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Abstract
Taxonomic debates have been carrying on for decades over Formosan stag beetles, which

consist of a high proportion of endemic species and subspecies featuring morphological

variations associated with local adaptation. With the influence of periodical Pleistocene gla-

ciations and the presence of several mountain ranges, the genetic differentiation and taxo-

nomic recognition, within this medium-size island, of two endemic subspecies for each of

four montane stag beetles, i.e. Lucanus ogakii, L. kanoi, Prismognathus davidis, and Neolu-
canus doro, has been an appealing issue. Based on monophyletic lineages and population

structure, possible divergent scenarios have been proposed to clarify the subspecific status

for each of the above mentioned stag beetles. Phylogenetic inferences based on COI+16S

rDNA+28S rDNA of 240 Formosan lucanids have confirmed most species are monophyletic

groups; and the intraspecific (<2%) and interspecific (>2%) genetic distances of the two

mitochondrial genes could be applied concordantly for taxonomic identification. On account

of Bayesian-based species delimitation, geographic distribution, population structure, and

sequence divergences, the subspecific status for L. ogakii, L. kanoi, and Pri. davidis are
congruent with their geographic distribution in this island; and the calibration time based on

the mitochondrial genes shows the subspecific split events occurred 0.7–1 million years

ago. In addition, a more complicated scenario, i.e. genetic differentiation including introgres-

sion/hybridization events, might have occurred among L. ogakii, L. kanoi, and L.maculife-
moratus. The geological effects of mountain hindrance accompanied by periodical

glaciations could have been vital in leading to the geographical subspecific differentiation of

these montane stag beetles.

Introduction
The family Lucanidae (Coleoptera, Scarabaeoidea) has received much attention because of
their remarkable sexual dimorphism, intraspecific variation, and external morphological
allometry in males [1–3]. Previous studies on stag beetles showed the intraspecific variation
within a species or between subspecies could have been related to their local adaptation, such
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as larval consumption of dead wood, mating choice of females, and competition for food
resources [2–5]. With>1,400 species known throughout the world, stag beetles are particularly
abundant in Oriental, Sino-Japanese, and the eastern Palearctic regions [6–9]. East Asia and its
adjacent islands have provided ideal geographic topography for species diversification. Species
distributing widely with variable morphological characters are suitable for studying their evolu-
tionary history, especially the genetic differentiation between affinity of subspecies [10, 11].
The affinity subspecies within a species is usually recognized according to their geographic dis-
tribution and morphological features. For example, several lucanid populations isolated in dif-
ferent islands/regions have been proposed as subspecies for Dorcus titanus, Lucanus
maculifemoratus, and Neolucanus nitidus [9]. In general, only one subspecies would be found
on an island. Yet, when two subspecies should be recognized, their differentiation processes
would be an appealing issue.

Morphological variation of a species is an expression of phenotypic changes in response to
diverse topography, climate, and genetic factors throughout its phylogeographic history [12–
14]. Within a species, morphologically differentiated populations caused by geographical isola-
tion could be recognized as subspecies by taxonomists. However, the occurrence of gene flow
or hybridization among originally isolated subspecies/populations during glaciations might
have shaped unique/overlapping morphological characteristics in an organism, which would
also complicate taxonomic classification [15]. Thus, the recognition of geographically variable
characteristics for closely related species and/or subspecies has sometimes become a challenge
for taxonomists [12, 16].

Pleistocene climatic fluctuation has been proposed as a profound factor influencing the ori-
gin and diversification of extant organisms [17–19]. Repeated isolations of populations in refu-
gia during Pleistocene glacial cycles have been considered the crucial mode for allopatric
speciation in Europe and North America [17–21], though the refugia hypothesis was not con-
sidered the major driving force of species origin for neotropical taxa [21–24]. In the refugia
hypothesis, isolated populations would accumulate genetic difference through drift and local
adaptation over a long period during glaciations [25]. As the interglacial period came, popula-
tions would have a chance either to expand their distribution or have secondary contact with
other populations [12, 26–28].

Mountainous Taiwan (also known as Formosa), a medium-size island situated in both trop-
ical and subtropical regions in Southeastern Asia, was formed about six million years ago
(Mya) by a collision between the Philippine Sea plate and Eurasian plate [29]. A drastic uplift
about 3–1 Mya [29, 30] resulted in the appearance of the Central Mountain Range (CMR)
extending from northern to southern Taiwan with an altitude up to 3,952 m, together with sev-
eral branches, i.e. Xueshan Range, Yushan Range, and Alishan Range. These mountain ranges
have also been suggested as an important vicariant barrier for the speciation and population
differentiation of many organisms, such as fishes, salamanders, toads, crabs, damselflies, and
stag beetles during glaciations [12, 28, 31–37]. The most interesting case relates to the recogni-
tion of two geographic subspecies for some endemic insects, such as butterflies, dragonflies,
damselflies, and stag beetles on this island [12, 34, 38–40].

A total of 52 lucanid species, including 45 endemic species and subspecies, have been identi-
fied owing to the specific geographic position and topography of Formosa Island. Several stud-
ies of stag beetles in this island have dealt with the taxonomic debates on species or subspecies
caused by geographical adaptation and morphological variations affected by Pleistocene glacial
cycles and vicariant ranges [12]. Huang and Lin [28] confirmed with molecular and morpho-
logical evidences that the three mandible forms in Lucanus formosanus were geographic
morphs, i.e. northern, central, and southern morphs, instead of genetic differentiation/subspe-
cies. On the other hand, considering several overlapping morphological characteristics, Tsai
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et al. [12] proposed a single taxon for Neolucanus swinhoei complex, which included N. swin-
hoei, N. eugeniae, and N. doro, with the latter consisting of two subspecies. On an island like
Taiwan, the complex speciation processes that a single species with two geographical subspe-
cies would have confronted have become an appealing issue for taxonomists and evolutionary
scientists.

On Formosa Island, three additional stag beetles, i.e. Lucanus ogakii, Lucanus kanoi, and
Prismognathus davidis, each having two endemic subspecies, might have faced the same driv-
ing forces of mountain hindrance and glacial cycles as mentioned above. Lucanus ogakii and L.
kanoi inhabit montane areas ranging from 1,500–2,600 m and 1,000–2,500 m, respectively, on
either side of the CMR [41]. Lucanus ogakii dwells primarily in eastern Taiwan, with one sub-
species L. o. ogakii in the north and another subspecies L. o. chuyunshanus in the south; and
the western Taiwan-dwelling L. kanoi consists of the northern subspecies L. k. piceus and the
central subspecies L. k. kanoi with very limited distribution (Fig 1A) [41]. Yet, based on mor-
phological variations of head, clypeus, and male/female genitalia, Huang and Chen [42] treated
L. ogakii as a third subspecies of L. kanoi. The two endemic subspecies of Pri. davidis in mon-
tane areas ranging from 1,500–2,700 m are Pri. d. nigerrimus in northern/eastern Taiwan and
Pri. d. cheni in mid-western/southwestern Taiwan (Fig 1B)[41]. Yet, Huang and Chen [43]
revised Pri. d. nigerrimus as a synonym of Pri. d. cheni because the diagnostic character, i.e.
darker body color, was variable. Huang and Chen [44] also proposed some additional revisions
to the specific synonyms and generic position of stag beetles found on this island. For example,
Dorcus mochizukii was revised to Falcicornis tenuecostatus and a new genusMiwanus was set

Fig 1. Geographic distribution of the two subspecies for eachmontane stag beetle. Lucanus ogakii and L. kanoi (A) and
Prismognathus davidis (B). The solid line shows the distribution region and the dashed line represents the likely distribution area. The
mountain range shown in light gray represents an altitude between 1,000 and 2,000 m and dark gray represents an altitude of >2,000 m.

doi:10.1371/journal.pone.0156600.g001
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for D. formosanus and its relevant species. Further evidence would help us to understand their
taxonomic status and differentiation history.

For several decades, molecular characteristics have been applied extensively to resolve taxo-
nomic debates and test the divergent time upon species complex, cryptic species, and sibling
species. Among the molecular approaches applied extensively to resolve taxonomic debates, a
small fragment of commonly used mitochondrial DNA, i.e. cytochrome oxidase subunit I
(COI), has been considered efficient in delineating the taxonomic status and relating morphs
and developmental life stages in various insects [12, 45–53]. Application of nuclear genes, such
as wingless or ribosomal DNA region, has been especially helpful in unraveling the hybridiza-
tion possibility of taxonomically debated species. Moreover, the recently developed methods,
e.g. Poisson tree processes (PTP) and General Mixed Yule Coalescent (GMYC) model, based
on Bayesian analysis and coalescent framework have also been applied as analytic tools to eluci-
date the taxonomic status [54, 55]. Since PTP is faster and less requirement for the information
of phylogenetic tree than GMYC model, the study herein prefers to use this more convenient
and more commonly used approach for the species delineation.

The taxonomical debate in stag beetles has been generally associated with Pleistocene glacial
cycles accompanied by vicariant hindrance of mountain ranges in Taiwan. The most interest-
ing issue involves the recognition of two locally distributed subspecies for each of the four
montane species mentioned above. The study herein applies molecular data from two mito-
chondrial genes (COI and 16S rDNA) and two nuclear genes (28S rDNA and wingless) to
depict the genetic variation in 262 individuals of 48 lucanid species and subspecies to clarify
the status of the taxonomically debated stag beetles. Based on the monophyletic lineages, geo-
graphical distribution, population structure, and species delimitation such as PTP, we further
address the subspecific status and the possible hybridization events between the two subspecies
in each of L. ogakii, L. kanoi, Pri. davidis, and N. doro. Hypotheses on the subspecific divergent
scenarios are proposed: (1) populations/subspecies displaying variable morphological charac-
teristics, which might be due to local adaption, have a similar genetic composition, such as the
mandible morphs in L. formosanus; (2) morphologically differentiated subspecies may repre-
sent divergent lineages in congruence with their discontinuous distribution; and (3) further
genetic differentiation involves introgression/ hybridization events, such as in N. swinhoei
complex.

