversity (Hgq) and nucleotide diversity (n).
The net genetic distance per site per locus between sib-
ling Euphaea species was calculated using the Tamura—
Nei substitution model (Tamura & Nei 1993) in MEGA 5
(Tamura et al. 2011) to account for heterogeneity in base
frequencies and substitution rates among sites. The
migration rate (Nm) of each locus was calculated using
the method of Hudson et al. (1992) implemented in
DNASP.

The phylogenetic analysis was performed on the com-
bined cox2 and arr sequences of representative Euphaea
species (Table S1, Supporting information, Fig. 1) using
Maximum Parsimony (MP) in paur* (v. 4.0b10, Swofford
2002), with a parsimony ratchet algorithm (Nixon 1999)
implemented in pauPRAT (v. 1, Sikes & Lewis 2001).
Twenty independent ratchet analyses with the default
setting of 200 replicates were run. Parsimony branch
supports were calculated using bootstrapping of 1000
replicates of tree bisection and reconnection (TBR)
branch swapping, with 100 replications of random
sequence addition. For Maximum Likelihood (ML) and
Bayesian Inference (BI), the best-fitting model of nucleo-
tide substitution (cox2: TPM2uf+G; arr: HKY+G) and
prior values of parameters were calculated in JMODELTEST
(v. 0.1.1, Posada 2008) using the Akaike Information
Criterion (AIC). ML tree searches and parameter opti-
mization were conducted using a rapid approximation
algorithm implemented in rRaxML (Stamatakis 2006). The
ML tree was reconstructed using the GTRGAMMA
model to accommodate rate heterogeneity within each
gene using four discrete rate categories of a gamma dis-
tribution (GAMMA). We conducted 1000 iterations in
each ML analysis, and identified the optimal ML tree
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by comparing the likelihood values among them. To
assess the support for internal nodes of the ML tree, we
calculated 1000 likelihood bootstrap (LB) replications.
Bl analyses were carried out using MRBAYES (v. 3.12,
Huelsenbeck & Ronquist 2001). Two independent
Bayesian runs, each with four Markov chains, were per-
formed simultaneously. The MCMC chains were run
for 2 x 10® generations, with trees being sampled every
2 x 10* generations. MCMC processes were terminated
after the average split frequencies fell below 0.01, sug-
gesting convergence of the separate runs. One quarter
of the sampled trees (2500) were discarded as burn-in.
The Bayesian posterior probability (BPP) was calculated
by constructing a 50% majority consensus tree from the
remaining trees in PAUP*.

A Euphaea species tree was also co-estimated from the
joint posterior probability of cox2 and arr gene trees
using *BeasT (v. 1.6.1, Heled & Drummond 2010), with
multiple individuals per species (Fig. S1, Supporting
information). The substitution model, clock model and
tree model of the two genes were set as unlinked. A
random local clock and default Yule process of the spe-
cies tree prior were used. Two independent MCMC
runs were performed for 1 x 10° generations, with trees
sampled every 1 x 10* generations, and the first 10% of
the runs (1 x 107 generations) being discarded as burn-
in. The convergence of runs was determined by the
effective sample size (ESS) values of parameters (>100),
likelihood scores through time plot using TRACER (v. 1.5,
Drummond & Rambaut 2007), and by examining the
posterior split probabilities and branch lengths in
AWTY (Wilgenbusch et al. 2004).

The gene tree of individual loci for the four Euphaea
species (decorata, formosa, ornata and yayeyamana) was
reconstructed using haplotype data sets in MrBAYES, with
prior settings and the parameters of nucleotide substitu-
tion models estimated using JMODELTEST. The chosen
models for each locus were as follows: JC for act; HKY
for anon and mlc; TrN+G for arr, awd2 and lopl;
TPM2uf+G for cox2; TrNef+G for EFla; TPM3uf+l+G
for fer; TPM3+G for ITS; HKY+I+G for nad5; F81+1 for
sdhB. Two independent Bayesian analyses, each with
four Markov chains, were run for 1 x 107 generations,
with parameters sampled every 1 x 10° generations,
and the first 25% (2500 trees) being discarded as burn-
in. The convergence of runs was determined by examin-
ing the average split frequencies. A 50% majority con-
sensus tree was reconstructed from the remaining trees
in PAUP* to calculate the BPP.

