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Abstract

Background The Korean Peninsula is a small but unique area showing great endemic Hynobius diversity with H. quelpaerten-
sis, H. yangi, H. unisacculus and three species candidates (HC1, HC3 and HC4). H. quelpaertensis is distributed in the
southern part and in Jeju Island, while the remaining species have extremely narrow distributions.

Objectives To examine the genetic structure of H. quelpaertensis and the phylogenetic placement in Hynobius.

Methods Three mitochondrial and six microsatellite loci were genotyped for 204 Hynobius quelpaertensis, three H. leechii,
three H. yangi, three HC1, two H. unisacculus, three HC3, three HC4 and ten Japanses H. lichenatus.

Results A high level of mitochondrial diversity was found in H. quelpaertensis. Our mitochondrial data showed evidence
of a historical link between inland and Jeju Island despite the signature of founder effect likely experienced by the early
island populations. However, our microsatellite analysis showed the fairly clear signature of isolation history between in-
and island populations. Upon phylogenetic analysis, H. quelpaertensis, H. unisacculus and HC1 formed a cluster, whereas
H. yangi belonged to a separate cluster. HC3 and HC4 were clustered with either H. quelpaertensis or H. yangi depending
on the locus used.

Conclusion Our results show at least partially the historical imprints engraved by dispersal of Korean endemic Hynobius
during Pleistocene, potentially providing a fundamental basis in determining the conservation units and finding management
strategies for these species.
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Introduction
Electronic supplementary material The online version of this . R
article (https://doi.org/10.1007/513258-019-00886-8) contains With the development and commercialization of molecu-
supplementary material, which is available to authorized users. lar genetics tools, many species round the world have been

revealed to have a tremendous level of cryptic diversity, and
to exist as species complexes (e.g. Fouquet et al. 2007; Oli-
ver et al. 2009; Helms et al. 2015; Greenan et al. 2018).

< Mi-Sook Min
minbio@yahoo.co.kr

! Department of Life Sciences, Yeungnam University, The taxonomic history of a salamander genus, Hynobius,
280 Daehak-ro, Gyeongsan 38541, Gyeongsangbuk-do, on the Korean Peninsula is a representative model of the
South Korea birth and growth of a species complex. Hynobius is the

?  Research Institute for Veterinary Science, College largest genus in Hynobiidae and consists of nearly 40 spe-

of Veterinary Medicine, Seoul National University,

cies (https://amphibiaweb.org/). Even a few decades ago,
Seoul 08826, South Korea

H. leechii, known to be widely distributed throughout East
Asia, was thought to be the only Hynobius species on the
Korean Peninsula. In the early 2000s, the populations in the
southwest of the Korean Peninsula and Jeju Island, which
have long been considered as subspecies of H. leechii, were
regarded to be a completely different species and named H.

National Institute of Ecology, Seocheon 33657,
Choongcheongnam-do, South Korea

Jeju Amphibian Ecosystem Institute, Jeju 26441, Jeju-do,
South Korea

National Park Research Institute, Korea National Park
Service, Wonju 26441, Gangwon-do, South Korea

@ Springer


https://amphibiaweb.org/
http://crossmark.crossref.org/dialog/?doi=10.1007/s13258-019-00886-8&domain=pdf
https://doi.org/10.1007/s13258-019-00886-8

166

Genes & Genomics (2020) 42:165-178

quelpaertensis (Jeju salamander; Yang et al. 2001; Kim et al.
2003; Baek et al. 2011a). The H. leechii populations nar-
rowly distributed on the southeastern part of the peninsula
were also identified to be a distinct species and named H.
yvangi (Kori salamander; Yang et al. 2001; Kim et al. 2003;
Baek et al. 2011a).

Several phylogenetic studies with Hynobius salamanders
proved that H. quelpaertensis and H. yangi were species
completely differentiated from H. leechii (Baek et al. 201 1a,
b; Min et al. 2016). According to these studies: (i) H. leechii
and H. yangi are more closely related with each other and
(ii) H. quelpaertensis is a phylogenetic sister to the cluster
of H. leechii and H. yangi. The growth of H. leechii species
complex is still ongoing, given that these studies identified
three more new species candidates (i.e., HC1, HC2, HC3;
Baek et al. 2011a, b). In an analysis using mitochondrial
cytochrome b and 125 rRNA, these species candidates
were closely related phylogenetically to H. quelpaertensis
rather than the cluster of H. leechii and H. yangi (Baek et al.
2011a). Howeyver, in the analysis using cytochrome oxidase ¢
subunit 1 HC3 revealed a stronger phylogenetic affinity to H.
leechii and H. yangi (Baek et al. 2011b). HC2 was recently
officially named H. unisacculus (Min et al. 2016). Though
it has not yet become a formal report, our recent surveys
suggested that a fourth new species candidate exists (HC4;
personal data). H. unisacculus and the remaining three HCs
are distributed in extremely small geographic ranges (per-
sonal data).