Materials and Methods

Sample collection
Forty-eight species and subspecies of stag beetles belonging to 14 genera collected from Taiwan
and its neighboring islands were preserved in 95% EtOH at -20°C for molecular analyses (S1
Table). At least three individuals were analyzed for each species. Six species from closely related
families of Lucanidae within the same superfamily Scarabaeoidea including Geotrupidae (Phe-
lotrupes formosanus), Passalidae (Aceraius grandis and Leptaulax formosanus), and Scarabaei-
dae (Allomyrina dichotoma tunobosonis, Anomala aulacoides, and Xylotrupes mniszechi
tonkinensis), were used for outgroup comparison in phylogenetic analyses. All voucher speci-
mens are deposited in Department of Entomology, National Chung Hsing University, Tai-
chung, Taiwan.

Ethics statement
We confirm no endangered or protected species of stag beetle was involved in this study. All
field collections in protected areas, i.e. national parks and national forested land, were permit-
ted by the authorities. In the National Park, the collection permission was issued by the
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Headquarters of Yangmingshan National Park (permission number 20140101), Sheipa
National Park (permission numbers 1030001234, 1030000674), and Taroko National Park
(permission numbers 201103020129, 201202200200, 201303080267). Field collection in
each national forested land was authorized by the Forestry Bureau: the collection permission
was issued by the Headquarter of Hsinchu Forest District Office (permission numbers
1022102680, 1032102837), Dongshih Forest District Office (permission numbers 1023161059,
1033161025), Nantou Forest District Office (permission numbers 1024161154, 1034161079),
Chiayi Forest District Office (permission numbers 1025161568, 1035161308), Pingtung Forest
District Office (permission numbers 1026161180, 1036161438), Luodong Forest District
Office (permission numbers 1021102104, 1031151311), Hualien Forest District Office (per-
mission numbers 1028161017, 1038160848), and Taitung Forest District Office (permission
number 1027240244), respectively.

DNA extraction, amplification, and sequencing
Genomic DNA was extracted frommetacoxa muscle using a QuickExtract DNA extraction kit
(Epicentre Biotechnologies, Madison, WI) with the protocol by Tsai et al. [12]. The primer sets
used to amplify two mitochondrial genes, i.e. COI and 16S rDNA, and the nuclear gene 28S
rDNA are listed in Table 1. Moreover, additional primer pairs of the nuclear genewinglesswere
applied for taxonomically debated taxa in the genus Lucanus and Prismognathus. The PCR was
conducted in a volume of 25 μl and the programming conditions were 94°C for 2 min as the ini-
tial denaturation, 35 cycles of 94°C for 40 s, 45–52°C for 40 s, and 72°C for 40 s, then 72°C for 10
min as a final extension. PCR products were purified from 1% agarose gel with QIA quick Gel
Extraction Kit (Qiagen, Hilden, Germany) and then sequenced using a Taq dye terminator Cycle
Sequencing Kit (Applied Biosystems, Foster City, CA) and an ABI 377A sequencer. All sequences
were deposited in GenBank under the inclusive following accession numbers (COI: LC074471–
LC074690, LC091038–LC091039; 16S rDNA: LC074974–LC075188, LC091040–LC091041;

Table 1. Primers and their amplification size of each amplicon in this study.

Gene Primer Sequence 5'!3' Size (bp) References

COI CI-46Coleoptera (+) AACCATAAAGATATTGGAAC 686 Tsai et al. [12]

CI-731Coleoptera (-) CCAAAAAATCAAAATAAATGTTG

COI-68_Dorcus_F (+) TATAYTTTCTTYTAGGAAGRTG 664 In this study

COI-77_Cyclo_F (+) TYCTTGGAAGATGATCAGGWAT 655

COI-731Lucanidae (-) CCRAARAATCARAAHAARTGYTG

16S rDNA 16SR21 (+) GCCTGTTTATCAAAAACAT 550 Yeh et al. [56]

16S22 (-) CCGGTCTGAACTCAGATCA

28S rDNA 28Sa (+) TCCGTAACTTCGGAACAAGGATT 700 Lin et al. [57]

28Sb (-) TGTACCGCCCCAGTCAAACT

28SA1 (+) CCGTCTTGAAACACGGACCAAG 700 Li et al. [58]

28SB1 (-) TTCGGCAGGTGAGTTGTTACACAC

wingless Wg_Luc_1_F (+) GAAGRCCTGYTGGATGAGGCTT 441 In this study

Lucanus_wg2a (-) TTGCACCTTTCGACGATGGCGATCTC Lin et al. [59]

Wg550F (+) ATGCGTCAGGARTGYAARTGYCAYGGYATGTC Wild and Maddison [60]

WgAbRZ (-) CACTTNACYTCRCARCACCARTG

Wg578F (+) TGCACNGTGAARACYTGCTGGATG 476 Ward and Downie [61]

WgAbR (-) ACYTCGCAGCACCARTGGAA Abouheif and Wray [62]

“+” and “-” are upstream and downstream primers, respectively.

doi:10.1371/journal.pone.0156600.t001
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28S rDNA: LC066683–LC066936, LC126100–LC126101); wingless: LC077663–LC077693,
LC126084–LC126099) (S1 Table).

Phylogenetic analyses
Sequences were piled up by Bioedit 7.0 [63] and then aligned using Muscle Multiple Alignment
option in SeaView4 [64]. Genetic divergences among taxa were analyzed using MEGA 6.0 via
p-distance [65]. DNA sequences COI (a total of 148), 16S rDNA (131), and 28S rDNA (64) of
Lucanidae, were downloaded from NCBI for genetic distance analyses (S1 Table).

Divergence congruence among genes of COI, 16S rDNA, and 28S rDNA was examined
before they were joined in phylogenetic reconstruction. Each gene was converted to p-distance
data matrix and the analysis was carried out in R [66] using congruence among genetic distance
matrices (CADM) [67] via APE 3.4 [68]. Three partitioned genes, i.e. COI, 16S rDNA, and 28S
rDNA, were concatenated to conduct the phylogenetic inferences on the basis of maximum
likelihood (ML) and Bayesian inference (BI). For ML, GTR+I+G was selected as the preferred
substitution model in RAxML v. 8.2.4 [69]. The best-scoring ML was conducted from 200 repli-
cations as suggested by the manual, each starting with a randomized parsimony tree. Then, the
support of nodes was examined by 100 nonparametric bootstraps. As to BI, the best-fit substitu-
tion models for COI, 16S rDNA, and 28S rDNA were analyzed in jModelTest 0.1 [70] using
Bayesian Information Criterion (BIC), and the best-fit ones were TIM1+I+G, TIM1+I+G, and
K80+I+G, respectively. Three partitioned genes analyzed for BIs were performed in MrBayes v.
3.2 [71] with three heat chains and one cold chain, and conducted for 1 × 107 generations with
sampling every 100 generations. The analysis was finished dependent on the average standard
deviation of split frequencies less than 0.01. The first 25% of trees were discarded as burn-in,
and the remaining 75% of trees were utilized to reconstruct a consensus tree.

In addition, the nuclear gene wingless was also exploited herein to conduct a ML tree for
each of the taxonomically debated species of Lucanus and Prismognathus to address the puta-
tive hybridization of these beetles.

Diversification calibration
The diversification time for taxonomically debated taxa was analyzed using a strict molecular
clock in BEAST v. 1.6.1 [72]. The best-fit model employed in BEAST was determined by jMo-
delTest 0.1 [70] using Bayesian Information Criterion (BIC). For Prismognathus, the best-fit
models for both COI and 16S rDNA were HKY+G; and for L. ogakii, L. kanoi, and L.maculife-
moratus, and HKY+I+G and TrN+ I were used. The substitution rates for these stag beetles
were estimated using 1.77%/lineage per million years (Myr) for COI and 0.53%/lineage/Myr
for 16S rDNA, calibration data from other beetles [73]. A strict molecular clock was applied in
MCMC running for 1 × 108 generations with samplings every 1 × 104 generations. The output
results of the related parameter values and Effective Sample Size (ESS) for posterior distribu-
tion were analyzed in Tracer v. 1.5 [74]. The analysis was performed until there was no warning
message with the suggested value; then the initial 10% of the run was discarded as burn-in.

Species delimitation
To delineate the species boundary for taxonomically debated taxa, the recognition of species
were analyzed via �BEAST and PTP using multilocus data, i.e. COI, 16S rDNA, 28S rDNA, and
wingless. For comparison, L. kurosawai, L. k. kanoi, and N. nitidus were selected as outgroups
for lineages of Lucanus, Prismognathus, and Neolucanus, respectively. With no genetic varia-
tion found, 28S rDNA was not included for N. swinhoei and Prismognathus delineation.
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A sequence-based coalescent �BEAST [75], on the basis of posterior probability, imple-
mented in BEAST v. 1.6.1 was used to reconstruct the species tree for each taxonomically
debated taxa. For different partitioned genes, the priors were set for clock model as a strict
clock, speciation tree prior to the Yule Process, and population size model as a Piecewise con-
stant Population Size Model. The analysis was run for 1 × 108 MCMC generations with sam-
plings every 1 × 104 generations. The output results were analyzed in Tracer v. 1.5 [74] until
there was no warning message with the suggested value; then the initial 10% of the run was dis-
carded as burn-in. For PTP [76], the analyses were performed on a bPTP server (http://species.
h-its.org/ptp/) using ML topology reconstructed by RAxML. Bayesian supported (BS) values
on nodes were regarded as the species confidence. The analyses were run for 300,000 MCMC
generations, with the thinning being set to 100 and burn-in at 10%.

Network analyses
To unravel the diversified processes of haplotypes of the taxonomically debated L. ogakii, L.
kanoi, L.maculifemoratus, and Prismognathus, haplotype networks for COI and 16S rDNA
were analyzed using the program TCS v. 1.21 with a 95% connection limitation [77], and the
indel was regarded as 5th state in 16S rDNA.

Hybridization test for taxonomically debated species
To detect possible hybridization among taxonomically debated stag beetles, a model-based
Bayesian clustering software STRUCTURE v 2.3.4 [78] was applied using the admixture model
and the correlated allele frequency between populations [79]. The number of possible cluster
(K) was set on the basis of possible clusters from 1 to 5, and a total of 15 runs were performed
for each K with a 50,000 burn-in followed by 100,000 MCMC replications. The usage of the K
value was determined on the basis of ΔK which was estimated by the Evanno method [80]
using the Structure Harvester software online website (http://taylor0.biology.ucla.edu/
structureHarvester/#).