Testing assumptions of the IM models

The IM model of species divergence (Nielsen & Wake-
ley 2001; Hey & Nielsen 2004) was used to estimate the
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demographic parameters of population sizes, gene flow
and divergence time. The IM models (IM, IMa and
IMa2) were derived under several simplifying assump-
tions about the species’ history of divergence and the
genetic data, including selective neutrality of the loci,
no intralocus recombination, mutation following infinite
sites (IS) or the Hasegawa-Kishino-Yano (HKY) model,
no population structure within species, demographic
stability of diverging populations, and no genetic con-
tribution from un-sampled population or species (Hey
& Nielsen 2004, 2007; Pinho & Hey 2010). Strasburg &
Rieseberg (2010) demonstrated that parameter estimates
of IMa are generally robust for small to moderate viola-
tions of model assumptions. In particular, the results of
their simulations indicated that a substantial population
structure within diverging species has little effect on
parameter estimates of IMa, and most parameter esti-
mates are robust for considerable levels of recombina-
tion with loci containing nonrecombining blocks
(Strasburg & Rieseberg 2010). In contrast, deviations
from mutation models (Strasburg & Rieseberg 2010),
ancestral population structure and variation in gene
flow through time (Becquet & Przeworski 2009) can
have a significant effect on most parameter estimates of
IMa. We tested four assumptions of the IM models (i.e.
neutrality, intralocus recombination, mutation model
and population structure) to assess their potential effect
on the results when model violations were detected.
The assumption of neutrality was tested using Taj-
ima’s D (Tajima 1989) and Fay and Wu’s H (Fay & Wu
2000) in pNasp. The significance level of the test statistics
was evaluated by performing 1000 coalescent simula-
tions, with simultaneous estimation of recombination
rate, R (4Nr, Hudson 1987). Additionally, the multilocus
Hudson-Kreitman—-Aguadé (HKA) test (Hudson et al.
1987) was conducted to examine the level of sequence
polymorphism within, and sequence divergence
between, species in the HKA program (http://genfaculty.
rutgers.edu/hey/software#HKA), with  significance
determined on the basis of 10 000 coalescent simula-
tions. The minimum number of recombination events
(Rm) of each nuclear locus was estimated using the
four-gamete test (Hudson & Kaplan 1985) in DNAsP.
When a high level of recombination within loci was
detected (>5 recombination events), the IMgc (Woerner
et al. 2007) program was used to extract maximal blocks
of nonrecombining sequences for the individual locus.
These nonrecombining sequences were subjected to
additional IMa2 analyses. To select proper models of
nucleotide substitution for IMa2 analyses, we evaluated
the assumption of the infinite site (IS) model that each
mutation occurs at a unique site (Kimura 1969) for each
locus in IMa2. Of all sampled loci, ITS and awd?2 (E. for-
mosa & E. yayeyamana) and act and sdhB (E. decorata &
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E. ornata) fit the IS model. For the remaining loci, the
HKY model was applied. The genetic structure within
and among species was examined using a Bayesian
clustering analysis of the admixture model imple-
mented in STRUCTURE (v. 2.3.3, Pritchard et al. 2000; Hu-
bisz et al. 2009). The data set analysed contains
haplotype sequences of all sampled loci, with all indi-
viduals being represented by a single allele. The haplo-
types of heterozygous sequences were determined in
DNAsP and randomly chosen for the analysis. The esti-
mated number of clusters (K) was set to range from one
to six for each species and for all individuals, to explore
their optimal values. Ten independent MCMC runs of
1x 10° steps were performed for each number of K,
with the first 1 x 10° steps being discarded as burn-in.

IMa?2 analyses

The IMa2 program (Hey & Nielsen 2004, 2007; Hey
2010) was used to examine the fit between the genetic
data and the IM models in the two pairs of sibling
Euphaea species. Six population genetic parameters
were simultaneously estimated using an MCMC sam-
pling approach. These parameters included the effec-
tive population size of the ancestral (0,) and two
descendant populations (0; and 0;) (0 = 4N,u, where
N, is the effective population size and p is the geomet-
ric mean of the mutation rates of all loci), two-direc-
tional migration rates (1, and m,, migration per locus
per generation) and the divergence time since the split
of the two descendant populations (f, in generations).
Three to five short preliminary MCMC runs were car-
ried out to define the boundaries of priors of the six
parameters and to optimize the heating scheme of the
Markov chains. Twenty Metropolis-coupled chains
were run simultaneously, as recommended in the
IMa2 manual for medium size data sets (<15 loci). A
geometric heating scheme under the Metropolis-cou-
pling criterion was used to improve mixing and con-
vergence of the MCMC runs. The f value of the
heating scheme, the degree of heat and the swapping
rate between chains was kept to between 0.890 and
0.997 to achieve a moderate heating and a high swap-
ping rate for the coupled chains, with the heating
terms h1 and h2 set to 0.96 and 0.90, respectively.
Three independent long runs with different random
number seeds were conducted for each data set, with
MCMC sampling restarted when the swapping rate
between coupled chains was lower than 5%. Upper
boundaries of the prior distributions for each parame-
ter were set on the basis of the results of preliminary
runs and were >10 times higher than those of the pre-
liminary runs. These long runs were continued until
the trend-line plots gave no visible trends and the

lowest ESS among the parameters was at least above
50, to ensure adequate mixing and convergence. Before
reaching the plateau, all sampled genealogies of the
long runs were discarded as burn-in. A total of 3 x 10°
genealogies were saved after completion of the three
long runs and used to calculate parameter values and
likelihood ratio tests of the nested speciation models
(Hey & Nielsen 2007).

To convert parameter estimates of population size
and divergence time in IMa2 into demographic units, a
revised mutation rate of mitochondrial cytochrome oxi-
dase I (cox1) in insects (1.77 x 1078 mutation/site/year,
Papadopoulou et al. 2010) and a synonymous substitu-
tion rate of nuclear Arrestin (arrB) estimated in Drosoph-
ila melanogaster-obscura groups (1.2 x 107® mutation/site/
year, Moriyama & Gojobori 1992) were applied to cox2
and arr gene fragments, respectively. The mutation rates
of the other loci were determined by calculating the
ratio of the net genetic distance between sibling Euphaea
species under the Tamura—Nei model at mitochondrial
nad5 vs. that at cox2, and at each nuclear locus vs. that
at arr. The mutation rates of each locus were calculated
separately for the two species pairs. The geometric
means of mutation rates for the two sister pairs
(3.58 x 10~%/locus/year for E. formosa vs. E. yayeyamana;
3.32 x 10™%/locus/year for E. decorata vs. E. ornata) were
calculated from all 12 loci and used to convert the pop-
ulation size (0 = 4 Np) and divergence time (t = Tp) into
number of individuals (N) and years (T) (Hey & Niel-
sen 2004). A generation time of 1 year was assumed for
these damselflies on the basis of available field observa-
tions (Dudgeon 1989; Hayashi 1990; Huang & Lin 2011).

