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Abstract

Phedimus takesimensis (Ulleungdo flat-leaved stonecrop) is endemic to Ulleung and Dokdo
Islands off the east coast of the Korean Peninsula. It was suggested that P. takesimensis
originated via anagenetic speciation from the continental progenitor species P. kamtchati-
cusor P. aizoon. However, little is known of the phylogenetic relationships and population
genetic structure among species of Phedimus in the Korean Peninsula and Ulleung/Dokdo
Islands. We inferred the phylogenetic relationships among congeneric species in Korea
based on nuclear ribosomal DNA internal transcribed spacer and chloroplast noncoding
regions. We also sampled extensively for P. takesimensis on Ulleung Island and the conti-
nental species, P. kamtschaticus and P. aizoon, to assess the genetic consequences of
anagenetic speciation. We found (1) the monophyly of P. takesimensis, (2) no apparent
reduction in genetic diversity in anagenetically derived P. takesimensis compared to the
continental progenitor species, (3) apparent population genetic structuring of P. takesimen-
sis, and (4) two separate colonization events for the origin of the Dokdo Island population.
This study contributes to our understanding of the genetic consequences of anagenetic spe-
ciation on Ulleung Island.

Introduction

The unique and diverse flora and fauna of the oceanic archipelagos are excellent model sys-
tems to investigate patterns and processes of evolution; thus, oceanic islands are often consid-
ered as natural laboratories [1-5]. In particular, numerous insular endemic plant lineages with
spectacular morphological, anatomical, and ecological diversity in the Pacific and Atlantic
Oceans provide ample opportunities for naturalists to uncover their fascinating natural histo-
ries on islands (e.g., the silversword alliance of the Hawaiian Islands [6,7]; Echium of the
Canary Islands [8]; Dendroseris and Robinsonia of the Juan Fernandez Islands [9-11]; the
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woody Sonchus alliance of the Canary Islands [12]). Considering the fact that approximately
25% of the extant vascular plant species occur on islands, of which a large portion are highly
vulnerable to natural and anthropogenic threats, it is critical and urgent for plant systematists
to discover hidden diversity and generate base line information for the conservation of critical
endemic lineages [13-15]. Detailed systematic and ecological studies combined with the use of
high throughput genomic sequence data and a diverse array of analytical tools are essential to
elucidate the complex evolutionary history and facilitate the conservation of numerous
endemic plant lineages that are shaped by different evolutionary processes (e.g., cladogenesis,
anagenesis, and reticulation) [16].

Ulleung Island, an oceanic volcanic island in the East Sea, is located approximately 137 km
east of the Korean Peninsula and has never been connected to the adjacent continental land
mass. It is estimated to be approximately 1.8 million years old (myr) with a total area of 73 km?
and a highest peak of 984 m above sea level [17]. Albeit small, Ulleung Island is home to
approximately 500 native vascular plant species, approximately 36 of which are endemic spe-
cies primarily driven via anagenetic speciation. During anagenetic speciation, an initial
founder lineage simply transforms genetically and morphologically through time without fur-
ther specific differentiation [18,19]. The diversity estimates based on the endemic plant species
per 100 km? and the number of plant species per km” are much higher than those of the
Hawaiian and Canary Islands [20,21]. Given the important role of anagenetic speciation (also
known as phyletic or gradual speciation; see also anacladogenesis, [22]) for explaining the ori-
gin of the majority of plant endemics, Ulleung Island has been recognized as an ideal place to
investigate this particular mode of speciation among other oceanic archipelagos.

Of the nearly 40 currently recognized endemic plant lineages on Ulleung Island that pre-
sumably have their origins in anagenetic speciation, Phedimus takesimensis (Nakai) 't Hart (=
Sedum takesimense Nakai) represents an endemic species in the family Crassulaceae of the
core eudicots clade. The genus Phedimus, with around 20 species primarily in Asia and
Europe, represents one lineage of non-monophyletic subfamily Sedoideae [23]. Traditionally,
species of Phedimus have been treated as members of Sedum, but a recent phylogenetic study
strongly supported the monophyly of Phedimus and its segregation from the genus Sedum
[24]. Phedimus takesimensis occurs exclusively on the seaside and sunny slopes of Ulleung and
Dokdo Islands in Korea. It is a robust perennial herb with overwintering shoots on the lower
part of stem, erect or decumbent with a height of 20-50 cm [21]. Phedimus takesimensis is
morphologically similar to P. aizoon (L.) ‘t Hart, but the former species can be distinguished
from the latter primarily based on overwintering shoots on the lower part of the stems and
much shorter internodes, giving the appearance of tightly clustered leaves ([25]; S-C. Kim, per-
sonal observation). In addition, P. aizoon does not branch much and has yellow anthers, while
P. takesimensis is much more branched, like P. kamtschaticus, with reddish yellow anthers
[26]. Phedimus kamtschaticus, which occurs commonly in northeastern Asia, is morphologi-
cally similar to P. aizoon, with intermediate morphological forms between the two species, but
it can be distinguished based on the presence of more branched stems. Given the morphologi-
cal similarities among these taxa and significant variation within each taxon, there is substan-
tial confusion and numerous taxonomic classifications abound. For example, in addition to
the newly described species Sedum zokuriense Nakai [= Phedimus zokuriensis (Nakai) ‘t Hart]
from Mt. Seokrisan [27], S. takesimense was recognized as infraspecific taxon of S. kamtschati-
cum, i.e., S. kamtschaticum var. takesimense and S. kamtschaticum var. zokuriensis [28]. How-
ever, a distinct species status was proposed based on floristic and taxonomic studies [26,29].
Several infraspecific taxa (up to seven varieties) within S. aizoon were recognized (see the vari-
ous treatments described in [26]), while Lee [30] recognized only one taxon. In addition, a
morphometric study of the subgenus Aizoon in Korea suggested that although they formed
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distinct clusters within S. kamtschaticum in a broad sense, the three species S. takesimense, S.
zokuriense, and S. ellacombianum [= Phedimus ellacombianus (Praeger) ‘t Hart] could be rec-
ognized as infraspecific taxa of S. kamtschaticum [31]. Interspecific gene flows and hybridiza-
tions among the species of the subgenus Aizoon in Korea (i.e., S. latiovalifolium, S.
kamtschaticum, and S. aizoon) were also documented [32]. Furthermore, extensive polyploidy
and aneuploidy in members of the subgenus Aizoon were demonstrated, partly explaining a
certain degree of morphological variation [33-35].

Considering the origin of endemic Phedimus takesimensis on Ulleung and Dokdo Islands
in the East Sea, few continental species could be proposed as likely candidate progenitor spe-
cies. Based on a morphological analysis, the two species S. kamtschaticum [= P. kamtschaticus]
and S. ellacombianum [= P. ellacombianus] were clustered with S. takesimense, while S. aizoon
[= P. aizoon] formed a distinct and separate cluster from the S. kamtschaticum group [31].
While P. kamtschaticus occurs widely in the Korean Peninsula and neighboring regions (east-
ern China, Russia, and Japan), P. ellacombianus is restricted to the southern part of the Korean
Peninsula [26]. It was shown, based on very limited sampling, that P. aizoon is closely related
to P. takesimensis genetically based on RAPDs (randomly amplified polymorphic DNAs) [36].
The first assessment of the genetic diversity of P. takesimensis and its relationship to a conti-
nental progenitor was based on one noncoding chloroplast (cp) region (trnL-F) [37]. Based on
a total of 32 individuals (30 individuals of P. takesimensis and two individuals of P. kamtschati-
cus), two chlorotypes were found; “type01” was found exclusively on Ulleung Island (15 indi-
viduals), while “type02” was found in 17 individuals from the Ulleung and Dokdo Islands. In
addition, two individuals of P. kamtschaticus—as a continental progenitor—were similar to
the chlorotype “type02” in that they had a 6-bp deletion but were distinguished by a single
point mutation [37]. Recently, a Phedimus cultivar identification study, including several pur-
ported wild progenitor species, demonstrated unresolved species relationships within the
genus [38]. For example, it was shown that the highly polymorphic P. takesimensis was unre-
solved with P. middendorffianus and P. kamtschaticus based on nuclear ribosomal DNA
(nrDNA) internal transcribed spacer (ITS) sequences, while one cp noncoding region (psbA-
trnH) sequence suggested an unresolved relationship with P. aizoon, P. kamtschaticus, and P.
middendorffianus. It seems likely that this lack of clear species relationships could be attributed
to various factors, such as polyploidization, aneuploidization, interspecific gene flow, con-
certed evolution of nrtDNA, incomplete lineage sorting of ancient polymorphisms, lack of suf-
ficient cpDNA variation, and any combination of these. While precise species relationships
within the genus remain to be determined, it is reasonable to consider that P. kamtschaticus is
one of plausible continental progenitor species of P. takesimensis on Ulleung Island based on
morphological characteristics.