Results

Sequence composition of COI, 16S rDNA, and 28S rDNA genes in
Lucanidae
COI, 16S rDNA, and 28S rDNA were successfully amplified for 240 stag beetles of 48 species
and subspecies in 14 genera. The fragment sizes for COI, 16S rDNA, and 28S rDNA are 610
bp, 512 bp, and 620 bp, respectively. The average base compositions for G, A, T, C are 16.8%,
28.5%, 32.3%, 22.4% in COI gene, and 20.5%, 30.8%, 39.1%, 9.6% in 16S rDNA, and 31.0%,
25.2%, 18.9%, 24.9% in 28S rDNA, respectively.

Sequence variations in Lucanidae
Fig 2 shows the uncorrected nucleotide divergence and frequency distribution of the pairwise
sequence difference for each of COI, 16S rDNA, and 28S rDNA in three categories: 1) among
individuals within species at 0–5%, 0–3%, and 0–1%, respectively; 2) among species of a given
genus at 6–20%, 0–18%, and 0–2%, respectively; and 3) among genera in Lucanidae at 14–25%,
15–24%, and 0–6%, respectively. While the nucleotide divergence for intraspecies is<2% in
COI and 16S rDNA, and the genetic distances of the interspecies and intergenera are overlap-
ping (Fig 2A and 2B). Similarly,<2% nucleotide divergence of the conserved 28S rDNA, is
observed for intra- and interspecies (Fig 2C); and no genetic variation in 28S rDNA has been
detected in many congeneric species.
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The subspecies of three montane stag beetles examined herein have distinct genetic varia-
tions in both COI and 16S rDNA. The average divergences of COI for L. o. ogakii vs. L. o.
chuyunshanus, L. k. kanoi vs. L. k. piceus, and Pri. d. cheni vs. Pri. d. nigerrimus are 3.2%, 2.6%,
and 2%; and those of 16S rDNA are 1.0%, 1.1%, and 0.8%, respectively (Fig 3D and 3E). How-
ever, intraspecific and interspecific genetic variations of both genes are overlapping for L. k.
kanoi and L.m. taiwanus, with an average genetic distances of 0.8% and 0.5% for COI and 16S
rDNA, respectively (Fig 3D). Yet, much higher genetic distances for these genes, i.e. 2.8% and
0.8%, have been observed within L.m. taiwanus. If the latter and other genetic admixture spe-
cies were excluded, an overlapping of genetic distances between interspecies and intraspecies
was only observed in 16S rDNA (Fig 2A and 2B, upper right).

Fig 2. Genetic variations (p-distance) of COI (A), 16S rDNA (B), and 28S rDNA (C) in Lucanidae. Nucleotide divergence of pairwise comparisons for
individuals within species (upper), for species within genera (middle), and among genera of Lucanidae (bottom) are shown. Relevant data excluding those
of taxonomically debated species are shown in the upper right panel.

doi:10.1371/journal.pone.0156600.g002
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Phylogenetic analyses
The congruence among COI, 16S rDNA, and 28S rDNA was confirmed using R software with
significant statistical support values (Mantel correlation: COI vs. 16S rDNA = 0.56, p< 0.001;
COI vs. 28S rDNA = 0.65, p< 0.001; 16S rDNA vs. 28S rDNA = 0.50, p< 0.001). Phylogenetic
inference based on COI+16S rDNA+28S rDNA using maximum likelihood (ML) reveals each
genus studied herein formed a well-defined monophyletic group (Fig 4). Phylogenetic analysis
also shows all species, except L. kanoi/L.maculifemoratus and Pri. formosanus/Pri. piluensis,
are monophyly.

Species delimitation and possible hybridization of taxonomically
debated Lucanus, Prismognathus, and Neolucanus stag beetles
Data obtained from multilocus species delimitation and model-based clustering simulation are
able to provide reliable information for taxonomic treatment. For Lucanus, although two clus-
ters were identified for the five known morphological taxa by STRUCTURE analysis, the spe-
cies delimitation analyses recognized four groups, i.e. L. o. ogakii, L. o. chuyunshanus, L. k.
piceus, and L.maculifemoratus taiwanus (including L. k. kanoi) (Fig 5). In Prismognathus,
STRUCTURE analysis has shown Pri. davidis forms a cluster separated from Pri. formosanus

Fig 3. Divergence time estimation and pairwise divergences based on COI and 16S rDNA for taxonomically debated stag
beetles.Calibration dating based on COI+16S rDNA for (A) Lucanus ogakii, L. kanoi, and L.maculifemoratus taiwanus, (B)
Prismognathus davidis nigerrimus and Pri. d. cheni, and (C) Pri. piluensis and Pri. formosanus. Interspecific pairwise comparison
using p-distance for five Lucanus taxa (D) and four Prismognathus taxa (E) are shown. COI divergences: lower-left, and 16S rDNA
divergences: upper-right (D, E).

doi:10.1371/journal.pone.0156600.g003
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Fig 4. Phylogenetic inferences based on COI+16S rDNA+28S rDNA usingmaximum likelihood (ML).
Both bootstrapping values of ML (left) and posterior probabilities of Bayesian inference (BI) (right) >50% are
shown at nodes.

doi:10.1371/journal.pone.0156600.g004
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Fig 5. Multilocus species delimitation and hybridization test of the five Lucanus taxa. The species
delimitations suggested by *BEAST and PTP are shown at the right side of the phylogram. STRUCTURE
analysis assumed the optimal Bayesian clustering (K = 2) of the addressed five taxa. Each bar stands for a single
individual. Morphological taxa are represented by different colors. The two groups found in L. k. piceus by PTP
are represented by a dashed line.

doi:10.1371/journal.pone.0156600.g005
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plus Pri. piluensis, and species delimitation analysis of �BEAST revealed Pri. davidis has two
well defined subspecies. Further, these analyses also suggested Pri. formosanus and Pri. piluen-
sis should belong to a single taxon (Fig 6). For N. swinhoei, while STRUCTURE analysis
showed two optimal clusters for the four known morphological taxa, both �BEAST and PTP
indicated a single cluster (Fig 7) as proposed by Tsai et al. [12].

Genetic differentiation in taxonomically debated Lucanus and
Prismognathus stag beetles
Statistical parsimony networks of COI and 16S rDNA were used to examine the haplotypes
evolving pattern in the taxonomically debated taxa, i.e. L. ogakii, L. kanoi, and L.maculifemora-
tus; and Pri. formosanus, Pri. piluensis, and Pri. davidis (Fig 8). High haplotype diversity exists
in these stag beetles, especially in L.maculifemoratus (Fig 8A and 8B). The substitution steps of
L. kanoi and L.maculifemoratus from their sister group L. ogakii are at least 36 and 6 steps for
COI and 16S rDNA, respectively (Fig 8A and 8B). The haplotype networks indicate L. k. piceus
forms a group of its own, and yet, its sibling L. k. kanoi is unexpectedly close to and shares the
haplotype with L.maculifemoratus. For Prismognathus, each of the two subspecies of Pri. davi-
dis forms its own group in COI and 16S rDNA (Fig 8C and 8D). Though with highly diversified
haplotypes, the congeneric Pri. formosanus and Pri. piluensis showed an admixed pattern (Fig
8C and 8D).

Maximum likelihood (ML) phylogenetic trees based on the nuclear gene wingless used to
address the hybridization possibility showed all five Lucanus taxa, including the outgroup L.
ogakii, are non-monophyletic (S1 Fig). In addition, considerable heterogeneity, eleven nucleo-
tide positions out of 441 bp in the wingless gene, was observed (S1 Fig and S2 Table). In Pris-
mognathus, two major lineages, i.e. Pri. davidis and Pri. piluensis plus Pri. formosanus, were
found, with two heterogeneous nucleotide positions out of 433 bp for each lineage (S3 Table).

Divergence calibration in taxonomically debated Lucanus and
Prismognathus stag beetles
Calibration time in these taxonomically debated species was analyzed based on COI and 16S
rDNA genes to delineate their possible differentiation histories. It shows the split events in the
subspecies of L. ogakii and L. kanoi occurred ca. 0.7–1 Mya (Fig 3A). Among the five taxa of L.
ogakii, L. kanoi, and L.maculifemoratus, the two major lineages L. ogakii and L.maculifemora-
tus/L. kanoi diverged ca. 2.7 Mya (Fig 3A). At approximately 1 Mya, the L. ogakii lineage
diverged into two subspecific lineages, namely, L. o. ogakii and L. o. chuyunshanus; and L. k.
piceus diverged from the L. k. kanoi lineage. Hybridization between L.m. taiwanus and L. k.
kanoi very likely occurred 0.05–0.12 Mya during the recent Würm glaciations. In the genus
Prismognathus, two subspecies of Pri. davidis, i.e. Pri. d. cheni and Pri. d. nigerrimus, diverged
ca. 0.7 Mya in the middle Pleistocene (Fig 3B); and Pri. formosanus and Pri. piluensis show an
origin ca. 2.8Mya (Fig 3C).

Discussion

Genetic divergence and phylogeographic history for montane stag
beetles
This study revealed the taxonomically debated stag beetles, i.e. L. ogakii, L. kanoi, and Pri. davi-
dis, could have confronted and evolved under similar geological events as proposed for some
other organisms on Formosa Island. Morphological variations between populations/subspecies
or species in montane stag beetles might be taken as an expression responding to diverse
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Fig 6. Multilocus species delimitation and hybridization test of the four Prismognathus taxa. The
species delimitations recommended by *BEAST and PTP are shown at the right side of the phylogram.
STRUCTURE analysis assumed the optimal Bayesian clustering (K = 2) of the four taxa. Each bar stands for
one individual. Morphological taxa are represented by different colors.

doi:10.1371/journal.pone.0156600.g006
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topography and Pleistocene glaciations throughout their phylogeographic history. A restricted
habitat, i.e. refugia, formed repeatedly during Pleistocene glacial cycles, considered as the cru-
cial mode for allopatric speciation in Europe and North America [17–21], has been demon-
strated for many organisms in Taiwan, e.g. plants, ground beetles, and stag beetles [12, 81–84].