Results

Species phylogeny and gene trees

A sequence alignment of 2124 bp (cox2: 705 bp; arr:
1419 bp) was obtained for ten Euphaea species and the
outgroup, Bayadera brevicauda. This combined data set
contained 323 (cox2: 170; arr: 153) parsimony informa-
tive sites. The MP, ML and Bayesian analyses of the
combined data resulted in well-resolved species rela-
tionships and comparable tree topologies (Fig. S1, Sup-
porting information). All trees recovered the two sister
groups, Euphaea formosa/E. yayeyamana and E. decora-
ta/E. ornata, with strong branch supports (Fig. S1, Sup-
porting information). The species tree estimated with
*BEAST recovered the same sister species pairs and sup-
ported each of the four Euphaea species as a reciprocally
monophyletic group, with high posterior probability
(Fig. 2). The genealogies of each locus showed no hapl-
otypes shared between the two sister species pairs
(Fig. 3). No haplotype sharing between sibling species

© 2012 Blackwell Publishing Ltd
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within a species pair was detected at ITS, cox2, arr or
sdhB. In contrast, awd2, mlc and anon showed extensive
shared polymorphism between sibling species. In nad5
genealogy, one haplotype from E. formosa was distrib-
uted at the tip of the nested haplotypes from E. yayeya-
mana, demonstrating the possibility of recent
mitochondrial introgression from E. formosa to E. ya-
yeyamana. Overall, the level of haplotype sharing of all
loci between E. formosa and E. yayeyamana was higher
than that between E. decorata and E. ornata.

Genetic diversity and model assumptions of IMa2

A total of 9659 (E. formosa & E. yayeyemana) and 9748
(E. decorata & E. ornata) bp from 12 loci (366-1381 bp
per locus) were sequenced for each of 14-31 individuals
from the four Euphaea species (Table 1). The levels of
polymorphism were extensive in most loci, with aver-
age numbers of polymorphic sites (S) per locus ranging
from 18 in E. yayeyemana to 33 in E. formosa. The haplo-
type diversity (Hg) was high for all loci (mean = 0.807-
0.866) except act (0.489-0.591). The overall Hy was simi-
lar among the four Euphaea species, whereas the overall
nucleotide diversity (n) was higher in E. formosa than
the other three species. The net genetic distance per site
showed considerable variation among loci, and the
average divergence between E. formosa and E. yayeya-
mana (0.014) was approximately two (5-9 in mitochon-
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drial loci) times greater than that between E. decorata
and E. ornata (0.007) (Table S2, Supporting informa-
tion). The Fst-based estimates of migration rates (Nm)
indicated wide variation in levels of gene flow among
loci, ranging from 0.03 (ITS) to 3.86 (awd2) between
E. formosa and E. yayeyamana and from 0 (act) to 2.37
(awd2) between E. decorata and E. ornata (Table S2,
Supporting information).

Considerable numbers of minimum recombination
events (Rm > 5) were detected by four-gamete tests in
mlc (503 bp), lopl (596 bp) and anon (147 bp) of E. for-
mosa, arr (929 bp) of E. yayeyamana, arr (599 bp), fer
(928 bp) and anon (254 bp) of E. decorata, and arr
(599 bp) and lop1 (755 bp) of E. ornata, whereas intralo-
cus recombination in ITS, act, EFla and sdhB was low
(Table 1). The maximum nonrecombined regions
(7780 bp in E. formosa and E. yayeyamana; 7921 bp in
E. decorata and E. ornata) were extracted from all loci
and subjected to additional IMa2 analyses to exclude
the influence of recombination. The results of multilo-
cus HKA tests demonstrated no significant departure
from neutral expectation for all loci (E. formosa & E. ya-
yeyamana, sum of deviations = 25.118, d.f. =22,
P =0.291; E. decorata & E. ornata, sum of devia-
tions = 11.294, d.f. = 22, P = 0.971). The multilocus Taj-
ima’s D did not significantly deviate from neutral
expectation (E. formosa, D =-0.462, P =0.097; E. ya-
yeyamana, D = 0.097, P =0.660; E. decorata, D = 0.006,
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Fig. 3 Gene trees for the four Euphaea damselflies based on each of the 12 loci used in this study. The asterisks by the branches indi-
cate nodes supported by Bayesian posterior probabilities above 90%.

P =0.640; E. ornata, D = —0.451, P = 0.077). Tajima’s D
tests of individual loci demonstrated that most loci had
negative values of D, but were not significantly differ-
ent from zero, except for nad5 in E. formosa (D = -2.192,
P <0.001) and E. ornata (D =-1.839, P = 0.006)
(Table 1). Fay and Wu’s H test, which is less sensitive
to demographic fluctuation, indicated a significant

departure from neutrality in nad5 of E. formosa and
E. yayeyamana, fer of E. yayeyamana, mlc of E. formosa,
E. yayeyamana and E. decorata and anon of E. ornata
(Table 1). Therefore, additional IMa2 analyses were per-
formed with the exclusion of loci potentially under
selection (nadb, fer and mlic in E. formosa & E. yayeya-
mana, 6645 bp; mlc and anon in E. decorata & E. ornata,
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Table 1 Polymorphism and summary statistics for the 12 loci analysed within each of the four Euphaea species