To date, genetic studies of Hynobius on the Korean Pen-
insula have primarily focused on revealing precise phyloge-
netic and micro-distributional differences among species.
The fine-scale genetic structure has not yet been studied
for the new species members identified since 2000 in H.
leechii species complex. In particular, the detailed popu-
lation structure of H. quelpaertensis, which occupies the
widest area among the endemic Hynobius on the peninsula,
must be studied to provide insight into the following two
important historical and evolutionary aspects. First, the
distribution of Korean Hynobius salamanders is the histori-
cal signature of southward dispersal caused by Quaternary
climate fluctuation (Hewitt 2004; Hoarau et al. 2007; Pro-
van and Bennett 2008). Although the Korean Peninsula has
never been completely covered by glaciers, the impact of
glaciers in the north likely maintained cold and dry climate
in the middle of the peninsula for an extended period of
time, eventually leading to the southern migration of many
terrestrial animals (d’Alpoim Guedes et al. 2016). Therefore,
the genetic and phylogenetic structure among the popula-
tions of H. quelpaertensis and other Korean Hynobius spe-
cies can provide an important clue to reconstruct the isola-
tion process among refugia provided in many areas on this
peninsula. Second, the distribution of H. quelpaertensis
appears as a continuous pattern from the southwestern part
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of the peninsula to Jeju Island, which may help precisely
trace the biogeographic inland-to-island route. There have
been several studies on the genetic differentiation of terres-
trial vertebrate species between Jeju Island and the Korean
Peninsula inland region (Jo et al. 2012; Choi et al. 2014; Lee
et al. 2015), but no study has yet attempted to characterize
the historical process shaping the contemporary distribution
encompassing inland and island areas.

Here, mitochondrial and microsatellite loci were used to
examine the fine-scale genetic structure of H. quelpaerten-
sis populations and the evolutionary relationship with other
Korean endemic species. First, mitochondrial haplotypes
from all H. quelpaertensis populations were applied to
examine the evolutionary relationship among the species or
species candidates in the H. leechii species complex. Sec-
ond, based on the intra- and interpopulation genetic diver-
sity data obtained, insights were gleaned into the pattern
of colonization and demographic changes that past popula-
tions have undergone. Finally, the biogeodispersal history
was estimated to explain how this species was distributed
to the southernmost islands of the peninsula, based on the
pattern of the population structure. Although this species
is not currently designated as a statutory protected species
in South Korea, the data in this study can be crucial to help
establish conservation strategies when/if the species is in
serious ecological crisis perhaps. It should be considered
that globally this is a quite rare species living only on the
southern part of this tiny peninsula.

Materials and methods
Samples and DNA isolation

DNA samples used in this study were isolated from the
tissue or whole-body (frozen or ethanol-immersed) speci-
mens stored in the Conservation Genome Resource Bank
for Korean Wildlife (CGRB). These specimens were the
individuals collected or donated from 2001 to 2013. All
experimental procedures were conducted under the permis-
sion by CGRB and in accordance with the guidelines by
Seoul National University Institutional Animal Care and
Use Committee (SNUIACUC). The individuals analyzed
included 204 Hynobius quelpaertensis, three H. leechii,
three H. yangi, three HC1, two H. unisacculus, three HC3,
three HC4 and ten Japanses H. lichenatus (Fig. 1; Table 1).
The sequence data of H. nebulosus, H. chinesis, H. formasa-
nus and H. tokyoensis were retrieved from NCBI GenBank
and used as outgroup species for the phylogenetic analysis
(Table 1). Genomic DNA was isolated using DNeasy Blood
and Tissue Kit (Qiagen, Dusseldorf, Germany) according to
the manufacturer’s instructions.
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Fig.1 The 34 collection localities of Hynobius species used in this
study. Populations comprise 24 Hynobius quelpaertensis populations
(blue circle: inland; green circle: island), three H. leechii (red circle)
populations, three H. yangi (pink circle) populations, three HC1 (blue
triangle) populations, one H. unisacculus (HC2; red triangle) popula-
tion, one HC3 (marron triangle) population, one HC4 (pink triangle)

Mitochondrial sequencing

Three mitochondrial loci, cytochrome oxidase subunit 1
(COI), cytochrome b (cyt b) and d-loop, were amplified and
sequenced for all 231 Hynobius species samples. Two previ-
ously reported primer sets were used for the amplification
of COI and cyt b (Oh et al. 2007). d-loop was amplified
using the primer set specifically designed for Hynobius spe-
cies in the present study (Table S1). The PCR reaction mix-
ture (30 pl) consisted of 10-50 ng genomic DNA, 0.2 mM
dNTPs, 1.5 mM MgCl,, 1 pM of each primer, 1 unit of tag™
(Takara Bio, Shiga prefecture, Japan), and 1 X PCR buffer.
Thermal cycling was composed of a denaturation at 94 °C
for 2 min, 30 cycles of a denaturation at 94 °C for 45 s, an
annealing at 53 (cyt b and d-loop) or 55 °C (COI) for 1 min
and an extension at 72 °C for 1 min, and an extra extension
at 72 °C for 7 min. PCR products were run on 1.5% aga-
rose gels to examine the quality, purified using a Primeprep
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population and one H. lichenatus population (blue diamond). This
picture was generated by modifying the shape files retrieved from
http://widemaphst.cafe24.com/wmap/html/kbma4_down.html and
https://rgm-79.tistory.com/703 (both were freely available for non-
commercial purposes) (color figure online)

PCR Purification Kit (GenetBio, Daejeon, South Korea) and
sequenced by Biomedic Inc (Bucheon, South Korea) on an
ABI3730XL (Applied Biosystems, Foster City, CA, USA)
with BigDye Terminator 3.1 Cycle Sequencing Kit (Applied
Biosystems).