Fig 7. Multilocus species delimitation and hybridization test of the fourNeolucanus taxa. The species delimitations
recommended by *BEAST and PTP are shown at the right side of the phylogram. STRUCTURE analysis assumed the optimal
Bayesian clustering (K = 2) of the addressed taxa. Each bar stands for one individual. Morphological taxa are represented by
different colors.

doi:10.1371/journal.pone.0156600.g007
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The CMR is another major geographic barrier for genetic differentiation of extant organisms
in populations of plants, fishes, frogs, toads, bats, crabs, and stag beetles [12, 35, 37, 85–88],
subspecies of damselflies [34], and species of snails, fishes, tree frogs, lizards, crabs, crickets,
and carabids [56, 83, 84, 89–94]. Hypotheses regarding the evolutionary history, under the

Fig 8. Haplotype networks of taxonomically debated Lucanus and Prismognathus stag beetles based
onmitochondrial COI (A, C) and 16S rDNA (B, D). Taxa are represented by different colors. With the
smallest circle standing for one individual, the number of individuals for each haplotype is shown in the circle.

doi:10.1371/journal.pone.0156600.g008
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hindrance of CMR and periodical glaciations during Pleistocene, for the montane stag beetles
exhibiting morphological variations in this study were proposed.

Discordant relationships between morphological and molecular data have been found in
several Formosan stag beetles. Huang and Lin [28] confirmed the three mandible forms in L.
formosanus were related to the environment heterogeneity instead of genetic differentiation.
Similar results were also observed in montane stag beetle N. doro because their characteristic
elytra luster and coloration were significantly related to their habitat rather than genetic differ-
entiation/subspecies [12].

Populations with unique morphological features caused by geographical isolation and recur-
rent glaciations are occasionally recognized as subspecies. Several subspecies isolated in differ-
ent islands/regions were confirmed by molecular data in stag beetle Dorcus titanus, a species
with 20 subspecies widely distributed in East and Southeast Asia [95]. Though examples of
within-island subspeciation events are rare, they have been demonstrated in some cases in Tai-
wan [34, 38–40]. The results herein reveal each of the two geographic subspecies in L. kanoi
and L. ogakiimight have also been cases of within-island subspeciation. Although STRUC-
TURE analysis shows one cluster only for each of them, both PTP and �BEAST analyses find
two geographic lineages for each of L. ogakii and L. kanoi, i.e. L. ogakii in eastern Taiwan with
subspecies L. o. ogakii in the north and subspecies L. o. chuyunshanus in the south, and L.
kanoi in western Taiwan with L. k. piceus in the north and L. k. kanoi in the center (Figs 1 and
5). Although the subspecific status of the two subspecies of Pri. davidis, i.e. Pri. d. nigerrimus
and Pri. d. cheni are not completely supported by species delimitation, the phylogenetic mono-
phyly, distinct genetic divergences in mtDNA/nuclear DNA, and the divergent time show it is
reasonable to recognize their subspecific status, i.e. Pri. d. nigerrimus in the northern/eastern
Taiwan and Pri. d. cheni in the midwest/southwest (Figs 1 and 6).

A more complicated evolutionary history has been illustrated in N. swinhoei complex: N.
swinhoei, N. eugeniae, and N. doro, instead of being three species, are considered as a single
taxon by Tsai et al. [12] due to their locally morphological variations and a genetic admixture
resulting from the periodical glaciation events and mountain hindrance. A similar situation
has also been found in montane leaf beetles which exhibited distinct morphological features
and yet, have a genetic admixture [96]. Likewise, molecular evidences in this study show a com-
plex differentiation history in montane lucanids of L. ogakii, L. kanoi, and L.m. taiwanus. Phy-
logenetic monophyly and species delimitation show L. ogakii and L. kanoi were isolated on
each side of CMR (Figs 1 and 5). Hybridization might have occurred between morphologically
distinct L.m. taiwanus and L. k. kanoi. The STRUCTURE analysis showed a possible introgres-
sion/hybridization event between them and the species delimitation by �BEAST and PTP also
suggested L.m. taiwanus and L. k. kanoi are indistinguishable (Fig 5). Meanwhile, the ML tree
conducted by the nuclear gene wingless also observed a genetic admixture of L. ogakii, L. kanoi,
and L.m. taiwanus (S1 Fig). Since L.m. taiwanus is widespread throughout the entire island at
altitudes ranging from 1,000–2,800 m, introgression/hybridization events might have occurred
in these three closely related Lucanus stag beetles. Further studies including more samples and
molecular markers are necessary to elucidate their complicated evolutionary history.

The calibration dating based on mitochondrial genes could help in clarifying the divergence
time and providing additional information on the subspecific status of these montane stag bee-
tles. It appears the ancestor of L. ogakii and L. kanoi, likely having arrived in Taiwan prior to
2.7 Mya in late Pliocene, was isolated in a drastic uplift event during 1–3 Mya on each side of
the CMR (Figs 1 and 3A) [29, 30]. Subsequent geographic isolation ca. 1 Mya and thereafter
local adaptation might have induced subspecific differentiation for both L. ogakii and L. kanoi.
Afterwards, L.maculifemoratus, a species with several affinity subspecies recorded in Japan,
Korea, and mainland China, dispersed to Taiwan prior to 0.68 Mya in the middle Pleistocene
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(Fig 3A). Introgression/hybridization events between L.m. taiwanus and L. k. kanoi shown in
STRUCTURE analysis might have occurred, ca. 0.05–0.12 Mya in late Pleistocene (Figs 3A and
5). Moreover, the divergence time of the two subspecies of Pri. davidis could be traced back to
ca. 0.7 Mya, i.e. middle Pleistocene (Fig 3B).

Taxonomic delineation and genetic divergence
The nucleotide divergence distribution of mitochondrial COI gene, which is,>6% among
most species, can be applied concordantly to species identification. Multilocus data examined
in this study, such as the genetic divergence distribution of COI and 16S rDNA (Fig 2), could
be used to discriminate most of the lucanid species. Somewhat lower divergence has been
found in the more conservative 16S rDNA. Nevertheless, it would be difficult to make taxo-
nomic recognition of a few genetically admixed species with either>2% intraspecies or<2%
interspecies COI sequence variations. Indeed, Nunes et al. [50] pointed out the lack of a clear
DNA boundary, such as a barcoding gap, might have resulted from recent genetic divergence,
incomplete lineage sorting, and introgression [97–100]. Thus, more genetic markers including
maternal mtDNA and biparental nuclear genes would be helpful to make further comprehen-
sive taxonomic revision.

Out of 54 lucanid species and subspecies, two geographical subspecies have been recorded
for each of the four montane stag beetles, i.e. L. kanoi, L. ogakii, Pri. davidis, and N. doro. Sub-
species L. k. piceus, with nitidous and more inconspicuous hairs of elytra, could be distin-
guished from L. k. kanoi. On the basis of few differences in male/female genitalia, the
difference of broad clypeus from L. k. kanoi, and the distinct frontal ridge of head, L. ogakii was
downgraded to the third subspecies of L. kanoi [42]. In a recent revision, Pri. d. nigerrimus was
treated as a synonym of Pri. d. cheni because the diagnostic characteristic, i.e. darker body
color, used to distinguish them is overlapping [43]. Obviously, slightly different and variable
morphological characters appear to be insufficient for delineating these mentioned subspecies.

Species boundary test and/or hybridization estimation for taxonomically debated taxa have
been extensively applied in recent years [54, 101–108]. Though the individuals of the debated
taxa were found genetically admixed in the same cluster by STRUCTURE analysis, PTP analy-
ses shows the monophyly for the two subspecies of both L. ogakii and L. kanoi (Fig 5). The rela-
tively high genetic divergence of COI and 16S rDNA is additional evidence for their subspecific
status (Fig 3D). After examining a large number of samples and data collected on pertinent
DNAmarkers, Tsai et al. [12] proposed N. doro, once considered to have two subspecies,
should be regarded as a single taxon, and this is again supported by the STRUCTURE analysis
herein (Fig 7). Considering the phylogenetic monophyly, genetic divergences in mtDNA/
nuclear DNA, and divergence time, we believe Pri. davidis is composed of two geographic
subspecies.

It is a difficult task for taxonomists to delineate closely related species, as demonstrated in
N. swinhoei complex by Tsai et al. [12], when molecular evidences are incongruent with mor-
phological characteristics among known species. Huang & Chen [43] considered the species
status of Pri. formosanus and Pri. piluensis ambiguous because of the overlapping characteris-
tics of the head/mandible and body coloration. In the present study, these two species have
been shown to be indistinguishable because phylogenetic analyses revealed Pri. piluensis was
admixed with Pri. formosanus and they were grouped as one single cluster by the STRUCTURE
analysis (Figs 6 and 8). For the three montane Lucanus species, i.e. L. ogakii, L. kanoi, and L.m.
taiwanus, molecular evidences show hybridization might have occurred (S1 Fig). Lucanus m.
taiwanus, with a characteristically larger body size, curved level of mandible, and dorsal gold
hair, can be clearly distinguished from the other two species, L. ogakii and L. kanoi, but the
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genetic distances of COI and 16S rDNA and relationships analyses show L. k. kanoi was geneti-
cally embedded in L.m. taiwanus (Figs 3A, 3D, 8A and 8B). The STRUCTURE analysis also
suggested introgression/hybridization events might have occurred between L.m. taiwanus and
L. k. kanoi (Fig 5).

Finally, this study has helped solve the taxonomical problem involving D.mochizukii, D.
formosanus, D. kyanrauensis, and D. parvulus. These species lack typical Dorcus features and
thus had been moved to genera Falcicornis,Miwanus, Serrognathus, andMetallactulus [44].
Phylogenetic inferences based on COI+16S rDNA+28S rDNA sequences herein suggest Dorcus
is a suitable category for them (Fig 4).

Supporting Information
S1 Fig. Maximum likelihood (ML) trees based on the nuclear gene wingless for five Lucanus
(A) and four Prismognathus (B) taxa are shown. The heterogeneous positions observed from
the chromatogram are marked.
(TIFF)

S1 Table. Information of Taxon ID, collection locality, GPS coordinates, and accession
numbers of studied genes of each stag beetle. Sequences downloaded from GenBank for
genetic divergence analysis are listed below the dashed line.
(DOC)

S2 Table. Heterogeneous positions detected in wingless sequence chromatogram among
Lucanus kanoi, L.maculifemoratus taiwanus, and L. ogakii.
(DOC)

S3 Table. Heterogeneous positions detected in wingless sequence chromatogram between
Pri. davidis cheni and Pri. d. nigerrimus and that between Pri. formosanus and Pri. piluen-
sis.
(DOC)

Acknowledgments
The authors acknowledge the High-throughput Genome and Big Data Analysis Core Facility,
Taiwan (MOST 104-2319-B-010-001), for sequencing; Dr. Hin-Kiu Mok for revising English
and manuscript; Yi-Ming Weng and Shu-Hui Liu for analytical assistance, and Dr. Man-Miao
Yang for providing the equipment for photography. Many thanks to Che-Yean Liu for provid-
ing many collections; Chien-Hsien Chiu, Chun-Chen Fanjiang, Han-Tzu Hsu, Han-Yu Lin,
Hsin-Fu Wang, Jen-Chieh Wang, Ka-Iong Lam, Sheng-I Yang, Ting-Shuo Wang, Wesley
Hunting, Wei-Yi Tsai, Yi-Chang Liao, Yung-Jen Lu, Yi-Ming Weng, Yu-Pang Chan, and
Zong-Han Yang for specimen collection.