In this study, we sampled extensively P. takesimensis on Ulleung and Dokdo Islands and
estimated their genetic variation and population structure based on five cpDNA noncoding
regions. Then, we compared the genetic diversity and population genetic structure of P. takesi-
mensis with two representative continental progenitor species (P. kamtschaticus and P. aizoon).
Lastly, we took a phylogenetic approach to determine the phylogenetic position of P. takesi-
mensis among the congeneric species occurring in Korea. Based on extensive sampling and the
combination of population genetics and phylogenetic approaches, we hope to (1) estimate the
level of genetic variation between insular endemic and purported continental progenitor spe-
cies, (2) reveal the population genetic structure of P. takesimensis on Ulleung and Dokdo
Islands, (3) determine the relationship between Ulleung and Dokdo Island populations of P.
takesimensis, and (4) infer the relationship between insular derived endemic P. takesimensis
and continental congeneric species.
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Materials and methods
Plant materials

For the phylogenetic analysis of the genus Phedimus in Korea, we sampled nine accessions of
P. aizoon, 10 accessions of P. kamtschaticus, 15 accessions of P. takesimensis, and two acces-
sions of P. ellacombianus (Fig 1 and Table 1). In the case of P. kamtschaticus, we sampled one
accession from a representative locality in the Korean Peninsula: Gangwon-do Province (three
locations: Mt. Hambaek, Sokcho-si, and Cheorwon-gun), Gyeonggi-do Province (two loca-
tions: Mt. Ungil and Mt. Munsu), Chungcheongnam-do Province (one location: Taean-gun),
Gyeongsanbuk-do Province (one location: Pohang-si), Jeollanam-do Province (one location:
Mudeungsan National Park), and Jeollabuk-do Province (two locations: Mt. Deogyu and Mt.
Jiri). For P. latiovalifolius, which is endemic to Korea, we sampled a total of 10 accessions from
Gangwon-do Province (Taebaek-si) and one accession from the same 15 populations sampled
for the population genetic study for P. takesimensis (Table 1). No permits were required to col-
lect the species in Korea given their conservation status. For the outgroups, we selected Rho-
diola and Sedum sensu stricto, and DNA sequences of the representative species were obtained
from GenBank (Table 1). The population codes for the sampling locations of each species are
given in Table 1.

For the population-level study of the continental progenitor and insular derivative species
pairs, we sampled a total of two populations for P. aizoon (Table 1). In the case of the continen-
tal progenitor species P. kamtschaticus, we sampled a total of 10 populations (eight accessions
per population, except for SAM) from Korea. Phedimus kamtschaticus occurs widely in East
Asia, including eastern China, Russia, and Japan, but population-level sampling was not possi-
ble for those regions. The 10 populations from the Korean Peninsula represent the typical dis-
tribution range of P. kamtschaticus, which include the northeastern most population (YON),
the southernmost population (MUD), and the westernmost population (AN), enabling us to
assess their relationships to P. takesimensis (Fig 2 and Table 1). For the insular derived P. take-
simensis species, which occurs exclusively on the seaside and sunny slopes of Ulleung Island
and Dokdo Island, we sampled a total of 15 populations and 148 accessions; 14 populations
were from Ulleung Island and one was from Dokdo Island, which is located about 87 km east
of Ulleung Island. We sampled a total of 10 accessions per population (except for HYE with
eight accessions), representing the northern region (HYE, CHU, and CHE), eastern region
(SUM, NAE, JEO, DOD, and BON), southern region (DON, SAD, and TON), and southwest-
ern/western region (NAM, GUA, HAK, and TEA) (Fig 2 and Table 1). Voucher specimens for
the representative individuals of each population were deposited in the Ha Eun Herbarium
(SKK), Sungkyunkwan University (Table 1).

DNA isolation, amplification, and sequencing

Silica-gel dried leaves collected from the natural populations were used as DNA sources for the
DNA extraction using DNeasy Plant mini kit (Qiagen, Carlsbad, California, USA) following
the standard protocol. We screened 21 noncoding regions of chloroplast DNA and selected
five variable noncoding regions (i.e., atpI-atpH, trnC‘““-ycf6, trnL-trnF, 3’rps16-
5trnKVYY, and ndhJ-trnFSAY) [39]. We also amplified the ntDNA ITS region using the
same primers described previously [40,41]. Polymerase chain reaction (PCR) amplification
was conducted using the standard protocol of the Inclone Taq DNA polymerase kit (Inclone
Biotech Co., Yongin, Korea) with a final volume of 50 ul consisting of 1 pl purified DNA, 5 pl
reaction buffer, 1 ul ANTPs, 1 ul of each universal forward and reverse primer, 0.25 pl Tag
polymerase, and 40.75 ul of ddH,O. The following PCR conditions were used for the
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Fig 1. Photographs of three Phedimus species in Korea. (a) and (b) P. aizoon (Yang-gu, Gangwon-do); (c) and (d) P. kamtschaticus (Yang-gu,
Gangwon-do); () and (f) P. takesimensis (Ulleung Island, Gyeongsangbuk-do).

https://doi.org/10.1371/journal.pone.0239734.9001

chloroplast DNA regions: an initial denaturation of 95°C for 2 min, 35 cycles of 95°C denatur-
ation for 1 min, 50-56°C annealing for 2 min, 72°C extension for 2 min, and a final extension
at 72°C for 10 min. The following were the nrDNA ITS region reaction conditions: an initial
denaturation of 94°C for 1 min, 35 cycles of 94°C denaturation for 1 min, 54°C annealing for 2
min, 72°C extension for 2 min, and a final extension at 72°C for 10 min. The PCR products
were visualized using electrophoresis on a 1% agarose gel, purified using an Inclone Gel and
PCR purification kit (Inclone Biotech Co., Yongin, Korea), and sequenced using Big Dye Ter-
minator Cycle Sequencing reagents (Applied Biosystems, Forest City, CA, USA) at Geno Tech.
Corp. (Daejeon, Korea). For the sequencing reactions, we used the same primers as those used
for the PCR.

Phylogenetic analysis, network construction, and population structure

All sequences were edited and assembled using Sequencher 4.2.2 (Gene Codes, Ann Arbor,
MI, USA) and Geneious Pro v R.8 (Biomatters, Ltd, New Zealand), and were deposited at Gen-
Bank with the accession numbers MK752203-MK752392. The sequences were aligned using
Clustal X version 1.83 [42], with a final manual adjustment using MacClade [43]. Gaps were
coded as simple binary characters [44] using the program SeqState 1.4.1 [45]. To determine
the species relationships among Phedimus in Korea, we conducted a separate phylogenetic
analysis for the nrDNA ITS and four chloroplast noncoding regions (trnC-ycf6, atpl-atpH,
trnL-trnF, and ndh]-trnF). The maximum likelihood (ML) analysis was conducted using
IQ-TREE v. 1.4.2. [46], with 1,000 replicate bootstrap (BS) analyses, based on the best-fit
model for each data set: “TVM+F+G4” for combined cpDNA and “TIM3e+G4” for nrtDNA
ITS.

For the population level analysis of insular derived P. takesimensis and the purported conti-
nental progenitors P. kamtschaticus and P. aizoon in Korea, we concatenated four previously
used chloroplast noncoding regions and one more highly variable region (rps16-trnK) to
achieve more resolutions. We constructed a haplotype network using TCS version 1.21 [47].
Gaps were treated as missing data and the connection limit excluding homoplastic changes
was set to 95%, in accordance with Hart and Sunday [48]. To determine the overall relation-
ships among accessions of the three species, we conducted ML analysis using IQ-TREE v.
1.4.2. [46] with the best-fit model of “K3Pu+F+I” and an unrooted tree was drawn. The pair-
wise distance based on the Kimura 2-parameter method [49] was also calculated using PAUP*
4.0b10 [50].

Genetic variation between taxa, and among and within populations was evaluated by an
AMOVA (analysis of molecular variance) using ARLEQUIN version 3.5 [51]. The AMOVA
analyses were performed using four categories, (a) all samples from the three species, (b) the
insular derivative species P. takesimensis, (c) the continental progenitor species P. aizoon,
and (d) the continental progenitor species P. kamtschaticus. The significance levels of the
AMOVA were evaluated using 1,023 permutations. A SAMOVA (spatial analysis of molecu-
lar variance; [52]) was used to characterize patterns of genetic structure across the species
distribution. For the demographic history, mismatch distributions were calculated and tested
against sudden demographic expansion [53] using Arlequin 3.5 [51] and DnaSP v. 5 [54].
Unimodal patterns are expected for recent sudden population expansions, while multimodal
distributions are suggestive of demographic stability or multiple colonizations [55]. Tajima’s
D [56] and Fu’s Fs [57] were calculated to test for evidence of range expansion. To validate
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Table 1. A list of Phedimus species sampled in this study and their sampling locations. Vouchers were deposited at Ha Eun Herbarium (SKK) of Sungkyunkwan