Microsatellite characterization and genotyping

A microsatellite DNA-enriched library was constructed
based on a new method devised by modifying the previ-
ously known method (Hamilton et al. 1999). Genomic
DNA of an individual in population GS was digested with
Mbol (Promega, Fitchburg, WI, USA) to generate frag-
ments of 400-700 bp. These fragments were ligated to a
specific double-stranded Mbol adaptor (forward: 5'-GAT
CGT CGA CGG TAC CGA ATT CT-3"; reverse: 5'-GTC
AAG AAT TCG GTA CCG TCG AC-3") using T4 DNA
ligase (Promega). The fragments ligated with the adaptor
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Table 1 Sampling information

A . Species name Locality ID GPS coordination N
of Hynobius quelpaertensis
populatio.ns and 'reference Hynobius quelpaertensis 1. Buan BA 35°39'08.9" N 126° 31'37.2" E 8
congeneric species used for 2. Jeongeup JE 35936/ 263" N 126°46' 52.5"E 4
genetic analysis in this study
3. Sunchang SC 35°20'27.1" N 127° 10' 06.1" E 4
4. Namwon NW 35°26'29.9" N 127°19'05.7"E 3
5. Yeonggwang YG 35°14'30.3" N 126° 27" 05.1" E 10
6. Jangseong IS 35° 18" 58.9" N 126° 49" 40.7" E 8
7. Damyang DY 35°21'47.0" N 126° 57' 07.6" E 8
8. Gokseong GS 35°10"02.9" N 127° 17" 59.5" E 5
9. Hwasun HS 35°03'49.8”" N 126° 53' 16.1" E 6
10. Yeongam YA 34°45'43.9" N 126° 38' 35.8" E 22
11. Jangheung JH 34°36'30.8” N 126° 53' 12.7" E 13
12. Haenam HN 34°37'23.5" N 126° 35' 11.1" E 6
13. Jindo D 34°29'47.0" N 126° 14' 38.9" E 6
14. Wando WD 34°19'23.7" N 126° 43' 39.9" E 9
15. Hamyang HY 35°23'56.4" N 127° 41' 449" E 13
16. Jeju City 1 JB 33°24'24.0" N 126° 20' 58.7" E 13
17. Jeju City 2 JA 33°27'30.9" N 126° 33' 24.3" E 10
18. Jeju City 3 1 33°29'01.8”" N 126° 42' 46.9" E 5
19. Seogwipo 1 SS 33°16'35.3" N 126° 25'23.1" E 18
20. Seogwipo 2 SH 33°15'53.9" N 126° 27' 30.0" E 15
21. Seogwipo 3 SN 33°17'52.8" N 126° 35'35.2" E 18
H. leechii 22. Changwon HL 35°07'47.4" N 128° 46' 07.9" E 3
23. Pyeongchang 37°50"19.4" N 128° 46' 50.1" E
24. Hwaseong 37°17'02.9" N 126° 54' 09.2" E
H. yangi 25. Ulju HY 35°32'25.7" N 129° 10' 56.7" E 3
26. Gijang 35°13'09.8” N 129° 11' 15.6" E
27. Yangsan 35°19'24.7" N 129° 03' 52.7" E
HC1 28. Sacheon HC1 34°57'35.1" N 128°05' 454" E 3
29. Namhae 34°45'25.4" N 127° 53'38.7"E
30. Jinju 35°13'17.5" N 128° 17" 13.0"E
HC2 (H. unisacculus) 31. Yeosu HC2 34°39'03.6" N 127°45'51.8" E 2
HC3 32. Geoje HC3 34°51'20.1" N 128° 35' 55.7" E 3
HC4 33. Uiryeong HC4 35°19'37.5" N 128° 13" 40.1" E 3
H. nebulosus HNE NC020650 1
H. chinensis HCH JQ710885 1
H. formosanus HFO NC008084 1
H. lichenatus 34. Tochigi, Japan JP 36° 56" 40.7" N 139° 45" 48.3" E 10
H. tokyoensis HT HMO036357 1