Author Contributions
Conceived and designed the experiments: CLTWBY. Performed the experiments: CLT. Ana-
lyzed the data: CLT. Contributed reagents/materials/analysis tools: CLTWBY. Wrote the
paper: CLTWBY. Specimen collections: CLT.

References
1. Hosoya T, Araya K. Phylogeny of Japanese stag beetles (Coleoptera: Lucanidae) inferred from 16S

mtrRNA gene sequences, with reference to the evolution of sexual dimorphism of mandibles. Zool
Sci. 2005; 22: 1305–1318. doi: 10.2108/zsj.22.1305 PMID: 16462103

Genetic Variation of Formosan Stag Beetles

PLOS ONE | DOI:10.1371/journal.pone.0156600 June 3, 2016 18 / 23

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0156600.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0156600.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0156600.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0156600.s004
http://dx.doi.org/10.2108/zsj.22.1305
http://www.ncbi.nlm.nih.gov/pubmed/16462103


2. Tatsuta H, Mizota K, Akimoto SI. Relationship between size and shape in the sexually dimorphic bee-
tle Prosopocoilus inclinatus (Coleoptera: Lucanidae). Biol J Linn Soc Lond. 2004; 81: 219–233. doi:
10.1111/j.1095-8312.2003.00279.x

3. Harvey DJ, Gange AC. Size variation and mating success in the stag beetle, Lucanus cervus. Physiol
Entomol. 2006; 31: 218–226. doi: 10.1111/j.1365-3032.2006.00509.x

4. Kawano K. Genera and allometry in the stag beetle family Lucanidae, Coleoptera. Ann Entomol Soc
Am. 2000; 93: 198–207. doi: 10.1603/0013-8746(2000)093[0198:GAAITS]2.0.CO;2

5. Tatsuta H, Mizota K, Akimoto SI. Allometric patterns of heads and genitalia in the stag beetle Lucanus
maculifemoratus (Coleoptera: Lucanidae). Ann Entomol Soc Am. 2001; 94: 462–466. doi: 10.1603/
0013-8746(2001)094[0462:APOHAG]2.0.CO;2

6. Fujita H. The lucanid beetles of the world. Tokya: Mushi-sha press; 2010.

7. Holt BG, Lessard JP, Borregaard MK, Fritz SA, Araújo MB, Dimitrov D, et al. An Update of Wallace’s
Zoogeographic Regions of theWorld. Science. 2013; 339: 74–78. doi: 10.1126/science.1228282
PMID: 23258408

8. Krajcik M. Lucanidae of the world, Catalogue Part I. Checklist of the stag beetles of the world (Coleop-
tera: Lucanidae). Czech: Most, Krajcik M; 2001.

9. Mizunuma T, Nagai S. The Lucanid Beetles of the World. Tokya: Mushi-sha press; 1994.

10. Andersen JJ, Light JE. Phylogeography and subspecies revision of the hispid pocket mouse,Chaeto-
dipus hispidus (Rodentia: Heteromyidae). J Mammal. 2012; 93: 1195–1215. doi: 10.1644/11-MAMM-
A-341.3

11. Zhang L, An B, Backström N, Liu N. Phylogeography-Based Delimitation of Subspecies Boundaries
in the Common Pheasant (Phasianus colchicus). Biochem Genet. 2014; 52: 38–51. doi: 10.1007/
s10528-013-9626-5 PMID: 24221027

12. Tsai CL, Wan X, YehWB. Differentiation in stag beetles, Neolucanus swinhoei complex (Coleoptera:
Lucanidae): Four major lineages caused by periodical Pleistocene glaciations and separation by a
mountain range. Mol Phylogenet Evol. 2014; 78: 245–259. doi: 10.1016/j.ympev.2014.05.004 PMID:
24837623

13. Blois JL, Feranec RS, Hadly EA. Environmental influences on spatial and temporal patterns of body-
size variation in California ground squirrels (Spermophilus beecheyi). J Biogeogr. 2008; 35: 602–613.
doi: 10.1111/j.1365-2699.2007.01836.x

14. Ellison AM, Buckley HL, Miller TE, Gotelli NJ. Morphological variation in Sarracenia purpurea (Sarra-
ceniaceae): geographic, environmental, and taxonomic correlates. Am J Bot. 2004; 91: 1930–1935.
doi: 10.3732/ajb.91.11.1930 PMID: 21652339

15. Whitman DW, Agrawal AA. What is phenotypic plasticity and why is it important? In: Whitman DW,
Ananthakrishnan TN, editors. Phenotypic Plasticity of Insects. USA: NH, Enfield, Science Publishers;
2009. pp. 1–63.

16. Mendes R, Nunes VL, Quartau JA, Simoes PC. Patterns of acoustic and morphometric variation in
species of genus Tettigettalna (Hemiptera: Cicadidae): Sympatric populations show unexpected dif-
ferences. Eur J Entomol. 2014; 111: 429–441. doi: 10.14411/eje.2014.054

17. Avise JC. Phylogeography: the history and formation of species. Cambridge, MA: Harvard University
Press; 2000.

18. Hewitt G. The genetic legacy of the Quaternary ice ages. Nature. 2000; 405: 907–913. doi: 10.1038/
35016000 PMID: 10879524

19. Hewitt GM. Genetic consequences of climatic oscillations in the Quaternary. Philos Trans R Soc Lond
B. 2004; 359: 183–195. doi: 10.1098/rstb.2003.1388

20. Knowles LL. Tests of Pleistocene speciation in montane grasshoppers (genusMelanoplus) from the
sky islands of western North America. Evolution. 2000; 54: 1337–1348. PMID: 11005300

21. Willis KJ, Whittaker RJ. The refugial debate. Science. 2000; 287: 1406–1407. doi: 10.1126/science.
287.5457.1406 PMID: 10722388

22. Rull V. Speciation timing and neotropical biodiversity: the Tertiary–Quaternary debate in the light of
molecular phylogenetic evidence. Mol Ecol. 2008; 17: 2722–2729. doi: 10.1111/j.1365-294X.2008.
03789.x PMID: 18494610

23. Rull V. Neotropical biodiversity: timing and potential drivers. Trends Ecol Evol. 2011; 26: 508–513.
doi: 10.1016/j.tree.2011.05.011 PMID: 21703715

24. Hoorn C, Wesselingh FP, Ter Steege H, Bermudez MA, Mora A, Sevink J, et al. Amazonia through
time: Andean uplift, climate change, landscape evolution, and biodiversity. Science. 2010; 330: 927–
931.

Genetic Variation of Formosan Stag Beetles

PLOS ONE | DOI:10.1371/journal.pone.0156600 June 3, 2016 19 / 23

http://dx.doi.org/10.1111/j.1095-8312.2003.00279.x
http://dx.doi.org/10.1111/j.1365-3032.2006.00509.x
http://dx.doi.org/10.1603/0013-8746(2000)093[0198:GAAITS]2.0.CO;2
http://dx.doi.org/10.1603/0013-8746(2001)094[0462:APOHAG]2.0.CO;2
http://dx.doi.org/10.1603/0013-8746(2001)094[0462:APOHAG]2.0.CO;2
http://dx.doi.org/10.1126/science.1228282
http://www.ncbi.nlm.nih.gov/pubmed/23258408
http://dx.doi.org/10.1644/11-MAMM-A-341.3
http://dx.doi.org/10.1644/11-MAMM-A-341.3
http://dx.doi.org/10.1007/s10528-013-9626-5
http://dx.doi.org/10.1007/s10528-013-9626-5
http://www.ncbi.nlm.nih.gov/pubmed/24221027
http://dx.doi.org/10.1016/j.ympev.2014.05.004
http://www.ncbi.nlm.nih.gov/pubmed/24837623
http://dx.doi.org/10.1111/j.1365-2699.2007.01836.x
http://dx.doi.org/10.3732/ajb.91.11.1930
http://www.ncbi.nlm.nih.gov/pubmed/21652339
http://dx.doi.org/10.14411/eje.2014.054
http://dx.doi.org/10.1038/35016000
http://dx.doi.org/10.1038/35016000
http://www.ncbi.nlm.nih.gov/pubmed/10879524
http://dx.doi.org/10.1098/rstb.2003.1388
http://www.ncbi.nlm.nih.gov/pubmed/11005300
http://dx.doi.org/10.1126/science.287.5457.1406
http://dx.doi.org/10.1126/science.287.5457.1406
http://www.ncbi.nlm.nih.gov/pubmed/10722388
http://dx.doi.org/10.1111/j.1365-294X.2008.03789.x
http://dx.doi.org/10.1111/j.1365-294X.2008.03789.x
http://www.ncbi.nlm.nih.gov/pubmed/18494610
http://dx.doi.org/10.1016/j.tree.2011.05.011
http://www.ncbi.nlm.nih.gov/pubmed/21703715


25. Alvarez S, Salter JF, McCormack JE, Milá B. Speciation in mountain refugia: phylogeography and
demographic history of the pine siskin and black‐capped siskin complex. J Avian Biol. 2015; 46: 1–
11. doi: 10.1111/jav.00814

26. Wirta H. Complex phylogeographical patterns, introgression and cryptic species in a lineage of Mala-
gasy dung beetles (Coleoptera: Scarabaeidae). Biol J Linn Soc. 2009; 96: 942–955. doi: 10.1111/j.
1095-8312.2008.01156.x

27. Hidalgo-Galiana A, Sánchez-Fernández D, Bilton DT, Cieslak A, Ribera I. Thermal niche evolution
and geographical range expansion in a species complex of western Mediterranean diving beetles.
BMC Evol Biol. 2014; 14: 187. doi: 10.1186/s12862-014-0187-y PMID: 25205299

28. Huang JP, Lin CP. Diversification in subtropical mountains: Phylogeography, Pleistocene demo-
graphic expansion, and evolution of polyphenic mandibles in Taiwanese stag beetle, Lucanus formo-
sanus. Mol Phylogenet Evol. 2010; 57: 1149–1161. doi: 10.1016/j.ympev.2010.10.012 PMID:
20971199

29. Huang CY, WuWY, Chang CP, Tsao S, Yuan PB, Lin CW, et al. Tectonic evolution of accretionary
prism in the arc-continent collision terrain of Taiwan. Tectonophysics. 1997; 281: 31–51. doi: 10.
1016/S0040-1951(97)00157-1

30. Teng LS. Geotectonic evolution of late Cenozoic arc-continent collision in Taiwan. Tectonophysics.
1990; 183: 57–76.

31. Cheng HL, Huang S, Lee SC. Phylogeography of the Endemic Goby, Rhinogobius maculafasciatus
(Pisces: Gobiidae), in Taiwan. Zool Stud. 2005; 44: 329–336.