University.
Population Locality GPS Altitude (m) | N/I Voucher
code
Phedimus aizoon (three populations; 16 individuals)
HWA Mt. Hwaak, Sanae-myeon, Hwacheon-gun, Gangwon-do 38°00°04.73"N 127° 1,036 m 8 SE00085 SKK
31°36.28'E (4)*
TAE Geum Dae Peak, Geumdaebong-gil, Gohan-eup, Jeongseon-gun, Gangwon-do | 37°12’15.6"N 128°54’54.6'E | 1,289 m 7 SKK
(4)* 150804903
SUN** Sunjaryung, Pyeongchang-gun, Gangwon-do 37°41’23.3"N 128°4528.1"E 1,002 m 1 SEO0072 SKK
Phedimus ellacombeanus (one population; two individuals)
SO** ‘ Sochi island, Namhae-gun, Gyeongsangnam-do 34°40’39.2"N 127°56’55.8"E - ‘ 2 | 20170614001
Phedimus kamtschaticus (10 populations; 79 individuals)
AN Angalume beach, Taean-gun, Chungcheongnam-do 36°42’19.2"N 126°09°22.8"E 5m 8 | SEO0061 SKK
DUK Mt. Deogyu, Muju-gun, Jeollabuk-do 35°52°20.3'N 127°44'37.8"E | 1,253 m 8 SEO0058 SKK
GOO Guryongpo Beach, Pohang-si, Gyeongsangbuk-do 36°01°33.76"N 129° 18 m 8 SEO0068 SKK
35'10.42"E
HAM Mt. Hambaek, Jeongseon-gun, Gangwon-do 37°09’16.6"N 128°54’53.4"E 1,334 m 8 SEO0055 SKK
JI Mt. Jiri, Namwon-si, Jeollabuk-do 35°17°46.6"N 127°31’46.9"E 1,428 m 8 SEO0059 SKK
MUD Mudeungsan National Park Gwangju-si, Jeollanam-do 35°07°07.6"N 127°59'23.9"E 75 m 8 | SEO0051 SKK
MUN Mt. Munsu, Gimpo-si, Gyeonggi-do 37°4421.4"N 126°32°54.7"E 344 m 8 SEO0063 SKK
SAM Sambuyeon waterfall, Cheorwon-gun, Gangwon-do 38°08°20.2"N 127°20°05.2"E 232m 7 SEO0069 SKK
UN Mt. Ungil, Namyangju-si, Gyeonggi-do 37°34’15.6"N 127°18°07.5"E 381 m 8 SE00053 SKK
YON Yeonggeumjeong, Sokcho-si, Gangwon-do 38°12’46.95"N 128° 0m 8 SE00065 SKK
36'11.86"E
Phedimus latiovalifolius (one population; 10 individuals)
GUE* ‘ Geum Dae Peak, Taebaek-si, Gangwon-do 37°12’30.0'N 128°54'56.4'E | 1,337 m ‘ 10 | SKK150804930
Phedimus takesimensis (15 populations; 148 individuals)
NAE Naesujeon, Jeodong-ri, Ulleung-eup, Ulleung-gun, Gyeongsangbuk-do 37°30°27.3"N 130°54'33.9"E 129 m 10 | SEO0001 SKK
BON BongraeFall, Jeodong-ri, Ulleung-eup, Ulleung-gun, Gyeongsangbuk-do 37°29’52.6"N 130°53'18.2"E 296 m 10 | SEO0042 SKK
CHE Cheonbu, Cheonbu-ri, Buk-myeon, Ulleung-eup, Ulleung-gun, 37°32°20.8"N 130°52’11.3"E 18 m 10 | SEO0024 SKK
Gyeongsangbuk-do
CHU Chusan, Buk-myeon, Ulleung-eup, Ulleung-gun, Gyeongsangbuk-do 37°32°02.9'N 130°51°07.0"E 260 m 10 | SEO0039 SKK
DOD Dodong, Dodong-ri, Ulleung-eup, Ulleung-gun, Gyeongsangbuk-do 37°29°05.3"N 130°54'34.9"E 99 m 10 | SEO0046 SKK
DON Dokdo Island (East Island), Dokdo-ri, Ulleung-eup, Ulleung-gun, 37°14’20.9'N 131°52’10.3"E 23 m 10 | SEO0049 SKK
Gyeongsangbuk-do
GUA Guam, Namseo-ri, Seo-myeon, Ulleung-eup, Ulleung-gun, Gyeongsangbuk- | 37°28’43.1"N 130°48’32.9"E 17m 10 | SEO0031 SKK
do
HAK Hakpo, Seo-myeon, Ulleung-eup, Ulleung-gun, Gyeongsangbuk-do 37°30°16.9"N 130°4820.9"E 51 m 10 | SEO0035 SKK
HYE Hyeonpo, Hyeonpo-ri, Buk-myeon, Ulleung-eup, Ulleung-gun, 37°31’41.2"N 130°49'49.7"E 5m 8 SE00037 SKK
Gyeongsangbuk-do
JEO Jeodong, Jeodong-ri, Ulleung-eup, Ulleung-gun, Gyeongsangbuk-do 37°29’28.6"N 130°54'47.9"E 14 m 10 | SEO0030 SKK
NAM Namyang, Namseo-ri, Seo-myeon, Ulleung-eup, Ulleung-gun, 37°28°01.0"N 130°50'11.6"E 12m 10 | SEO0012 SKK
Gyeongsangbuk-do,
SAD Sadong, Sadong-ri, Ulleung-eup, Ulleung-gun, Gyeongsangbuk-do 37°27°31.3"N 130°52’30.6"E 28 m 10 | SEO0021 SKK
SUM Seommok, Cheonbu-ri, Buk-myeon, Ulleung-eup, Ulleung-gun, 37°32’33.5"N 130°54'34.6"E 37m 10 | SEO0026 SKK
Gyeongsangbuk-do
TEA Teaha, Teaha-ri, Seo-myeon, Ulleung-eup, Ulleung-gun, Gyeongsangbuk-do | 37°30°46.2"N 130°47’53.3"'E 18 m 10 | SEO0033 SKK
TON Tonggumi, Namseo-ri, Seo-myeon, Ulleung-eup, Ulleung-gun, 37°27°37.3"N 130°51’52.2"E 34m 10 | SEO0016 SKK
Gyeongsangbuk-do
Total 255
N/I: Number of individuals in population.
* Number in parenthesis: Number of individiduals included in phylogenetic analysis.
** Species/populations excluded from the population analysis.
https://doi.org/10.1371/journal.pone.0239734.t001
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Fig 2. Map of the haplotypes found in insular derived Phedimus takesimensis and two continental progenitor species, P. kamtschaticus and P. aizoon.
Different colored portions in each pie chart represent the haplotype frequencies.

https://doi.org/10.1371/journal.pone.0239734.9002

the fit of the models, we used the sum of squared deviations (SSD; [58]) between observed
and expected distributions and Harpending’s raggedness index values (RI; [59]) of the
observed distribution. Significant positive Tajima’s D and Fu’s Fg values indicate no sudden
expansion events.

Results

Phylogenetic relationships between Phedimus takesimensis and congeneric
species in Korea

The total aligned length of the ntDNA ITS was 697 sites. ML analysis based on the nrDNA ITS
showed that Phedimus was strongly supported as a monophyletic group (100%) (Fig 3A). It
also identified two major lineages within the Korean representative species of Phedimus; one
clade (95% BS) included P. takesimensis and the other (75% BS) included P. kamtschaticus, P.
ellacombeanus, P. latiovalifolius, and P. aizoon. The latter lineage was not well resolved, but it
showed that P. ellacombeanus is unresolved with P. kamtschaticus, while P. latiovalifolius (88%
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Fig 3. Maximum likelihood tree based on (a) nuclear ribosomal DNA internal transcribed spacer regions and (b) four chloroplast noncoding sequences.
Bootstrap support values are shown at each node.

https://doi.org/10.1371/journal.pone.0239734.9003

BS) and P. aizoon (79% BS) represent a separate distinct lineage. Two individuals of
P. kamtschaticus (HAM1 and SAM1) were part of the P. aizoon clade (84%).

The total aligned sites of the four concatenated cpDNA noncoding regions and indel cod-
ings were 3,405 sites: trnL—trnF (1-758 sites), atpI-atpH (759-1,495 sites), trnC-ycf6 (1,496
2,288 sites), ndhJ-trnF (2,289-3,289 sites), and indel codings (3,290-3,405 sites). ML analysis
based on cpDNA showed that Phedimus was monophyletic (100% BS) (Fig 3B). The Ulleung
Island endemic P. takesimensis and the other narrow Korean endemic P. latiovalifolius were
also monophyletic, with 94% and 100% BS, respectively. All but one individual (TAE4) of P.
aizoon formed a monophyletic group (87% BS), while P. kamtschaticus was highly polyphy-
letic. Phedimus ellacombeanus was monophyletic (98%) and deeply embedded within one line-
age of P. kamtschaticus (73%). The ML tree based on the combined ITS and cpDNA datasets
(not shown) was nearly identical to the cpDNA tree.