The information contains geographical (administrative district) region (city or county), population code
(ID), GPS coordination, and sampling size (V)

were recovered by PCR using the sequences of forward and
reverse adaptors as primers. The amplified products were
hybridized with biotinylated (CT),, and (GT),, probes.
Hybridized fragments were recovered using Streptavidin-
coated magnetic beads (MagneSphere Series Paramag-
netic Particles; Promega) and were amplified using single-
stranded forward adaptor (annealing temp: 58 °C). The PCR
products were inserted into the pGEM-T Easy Vector (Pro-
mega) and transformed into competent DH5a cells. A total
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of 150 positive clones were sequenced with T7 and SP6
universal primers at Biomedic Inc. Of these, 34 sequences
were selected as microsatellite locus candidates that con-
tained more than 15 motif repetitions and could generate
amplified fragments of about 100-300 bp with primer sets
designed using Primer3 software (Rozen and Skaletsky
2000). In order to be recognized as microsatellite loci, the
PCR amplification efficiency should be perfect, and poly-
morphism should be shown in electrophoresis test using
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randomly selected eight individuals of H. quelpaertensis.
Six sequences that fully met the condition were finally
selected (Table S1 in supplementary material). Samples
(204 H. quelpaertensis and ten Japanese H. lichenatus) were
genotyped at these six novel loci. Each forward primer was
fluorescently labeled with either FAM, HEX, NED or PET
(Applied Biosystems). The fluorescently labeled PCR prod-
ucts were genotyped at Biomedic Inc using an ABI 3730 XL
Genetic Analyzer. Alleles were scored using GeneMapper
3.7 (Applied Biosystems).

Mitochondrial data analysis

Sequence reads of three mitochondrial loci were exam-
ined with BLAST searches and aligned using ClustalW
(Larkin et al. 2007) implemented in MEGA 6.06 (Tamura
et al. 2013). All haplotypes revealed in this study were
deposited in NCBI GenBank (MK591728-MK591819;
MK593473-MK593536; MK604333-MK604450). Intra-
population genetic diversity was quantified by estimating
the number of haplotypes (%), haplotype diversity (Nei
1987) and nucleotide diversity (Nei 1987) in DnaSP 5.10
(Librado and Rozas 2009). Haplotype network was con-
structed for each mitochondrial locus, based on median-
joining algorithm using PopART 1.7 (Leigh and Bryant
2015), to analyze the distributional pattern of haplotype
diversity. In order to estimate the historical demographic
changes of this species, three different methods, the neu-
trality tests based on Tajima’s D (Tajima 1989) and Fu’s
F's (Fu 1997) implemented in DnaSP, mismatch distribution
analysis (Slatkin and Hudson 1991) implemented in Arle-
quin 3.5 and Bayesian skyline plot analysis implemented in
BEAST 1.8.0 (Drummond et al. 2012). The maximum likeli-
hood (ML) analysis was performed for each mitochondrial
locus using IQ-Tree 1.3.10 with 10,000 ultrafast bootstrap
replicates (Nguyen et al. 2015). The best-fit substitution
model was chosen to be TPM3p +F+1+ G4 for COI tree,
TPM2p +F+14 G4 for cyt b tree and TPM2p+F+R for
d-loop based on Bayesian Information Criterion (BIC) using
ModelFinder (Kalyaanamoorthy et al. 2017) implemented in
1Q-Tree. The consensus tree was visualized and graphically
edited using FigTree 1.4.2 (http://tree.bio.ed.ac.uk/software/
figtree/).

Microsatellite data analysis

Intrapopulation genetic diversity of microsatellite loci was
estimated by calculating the mean number of alleles per
locus (A), allelic richness (Ag), observed (H,) and expected
(Hp) heterozygosity and fixation index (Fjg) using Arle-
quin and Fstat 2.9.3.2 (Goudet 2001). The deviation of
observed genotype proportion from that expected under
Hardy—Weinberg equilibrium (HWE) was tested for each

locus-population pair based on the Fisher’s exact test follow-
ing Markov chain parameters with 1000 batches and 10,000
iterations per batch (Guo and Thompson 1992), which was
implemented in the Genepop 4.2 (Raymond and Rousset
1995). The existence of recent bottleneck was checked by
testing the excess of expected heterozygosities under the
mutation-drift equilibrium relative to those under HWE
in Bottleneck 1.2.1 (Piry et al. 1999). The significance in
bottleneck analysis was determined based on the Wilcoxon
signed-rank test under two-phase model [TPM by combining
70% of stepwise mutation model (SMM) and 30% of infi-
nite allele model IAM)]. A mode-shift away (shifted mode)
from the typical L-shaped distribution of allelic frequen-
cies (Luikart et al. 1998) was examined for each population
to determine the level of bottleneck impact in another way.
Pairwise-Fgp and -Rgy values were calculated to estimate the
level of interpopulation genetic divergence and the signifi-
cances were determined through 1000 permutations in Arle-
quin. The existence of genetic cluster was examined based
on Bayesian framework on Structure 2.3.4 (Pritchard et al.
2000). This analysis was performed under the admixture
model for cluster (K) from 2 to 5, with ten independent runs,
each consisting of 4 x 10° MCMC generations after burn-
in of 10° MCMC generations. The most reliable number
of genetic clusters was predicted using the delta K method
(Evanno et al. 2005), which was implemented in Structure
Harvester 0.6.94 (Earl and vonHoldt 2012).