32. Lai JS, Lue KY. Two new Hynobius (Caudata: Hynobiidae) salamanders from Taiwan. Herpetologica.
2008; 64: 63–80. doi: 10.1655/06-065.1

33. Li J, Fu C, Lei G. Biogeographical consequences of Cenozoic tectonic events within East Asian mar-
gins: a case study of Hynobius biogeography. PloS ONE. 2011; 6: e21506. doi: 10.1371/journal.
pone.0021506 PMID: 21738684

34. Lin SC, Chen YF, Shieh SH, Yang PS. A revision of the status of Psolodesmus mandarinus based on
molecular and morphological evidence (Odonata: Calopterygidae). Odonatologica. 2014; 43: 51–66.

35. Shih HT, Hung HC, Schubart CD, Chen CA, Chang HW. Intraspecific genetic diversity of the endemic
freshwater crabCandidiopotamon rathbunae (Decapoda, Brachyura, Potamidae) reflects five million
years of the geological history of Taiwan. J Biogeogr. 2006; 33: 980–989. doi: 10.1111/j.1365-2699.
2006.01472.x

36. Shih HT, Ng PK, Schubart CD, Chang HW. Phylogeny and phylogeography of the genusGeothel-
phusa (Crustacea: Decapoda, Brachyura, Potamidae) in southwestern Taiwan based on two mito-
chondrial genes. Zool Sci. 2007; 24: 57–66. doi: 10.2108/zsj.24.57 PMID: 17409717

37. Yu TL, Lin HD, Weng CF. A new phylogeographic pattern of endemic Bufo bankorensis in Taiwan
island is attributed to the genetic variation of populations. PloS ONE. 2014; 9: e98029. doi: 10.1371/
journal.pone.0098029 PMID: 24853679

38. Hsu YF. The butterflies of Taiwan. Taiwan: Taipei, Morning Star Company; 2013. (In Chinese).

39. Shirôzu T, Ueda K. Lycaenidae. In: Heppner JN, Inoue H, eds. Lepidoptera of Taiwan, Vol. 1, part 2:
checklist. Gainesville FL: Association for Tropical Lepidoptera; 1992. pp. 136–139.

40. Wang LJ. Dragonflies of Taiwan. Taiwan: New Taipei City, Jenjen calendar company; 2000. (In
Chinese).

41. Li HY. Taiwanese stag beetles. Taiwan: Taipei City, Kissnature Publisher; 2004. (In Chinese).

42. Huang H, Chen CC. Stag beetles of China I. Taiwan: New Taipei City, Formosa Ecological Company;
2010.

43. Huang H, Chen CC. A review of the genera PrismognathusMotschulsky andCladophyllus Houlbert
(Coleoptera: Scarabaeoidea: Lucanidae) from China, with the description of two new species. Zoo-
taxa. 2012; 3255: 1–36.

44. Huang H, Chen CC. Stag beetles of China II. Taiwan: New Taipei City, Formosa Ecological Com-
pany; 2013.

45. Alex Smith M, Fernández-Triana JL, Eveleigh E, Gómez J, Guclu C, HallwachsW, et al. DNA barcod-
ing and the taxonomy of Microgastrinae wasps (Hymenoptera, Braconidae): impacts after 8 years and
nearly 20000 sequences. Mol Ecol Resour. 2013; 13: 168–176. doi: 10.1111/1755-0998.12038
PMID: 23228011

46. Germain JF, Chatot C, Meusnier I, Artige E, Rasplus JY, Cruaud A. Molecular identification of Epitrix
potato flea beetles (Coleoptera: Chrysomelidae) in Europe and North America. Bull Entomol Res.
2013; 103: 354–362. doi: 10.1017/S000748531200079X PMID: 23448201

Genetic Variation of Formosan Stag Beetles

PLOS ONE | DOI:10.1371/journal.pone.0156600 June 3, 2016 20 / 23

http://dx.doi.org/10.1111/jav.00814
http://dx.doi.org/10.1111/j.1095-8312.2008.01156.x
http://dx.doi.org/10.1111/j.1095-8312.2008.01156.x
http://dx.doi.org/10.1186/s12862-014-0187-y
http://www.ncbi.nlm.nih.gov/pubmed/25205299
http://dx.doi.org/10.1016/j.ympev.2010.10.012
http://www.ncbi.nlm.nih.gov/pubmed/20971199
http://dx.doi.org/10.1016/S0040-1951(97)00157-1
http://dx.doi.org/10.1016/S0040-1951(97)00157-1
http://dx.doi.org/10.1655/06-065.1
http://dx.doi.org/10.1371/journal.pone.0021506
http://dx.doi.org/10.1371/journal.pone.0021506
http://www.ncbi.nlm.nih.gov/pubmed/21738684
http://dx.doi.org/10.1111/j.1365-2699.2006.01472.x
http://dx.doi.org/10.1111/j.1365-2699.2006.01472.x
http://dx.doi.org/10.2108/zsj.24.57
http://www.ncbi.nlm.nih.gov/pubmed/17409717
http://dx.doi.org/10.1371/journal.pone.0098029
http://dx.doi.org/10.1371/journal.pone.0098029
http://www.ncbi.nlm.nih.gov/pubmed/24853679
http://dx.doi.org/10.1111/1755-0998.12038
http://www.ncbi.nlm.nih.gov/pubmed/23228011
http://dx.doi.org/10.1017/S000748531200079X
http://www.ncbi.nlm.nih.gov/pubmed/23448201


47. Goldstein PZ, DeSalle R. Integrating DNA barcode data and taxonomic practice: determination, dis-
covery, and description. Bioessays. 2011; 33: 135–147. doi: 10.1002/bies.201000036 PMID:
21184470

48. Hebert PDN, Cywinska A, Ball SL, deWaard JR. Biological identifications through DNA barcodes.
Proc R Soc Lond B. 2003; 270: 313–321.

49. Huemer P, Mutanen M, Sefc KM, Hebert PDN. Testing DNA Barcode Performance in 1000 Species of
European Lepidoptera: Large Geographic Distances Have Small Genetic Impacts. PloS ONE. 2014;
9: e115774. doi: 10.1371/journal.pone.0115774 PMID: 25541991

50. Nunes VL, Mendes R, Marabuto E, Novais BM, Hertach T, Quartau JA, et al. Conflicting patterns of
DNA barcoding and taxonomy in the cicada genus Tettigettalna from southern Europe (Hemiptera:
Cicadidae). Mol Ecol Resour. 2014; 14: 27–38. doi: 10.1111/1755-0998.12158 PMID: 24034529

51. Pramual P, Adler PH. DNA barcoding of tropical black flies (Diptera: Simuliidae) of Thailand. Mol Ecol
Resour. 2014; 14: 262–271. doi: 10.1111/1755-0998.12174 PMID: 24112561

52. Savolainen V, Cowan RS, Vogler AP, Roderick GK, Lane R. Towards writing the encyclopaedia of
life: an introduction to DNA barcoding. Philos Trans R Soc Lond B Biol Sci. 2005; 360: 1805–1811.
doi: 10.1098/rstb.2005.1730 PMID: 16214739

53. Williams PH, Brown MJF, Carolan JC, An Jd, Goulson D, Aytekin AM, et al. Unveiling cryptic species
of the bumblebee subgenus Bombus s. str. worldwide with COI barcodes (Hymenoptera: Apidae).
System Biodivers. 2012; 10: 21–56. doi: 10.1080/14772000.2012.664574

54. Schwarzfeld MD, Sperling FA. Comparison of five methods for delimitating species inOphion Fabri-
cius, a diverse genus of parasitoid wasps (Hymenoptera, Ichneumonidae). Mol Phylogenet Evol.
2015; 93: 234–248. doi: 10.1016/j.ympev.2015.08.003 PMID: 26265257

55. Kozak KM, Wahlberg N, Neild AF, Dasmahapatra KK, Mallet J, Jiggins CD. Multilocus species trees
show the recent adaptive radiation of the mimeticHeliconius butterflies. Syst Biol. 2015; 64: 505–
524. doi: 10.1093/sysbio/syv007 PMID: 25634098

56. YehWB, Chang YL, Lin CH, Wu FS, Yang JT. Genetic differentiation of Loxoblemmus appendicularis
complex (Orthoptera: Gryllidae): speciation through vicariant and glaciation events. Ann Entomol Soc
Am. 2004; 97: 613–623. doi: 10.1603/0013-8746(2004)097[0613:GDOLAC]2.0.CO;2

57. Lin JS, Wang CL, YehWB. Molecular identification of multiplex-PCR and PCR-RFLP for the quaran-
tine pest, Frankliniella occidentalis (Pergande). Formos Entomol. 2003; 23: 353–366.