Locus Species Coding Noncoding N S Se S; Hy s Rm H D
cox2 formosa 500 0 19 42 42 0 0947  0.0289 - 2.111 0.497
yayeyamana 500 0 16 8 8 0 0850  0.0032 - —-2.750 -1.225
decorata 606 0 17 9 9 0 0.647  0.0053 - 0.191 0.756
ornata 606 0 16 12 12 0 0908  0.0035 - 1.800 -1.602
nadb formosa 912 0 16 62 62 0 0908 0.0101 - —85.983**  —2.192**
yayeyamana 912 0 16 16 16 0 0925  0.0050 - —6.833* -0.202
decorata 912 0 16 14 14 0 0742  0.0058 - -1.767 0.950
ornata 912 0 15 17 17 0 0943  0.0033 - —-0.343 -1.839*
ITS formosa 666 0 19 15 15 0 0942  0.0041 0 - -
yayeyamana 666 0 31 6 6 0 05%  0.0015 0 - -
decorata 680 0 25 24 24 0 0970  0.0073 1 - -
ornata 680 0 29 11 11 0 0.727  0.0016 0 - -
act formosa 445 0 19 3 3 0.591 0.0015 0 0.444 -0.607
yayeyamana 445 0 18 1 1 1 0.503  0.0011 0 0.183 1.378
decorata 445 0 18 1 1 1 0.503 0.0011 0 0.183 1.378
ornata 445 0 24 1 1 1 0.489  0.0011 0 —-0.326 1.391
arr formosa 305 1029 15 25 5 20 0.838  0.0056 0 —2.590 —-0.151
yayeyamana 305 1029 19 51 5 46 0883  0.0108 7 6.368 -0.154
decorata 305 1016 21 64 16 48 0952 00125 13 1.752 -0.363
ornata 305 1016 20 49 10 39 0947  0.0098 5 6.358 -0.329
awd?2 formosa 154 212 19 5 1 4 0789  0.0039 0 0.561 —0.084
yayeyamana 154 212 17 16 2 14 0.809 0.0115 0 2.919 —-0.695
decorata 154 212 21 14 1 13 0.805  0.0095 1 1.214 -0.421
ornata 154 212 19 12 2 10 0.813  0.0083 0 2.041 —0.705
EFla formosa 785 243 18 11 9 2 0784  0.0018 0 0.601 -1.561
yayeyamana 785 243 19 8 8 0 0.889  0.0020 2 1.076 —-0.292
decorata 782 243 21 10 8 2 0814  0.0019 1 1.505 -1.027
ornata 782 243 20 9 6 3 0637  0.0014 0 —-0.632 —1.441
fer formosa 337 876 24 43 10 33 0.884  0.0059 3 -2.377 -1.576
yayeyamana 337 876 25 18 5 13 0900  0.0032 3 -9.930**  -0.705
decorata 337 878 20 84 11 73 0974  0.0120 7 —8.389 -1.624
ornata 337 878 14 38 8§ 30 0945 0.0139 2 2.022 1.699
mlc formosa 193 696 22 53 4 49 0952  0.0163 6 —-9.333* -0.313
yayeyamana 193 696 20 40 1 39 0953  0.0133 0 —-12.294* -0.412
decorata 193 700 19 26 2 24 0883  0.0085 1 —9.994* -0.337
ornata 193 700 24 53 3 50 0975 0.0176 1 0.964 0.115
lop1 formosa 311 1070 18 85 4 81 0.922  0.0248 5 4.837 1.375
yayeyamana 311 1070 16 38 0 38 0875 0.0131 0 0.717 2.392*
decorata 311 1057 23 47 5 42 0960  0.0072 0 6.917 -0.920
ornata 311 1057 21 52 5 47 0967  0.0083 5 7.957 -0.890
sdhB formosa 275 200 21 14 13 1 0.914  0.0080 1 -0.771 —0.344
yayeyamana 275 200 17 6 5 1 0.750  0.0056 1 1.581 0.962
decorata 258 200 14 2 1 0.495  0.0032 0 -1.187 1.753
ornata 258 200 21 1 1 0 0429  0.0009 0 0.257 0.959
anon formosa 0 450 17 33 - 0919  0.0228 6 0.816 -0.090
yayeyamana 0 450 17 7 - - 0875  0.0048 1 —2.265 0.079
decorata 0 459 20 35 - - 0953  0.0250 5 1.842 0.383
ornata 0 459 24 32 - - 0902 0.0131 3 -10.601* -1.121
Total/mean  formosa 4494 5165 227 326 - - 0866  0.011 21 - 0.021
yayeyamana 4494 5165 231 17.9 - - 0817  0.006 14 - 0.525%
decorata 4580 5168 235 276 - - 0808  0.008 29 - 0.595**
ornata 4580 5168 247 239 - - 0807  0.007 16 - -0.116

Summary statistics were calculated in pNasp v.5.0 (Librado & Rozas 2009).

N, number of sequences; S, number of polymorphic sites; S, number of polymorphic sites in exons; S;, number of polymorphic sites in
introns; Hg, haplotype diversity; m, nucleotide diversity; R, minimum number of recombination events; H, Fay and Wu’s H; D, Tajima’s D.
*P < 0.05; **P < 0.01.

© 2012 Blackwell Publishing Ltd
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8396 bp). STRUCTURE analyses revealed no significant
genetic differentiation within each of the four Euphaea
species. The most probable number of clusters for the
individuals in each of the four species was one (K = 1)
(Fig. S2A, Supporting information). The clustering anal-
ysis of all individuals indicated the presence of four
genetic clusters (K = 4), corresponding to delineation of
the four Euphaea species (Fig. S2B,C, Supporting infor-
mation).