Results
Mitochondrial analysis

An extensive mitochondrial diversity was detected in Hyno-
bius quelpaertensis with 99, 82 and 50 unique haplotypes
of COI, cyt b and d-loop, respectively (Table 2S, Table 3S
and Table 4S5 in supplementary material). Polymorphism
was observed at 198, 130, and 35 nucleotide sites in COI
(1,464 bp), cyt b (907 bp) and d-loop (767 bp), respectively,
142, 101 and 22 of which were parsimoniously informative.
Diversity indices were listed for each population in Table 5S,
Table 6S and Table 7S in supplementary material. Common
haplotype between inland populations was rarely observed,
despite an active signature of interpopulational gene flow
within Jeju Island (Table 2S, Table 3S and Table 4S in sup-
plementary material). Overall, inland populations showed
a higher level of mitochondrial diversity than Jeju Island
populations (Table 2).

All H. quelpaertensis haplotypes formed a monophy-
letic group in all three phylogenetic trees reconstructed
using COI, cyt b, and d-loop (Fig. 2; Fig. 1S in supplemen-
tary material). No phylogenetic structure, even between
in- and island populations, was observed within the H.

@ Springer


http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/

170

Genes & Genomics (2020) 42:165-178

Table 2 Comparison of the
genetic variability and historical
demographic factors analyzed
using three mitochondrial loci
between inland and island
populations of Hynobius
quelpaertensis on the Korean
Peninsula

()

COl

Locus N h hy (SD) 7 (SD) Tajima’s D Fu’s Fs
All
CO1 198 99 0.981 (0.004) 0.0174 (0.00045) —0.840 —27.756
cyth 204 82 0.965 (0.006) 0.0214 (0.00071) —0.539 —19.523
d-loop 199 48 0.938 (0.008) 0.0061 (0.00018) —0.685 —26.728
Inland
CO1 121 78 0.991 (0.002) 0.0154 (0.00100) —1.146 —28.330
cyth 125 70 0.984 (0.004) 0.0188 (0.00063) —0.836 —25.492
d-loop 122 41 0.957 (0.007) 0.0056 (0.00027) - 1.110 —25.993
Island
CO1 77 27 0.911 (0.023) 0.0169 (0.00050) 1.286 4.358%*
cytb 79 15 0.839 (0.026) 0.0209 (0.00048) 2.401%* 12.876%*
d-loop 77 10 0.798 (0.024) 0.0053 (0.00023) 1.199 1.858

The data comprise number of individuals, number of haplotypes, haplotype diversity (hy with standard
deviation), nucleotide diversity (x with standard deviation), Tajima’s D and Fu’s Fs

*P<0.05
**P<0.01
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Fig.2 The maximum likelihood trees of Hynobius salamander spe-
cies reconstructed for COI (a) and cyt b (b) sequences using IQ-Tree
1.3.10. All of the H. quelpaertensis populations are shown in color,
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quelpaertensis clade in all three phylogenetic trees (Fig. 2;
Fig. 1S in supplementary material). The clustering pattern
among the species within the H. leechii species complex
varied depending on the locus used (Fig. 2; Fig. 1S in
supplementary material). H. quelpaertensis haplotypes
unexceptionally were the sister to the group of HC1 and
H. unisacculus (HC2) in all phylogenetic trees (Fig. 2).
In the COI tree, the remaining H. leechii species complex
members formed an independent clade, in which the clus-
ter of H. leechii and H. yangi haplotypes was in a sister
relationship to those of HC4, with HC3 being placed on
the basal (Fig. 2a). In the cyt b tree, on the contrary, the
haplotypes of H. quelpaertensis, HC1 and H. unisacculus
were in a sister relationship to those of HC3 and HC4,
with H. leechii and H. yangi being positioned on the basal
(Fig. 2b). The haplotypes of H. quelpaertensis, HC1 and
H. unisacculus were observed to be the sister to the clus-
ter of HC3 and H. leechii haplotypes in the d-loop tree
(Fig. 1S). No data were obtained for H. yangi and HC4
in our d-loop analysis. Consistent with the phylogenetic
results, no clear genetic structure was observed among
H. quelpaertensis haplotypes in our haplotype network
analysis (Fig. 3; Fig. 2S and Fig. 3S in supplementary
material). However, the haplotypes from Jeju island popu-
lations relatively tightly clustered together, though several
groups were formed (Fig. 3; Fig. 2S and Fig. 3S in sup-
plementary material). Some haplotypes of the population
HY were identical or closely related to those of the Jeju

Fig.3 The unrooted network 10sanpies
generated based on the haplo-
types of mitochondrial cyt b

from 24 Hynobius quelpaerten- :Jsi
sis populations oW
®YG
euUs
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e
owp
oHY
@B
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OsN
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Island populations (Fig. 3; Fig. 2S and Fig. 3S in supple-
mentary material).