We also assessed the relationships among three species, two purported continental progenitor
species (P. aizoon and P. kamtschaticus) and insular derived P. takesimensis. The unrooted ML
tree (Fig 4) showed that the three species all formed strongly supported groups; 99% BS for P.
takesimensis, 100% for P. aizoon, and 93% for P. kamtschaticus. We also calculated the pairwise
distance based on the Kimura 2-parameter method [49] within each species and among species.
The average pairwise distance within P. takesimensis was 0.000878 + 0.000564 (+ standard devia-
tion, SD), while that of P. aizoon and P. kamtschaticus was 0.000617 + 0.0005 and 0.00174 +
0.000131, respectively. In the case of the pairwise distances among species, between P. takesimen-
sis and P. aizoon it was 0.003231 + 0.0006, between P. takesimensis and P. kamtschaticus it was
0.003477 + 0.0006, and between P. aizoon and P. kamtschaticus it was 0.00391 + 0.0006.
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Fig 4. Unrooted maximum likelihood tree of insular derived Phedimus takesimensis and two continental progenitor species, P. kamtschaticus and P.
aizoon. Bootstrap supports for the three species are shown.

https://doi.org/10.1371/journal.pone.0239734.9004

Chloroplast haplotype network and relationships among Phedimus
kamtschaticus, P. aizoon, and P. takesimensis

The total length of five concatenated cpDNA noncoding regions and indel codings were 3,589
sites; atpl-atpH (1-662; 662 sites), ndh]-trnF (663-1,535; 873 sites), rps16-trnK (1,536-2,129;
594 sites), trnL—trnF (2,130-2,843; 714 sites), trnC-ycf6 (2,844-3,579; 736 sites), and indel cod-
ings (3,580-3,589; 10 sites). We found a total of 44 haplotypes, 30 for P. takesimensis, seven for
P. kamtschaticus, and seven for P. aizoon (Table 2, Fig 2, and S1 Table). No sharing of haplo-
types was found among the three species (Fig 2). All but one population (MUD) of P.
kamtschaticus contained one haplotype, showing very low haplotype diversity within a popula-
tion, while diverse haplotypes were found for P. aizoon, with five and four haplotypes for the
HWA and TAE populations, respectively (Table 2 and Fig 2). For P. takesimensis, the number
of haplotypes within a population ranged from one (CHE, HAK, and TON) to six (SUM)
(Table 2). In addition, gene diversity and nucleotide diversity ranged from 0.0000 + 0.0000
(CHE, HAK, and TON) to 0.8222 + 0.0969 (DOD) and from 0.0000 + 0.0000 (CHE and TON)
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Table 2. Distribution of haplotypes (frequency in parentheses) and gene and nucleotide diversities among populations of insular derived Phedimus takesimensis
and two putative continental progenitor species, P. kamtschaticus and P. aizoon.

Species Code Haplotype (Frequency) | No. of polymorphic sites | No. of observed indels | Gene diversity | Nucleotide diversity | N/I
Phedimus takesimensis NAE T12 (2) 24 19 0.7333 0.001521 10
T14 (5) +0.1199 +0.000905
T16 (1)
T17 (2)
BON T1 (1) 26 16 0.6444 0.002832 10
T22 (1) +0.1518 +0.001601
T26 (6)
T27 (2)
CHE T10 (10) 0 0 0.0000 0.000000 10
+ 0.0000 + 0.000000
CHU T10 (2) 24 17 0.6444 0.002967 10
T11 (1) +0.1518 +0.001672
T13 (1)
T26 (6)
DOD T1 (4) 12 7 0.8222 + 0.0969 | 0.001122 £ 0.000693 10
T4 (2)
T5(2)
T6 (1)
T7 (1)
DON T4 (1) 27 19 0.3778 0.001561 10
T29 (8) +0.1813 +0.000927
T30 (1)
GUA T28 (4) 1 0 0.5333 0.000150 + 0.000153 10
T29 (6) +0.0947
HAK T24 (10) 0 0 0.0000 0.0000 10
+0.0000 +0.0000
HYE T12 (2) 13 4 0.6071 0.001117 £ 0.000711 8
T21 (5) + 0.1640
T23 (1)
JEO T4 (9) 8 7 0.2000 + 0.1541 | 0.000451 +0.000330 | 10
T5 (1)
NAM T2 (1) 25 17 0.7333 £ 0.1005 | 0.002242 + 0.001288 10
T3 (1)
T28 (4)
T29 (4)
SAD T1(2) 6 5 03556 +0.1591 | 0.000602 + 0.000412 | 10
T2 (8)
SUM T8 (1) 16 6 0.7778 £ 0.1374 | 0.001032 +0.000645 | 10
T9 (1)
T14 (5)
T15 (1)
T18 (1)
T19 (1)
TEA T18 (1) 4 0 0.3778£0.1813 | 0.000226 + 0.000200 | 10
T20 (8)
T25 (1)
TON T2 (10) 0 0 0.0000 + 0.0000 0.0000 10
+0.0000
(Continued)
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Table 2. (Continued)

Species Code Haplotype (Frequency) | No. of polymorphic sites | No. of observed indels | Gene diversity | Nucleotide diversity | N/I
Phedimus kamtschaticus AN K2 (8) 0 0 0.0000 + 0.0000 0.0000 8
+0.0000
DUK K2 (8) 0 0 0.0000 + 0.0000 0.0000 8
+0.0000
GOO K6 (8) 0 0 0.0000 + 0.0000 0.0000 8
+0.0000
HAM K1 (8) 0 0 0.0000 + 0.0000 0.0000 8
+0.0000
JI K4 (8) 0 0 0.0000 + 0.0000 0.0000 8
+0.0000
MUD K2 (2) 16 5 0.0000 + 0.0000 0.0000 8
K7 (6) +0.0000
MUN K2 (8) 0 0 0.0000 + 0.0000 0.0000 8
+0.0000
SAM K3 (7) 0 0 0.0000 + 0.0000 0.0000 7
+0.0000
UN K5 (8) 0 0 0.0000 + 0.0000 0.0000 8
+0.0000
YON K2 (8) 0 0 0.0000 + 0.0000 0.0000 8
+0.0000
Phedimus aizoon HWA Al (1) 4 1 0.8929 +0.0858 | 0.000635 + 0.000443 8
A2(1)
A3(2)
A4(2)
A6 (2)
TAE Al1(2) 6 1 0.8095 0.000953 7
A5 (1) +0.1298 +0.000635
A6 (1)
A7 (3)
Total: 44 Mean: 3.259

N/I: Number of individuals in population. Codes representing different populations are described in Table 1.

https://doi.org/10.1371/journal.pone.0239734.t1002

t0 0.002967 + 0.001672 (CHU), respectively. One population (DON) on Dokdo Island con-
tained three haplotypes (T4, T29, and T30), and showed gene diversity of 0.3778 £ 0.1813 and
nucleotide diversity of 0.001561 + 0.000927 (Table 2 and Fig 2). For the two populations of

P. aizoon, much higher gene and nucleotide diversity were observed; 0.8929 + 0.0858 and
0.000635 + 0.000443 for HWA and 0.8095 + 0.1298 and 0.000953 + 0.000635 for TAE, respec-
tively. Overall, P. takesimensis and P. aizoon showed similar levels of genetic diversity. In the
case of nucleotide diversity, P. takesimensis and P. kamtschaticus are higher than P. aizoon
(Table 3).

In terms of haplotype relationships, haplotypes A1-A6 of P. aizoon formed a ring-like net-
work structure, and haplotype A7 was distantly related to the ring structure by three missing
haplotypes (Fig 5). Despite much broader sampling of P. kamtchaticus compared to P. aizoon
in the Korean Peninsula, we found only seven somewhat divergent haplotypes in P. kamtchati-
cus. The haplotype K2 was the most common haplotype (34 accessions), while the remaining
haplotypes showed similar frequency levels (Fig 5). The second most common haplotype was
T2 (19 accessions), followed by T29 (18 accessions), T26 (12 accessions), and T10 (12 acces-
sions). Several haplotypes (e.g., T3, T6, T7, etc.) were represented by just a single accession.
We found a total of three haplotypes in the Dokdo Island population (DON). Of these three
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Table 3. Summary of chloroplast DNA variation for Phedimus takesimensis, P. aizoon, and P. kamtschaticus.

No. of No. of polymorphic No. of observed No. of observed No. of No.of | Gene diversity | Nucleotide diversity
haplotypes sites transitions transversions substitutions indels (m)

Phedimus takesimensis (15 populations; 148 individuals)

30 \ 82 \ 9 \ 23 | 32 | 52 0934600068 | 0.003290 +0.001658
Phedimus aizoon (two populations; 15 individuals)
7 \ 7 \ 3 \ 4 | 7 1 |08952£00433 | 0.000905 + 0.000555
Phedimus kamtschaticus (10 populations; 79 individuals)
7 25 10 10 20 5 0.7699 + 0.0378 | 0.001971 + 0.001037
Total: 40 Mean: 38 Mean: 7.333 Mean: 12.333 Mean: 19.667 Mean:
19.333

https:/doi.org/10.1371/journal.pone.0239734.t003

haplotypes, two (T4 and T29) were shared with Ulleung Island populations (DOD and JEO for
T4, and GUA and NAM for T29), while the other T30 haplotype was unique to Dokdo Island,
derived by one mutational step from the T29 haplotype (Table 2 and Figs 2 and 5).

Genetic structure and demographic change

Although only two populations were sampled for P. aizoon, we estimated genetic variation
among and within the populations by AMOVA. We conducted the AMOV A using four
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Fig 5. TCS haplotype network. Relationships among the 44 haplotypes found in Phedimus takesimensis on Ulleung Island and the two continental progenitor
species, P. kamtschaticus and P. aizoon. Small dots represent either missing or inferred haplotypes and the size of each circle is proportional to the population
size.
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categories, (a) all samples from the three species, (b) P. takesimensis, (c) P. aizoon, and (d) P.
kamtschaticus. When all samples from the three species were analyzed, 62% of the variation
was found among the three taxa, followed by among populations (27.9%) and within popula-
tions (9.78%) (Table 4). In the case of continental progenitor species P. kamtschaticus, most of
the variation was found among populations (90.84%), with 9.16% of the variation within popu-
lations. In contrast, 77% of the variation was found within populations and approximately
23% among populations in P. aizoon. In the case of the anagenetically derived insular P. takesi-
mensis, around 70% of the variation was found among populations and 30% was found within
populations.