Estimation of demographic parameters and selection of
speciation model using IMa2

Multiple runs of IMa2 simulation using the full data set
resulted in posterior probability distributions of the
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population size (0), divergence time (f) and migration
rate (m), with unambiguous peaks and bounds within
the ranges of prior values (Fig. 4). The ESS values for
the splitting time parameters in different IMa2 runs
were higher than the recommended 50 for the proper
mixing of runs (481-3783 in E. formosa & E. yayeyamana;
255-2555 in E. decorata & E. ornata). However, the
upper boundary of the posterior distribution of the
divergence time parameter for E. formosa and E. yayeya-
mana did not reach zero over a wide range of priors
and resulted in a wide posterior density interval
(Fig. 4B). The peak of the posterior distribution of
ancestral effective population size for E. formosa and
E. yayeyamana was less pronounced across a broad
range of priors (Fig. 4A).
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Fig. 4 The marginal posterior probability density distributions of model parameters (scaled by the mutation rate) estimated using
the full data set in IMa2. Curves are shown for the analysis with Euphaea formosa and E. yayeyamana (A), (B) and (C), and for E. deco-

rata and E. ornata (D), (E) and (F).
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The maximum-likelihood estimate (MLE) and 95%
highest posterior density (HPD) of parameters in muta-
tional and demographic units are shown in Table 2.
The IMa2 analysis of the full data set demonstrated an
approximately equal effective population size for E. for-
mosa (N¢ = 0.711 million, HPD: 0.561-0.903) and the
ancestral species (Na = 0.701 million, HPD: 0-2.408),
and a smaller effective population size for E. yayeya-
mana (Ny = 0.298 million, HPD: 0.224-0.393) (Table 2).
The effective population sizes of E. decorata (N4 = 0.489
million, HPD: 0.352-0.661) and E. ornata
(N, = 0.521 million, HPD: 0.374-0.698) were approxi-
mately equal (Table 2). The ancestral species of E. deco-
rata and E. ornata had a slightly smaller effective
population size (N = 0.397 million, HPD: 0.237-0.625)
than those of its descendants.

The divergence time for E. formosa and E. yayeyamana
was 1.145 million years ago (Ma) (HPD: 0.642-8.334), in
the Calabrian stage of the Lower Pleistocene period,
which was approximately twofold earlier than the split
between E. decorata and E. ornata at 0.511 Ma (HPD:
0.357-0.726), in the Ionian stage of the Middle Pleisto-
cene (Table 2). Similar results were obtained by apply-
ing the standard insect mitochondrial clock
(E. formosa/E. yayeyamana: 1.198 Ma, HPD: 0.671-8.718;
E. decorata/E. ornata: 0.535 Ma, HPD: 0.374-0.760).
Although analysis of the full data set produced a pos-
terior distribution with a long upper boundary for the
divergence time of E. formosa and E. yayeyamana
(Fig. 4B), the sharp peaks of the posterior probability
distribution and MLE for divergence time in both spe-
cies pairs provided sufficient information to suggest

that E. formosa and E. yayeyamana diverged earlier than
E. decorata and E. ornata (Fig. 4B,E, Table 2).

Analyses of the full data set indicated nonzero and
significant bidirectional gene flow between E. formosa to
E. yayeyamana  (mg, = 0.133, *=38.192, P <0.001;
mys = 0.037, y*=30.821, P <0.001) (Fig. 4C, Table 2).
The migration rate per generation from E. formosa to
E. yayeyamana (2Ny Mg,) was 0.675 (HPD: 0.200-1.623),
which was approximately nine times higher than the
reverse migration from E. yayeyamana to E. formosa
(2N, My at 0.079 (HPD: 0.015-0.263) (Table 2). The
number of migration events for each locus indicated
that all twelve loci showed evidence of migration from
E. formosa to E. yayeyamana (1-5 events), whereas the
migration event from E. yayeyamana to E. formosa was
only found in four loci (nad5, mic, lopl and anon, 1-2
events) (Table S3, Supporting information). The distri-
bution of the mean times of migration events for each
locus was broad (mfy, t =0.02-4.04; my, t = 0.32-1.85)
(Table S3, Supporting information). In contrast, gene
flow between E. decorata and E. ornata was inferred to
be negligible (MLE of mg, & moq < 0.001) (Table 2),
with the lower 95% HPD of both migration parameters
including zero (Fig. 4F), and only one migration event
detected from E. decorata to E. ornata (anon, Table S3,
Supporting information).

Table 3 shows the likelihood ratio statistics for a ser-
ies of nested speciation models applied to the full data
set. Between E. formosa and E. yayeyamana, only the
model of an equal effective population size for E. for-
mosa (0g) and its ancestral species (0,) was not rejected
(P =0.189, Table 3). All remaining models, in which