58. Li HY, Hua T, YehWB. Amplification of single bulb mites by nested PCR: Species-specific primers to
detect Rhizoglyphus robini and R. setosus (Acari: Acaridae). J Asia Pac Entomol. 2010; 13: 267–271.
doi: 10.1016/j.aspen.2010.05.002

59. Lin CP, Huang JP, Lee YH, Chen MY. Phylogenetic position of a threatened stag beetle, Lucanus
datunensis (Coleoptera: Lucanidae) in Taiwan and implications for conservation. Conserv Genet.
2011; 12: 337–341. doi: 10.1007/s10592-009-9996-8

60. Wild AL, Maddison DR. Evaluating nuclear protein-coding genes for phylogenetic utility in beetles.
Mol Phylogenet Evol. 2008; 48: 877–891. doi: 10.1016/j.ympev.2008.05.023 PMID: 18644735

61. Ward PS, Downie DA. The ant subfamily Pseudomyrmecinae (Hymenoptera: Formicidae): phylogeny
and evolution of big-eyed arboreal ants. Syst Entomol. 2005; 30: 310–335. doi: 10.1111/j.1365-3113.
2004.00281.x

62. Abouheif E, Wray GA. Evolution of the gene network underlying wing polyphenism in ants. Science.
2002; 297: 249–252. doi: 10.1126/science.1071468 PMID: 12114626

63. Hall TA. BioEdit: a user-friendly biological sequence alignment editor and analysis program for Win-
dows 95/98/NT. Nucleic Acids Symposium Series. UK: Oxford University; 1999. p. 95–98.

64. Gouy M, Guindon S, Gascuel O. SeaView version 4: a multiplatform graphical user interface for
sequence alignment and phylogenetic tree building. Mol Biol Evol. 2010; 27: 221–224. doi: 10.1093/
molbev/msp259 PMID: 19854763

65. Tamura K, Stecher G, Peterson D, Filipski A, Kumar S. MEGA6: Molecular Evolutionary Genetics
Analysis Version 6.0. Mol Biol Evol. 2013; 30: 2725–2729. doi: 10.1093/molbev/mst197 PMID:
24132122

66. R Development Core Team. R: A language and environment for statistical computing. Vienna: 2013.

67. Legendre P, Lapointe FJ. Assessing congruence among distance matrices: single-malt scotch whis-
kies revisited. Aust Nz J Stat. 2004; 46: 615–629.

68. Paradis E, Claude J, Strimmer K. APE: analyses of phylogenetics and evolution in R language. Bioin-
formatics. 2004; 20: 289–290. doi: 10.1093/bioinformatics/btg412 PMID: 14734327

69. Stamatakis A. RAxML version 8: a tool for phylogenetic analysis and post-analysis of large phyloge-
nies. Bioinformatics. 2014; 30: 1312–1313. doi: 10.1093/bioinformatics/btu033 PMID: 24451623

Genetic Variation of Formosan Stag Beetles

PLOS ONE | DOI:10.1371/journal.pone.0156600 June 3, 2016 21 / 23

http://dx.doi.org/10.1002/bies.201000036
http://www.ncbi.nlm.nih.gov/pubmed/21184470
http://dx.doi.org/10.1371/journal.pone.0115774
http://www.ncbi.nlm.nih.gov/pubmed/25541991
http://dx.doi.org/10.1111/1755-0998.12158
http://www.ncbi.nlm.nih.gov/pubmed/24034529
http://dx.doi.org/10.1111/1755-0998.12174
http://www.ncbi.nlm.nih.gov/pubmed/24112561
http://dx.doi.org/10.1098/rstb.2005.1730
http://www.ncbi.nlm.nih.gov/pubmed/16214739
http://dx.doi.org/10.1080/14772000.2012.664574
http://dx.doi.org/10.1016/j.ympev.2015.08.003
http://www.ncbi.nlm.nih.gov/pubmed/26265257
http://dx.doi.org/10.1093/sysbio/syv007
http://www.ncbi.nlm.nih.gov/pubmed/25634098
http://dx.doi.org/10.1603/0013-8746(2004)097[0613:GDOLAC]2.0.CO;2
http://dx.doi.org/10.1016/j.aspen.2010.05.002
http://dx.doi.org/10.1007/s10592-009-9996-8
http://dx.doi.org/10.1016/j.ympev.2008.05.023
http://www.ncbi.nlm.nih.gov/pubmed/18644735
http://dx.doi.org/10.1111/j.1365-3113.2004.00281.x
http://dx.doi.org/10.1111/j.1365-3113.2004.00281.x
http://dx.doi.org/10.1126/science.1071468
http://www.ncbi.nlm.nih.gov/pubmed/12114626
http://dx.doi.org/10.1093/molbev/msp259
http://dx.doi.org/10.1093/molbev/msp259
http://www.ncbi.nlm.nih.gov/pubmed/19854763
http://dx.doi.org/10.1093/molbev/mst197
http://www.ncbi.nlm.nih.gov/pubmed/24132122
http://dx.doi.org/10.1093/bioinformatics/btg412
http://www.ncbi.nlm.nih.gov/pubmed/14734327
http://dx.doi.org/10.1093/bioinformatics/btu033
http://www.ncbi.nlm.nih.gov/pubmed/24451623


70. Posada D. jModelTest: phylogenetic model averaging. Mol Biol Evol. 2008; 25: 1253–1256. doi: 10.
1093/molbev/msn083 PMID: 18397919

71. Ronquist F, Teslenko M, van der Mark P, Ayres DL, Darling A, Höhna S, et al. MrBayes 3.2: efficient
Bayesian phylogenetic inference and model choice across a large model space. Syst Biol. 2012; 61:
539–542. doi: 10.1093/sysbio/sys029 PMID: 22357727

72. Drummond AJ, Rambaut A. BEAST: Bayesian evolutionary analysis by sampling trees. BMC Evol
Biol. 2007; 7: 214–222. doi: 10.1186/1471-2148-7-214 PMID: 17996036

73. Papadopoulou A, Anastasiou I, Vogler AP. Revisiting the insect mitochondrial molecular clock: the
mid-Aegean trench calibration. Mol Biol Evol. 2010; 27: 1659–1672. doi: 10.1093/molbev/msq051
PMID: 20167609

74. Rambaut A, Drummond A. Tracer v1. 5: an MCMC trace analysis tool. 2009. Available: http://
beastbioedacuk/Tracer.

75. Heled J, Drummond AJ. Bayesian inference of species trees frommultilocus data. Mol Biol Evol.
2010; 27: 570–580. doi: 10.1093/molbev/msp274 PMID: 19906793

76. Zhang J, Kapli P, Pavlidis P, Stamatakis A. A general species delimitation method with applications to
phylogenetic placements. Bioinformatics. 2013; 29: 2869–2876. doi: 10.1093/bioinformatics/btt499
PMID: 23990417

77. Clement M, Posada D, Crandall KA. TCS: a computer program to estimate gene genealogies. Mol
Ecol. 2000; 9: 1657–1659. PMID: 11050560

78. Pritchard JK, Stephens M, Donnelly P. Inference of population structure using multilocus genotype
data. Genetics. 2000; 155: 945–959. PMID: 10835412

79. Falush D, Stephens M, Pritchard JK. Inference of population structure using multilocus genotype
data: linked loci and correlated allele frequencies. Genetics. 2003; 164: 1567–1587. PMID:
12930761

80. Evanno G, Regnaut S, Goudet J. Detecting the number of clusters of individuals using the software
STRUCTURE: a simulation study. Mol Ecol. 2005; 14: 2611–2620. doi: 10.1111/j.1365-294X.2005.
02553.x PMID: 15969739

81. Huang S, Chiang YC, Schaal BA, Chou CH, Chiang TY. Organelle DNA phylogeography of Cycas tai-
tungensis, a relict species in Taiwan. Mol Ecol. 2001; 10: 2669–2681. doi: 10.1046/j.0962-1083.
2001.01395.x PMID: 11883881

82. Cheng YP, Hwang SY, Lin TP. Potential refugia in Taiwan revealed by the phylogeographical study of
Castanopsis carlesii Hayata (Fagaceae). Mol Ecol. 2005; 14: 2075–2085. doi: 10.1111/j.1365-294X.
2005.02567.x PMID: 15910328

83. Weng YM, Yang MM, YehWB. A comparative phylogeographic study reveals discordant evolutionary
histories of alpine ground beetles (Coleoptera, Carabidae). Ecol Evol. 2016; 6: 2061–2073. doi: 10.
1002/ece3.2006

84. Weng YM, YehWB, Yang MM. A new species of alpine Apenetretus Kurnakov (Coleoptera, Carabi-
dae, Patrobini) from Taiwan: evidences from DNA barcodes and morphological characteristics. Zoo-
keys. 2016;(In press).

85. Kuo HC, Chen SF, Fang YP, Flanders J, Rossiter SJ. Comparative rangewide phylogeography of four
endemic Taiwanese bat species. Mol Ecol. 2014; 23: 3566–3586. doi: 10.1111/mec.12838 PMID:
24941888

86. Huang JC, WangWK, Peng CI, Chiang TY. Phylogeography and conservation genetics of Hygrophila
pogonocalyx (Acanthaceae) based on atpB–rbcL noncoding spacer cpDNA. J Plant Res. 2005; 118:
1–11. doi: 10.1007/s10265-004-0185-z PMID: 15647887

87. Jang-Liaw NH, Lee TH, ChouWH. Phylogeography of Sylvirana latouchii (Anura, Ranidae) in Taiwan.
Zool Sci. 2008; 25: 68–79. doi: 10.2108/zsj.25.68 PMID: 18275248

88. Lin HD, Hsu KC, Shao KT, Chang YC, Wang JP, Lin CJ, et al. Population structure and phylogeogra-
phy of Aphyocypris kikuchii (Oshima) based on mitochondrial DNA variation. J Fish Biol. 2008; 72:
2011–2025. doi: 10.1111/j.1095-8649.2008.01836.x

89. Wu SP, Huang CC, Tsai CL, Lin TE, Jhang JJ, Wu SH. Systematic revision of the Taiwanese genus
Kurixalus members with a description of two new endemic species (Anura, Rhacophoridae). Zookeys.
2016; 557: 121–153. doi: 10.3897/zookeys.557.6131 PMID: 26877703

90. Tseng SP,Wang CJ, Li SH, Lin SM.Within-island speciation with an exceptional case of distinct sepa-
ration between two sibling lizard species divided by a narrow stream. Mol Phylogenet Evol. 2015; 90:
164–175. doi: 10.1016/j.ympev.2015.04.022 PMID: 25982689

91. Huang CW, Lee YC, Lin SM, WuWL. Taxonomic revision of Aegista subchinensis (Möllendorff, 1884)
(Stylommatophora, Bradybaenidae) and a description of a new species of Aegista from eastern