Mismatch distributions showed that two species, P. takesimensis and P. kamtschaticus, had
multimodal distributions, suggesting constant population sizes, multiple colonization, and/or
sustained subdivision for a long period of time (Fig 6). In addition, Tajima’s D and Fu’s Fg,
and Ramos-Onisins and Rozas’ R failed to detect significant population expansion in the two
species (Table 5). In the case of the SAMOVA analysis, we detected seven groups (Fcr =
0.79116) as the optimal number of genetic groups (K) based on spatial locations and cpDNA
haplotypes (Table 6). The first four SAMOVA groups (Groups 1-4) included populations of P.
takesimensis on Ulleung and Dokdo Islands, whereas the remaining three groups exclusively
occurred on the Korean Peninsula (Fig 7). Group 1 contained five populations of P. takesimen-
sis, four (CHU, GUA, NAM, and BON) on Ulleung Island and one (DON) on Dokdo Island

Table 4. Summary of the analysis of molecular variance (AMOVA) for genetic differences between three Phedimus species (P. takesimensis, P. aizoon, and P.

kamtschaticus).

Taxon

(a) P. takesimensis, P. aizoon & P.
kamtschaticus

(b) P. takesimensis

(c) P. aizoon

(d) P. kamtschaticus

Source of df. Sum of Variance Percentage variation Fixation P-value
variation squares components (%) indices
Between taxa 2 1142.109 8.62935 62.32 Fcr. 0.62318 | <0.001+ 0.00000
Among 24 869.511 3.86311 27.90 Fsc. 0.74035 | <0.001 + 0.00000
populations
Within 215 291.293 1.35485 9.78 Fgs1.0.90216 | <0.001 £ 0.00000
populations
Total 241 2302.913 13.84732 100
Among 14 616.657 4.27504 69.52 Fst.0.69521 | <0.001 £ 0.00000
populations
Within 133 249.275 1.87425 30.48
Populations
Total 147 865.932 6.14929 300
Among 1 4.449 0.41020 22.84 Fgr.0.22837 | 0.03421 £ 0.00592
populations
Within 13 18.018 1.38599 77.16
Populations
Total 14 22.467 1.79619 700
Among 9 248.405 3.45027 90.84 Fs1,0.90842 | <0.001 + 0.00000
populations
Within 69 24.000 0.34783 9.16
Populations
Total 78 272.405 3.79809 1500

Degrees of freedom (d.f.), sum of squares (SS), variance components and the percentage of variation (%) and its associated significance (n = 1,023 permutations) for the

analyses are shown.

Fcr: Proportion of genetic variation among groups.

Fsc: Proportion of genetic variation between populations within groups.

Fgr: Proportion of genetic variation between populations and groups overall

https://doi.org/10.1371/journal.pone.0239734.t1004
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Fig 6. Mismatch analysis. Mismatch distribution analysis inferring the demographic history of Phedimus takesimensis (a) and P. kamtschaticus (b). The x-axis
represents the number of pairwise differences, while the y-axis represents the relative frequency of pairwise comparisons.

https://doi.org/10.1371/journal.pone.0239734.9006

(Fig 6). Group 2 included one population (HAK) of P. takesimensis from the northwestern
part of Ulleung Island. Group 3 included two geographically close populations (TON and
SAD) from the south-central part of Ulleung Island, while Group 4 included populations from
the north facing (TEA, HYE, CHE, and SUM) and east facing (NAE, JEO, and DOD) part of
the island. In the case of the three SAMOVA groups from the Korean Peninsula, Group 5 con-
tained one central (UN), one northern (SAM), and three southern (GOQ, JI, and MUD) popu-
lations of P. kamtschaticus, while Group 6 generally contained eastern (YON and HAM) and
western (MUN, AN, and DUK) parts of the P. kamtschaticus populations. Group 7 exclusively
contained two populations (HWA and TAE) of P. aizoon.

Discussion

In this study, we provide the first convincing evidence for the monophyly of P. takesimensis on
Ulleung and Dokdo Islands, despite its morphological variations within the islands and geo-
graphical proximity to continental source areas [26]. Based on the extensive sampling of the
islands and using chloroplast and nuclear DNA, there is conclusive evidence that a single colo-
nization event is responsible for the morphological and molecular diversity of P. takesimensis
on the islands (Fig 3). In addition, both nuclear (ITS; 95% BS) and chloroplast (four noncoding

Table 5. Neutrality and population expansion tests for Phedimus takesimensis and P. kamtschaticus.

Statistics Phedimus takesimensis Phedimus kamtschaticus Mean s.d.
Tajima’s D test -0.53610 1.64096 0.55243 1.53942
Tajima’s D P-value 0.34100 ™° 0.95900 ™° 0.65000 0.43699
Fu’s Fs test 0.58420 9.79169 5.18794 6.51068
Fu’s Fs P-value 0.63800 ™° 0.97400 ™° 0.80600 0.23759
Sum of Squared deviation (SSD) 0.01155 0.04045 0.02600 0.02044
SSD P-value 0.82000 *° 0.36000 ** 0.59000 0.32527
Raggedness index (RI) 0.00946 0.09325 0.05135 0.05925
Raggedness P-value 0.87000 " 0.46000 " 0.66500 0.28991

Tajima’s D, Fu’s Fs, Sum of Squared deviation (SSD), and Raggedness index (RI) with significance derived from 10,000 simulations.

ns: not significant (P > 0.05); s.d.: standard deviation.

https://doi.org/10.1371/journal.pone.0239734.t005
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Table 6. Comparison of the fixation indices corresponding to the groups of populations detected by the spatial analysis of molecular variance (SAMOVA) in Phedi-
mus takesimensis, P. kamtschaticus, and P. aizoon based on five chloroplast DNA regions.

No. of groups (K) Percentage of variation Fixation indices
Among groups Among Within populations Fsc Fgr Fcr
populations
within groups
2 55.43% 34.66% 9.90% 0.77777 0.90096 0.55434
3 63.18% 25.95% 10.88% 0.70462 0.89124 0.63178
4 70.87% 18.20% 10.93% 0.62464 0.89065 0.70869
5 73.67% 14.97% 11.36% 0.56847 0.88636 0.73666
6 76.03% 12.58% 11.39% 0.52485 0.88609 0.76026
7 79.12% 8.81% 12.07% 0.42186 0.87926 0.79116
8 78.59% 9.34% 12.06% 0.43645 0.87937 0.78594
9 78.85% 8.83% 12.32% 0.41761 0.87683 0.78851
10 80.27% 7.50% 12.23% 0.37992 0.87766 0.8027

Fsc: Proportion of genetic variation between populations within groups.
Fsr: Proportion of genetic variation between populations and groups overall.

Fcr: Proportion of genetic variation among groups.

https://doi.org/10.1371/journal.pone.0239734.t1006

regions; 94% BS) phylogenies strongly support the monophyly of P. takesimensis. This finding
contrasts with other Ulleung Island endemics with multiple origins, such as Rubus takesimen-
sis (Rosaceae; [60,61]) and Scrophularia takesimensis (Scrophulariaceae; [62]). However, the
single origin of P. takesimensis is in line with other anagenetically derived endemics, such as
Dystaenia takesimana (Apiaceae; [63]), Hepatica maxima (Ranunculaceae; [64]), Acer okamo-
toanum (Sapindaceae; [65]), A. takesimense (Sapindaceae; [66]), Fagus multinervus (Fagaceae;
[67]), and Campanula takesimana (Campanulaceae; [68]). Therefore, despite the geographical
proximity of Ulleung Island to possible source areas, a single origin for anagenetically origi-
nated endemics is the norm, with few exceptions.

Although we established the single origin of P. takesimensis on the Ulleung and Dokdo
Islands, the closest sister species on the continents and geographical source areas are yet to be
determined. While the nuclear ITS phylogeny suggested a sister relationship of monophyletic
P. takesimensis to the clade containing P. kamtschaticus, P. ellacombianus, P. latiovalifolius,
and P. aizoon. (Fig 3A), the cpDNA phylogeny suggested that P. takesimensis was unresolved
with species of P. aizoon and P. latiovalifolius (Fig 3B). This unresolved relationship was also
suggested based on nearly equal genetic distances of P. takesimensis to either P. aizoon or P.
kamtschaticus (Fig 4) and the haplotype network (Fig 5). Although full picture of Phedimus
phylogeny is yet to be revealed, it seems highly likely that the conflicts between nuclear and
plastid phylogeny are due to hybridization and introgression among the sampled species in the
current study. In addition, aneuploidization and polyploidization, which are known to occur
commonly in genus Phedimus and related genera, likely contributed to such phylogenetic
incongruences [32-35]. The important role of hybridization and aneuploidization/polyploidi-
zation in the evolution of Phedimus and related genera is yet to be investigated. It is not feasible
to identify source areas for reciprocally monophyletic continental progenitors and insular
derived species pairs (e.g., P. kamtschaticus/P. aizoon with P. takesimensis, A. pseudosieboldia-
num with A. takesimense, A. mono with A. okamotoanum, Dystaenia ibukiensis with D. takesi-
mana, and Fagus japonicalF. engleriana with F. multivervis). However, given that the
monophyletic insular endemics were deeply embedded within the paraphyletic continental
species relationships, it was possible to determine the continental source populations for
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certain taxa, e.g., the origin of Hepatica maxima from the eastern Korean Peninsula population
of H. asiatica [64] and the origin of Campanula takesimana from the southeastern Korean
Peninsula population of C. punctata [68]. In the case of multiple origins of Rubus takesimensis,
it was shown that the northern mainland Korean Peninsula and southern Korean Peninsula/
Japanese archipelago populations were responsible for its origin on Ulleung Island [61].