Table 2 Maximum-likelihood estimates (MLE) and the 95% highest posterior density (HPD) intervals of demographic parameters

estimated using the full data set in IMa2

Full data set Hf 9), QA mfy myf Nf Ny NA sz Mfy ZNy Myf T
Euphaea formosa and E. yayeyamana
MLE 10.180  4.270 10.030 0.1326 0.0367 4.095 0.711 0.298 0.701 0.6749 0.0785 1.145
HPD95Lo 8.025 3.210 0 0.0498 0.0092 2.295 0.561 0224 0 0.1998 0.0147 0.642
HPD95Hi 12.930 5630  29.310 0.2510 0.0935 29.81 0.903 0.393 2.048 1.6227 0.2631 8.334
Full data set Gd 00 BA Myo Meg Nd I\]0 NA ZNd Mdo ZNO Mod T
E. decorata and E. ornata
MLE 6.492 6.912 5.265 0.0009 0.0001 1.696 0.489 0.521 0.397  0.0029 0.0003 0.511
HPD95Lo 4.673 4963 3.141 0 0 1.184 0.352 0374 0237 0 0 0.357
HPD95Hi 8.768 9.262 8.289 0.0735 0.0877 2.408 0.661 0.698 0.625 0.3222 0.4061 0.726

0g, N¢ , effective population size of E. formosa; 0y, Ny, effective population size of E. yayeyamana; 04, Ny, effective population size of
E. decorata; 0,, N,, effective population size of E. ornata; 05, N,, effective population size of ancestral species; my, 2N¢ Mg,
population migration rate from E. formosa to E. yayeyamana; mys, 2Ny My, population migration rate ¢ from E. yayeyamana to

E. formosa; mqo, 2Nq Mg,, population migration rate from E. decorata to E. ornata; meq, 2N, Moy, population migration rate from

E. ornata to E. decorata; t, T, divergence time.

0g, Oy, 04, 0o, 0a, Mgy, Mys, Myo, Mg and t are scaled by the mutation rate; Ni, Ny, Ny, No, 2N¢ Mgy, 2Ny My, 2Ng Mo, 2Ny Mog, and T

are in demographic units (x10° individuals or years).
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Table 3 Tests of nested demographic models for the two Euphaea species pairs based on the full data set

E. formosa and E. yayeyamana

E. decorata and E. ornata

Model df. —2LLR* P Model df. —2LLR* P

Mgy = My 1 35.69 ok Mao = Mog 1 0.001 1.000
g = 0 1 110.10 Mog = 0 1 0.001 0.500
Mgy =0 1 272.20 ok Mo = 0 1 0.001 1.000
0 = 0, 1 132.50 04 =0, 1 0.587 0.444
Of = Oy, mgy = miyg 2 137.90 ot 04 = 0o, Mo = Mog 2 0.587 0.745
0 = Oy, my = 0 2 245.20 ok 04 = 0o, Moq = 0 2 0.587 0.373
0 = 0y, mgy = 0 2 316.10 ot 04 = 0,, Mg =0 2 0.587 0.373
0 = 04 1 173 0.189 04 = 0a 1 0.006 0.940
Of = O, Mgy = My 2 40.24 04 = Op, Maq = Mog 2 0.006 0.997
Of = On, mye = 0 2 111.80 wh 04=0a, Mog =0 2 0.006 0.499
0f = On, My = 0 2 273.00 04 = 0a, Mao =0 2 0.006 0.499
N 1 27.99 0o = 04 1 0.219 0.640
Oy = On, My = mye 2 73.98 ok 0, = O, Mo = Mg 2 0.219 0.896
0y = O, myge =0 2 138.10 0o = 04, Mg = 0 2 0.219 0.448
0y = Oa, Mgy = 0 2 310.00 ok 0, = 04, Mgy = 0 2 0.219 0.448
0 = 0, = O 2 141.40 04 =0, =04 2 0.634 0.728
Of = Oy = O, Mgy = Miyg 3 156.10 ok 04 = 0y = 0a, Mao = Mog 3 0.634 0.889
0 = Oy = O, mys =0 3 251.50 ok 04 =0, =0n, oq =0 3 0.634 0.445
0 = 0, = O, mgy = 0 3 329.30 ot 04 =0, =0x, Mo =0 3 0.634 0.445

*The log likelihood ratio (LLR) statistics and associated P values of the nested models calculated in IMa2; —2LLR follows a XZ
distribution with the degree of freedom (d.f.) being the difference in the number of parameters between nested models.

**P < 0.01; **P < 0.001.

the two migration rates are zero or equal to each other
(mg, = 0; mye = 0; mg, = myg) and the ones in which the
two effective population sizes (0¢ = 0,) are equal were
rejected. In contrast, the likelihood ratio statistic
between E. decorata and E. ornata was not significant,
so the nested models of zero migration (mg, =0;
Moq = 0) or equal population sizes (04 = 0,) could not
be rejected (Table 3).

The posterior probability distributions and likelihood
estimates of parameters and nested models obtained
from the three smaller data sets (no recombined blocks,
no non-neutral loci, and no recombined blocks and
non-neutral loci) revealed similar patterns to the full
data set (summarized in Tables S4-S5 and Figs S3-S5,
Supporting information). In all three data sets, E. for-
mosa and E. yayeyamana were estimated to have
unequal population sizes and nonzero asymmetric gene
flows (Figs S3-S5A,C, Supporting information), while
E. decorata and E. ornata were inferred to have equal
population sizes and close to zero gene flows (Figs S3—
S5D,F, Supporting information). However, these analy-
ses generally resulted in estimates of smaller population
sizes, more recent divergence times, and higher migra-
tion rates for both species pairs when compared to the
full data set. The estimates of the divergence time
parameter (t) for E. formosa and E. yayeyamana failed to
converge in all three data sets (Figs. S3-S5B, Support-

ing information), and resulted in a large HPD interval
and a high upper boundary, as reported in other stud-
ies using IM models (e.g. Kotlik et al. 2008; Nada-
chowska & Babik 2009; Morgan et al. 2010; Wachowiak
et al. 2011). This result suggests that the information in
these smaller data sets may not be sufficient to estimate
the divergence time, a parameter that often requires a
large number of unlinked loci to obtain an unambigu-
ous probability distribution and a narrow credibility
interval (Won & Hey 2005; Hey 2010).