Tajima’s D and Fu’s F's were not found to be statistically
significant, if estimated with all the surveyed individuals
of H. quelpaertensis (Table 2). When the inland and island
populations were estimated separately, the values of Jeju
Island populations were all significant positive (Table 2).
Mismatch distribution analysis showed a pattern of multi-
modal distribution for both inland and island populations
(Fig. 4S in supplementary material). Unlike inland popula-
tions, however, island populations showed a highly discon-
tinuous pattern (Fig. 4S in supplementary material). Our
Bayesian skyline plots revealed that the effective popula-
tion sizes of inland populations greatly increased around
100,000 years ago, whereas no visible historical change was
observed in Jeju Island populations (Fig. 4).

Microsatellite analysis

Five (Hyq046) to fifteen (Hyq026 and Hyq044) microsatellite
alleles were detected per locus (Table 8S in supplementary
material). Loci with a relatively large number of alleles (i.e.,
Hyq022, Hyq026, Hyq044) also showed relatively high H, and
Hy; values (Table 8S in supplementary material). Some loci,
Hyq002 and Hyq026 exhibited high positive Fiq values but was
not found to be significantly deviated from HWE (Table 8S
in supplementary material). Because an active level of gene
flow was revealed among Jeju Island populations in our
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Fig.4 The results of extended
Bayesian skyline plot analysis
showing the change of mean
effective population size
(y-axis: population) against 7
geological time (x-axis: time
(Mya)) performed based on
the concatenated sequences of
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mitochondrial analysis, those populations were reorganized
into two, JJ JA+JB +1JJ) and SG (SH+ SN+ SS), by integrat-
ing populations in close proximity (Table 9S in supplementary
material). A significantly higher Fig value was found in some
inland populations (NW, HS and WD; Table 9S in supple-
mentary material), which might be due to the possibility of
sampling error (probably caused by small individual numbers
analyzed for those populations) or the existence of null alleles.
The signatures of genetic bottleneck were detected in quite a
few inland populations (shifted mode), but not proven to be
accurate, given that only ten or less individuals were used for
those populations (Table 9S in supplementary material). No
evidence of recent genetic bottleneck was detected in two Jeju
Island populations (Table 9S in supplementary material). The

0.10 0.15 0.20 025 0.30

Time

Japanese H. lichenatus used as a reference taxon was clearly
separated from the H. quelpaertensis populations by the large
Fgr and Rgp values (Table 3). In H. quelpaertensis, island pop-
ulations were slightly differentiated from inland populations
(Table 3), which was also discovered in the results of our struc-
ture analysis (Fig. 5). Like our mitochondrial results, several
individuals of population HY showed high genetic similarity
to Jeju Island populations (Fig. 5).
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Table 3 Pairwise Fgp (above the diagonal) and Rg; (below the

Peninsula (color table online)

diagonal) values among Hynobius quelpaertensis populations from the Korean

BA JE SC NW YG JS DY GS HS YA JH HN JD WD HY JI SG JpP

BA 0.193 0.337 0.045 0.222 0.135 0.012 0.273 0.173 0.182 0.089 0.173 0.132 0.140 0.080 0.300 0.368
JE 0.138 0.011 -0.099 -0.004 0.005 -0.081 -0.118 -0.008 0.016 -0.005 0.023 -0.065 0.059 0.106 0.182 0.189
SC 0.154 0.022 -0.127 -0.080 0.118 0.041 0.010 -0.073 0.032 0.097 0.030 -0.109 0.156 0.187 0.248 0.152
NW -0.124 -0.021 -0.066 -0.096 -0.187 -0.215 -0.084 -0.219 -0.150 -0.114 -0.222 -0.165 -0.076 -0.140 0.069 0.103
YG 0.111 0.216 0.253 -0.032 0.029 -0.090 -0.014 -0.213 -0.005 0.051 -0.086 -0.113 0.075 0.128 0.177 0.104
JS 0.051 0.097 0.101 -0.180 0.064 0.056 0.044 0.138 0.027 -0.023 -0.045 0.006 -0.006 0.010 0.092 0.176
DY 0.051 0.042 0.117 -0.076 0.003 -0.003 0.040 0.020 0.013 -0.017 0.094 -0.175 0.084 0.080 0.232 0.222
GS 0.145 0.024 0.042 0.022 0.234 0.095 0.031 0.055 0.036 0.030 0.050 -0.058 0.111 0.146 0.206 0.189
HS 0.041 0.072 0.061 -0.288 0.035 -0.012 0.046 0.120 0.083 0.083 0.112 -0.238 0.168 0.192 0.296 0.195
YA 0.077 0.082 0.165 -0.123 0.045 0.071 0.029 0.162 0.023 0.019 -0.011 -0.034 0.048 0.108 0.145 0.147
JH 0.023 0.042 0.111 -0.116 0.127 0.075 0.027 0.093 0.036 0.058 -0.002  0.025 -0.021 0.039 0.106 0.199
HN 0.028 0.151 0.115 -0.155 0.141 0.104 0.123 0.200 0.013 0.082 0.033 -0.023 -0.020 0.015 0.015 0.056
JD -0.010  0.090 0.135 -0.125 0.119 0.078 0.058 0.132 0.062 0.091 -0.011 0.001 0.028 0.123  0.172 0.091
WD 0.111 0.174 0.206 0.007 0.214 0.188 0.158 0.252 0.096 0.116 0.028 0.035 0.060 -0.011  0.030 0.164
HY 0.160 0.207 0.209 -0.028 0.152 0.154 0.173 0.276 0.079 0.119 0.119 0.041 0.090 0.134 0.087 0.257
JJ 0.188 0.173 0.237 0.048 0.217 0.214 0.166 0.235 0.127 0.153 0.076 0.107 0.094 0.066 0.083 0.129
SG 0.209 0.217 0.232 0.054 0.224 0.233 0.207 0.261 0.146 0.191 0.139 0.115 0.140 0.126 0.105 0.048