As we described in the Introduction, P. kamtschaticus is one of most likely continental pro-
genitor species of anagenetically derived endemic P. takesimensis on Ulleung Island. There-
fore, this study also provided an opportunity to assess the genetic consequences of anagenetic
speciation [69,70]. Based on the emerging genetic patterns for anagenetically derived species
on islands, we expected no significant reduction in genetic diversity compared to continental
progenitor species and a lack of strong genetic differentiation for P. takesimensis on the island.
Although our sampling between the two species pairs was uneven, it seems there is no appar-
ent reduction in genetic diversity in the insular derived P. takesimensis. For example, P. takesi-
mensis showed much higher gene diversity (0.9346) and nucleotide diversity (0.003290)
compared to P. kamtchaticus (gene diversity of 0.7699 and nucleotide diversity of 0.00197)
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(Table 3). In addition, unlike the highly monomorphic haplotypes that exist within the popula-
tion of the continental progenitor P. kamtchaticus, we found highly diverse haplotypes in P.
takesimensis on Ulleung Island, with 30 and 7 haplotypes for P. takesimensis and P. kamtchati-
cus, respectively (Table 3 and Fig 5). These results, however, should be interpreted cautiously
given the uneven sampling of progenitor and derivative species pairs. Nevertheless, these
results are consistent with previously studied taxa, such as Rubus takesimensis [61], Acer takesi-
mense and A. okamotoanum [65,66], and Dystaenia takesimana [63].

We also found that, based on the same molecular marker type of chloroplast DNA and the
AMOVA results, a significant portion of the genetic variation existed between taxa (62%), sug-
gesting genetic divergence among the three species (Table 4). Furthermore, genetic variations
appeared to be partitioned primarily into geographical regions (SAMOVA results; Fig 7),
although around 30% of the variation still existed within populations of P. takesimensis. When
we compared these results to other endemics on Ulleung Island, we found 43% of the variation
in Rubus takesimensis was within populations [61] and 48% was within populations in Cam-
panula takesimana [68]. Therefore, P. takesimensis showed apparent population genetic struc-
ture and differentiation after its divergence from the continental progenitor species. Given the
fruit type of P. takesimensis are aggregates of follicles, with the fruit opening along an upward
facing suture (i.e., cup-shaped), and with small light-weighted seeds, it is highly conceivable
that raindrops are responsible for splashing out and flushing away seeds over some distances
[71-73]. This type of splash rain dispersal mechanism was documented for Sedum formosa-
num and S. subtile from the same family (Crassulaceae) in Japan and it was shown experimen-
tally that the maximum seed dispersal distance of S. subtile was 63.7 + 7.8 cm [73]. Therefore,
it is highly likely that splash seed dispersal by raindrops is responsible for the limited seed-
mediated gene flow of populations of P. takesimensis, which have apparent population genetic
structure and differentiation.

In this study, we also demonstrated that the population of P. takesimensis on eastern Dokdo
Island (i.e., the eastern islet) most likely originated from two separate populations, one in
southwestern Ulleung Island (GUA and NAM) and the other in southeastern Ulleung Island
(JEO and DOD) (Fig 2). Dokdo Island is located approximately 90 km away from the east of
Ulleung Island, with an estimated age of 4.6-2.5 myr, and is much older than Ulleung Island
(approximately 2 myr) [17,74]. One common haplotype found on Dokdo Island, T29, was also
found in two southwestern parts of Ulleung Island, while one low frequency haplotype on
Dokdo Island, T4, was also found in the southeastern part of Ulleung Island with a relatively
high frequency, especially in JEO (nine accessions with the T4 haplotype). One rare haplotype,
T30, was found exclusively on Dokdo Island and given its haplotype network relationship (Fig
5), it is highly likely that this unique haplotype originated after colonization from Ulleung
Island, especially from the southwestern haplotype (T29). However, we cannot completely rule
out the possibility of sampling error for the lack of this haplotype on Ulleung Island. In the
case of C. takesimana, which occurs on both Ulleung and Dokdo (western islet) Islands, we
demonstrated that Dokdo Island was the steppingstone island for its origin on Ulleung Island
[68].

In conclusion, we provide the first convincing evidence, based on extensive sampling, that
P. takesimensis on Ulleung Island is a strongly supported monophyletic group that is closely
related to P. aizoon and P. kamtschaticus in the Korean Peninsula. We also found that P. takesi-
mensis on Ulleung Island and P. aizoon on the peninsula harbor diverse haplotypes, while P.
kamtschaticus shows highly monomorphic haplotypes. The overall genetic diversity parame-
ters also suggested that insular derived P. takesimensis maintains a high genetic diversity com-
pared to its continental progenitor species. Unlike other anagenetically originated endemics,
P. takesimensis showed population genetic structuring and we suggest that limited seed-
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mediated gene flow via a splash rain dispersal mechanism is responsible for this genetic pat-
tern. Lastly, we demonstrated that the Dokdo Island was colonized by two separate gene pools
of P. takesimensis (southwestern and southeastern) from Ulleung Island.
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(T1-T30), P. kamtschaticus (K1-K7), and P. aizoon (A1-A7), identifying 44 haplotypes.
(DOCX)

Acknowledgments

We thank people in the Molecular Phylogenetic Laboratory at Sungkyunkwan University
(SKKU) and Research Institute for Dok-do and Ulleung-do Island at Kyungpook National
University for their help during field work. Special thanks go to Jennifer Rodriguez who gener-
ated the phylogenetic trees. This manuscript represents part of the first author’s thesis submit-
ted to SKKU as a partial fulfillment of the requirements for the degree of Master of Science.

Author Contributions
Conceptualization: Hee-Seung Seo, Seung-Chul Kim.
Data curation: Hee-Seung Seo.

Formal analysis: Hee-Seung Seo, Seon-Hee Kim.
Funding acquisition: Seung-Chul Kim.
Investigation: Hee-Seung Seo.

Methodology: Seon-Hee Kim.

Project administration: Seung-Chul Kim.
Supervision: Seung-Chul Kim.

Validation: Seon-Hee Kim.

Visualization: Seon-Hee Kim.

Writing - original draft: Hee-Seung Seo.

Writing - review & editing: Seon-Hee Kim, Seung-Chul Kim.

References
1. Darwin C. The structure and distribution of coral reefs. London: Smith, Elder and Co; 1842.
Wallace AR. Island life. London: Macmillan and Co. 1881.

3. MacArthur RH, Wilson EO. The theory of island biogeography. Princeton: Princeton University Press;
1967.

Carlquist S. Island biology. New York: Columbia University Press; 1974.
Whittaker RJ. Island biogeography. Oxford University Press, Oxford. 1998.

Carr GD. Monograph of the Hawaiian Madiinae (Asteraceae): Argyroxiphium, Dubautia, and Wilkesia.
Allertonia. 1985; 4: pp.1-123.

7. Baldwin BG, Kyhos DW, Dvorak J, Carr GD. Chloroplast DNA evidence for a North American origin of
the Hawaiian silversword alliance (Asteraceae). Proc Natl Acad Sci USA. 1991; 88:1840-1843.

8. Bdehl U-R, Hilger HH, Martin WF. Island colonization and evolution of the insular woody habit in Echium
L. (Boraginaceae). Proc Natl Acad Sci USA. 1996; 93:11740-11745. hitps://doi.org/10.1073/pnas.93.
21.11740 PMID: 8876207

PLOS ONE | https://doi.org/10.1371/journal.pone.0239734  September 28, 2020 19/22


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0239734.s001
https://doi.org/10.1073/pnas.93.21.11740
https://doi.org/10.1073/pnas.93.21.11740
http://www.ncbi.nlm.nih.gov/pubmed/8876207
https://doi.org/10.1371/journal.pone.0239734

PLOS ONE

Evolution of Phedimus on Ulleung Island

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.
26.

27.
28.

29.

30.
31.

32.

33.

Crawford DJ, Stuessy TF, Cosner MB, Haines DW, Silva M, Baeza M. Evolution of the genus Dendro-
seris (Asteraceae: Lactuceae) on the Juan Fernandez Islands: evidence from chloroplast and ribosomal
DNA. Syst Bot. 1992; 17: 676-682.

Sang T, Crawford DJ, Kim S-C, Stuessy TF. Radiation of the endemic genus Dendroseris (Asteraceae)
on the Juan Fernandez Islands: evidence from sequences of the ITS region of nuclear ribosomal DNA.
Am J Bot. 1994; 81: 1494-1501.