Discussion

Species status, genetic differentiation and phylogeny

Species status, genetic variation and the phylogenetic
relationship between Euphaea formosa and E. yayeyaman-
a have been studied using sequences from mitochon-
drial cox2 and the nuclear ITS gene (Huang & Lin
2011; Lee & Lin 2012). The major constraint of these
earlier studies was the limited number of loci and taxa
employed, as the stochastic nature of single-locus coa-
lescence can mislead the interpretation. Based on the
coalescent species tree reconstruction of cox2 and arr
genes, the present study supported the previous find-
ings of distinct ‘phylogenetic species’ (Cracraft 1983)
for E. formosa and E. yayeyamana and demonstrated
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that the four Euphea species are each monophyletic lin-
eages, a prerequisite for applying IM models to test the
mode of species formation rather than population
divergence (Hey 2006; Pinho & Hey 2010). Genetic clus-
tering analyses of the multilocus data set also demon-
strated substantial genetic differentiation among the
species, and few structured populations within the spe-
cies that further supported valid genotypic species
(Mallet 1995) for all four Euphaea species. The results of
distinct phylogenetic and genotypic species statuses for
E. formosa and E. yayeyamana were consistent with ear-
lier conclusions of separate ‘morphological/phenetic
species’ (Sokal & Crovello 1970), as characterized by
distinctive, nonoverlapping male wing shapes (Lee &
Lin 2012).

In contrast to the well-characterized phylogenetic and
genotypic species status for the four Euphaea damsel-
flies, gene trees inferred from awd2, mlc and anon
revealed extensive shared polymorphism and multiple
persisting polyphyletic or paraphyletic haplotype lin-
eages between the sibling Euphaea species, whereas only
the ITS, cox2, arr and sdhB gene trees indicated recipro-
cal monophyly of the four Euphaea species. The incon-
sistency of species relationships among multiple gene
trees suggested that these four damselflies have not yet
become complete genealogical species (Baum & Shaw
1995) across the sampled loci. Discordance between
gene trees and species trees can be caused by the sto-
chastic coalescent process, interspecific hybridiza-
tion/gene flow, or incomplete lineage sorting, which is
to be expected for lineages during their early stages of
speciation (Maddison 1997). No haplotype was shared
between the two sibling Euphaea species pairs for all
sampled loci, demonstrating that these two sibling spe-
cies pairs have been diverged for a long time, allowing
complete lineage sorting.

Timing of speciation in Euphaea damselflies

Analyses of the multilocus data set support the recent
divergence of E. formosa, E. yayeyamana, E. decorata
and E. ornata within the last 1 Myr. Therefore, two
speciation events of sibling Euphaea species pairs date
to the Middle to Lower Pleistocene period, during
which the periodic connection and isolation of forest
habitats through glacial land bridges between the
Asian mainland and continental islands would have
significantly affected species distribution and gene
flow between diverging populations. The estimated
divergence time for E. formosa and E. yayeyamana,
based on the present data set (1.2 Ma, HPD: 0.64-8.33,
Table 2), was approximately twofold more recent than
the previous estimation based on the mitochondrial
cox2 gene (2.6 Ma, HPD: 0.483-6.216, Huang & Lin
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2011). The results of coalescent simulations based on
12 loci indicated that the MLE of divergence time was
conservative and associated with considerable uncer-
tainty (Table 2, Fig. 4). Nevertheless, the inconsistency
between the point estimates of divergence time using
a single mitochondrial gene and multilocus data set
might result partly from applying a faster mitochon-
drial mutation rate derived from time-calibrated bio-
geographical events (1.77 x 10™® mutation/site/year,
Papadopoulou et al. 2010), rather than the standard
insect mitochondrial clock (1.15 x 107 muta-
tion/site/year, Brower 1994) employed in the earlier
study (Huang & Lin 2011).

Speciation with gene flow in E. formosa
and E. yayeyamana

The IM analyses demonstrated significant bidirectional
postdivergence gene flow between E. formosa and
E. yayeyamana (Table 2, Fig. 4C). The level of gene
flow was interpreted to be large from E. formosa to
E. yayeyamana and moderate from E. yayeyamana to
E. formosa, reflecting the passage of genes between spe-
cies after selection against gene flow has acted (Pinho
& Hey 2010). These results are therefore strongly incon-
sistent with a strictly allopatric speciation model
(Table 3), which assumes complete termination of gene
flow at the time of divergence between the two species.
Alternatively, unambiguous signals of nonzero gene
flow after species divergence favours the IM model to
explain the origin of endemic E. formosa and E. yayeya-
mana on subtropical East Asian islands. In the strictly
allopatric speciation model, after initial geographical
isolation, mutation and genetic drift play a more
important role than selection in driving population
divergence, with reproductive isolation emerging as a
byproduct of genetic divergence in isolated populations
(Mayr 1954, 1963; Coyne & Orr 2004). In contrast,
under the IM model of speciation, divergent selection
is a major evolutionary force responsible for generating
and maintaining population divergence in the face of
homogenizing gene flow (Hey 2006; Nosil 2008). Theo-
retical models have suggested that strong ecological or
sexual selection could have profound effects in specia-
tion by increasing the rate of divergence of locally
adapted populations (Gavrilets 2003, 2004). Therefore,
factors, such as local ecological selection of prey avail-
ability and resource allocation (Hayashi 1990; Lee &
Lin 2012), and sexual selection resulting from territorial
competition for mates (Lee & Lin 2012), may have pro-
moted divergence of these two insular Euphaea, even
when land bridges were connecting their habitats
between Taiwan and the Yaeyama islands during Pleis-
tocene glaciated periods.
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Asymmetric gene flow and peripatric speciation