Genetic Variation of Formosan Stag Beetles

PLOS ONE | DOI:10.1371/journal.pone.0156600 June 3, 2016 22 / 23

http://dx.doi.org/10.1093/molbev/msn083
http://dx.doi.org/10.1093/molbev/msn083
http://www.ncbi.nlm.nih.gov/pubmed/18397919
http://dx.doi.org/10.1093/sysbio/sys029
http://www.ncbi.nlm.nih.gov/pubmed/22357727
http://dx.doi.org/10.1186/1471-2148-7-214
http://www.ncbi.nlm.nih.gov/pubmed/17996036
http://dx.doi.org/10.1093/molbev/msq051
http://www.ncbi.nlm.nih.gov/pubmed/20167609
http://beastbioedacuk/Tracer
http://beastbioedacuk/Tracer
http://dx.doi.org/10.1093/molbev/msp274
http://www.ncbi.nlm.nih.gov/pubmed/19906793
http://dx.doi.org/10.1093/bioinformatics/btt499
http://www.ncbi.nlm.nih.gov/pubmed/23990417
http://www.ncbi.nlm.nih.gov/pubmed/11050560
http://www.ncbi.nlm.nih.gov/pubmed/10835412
http://www.ncbi.nlm.nih.gov/pubmed/12930761
http://dx.doi.org/10.1111/j.1365-294X.2005.02553.x
http://dx.doi.org/10.1111/j.1365-294X.2005.02553.x
http://www.ncbi.nlm.nih.gov/pubmed/15969739
http://dx.doi.org/10.1046/j.0962-1083.2001.01395.x
http://dx.doi.org/10.1046/j.0962-1083.2001.01395.x
http://www.ncbi.nlm.nih.gov/pubmed/11883881
http://dx.doi.org/10.1111/j.1365-294X.2005.02567.x
http://dx.doi.org/10.1111/j.1365-294X.2005.02567.x
http://www.ncbi.nlm.nih.gov/pubmed/15910328
http://dx.doi.org/10.1002/ece3.2006
http://dx.doi.org/10.1002/ece3.2006
http://dx.doi.org/10.1111/mec.12838
http://www.ncbi.nlm.nih.gov/pubmed/24941888
http://dx.doi.org/10.1007/s10265-004-0185-z
http://www.ncbi.nlm.nih.gov/pubmed/15647887
http://dx.doi.org/10.2108/zsj.25.68
http://www.ncbi.nlm.nih.gov/pubmed/18275248
http://dx.doi.org/10.1111/j.1095-8649.2008.01836.x
http://dx.doi.org/10.3897/zookeys.557.6131
http://www.ncbi.nlm.nih.gov/pubmed/26877703
http://dx.doi.org/10.1016/j.ympev.2015.04.022
http://www.ncbi.nlm.nih.gov/pubmed/25982689


Taiwan based on multilocus phylogeny and comparative morphology. Zookeys. 2014; 445: 31–55.
doi: 10.3897/zookeys.445.7778

92. Wang TY, Liao TY, Tzeng CS. Phylogeography of the Taiwanese Endemic Hillstream Loaches,Hemi-
myzon formosanus andH. taitungensis (Cypriniformes:Balitoridae). Zool Stud. 2007; 46: 547–560.

93. Lin HD, Chen YR, Lin SM. Strict consistency between genetic and topographic landscapes of the
brown tree frog (Buergeria robusta) in Taiwan. Mol Phylogenet Evol. 2012; 62: 251–262. doi: 10.
1016/j.ympev.2011.09.022 PMID: 22019937

94. Ng PKL, Shih HT, Naruse T, Shy JY. Using Molecular Tools to Establish the Type Locality and Distri-
bution of the Endemic Taiwanese Freshwater CrabGeothelphusa chiuiMinei, 1974(Crustacea: Bra-
chyura: Potamidae), with Notes on the Genetic Diversity of Geothelphusa from Eastern Taiwan. Zool
Stud. 2010; 49: 544–555.

95. Goka K, Kojima H, Okabe K. Biological invasion caused by commercialization of stag beetles in
Japan. Global Environmental Research. 2004; 8: 67–74.

96. Lee CF, Tsai CL, Konstantinov A, YehWB. Revision of Mandarella Duvivier from Taiwan, with a new
species, new synonymies and identities of highly variable species (Insecta, Chrysomelidae, Galeruci-
nae, Alticini). Zookeys. 2016; 568: 23–49. doi: 10.3897/zookeys.568.7125 PMID: 27103872

97. Meyer CP, Paulay G. DNA barcoding: error rates based on comprehensive sampling. PLoS Biol.
2005; 3: e422. doi: 10.1371/journal.pbio.0030422 PMID: 16336051

98. Bergsten J, Bilton DT, Fujisawa T, Elliott M, Monaghan MT, Balke M, et al. The effect of geographical
scale of sampling on DNA barcoding. Syst Biol. 2012; 61: 851–869. doi: 10.1093/sysbio/sys037
PMID: 22398121

99. Wiemers M, Fiedler K. Does the DNA barcoding gap exist?–a case study in blue butterflies (Lepidop-
tera: Lycaenidae). Frontiers in zoology. 2007; 4: 8. doi: 10.1186/1742-9994-4-8 PMID: 17343734

100. Linares MC, Soto-Calderón ID, Lees DC, Anthony NM. High mitochondrial diversity in geographically
widespread butterflies of Madagascar: a test of the DNA barcoding approach. Mol Phylogenet Evol.
2009; 50: 485–495. doi: 10.1016/j.ympev.2008.11.008 PMID: 19056502

101. Dumas P, Barbut J, Le Ru B, Silvain JF, Clamens AL, d’Alençon E, et al. Phylogenetic molecular spe-
cies delimitations unravel potential new species in the pest genus SpodopteraGuenée, 1852 (Lepi-
doptera, Noctuidae). PloS ONE. 2015; 10: e0122407. doi: 10.1371/journal.pone.0122407 PMID:
25853412

102. Le Ru BP, Capdevielle-Dulac C, Toussaint EF, Conlong D, Van den Berg J, Pallangyo B, et al. Inte-
grative taxonomy of Acrapex stem borers (Lepidoptera: Noctuidae: Apameini): combining morphology
and Poisson Tree Process analyses. Invertebr Syst. 2014; 28: 451–475. doi: 10.1071/IS13062

103. Toussaint EFA, Morinière J, Müller CJ, Kunte K, Turlin B, Hausmann A, et al. Comparative molecular
species delimitation in the charismatic Nawab butterflies (Nymphalidae, Charaxinae, Polyura). Mol
Phylogenet Evol. 2015; 91: 194–209. doi: 10.1016/j.ympev.2015.05.015 PMID: 26021440

104. Williams PH, Byvaltsev AM, Cederberg B, Berezin MV,Ødegaard F, Rasmussen C, et al. Genes sug-
gest ancestral colour polymorphisms are shared across morphologically cryptic species in arctic bum-
blebees. PLoS ONE. 2015; 10: e0144544. doi: 10.1371/journal.pone.0144544 PMID: 26657658

105. Puechmaille SJ, Allegrini B, Benda P, GÜRÜN K, ŠRÁMEK J, Ibanez C, et al. A new species of the
Miniopterus schreibersii species complex (Chiroptera: Miniopteridae) from the Maghreb Region,
North Africa. Zootaxa. 2014; 3794: 108–124 doi: 10.11646/zootaxa.3794.1.4 PMID: 24870314

106. Mashkaryan V, Vamberger M, Arakelyan M, Hezaveh N, Carretero MA, Corti C, et al. Gene flow
among deeply divergent mtDNA lineages of Testudo graeca (Linnaeus, 1758) in Transcaucasia.
Amphibia-Reptilia. 2013; 34: 337–351. doi: 10.1163/15685381-00002895

107. Waldrop E, Hobbs JPA, Randall JE, DiBattista JD, Rocha LA, Kosaki RK, et al. Phylogeography, pop-
ulation structure and evolution of coral-eating butterflyfishes (Family Chaetodontidae, genusChaeto-
don, subgenus Corallochaetodon). J Biogeogr. 2016;In press. doi: 10.1111/jbi.12680

108. Hambäck PA, Weingartner E, Ericson L, Fors L, Cassel-Lundhagen A, Stenberg JA, et al. Bayesian
species delimitation reveals generalist and specialist parasitic wasps onGalerucella beetles (Chry-
somelidae): sorting by herbivore or plant host. BMC Evol Biol. 2013; 13: 92. doi: 10.1186/1471-2148-
13-92 PMID: 23622105

Genetic Variation of Formosan Stag Beetles

PLOS ONE | DOI:10.1371/journal.pone.0156600 June 3, 2016 23 / 23

http://dx.doi.org/10.3897/zookeys.445.7778
http://dx.doi.org/10.1016/j.ympev.2011.09.022
http://dx.doi.org/10.1016/j.ympev.2011.09.022
http://www.ncbi.nlm.nih.gov/pubmed/22019937
http://dx.doi.org/10.3897/zookeys.568.7125
http://www.ncbi.nlm.nih.gov/pubmed/27103872
http://dx.doi.org/10.1371/journal.pbio.0030422
http://www.ncbi.nlm.nih.gov/pubmed/16336051
http://dx.doi.org/10.1093/sysbio/sys037
http://www.ncbi.nlm.nih.gov/pubmed/22398121
http://dx.doi.org/10.1186/1742-9994-4-8
http://www.ncbi.nlm.nih.gov/pubmed/17343734
http://dx.doi.org/10.1016/j.ympev.2008.11.008
http://www.ncbi.nlm.nih.gov/pubmed/19056502
http://dx.doi.org/10.1371/journal.pone.0122407
http://www.ncbi.nlm.nih.gov/pubmed/25853412
http://dx.doi.org/10.1071/IS13062
http://dx.doi.org/10.1016/j.ympev.2015.05.015
http://www.ncbi.nlm.nih.gov/pubmed/26021440
http://dx.doi.org/10.1371/journal.pone.0144544
http://www.ncbi.nlm.nih.gov/pubmed/26657658
http://dx.doi.org/10.11646/zootaxa.3794.1.4
http://www.ncbi.nlm.nih.gov/pubmed/24870314
http://dx.doi.org/10.1163/15685381-00002895
http://dx.doi.org/10.1111/jbi.12680
http://dx.doi.org/10.1186/1471-2148-13-92
http://dx.doi.org/10.1186/1471-2148-13-92
http://www.ncbi.nlm.nih.gov/pubmed/23622105