Crawford DJ, Sang T, Stuessy TF, Kim S-C, Silva M. Dendroseris (Asteraceae: Lactuceae) and Robin-
sonia (Asteraceae: Senecioneae) on the Juan Fernandez Islands: similarities and differences in biology
and phylogeny. In Stuessy, Ono M, editors. Evolution and speciation of island plants. Cambridge:
Cambridge University Press; 1998. pp. 97-119.

Kim S-C, Crawford DJ, Francisco-Ortega J, Santos-Guerra A. A common origin for woody Sonchus and
five related genera in the Macaronesian islands: molecular evidence for extensive radiation. Proc Natl
Acad Sci USA. 1996; 93: 7743-7748. https://doi.org/10.1073/pnas.93.15.7743 PMID: 8755546

Kreft H, Jetz W, Mutke J, Kier G, Barthlott W. Global diversity of island floras from a macroecological
perspective. Ecol Lett. 2008; 11: 116-127. https://doi.org/10.1111/j.1461-0248.2007.01129.x PMID:
18036182

Caujapé-Castells J, Tye A, Crawford DJ, Santos-Guerra A, Sakai A, Beaver K, et al. Conservation of
oceanic island floras: present and future global challenges. Perspect Plant Ecol Evol Syst. 2010; 21:
107-129.

Crawford DJ, Stuessy TF. Cryptic variation, molecular data, and the challenge of conserving plant diver-
sity in oceanic archipelagos: the critical role of plant systematics. Korean J Pl Taxon. 2016; 46: 129
-148.

Crawford DJ, Archibald JK. Island floras as model systems for studies of plant speciation: prospects
and challenges. J Syst Evol. 2016; 55: 1-15.

Kim YK. Petrology of Ulreung volcanic island, Korea—part 1. Geology. J Japanese Assoc Mineral Petrol
Econ Geol. 1985; 80: 128-135.

Stuessy TF, Crawford DJ, Marticorena C. Patterns of phylogeny in the endemic vascular flora of the
Juan Fernandez Islands, Chile. Syst Bot. 1990; 15: 338—346.

Stuessy TF, Jakubowsky G, Salguero-Gomez R, Pfosser M, Schluter PM, Fer T, et al. Anagenetic evo-
lution in island plants. J Biogeogr. 2006; 33: 1259-1265.

Sun B-Y, Stuessy TF. Preliminary observations on the evolution of endemic angiosperms of Ullung
Island, Korea. In: Stuessy TF, Ono M (eds) Evolution and speciation of island plants. New York: Cam-
bridge University Press; 1998. pp 181-202.

Sun B-Y, Shin H, Hyun J-O, Kim Y-D, Oh S-H. Vascular plants of Dokdo and Ulleungdo Islands in
Korea. The National Institute of Biological Resources, GeoBook Publishing Co, Korea. 2014.

Emerson BC, Patifio J. Anagenesis, cladogenesis, and speciation on islands. Trends Ecol Evol. 2018;
33:488-491. https://doi.org/10.1016/j.tree.2018.04.006 PMID: 29731151

Gontcharova SB, Artyukova EV, Gontcharov AA. Phylogenetic relationships among members of the
subfamily Sedoideae (Crassulaceae) inferred from the ITS region sequences of nuclear rDNA. Russ J
Genet. 2006; 42: 654-661.

Mayuzumi S, Ohba H. The phylogenetic position of eastern Asian Sedoideae (Crassulaceae) inferred
from chloroplast and nuclear DNA sequences. Syst Bot. 2004; 29: 587-598.

Nakai T. Report on the vegetation of the island Ooryongto or Dagelet Isl. 1919. p. 36.

Chung YH, Kim JH. A taxonomic study of Sedum section Aizoon in Korea. Korean J Pl Taxon. 1989;
19: 189-277 (in Korean).

Nakai T. Sedum zokuriense Nakai, sp. nov. J Jap Bot. 1939; 15: 674.

Park M. Keys to the herbaceous plants in Korea (Dicotyledoneae). Seoul: Chungunmsa, 1974. pp. 199
-205 (in Korean).

Chung TH. lllustrated Encyclopedia of Fauna and Flora of Korea. Vol. 5. Tracheophyta. Seoul: Minis-
try of Education; 1965. pp. 467-473.

Lee TB. lllustrated Flora of Korea. Seoul: Hyangmunsa; 1980.

Lee K-B, Yoo Y-G, Park K-R. Morphological relationships of Korean species of Sedum L. subgenus
Aizoon (Crassulaceae). Korean J Pl Taxon. 2003; 33: 1-15.

Yoo Y-G, Park K-R. A test of the hybrid origin of Korean endemic Sedum latiovalifolium (Crassulaceae).
Korean J Pl Taxon. 2016; 46: 378-391.

Uhl CH, Moran R. Chromosomes of Crassulaceae from Japan and South Korea. Cytologia. 1972; 37:
59-81.

PLOS ONE | https://doi.org/10.1371/journal.pone.0239734  September 28, 2020 20/22


https://doi.org/10.1073/pnas.93.15.7743
http://www.ncbi.nlm.nih.gov/pubmed/8755546
https://doi.org/10.1111/j.1461-0248.2007.01129.x
http://www.ncbi.nlm.nih.gov/pubmed/18036182
https://doi.org/10.1016/j.tree.2018.04.006
http://www.ncbi.nlm.nih.gov/pubmed/29731151
https://doi.org/10.1371/journal.pone.0239734

PLOS ONE

Evolution of Phedimus on Ulleung Island

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Amano M. Biosystematic study of Sedum L. Subgenus Aizoon (Crassulaceae) |. Cytological and mor-
phological variations of Sedum aizoon L. var. floribundum Nakai. Bot Mag Tokyo. 1990; 103:67-85.

Amano M, Ohba H. Biosystematic study of Sedum L. Subgenus Aizoon (Crassulaceae) Il. Chromo-
some numbers of Japanese Sedum aizoon var. aizoon. Bot Mag Tokyo. 1992; 105:431-441.

Kwon ST, Jeong JH. Genetic relationship among Sedum species based on morphological characteris-
tics and RAPD analysis. Kor J Hort Sci Technol. 1999; 17: 489-493.

Lee W, Pak J-H. Intraspecific sequence variation of trnL/F intergenic region (cpDNA) in Sedum takesi-
mense Nakai (Crassulaceae) and aspects of geographic distribution. Korean J Pl Taxon. 2010; 40: 157
-162.

Han SK, Kim TH, Kim JS. A molecular phylogenetic study of the genus Phedimus for tracing the origin
of “Tottoti Fujita” cultivars. Plants. 2020; 9: 254.

Shaw J, Lickey EB, Schilling EE, Small RL. Comparison of whole chloroplast genome sequences to
choose noncoding regions for phylogenetic studies in angiosperms: The tortoise and the hare Ill. Am J
Bot. 2007; 94: 275-288. https://doi.org/10.3732/ajb.94.3.275 PMID: 21636401

Lee C, Kim S-C, Lundy K, Santos-Guerra A. Chloroplast DNA phylogeny of the woody Sonchus alliance
(Asteraceae: Sonchinae) in the Macaronesian Islands. Am J Bot. 2005; 92: 2072-2085. https://doi.org/
10.3732/ajb.92.12.2072 PMID: 21646124

Kim S-C, Lee C, Mejias JA. Phylogenetic analysis of chloroplast DNA matK gene and ITS of nrDNA
sequences reveals polyphyly of the genus Sonchus and new relationships among the subtribe Sonchi-
nae (Asteraceae: Cichorieae). Molec Phylogen Evol. 2007; 44: 578-597.

Thompson JD, Gibson TJ, Plewniak F, Jeanmougin F, Higgins DG. The CLUSTAL X windows interface:
Flexible strategies for multiple sequence alignment aided by quality analysis tools. Nucleic Acids Res.
1997; 22: 4676-882.

Maddison WP, Maddison DR. MacClade version 3.04 Analysis of phylogeny and character evolution.
Massachusetts: Sinauer Associates; 1992.

Simmon MP, Ochoterena H. Gaps as characters in sequence-based phylogenetic analyses. Syst Biol.
2000; 49: 369-381. PMID: 12118412

Muller K. SeqState—primer design and sequence statistics for phylogenetic DNA data sets. Appl Bioin-
formatics. 2005; 4: 65-69. https://doi.org/10.2165/00822942-200504010-00008 PMID: 16000015

Nguyen LT, Schmidt HA, von Haeseler A, Minh BQ. IQ-TREE: A fast and effective stochastic algorithm
for estimating maximume-likelihood phylogenetics. Mol Biol Evol. 2015; 32: 268-274. https://doi.org/10.
1093/molbev/msu300 PMID: 25371430

Clement M, Posada D, Crandall KA (2000) TCS a computer program to estimate gene genealogies.
Mol Ecol. 2000; 9: 1657-1659. https://doi.org/10.1046/j.1365-294x.2000.01020.x PMID: 11050560

Hart MW, Sunday J. Things fall apart: biological species form unconnected parsimony networks. Biol
Lett. 2007; 3: 509-512. https://doi.org/10.1098/rsbl.2007.0307 PMID: 17650475

Kimura M. Simple method for estimating evolutionary rate of based substitution through comparative
studies of nucleotide sequences. J Molec Evol. 1980; 16: 111-120. https://doi.org/10.1007/
BF01731581 PMID: 7463489

Swofford DL. PAUP*: Phylogenetic analysis using parsimony (and other method). Version 4.0b10.
Sinauer Associates, Sunderland, MA, 2002.