The estimated gene flow is much greater from E. for-
mosa to E. yayeyamana (2Ny Mg, = 0.675) than in the
opposite direction (2N, My¢ = 0.079). This asymmetric
gene flow is commonly observed in ecologically
diverged species (e.g. Morgan et al. 2010), consistent
with a major role of divergent ecological adaptation in
the speciation of these two damselflies. The asymmetry
of gene flow can have several possible explanations.
First, hybrid zone theory predicts that the migrant flow
in natural populations tends to be higher from densely
populated to sparsely populated areas owing to asym-
metry of genetic barriers (Lenormand 2002). The asym-
metric gene flow may be partly explained by a much
larger (N¢ = 0.711 million) and denser E. formosa popu-
lation than that of E. yayeyamana (N, = 0.298 million)
(Hayashi 1990; Huang & Lin 2011). Second, greater
interspecific gene flow is also expected from the species
with higher fitness into the species with lower fitness as
a consequence of asymmetric hybridization. Although
the relative fitness of E. formosa and E. yayeyamana in
each other’s habitats is unknown, the larger E. formosa,
with its broader hind wings for superior aerial manoeu-
ver ability, may have attained higher fitness through
selective advantage in the territorial competition for
mates (Lee & Lin 2012). This could have resulted in a
trend towards greater gene flow from E. formosa to
E. yayeyamana when the two species were in sympatry.
Finally, hybrid zone theory suggests that moving
hybrid zones are expected to leave a signature of asym-
metric introgression in the direction of displacement of
the hybrid zone (Buggs 2007). Our inference of asym-
metric gene flow would therefore be in accordance with
an eastward displacement of the hybrid zone from
‘mainland” E. formosa into ‘peripheral’ E. yayeyamana.
Nevertheless, distinguishing between these alternative
explanations requires further experimentation.

Speciation without gene flow in E. decorata and
E. ornata

Compared with E. formosa and E. yayeyamana, the post-
divergence gene flow between E. decorata and E. ornata
was not significantly different from zero to reject the
strictly allopatric speciation model. The level of DNA
polymorphism and effective population size of E. deco-
rata (0q = 6.492, Ng = 0.489 million), E. ornata
(0, = 6912, N, = 0.521 million) and their ancestral spe-
cies (05 = 6.265, N5 = 0.397 million) were inferred to be
approximately equal, consistent with the prediction of a
standard vicariant model of allopatric speciation (Mayr
1954, 1963; Coyne & Orr 2004), in that the ancestral
population was split into two geographically isolated

populations with no gene flow, and at the time of speci-
ation each of the isolated populations resembled the
ancestral one in the level of DNA polymorphism, and
thus was an effective population size (Osada & Wu
2005). Therefore, these results support the hypothesis of
prolonged allopatric isolation of these two Euphaea spe-
cies throughout much of the late Pleistocene, without
periodic secondary contacts and consequent genetic
exchange. Therefore, geographical isolation is probably
to have played a more crucial role in the speciation of
E. decorata and E. ornata. This allopatric scenario could
have occurred as the rising sea level of the warm inter-
glacials divided the ancestral population into the Asian
mainland and Hainan island without gene exchange,
and was reinforced when tropical damselfly popula-
tions became restricted to isolated forest refugia during
the cold and arid glacial periods.

Conclusion

Our findings of contrasting geographical speciation
modes (strict allopatry vs. parapatry/peripatry with
gene flow) between the two sibling Euphaea species
pairs demonstrate that each damselfly lineage has
undergone divergent evolutionary trajectories leading
to species formation, even with an apparently similar
life history, ecological characteristics and phylogenetic
affinity. We suggest that the effect of Pleistocene cli-
matic changes on the origin of Euphaea species of the
East Asian islands is lineage-specific and may depend
predominantly on the divergence time and latitude of
the evolutionarily independent clades. These twofold
earlier divergences could have allowed the older Eup-
haea formosa and E. yayeyamana to experience larger
numbers of glacial cycles and provided additional
opportunities for secondary contacts and consequent
gene flow than that of younger E. decorata and E. ornata.
Latitudinally, the tropical island of Hainan lies approxi-
mately 200 km south of Taiwan, and the Yaeyama
islands are located near the Tropic of Cancer, with a
predominately subtropical climate. Tropical East Asia at
the lower latitudes, including Hainan, was character-
ized by a relatively mild Pleistocene climate (Pinot et al.
1999) than that of Taiwan and the Yaeyama islands at
the higher latitudes. Therefore, the land bridge forma-
tion between the Asian mainland and Hainan during
glacial periods may have been less extensive and subse-
quently promoted prolonged allopatric isolation of
E. decorata and E. ornata through oceanic or habitat bar-
riers. We conclude that the role of geographical barriers
may be less important for the speciation of subtropical
E. formosa and E. yayeyamana, where differential selec-
tion of natural or sexual environments is prominent in
driving species divergence despite homogenizing gene
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flow; whereas for tropical E. decorata and E. ornata at
lower latitudes, allopatric isolation may well be a piv-
otal promoter of species formation.
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