JP 0.559 0.674 0.635 0.519 0.555 0.580 0.633 0.701 0.543 0.503 0.530 0.480 0.553 0.573 0.457 0.537 0.457

The values were highlighted by bold if significantly different from zero (P <0.05).

Inland and island population IDs were denoted by blue and

green, respectively. The levels of Fgp and Ry were indicated by the darkness of the color in each column; the higher the level, the darker the

color

Discussion

It is biogeographically notable for six endemic species
and species candidates of Hynobius to exist on the Korean
Peninsula, a relatively small area on the southern tip of Far
East Asia. The robust endemic diversity can be thought
to have originated from H. leechii or its lineage(s), which
when migrating south, that colonized various refugia in the
southern part of the peninsula during Pleistocene glacial
advances (Hewitt 2004; Hoarau et al. 2007; Provan and Ben-
nett 2008). Therefore, these species and species candidates
probably have historical imprints engraved by birth, change
and isolation processes of refugia. In particular, the intraspe-
cific genetic structure of H. quelpaertensis—with the widest
distribution among Korean endemic Hynobius—may provide
insight into the historical dispersal and colonization events
which occurred on the southern region of the Korean Penin-
sula. Prior to this study, it was thought that H. quelpaertensis
would have a low level of genetic diversity considering that
it only inhabits this region. However, our mitochondrial and
microsatellite results contradict this prediction. Especially,
the mitochondrial haplotype diversity was enormous, with
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99 COI haplotypes identified from slightly more than 200
H. quelpaertensis individuals.

A contributing factor to this tremendous mitochondrial
haplotype variation appears to be the extreme genetic vari-
ance among populations, especially in the inland region.
Given the ecological characteristics of H. quelpaertensis
(e.g., slow to move, strict dependence on wet and sheltered
habitat conditions for survival), this species is unlikely to
frequently migrate to regions inhabited by other distinct
populations, even if the regions are in close proximity. In
fact, it is difficult to trace the behavioral radius or migration
range of the Korean Hynobius salamanders that generally
appear for spawning only in early spring (Yang et al. 2001).
A lack of gene flow and the resultant genetic differentia-
tion between populations has been observed in many other
amphibian species (Semlitsch 2002; Monsen and Blouin
2003; Wang 2009); taking this into consideration, the aver-
age effective population size of H. quelpaertensis, similar
to most other amphibian species, can be considered very
small compared to the enormous genetic diversity of this
species. If attempting to restore the populations or establish
conservation strategies for this species in the future, these
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Fig.5 Population structure (a) 180
of Hynobius quelpaertensis 170.667155
estimated from microsatellite 160
genotyping. a Two or five were
presumed as the most reliable 140
number of clusters (K) based on
Delta K method (y-axis: Delta 120
K). b The analyses in Struc-
ture 2.3.4 were performed for 100
all K values from 2 to 5, and the
genetic differentiation between 80
inland and Jeju island (plus
some individuals of population 60
HY) was observed
40
20
0
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observations should be taken seriously, and focus should be
placed on the formation of habitat links to ensure gene flow
between populations.

In our study, the mitochondrial haplotype diversity of Jeju
Island H. quelpaertensis populations was fairly low com-
pared to that of inland populations, even considering the
difference in number of individuals analyzed. Jeju Island has
insufficient areas to provide suitable habitats for large num-
bers of salamander populations to flourish, which is prob-
ably because Jeju Island is an island formed at the tip of the
continental shelf with many volcanic eruptions (Sohn and
Park 2004). Mainly in the center of the island, large forests
are concentrated along the north to south, and there is no
suitable place for H. quelpaertensis to survive and repro-
duce on the east and west coastal areas. Given such a habitat
distribution pattern, the relatively active signature of gene
flow among populations in Jeju Island is logical. From this

point of view, maintenance of the existing forest areas is the
most essential aspect of preserving the H. quelpaertensis
populations in Jeju Island.