Excoffier L, Lischer HEL. Arlequin suite ver 3.5: a new series of programs to perform population genet-
ics analyses under Linux and Windows. Mol Ecol Resour. 2010; 10: 564-567. https://doi.org/10.1111/].
1755-0998.2010.02847.x PMID: 21565059

Dupanloup |, Schneider S, Excoffier L. A simulated annealing approach to define the genetic structure
of populations. Mol Ecol. 2002; 11:2571-2581. https://doi.org/10.1046/j.1365-294x.2002.01650.x
PMID: 12453240

Rogers AR, Harpending H. Population growth makes waves in the distribution of pairwise genetic differ-
ences. Mol. Biol. Evol. 1992; 9: 552-569. https://doi.org/10.1093/oxfordjournals.molbev.a040727
PMID: 1316531

Librado P, Rozas J. DnaSP v5: A software for comprehensive analysis of DNA polymorphism data. Bio-
informatics. 2009; 25: 1451-1452. https://doi.org/10.1093/bioinformatics/btp187 PMID: 19346325

Slatkin M, Hudson RR. Pairwise comparisons of mitochondrial DNA sequences in stable and exponen-
tially growing populations. Genetics. 1991; 129: 555-562. PMID: 1743491

Tajima F. Statistical method for testing the neutral mutation hypothesis by DNA polymorphism. Genet-
ics. 1989; 123: 585-595. PMID: 2513255

Fu YX. Statistical tests of neutrality of mutations against population growth, hitchhiking and background
selection. Genetics. 1997; 147:915-925. PMID: 9335623

PLOS ONE | https://doi.org/10.1371/journal.pone.0239734  September 28, 2020 21/22


https://doi.org/10.3732/ajb.94.3.275
http://www.ncbi.nlm.nih.gov/pubmed/21636401
https://doi.org/10.3732/ajb.92.12.2072
https://doi.org/10.3732/ajb.92.12.2072
http://www.ncbi.nlm.nih.gov/pubmed/21646124
http://www.ncbi.nlm.nih.gov/pubmed/12118412
https://doi.org/10.2165/00822942-200504010-00008
http://www.ncbi.nlm.nih.gov/pubmed/16000015
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1093/molbev/msu300
http://www.ncbi.nlm.nih.gov/pubmed/25371430
https://doi.org/10.1046/j.1365-294x.2000.01020.x
http://www.ncbi.nlm.nih.gov/pubmed/11050560
https://doi.org/10.1098/rsbl.2007.0307
http://www.ncbi.nlm.nih.gov/pubmed/17650475
https://doi.org/10.1007/BF01731581
https://doi.org/10.1007/BF01731581
http://www.ncbi.nlm.nih.gov/pubmed/7463489
https://doi.org/10.1111/j.1755-0998.2010.02847.x
https://doi.org/10.1111/j.1755-0998.2010.02847.x
http://www.ncbi.nlm.nih.gov/pubmed/21565059
https://doi.org/10.1046/j.1365-294x.2002.01650.x
http://www.ncbi.nlm.nih.gov/pubmed/12453240
https://doi.org/10.1093/oxfordjournals.molbev.a040727
http://www.ncbi.nlm.nih.gov/pubmed/1316531
https://doi.org/10.1093/bioinformatics/btp187
http://www.ncbi.nlm.nih.gov/pubmed/19346325
http://www.ncbi.nlm.nih.gov/pubmed/1743491
http://www.ncbi.nlm.nih.gov/pubmed/2513255
http://www.ncbi.nlm.nih.gov/pubmed/9335623
https://doi.org/10.1371/journal.pone.0239734

PLOS ONE

Evolution of Phedimus on Ulleung Island

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.
72.
73.
74.

Schneider S, Excoffier L. Estimation of past demographic parameters from the distribution of pairwise
differences when the mutation rates vary among sites: application to human mitochondrial DNA. Genet-
ics. 1999; 152: 1079-1089. PMID: 10388826

Harpending HC. Signature of ancient population growth in a low-resolution mitochondrial DNA mis-
match distribution. Hum Biol. 1994; 66: 591-600. PMID: 8088750

Lee W, Yang JY, Jung K-S, Pak J-H, Maki M, Kim S-C. Chloroplast DNA assessment of anagenetic
speciation in Rubus takesimensis (Rosaceae) on Ulleung Island, Korea. J Plant Biol. 2017; 60: 163
-174.

Yang J, Pak J-H, Maki M, Kim S-C. Multiple origins and the population genetic structure of Rubus take-
simensis (Rosaceae) on Ulleung Island: implications for the genetic consequences of anagenetic speci-
ation. PLoS ONE. 2019; 14: e0222707. https://doi.org/10.1371/journal.pone.0222707 PMID:
31536553

Gil H-Y, Maki M, Pimenova EA, Taran A, Kim S-C. Origin of the critically endangered endemic species
Scrophularia takesimensis (Scrophulariaceae) on Ulleung Island, Korea: implications for conservation.
J Plant Res. 2020; http://doi.org/10.1007/s10265-020-01221-z.

Pfosser M, Jakubowsky G, Schliiter PM, Fer T, Kato H, Stuessy TF, et al. Evolution of Dystaenia takesi-
mana (Apiaceae), endemic to Ullung Island, Korea. Plant Syst Evol. 2006; 256: 159-170.

Pfosser M, Sun B-Y, Stuessy TF, Jang C-G, Guo Y-P, Kim TJ, et al. Phylogeny of Hepatica (Ranuncula-
ceae) and origin of Hepatica maxima Nakai endemic to Ullung Island, Korea. Stapfia. 2011; 95: 16-27.

Takayama K, Sun B-Y, Stuessy TF. Genetic consequences of anagenetic speciation in Acer okamotoa-
num (Sapindaceae) on Ullung Island, Korea. Ann Bot. 2012; 109: 321-330. https://doi.org/10.1093/
aob/mcr280 PMID: 22056411

Takayama K, Sun B-Y, Stuessy TF. Anagenetic speciation in Ullung Island, Korea: genetic diversity
and structure in the island endemic species, Acer takesimense (Sapindaceae). J Plant Res. 2013; 126:
323-333. https://doi.org/10.1007/s10265-012-0529-z PMID: 23090156

Oh S-H, Youm J-W, Kim Y-I, Kim Y-D. Phylogeny and evolution of endemic species on Ulleung Island,
Korea: the case of Fagus multinervis (Fagaceae). Syst Bot. 2016; 41: 617-625.

Cheong WY, Kim S-H, Yang JY, Lee W, Pak J-H, Kim S-C. Insights from the chloroplast DNA into the
progenitor-derivative relationship between Campanula punctata and C. takesimana (Campanulaceae)
in Korea. J Plant Biol. 2020; https://doi.org/10.1007/s12374-020-09281-3.

Stuessy TF, Takayama K, Lopez-Sepulveda P, Crawford DJ. Interpretation of patterns of genetic varia-
tion in endemic plant species of oceanic islands. Bot J Linn Soc. 2014; 174: 276-288. https://doi.org/
10.1111/b0j. 12088 PMID: 26074627

Takayama K, Lopez-Sepulveda P, Greimler J, Crawford DJ, Pefailillo P, Baeza M, et al. Genetic conse-
quences of cladogenetic vs. anagenetic speciation in endemic plants on oceanic islands. AoB Plants.
2015; 7: plv102. https://doi.org/10.1093/acbpla/plv102 PMID: 26311732

Gibbs RD. Botany. An evolutionary approach. The Blakiston Company, Philadelphia; 1950.
Brodie HJ. The splash-cup dispersal mechanism in plants. Can J Bot. 1951; 29: 224-234.
Nakanishi H. Splash seed dispersal by raindrops. Ecol Res. 2002; 17: 663-671.

Sohn YK, Park KH. Geology and evolution of Tok Island, Korea. Jour Geol Soc Korea. 1994; 3: 242
-261.

PLOS ONE | https://doi.org/10.1371/journal.pone.0239734  September 28, 2020 22/22


http://www.ncbi.nlm.nih.gov/pubmed/10388826
http://www.ncbi.nlm.nih.gov/pubmed/8088750
https://doi.org/10.1371/journal.pone.0222707
http://www.ncbi.nlm.nih.gov/pubmed/31536553
http://doi.org/10.1007/s10265-020-01221-z
https://doi.org/10.1093/aob/mcr280
https://doi.org/10.1093/aob/mcr280
http://www.ncbi.nlm.nih.gov/pubmed/22056411
https://doi.org/10.1007/s10265-012-0529-z
http://www.ncbi.nlm.nih.gov/pubmed/23090156
https://doi.org/10.1007/s12374-020-09281-3
https://doi.org/10.1111/boj.12088
https://doi.org/10.1111/boj.12088
http://www.ncbi.nlm.nih.gov/pubmed/26074627
https://doi.org/10.1093/aobpla/plv102
http://www.ncbi.nlm.nih.gov/pubmed/26311732
https://doi.org/10.1371/journal.pone.0239734