Our phylogenetic trees reconstructed based on different
mitochondrial loci revealed different patterns of interspe-
cific relationship within the H. leechii species complex.
In the cyt b tree, HC3 and HC4 was more closely related
with H. quelpaertensis, HC1 and H. unisacculus rather than
H. leechii and H. yangi. A different clustering pattern was
shown in the COI tree, however, where HC3 and HC4 were
primarily clustered with H. leechii and H. yangi. Impor-
tantly, these two different phylogenetic results would not
lead to different biogeographical conclusions since the
distribution of HC3 and HC4 are extremely narrow, such
that only a single geographic population has been identi-
fied to date. As mentioned above, a huge lineage derived
from H. leechii existed and migrated south, and individuals
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belonging to this lineage have probably occupied various
refugia throughout the south. In isolated refugia, popula-
tions could grow, leading to the birth of H. quelpaertensis,
HC1 and H. unisacculus. The results of the cyt b tree sug-
gest that HC3 and HC4 might have been differentiated in a
small isolated refugia of this lineage. H. yangi, apart from
this lineage, might have originated from a small group of H.
leechii (or its descendants) which arrived to the south inde-
pendently. From the results of the COI tree, it should be con-
cluded that HC3 and HC4 also originated from this ancestor.
However, it is premature to determine which possibility is
correct based on the present information; a comprehensive
analysis using more genetic information is urgently needed.

No distinct phylogenetic structure was observed among
the H. quelpaertensis haplotypes. In particular, no evidence
of clear genetic differences was detected between the inland
and Jeju Island populations. When the sea levels decreased
before or after the peak of the last glacier between 25,000
and 10,000 years ago, the entire coast of Jeju Island had
occasionally been connected to the peninsula (Sohn and Park
2004; Woo et al. 2013), allowing amphibians intermittent
opportunities to migrate between the two regions. Despite
the existence of historical links between inland regions and
Jeju Island, the isolation signature appeared more clearly
in the microsatellite loci, most likely due to the relatively
short timeframe and small geographic scales; together, these
aspects revealed that mitochondrial loci were somewhat
ineffective at revealing the genetic structure between inland
and island populations. It is possible, or even likely, that
the Jeju Island populations formed from a small number of
individuals crossing the sea had a relatively small effective
population size leading to frequent historical genetic drift.
This evolutionary process may have led to differences in
microsatellite loci between inland and Jeju Island. Unfortu-
nately, our microsatellite analysis did not yield an estimate
of historical demographic status. However, when comparing
inland and island populations, the values of pairwise-Fgy
were slightly greater than or equal to the pairwise-Rgy val-
ues, though the pairwise-Rq; values were normally higher
for the other comparisons. This likely indicates that demo-
graphic changes contributed to the differentiation between
the two regions during colonization of Jeju Island.

The prediction that the Jeju Island populations might
have remained relatively small compared with inland
populations was at least partially supported by the mito-
chondrial loci-based demographic estimations. Jeju Island
populations showed all positive, and some significant,
Tajima’s D and Fu’s Fs values, indicating that a signature
of allelic deficiency remained, probably due to a histori-
cal bottleneck. It can also presumed that the allelic defi-
ciency in Jeju Island populations can be from the discon-
tinuous multimodal pattern in our mismatch distribution
analysis. An increase in the size of inland populations
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was pronounced in our extended Bayesian skyline plots,
whereas there was no significant change in Jeju Island
populations, at least partially supporting our demographic
assumption.

The results presented here provide insight into the past
biogeographic inland-to-island migration pathway. Both
mitochondrial and microsatellite data reveal that among
the inland populations, only HY contained alleles simi-
lar or identical to those of Jeju Island populations. Such
a result was very unexpected given that population HY
is found in the central south of the Korean Peninsula.
Since all the coasts of Jeju Island are connected to the
well-developed continental shelf on the west and south-
west coasts of the Korean Peninsula (Woo et al. 2013),
it is thought that the continental shelf contributed to
the migration route of H. quelpaertensis to Jeju Island.
Therefore, it is unreasonable to propose that population
HY—found in the central south—is the starting point for
migrating across the sea. From our data, there is no direct
evidence revealing how this population alone could have
Jeju Island alleles. It is simply presumed that the alleles
of population HY and Jeju Island populations existed in
low frequency in other regions, but not at present, assum-
ing that the Jeju Island populations originated from the
populations geographically close to the well-developed
region of the continental shelf. If the effective population
size of H. quelpaertensis had been small on average, as
claimed earlier, the loss of alleles was likely a frequent
and widespread occurrence. In addition, if only a small
number of individuals migrated and formed populations in
Jeju Island, it may well be hypothesized that these alleles,
which were present at low frequency in the inland region,
flowed into the island by chance. However, a comparative
study using other vertebrate species is necessary to test
this hypothesis.

The findings of our genetic study are summarized as fol-
lows. First, historical inferences about how the endemic
diversity of Hynobius on the Korean Peninsula was shaped
were established using a phylogenetic analysis. Second,
although no distinct population structure was revealed
within H. quelpaertensis, there was a weak trace of geo-
graphic isolation between inland and Jeju Island populations.
According to evidence from our demographic analyses, it is
likely that Jeju Island populations have undergone histori-
cal genetic drift, which might have strengthened the genetic
differences between inland and island populations. Finally,
our results revealed that only a single inland population, HY,
had similar or identical alleles to those of Jeju Island popula-
tions. However, it was difficult to estimate the biogeographic
migration route to Jeju Island by this information alone.
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