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The present-day genetic structure of macroalgal species reflects both geographical history and oceanic circulation 

patterns as well as anthropogenic introduction across native ranges. To precisely understand the genetic diversity and 

how the factors shape the current population structure of Gloiopeltis furcata sensu lato, we determined the mitochon-

drial 5′ end of cytochrome c oxidase subunit I (COI-5P) sequences for 677 individuals sampled from 67 sites spanning 

almost the entire distribution range in Korea and Japan. Results from the phylogenetic analysis and haplotype distribu-

tion revealed eleven distinct lineages within G. furcata s.l. along the Korea-Japan coastal areas and displayed divergent 

phylogeographic patterns among lineages. Despite the closely related lineages distributed in same habitats as high rocky 

intertidal zone, they display different phylogeographic patterns among lineages. The populations from the south of 

Korea-Japan harbored the highest genetic diversity and unique endemism in comparison with other populations in the 

distribution range. This could be the evidence of southern refugia for G. furcata s.l. in the Northwest (NW) Pacific and the 

recent migration from native to introduced region. The reason is that an exceptional distribution pattern was found high 

genetic diversity in Hakodate of Japan where is the northern location in the NW Pacific. Our results imply the contempo-

rary influence on the distribution due to current circulation pattern and anthropogenic effects. These phylogeographic 

findings provide the important insight into cryptic species diversity and the detailed distribution pattern of Gloiopeltis 

in the NW Pacific. 
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INTRODUCTION

Within the past few decades, phylogeographic stud-

ies in macroalgae have been increased in the Northwest 

(NW) Pacific region (Lee et al. 2012, Hu et al. 2016, 2018, 

Boo et al. 2019, Koh and Kim 2019, Yang et al. 2020). The 

relatively well-documented geological history of the 

NW Pacific (such as the sea level fluctuation during the 

Pleistocene) has facilitated in explaining current genetic 

patterns observed for different macroalgal species (Yang 

et al. 2009, Cheang et al. 2010, Hu et al. 2011, 2015). The 

considerable climatic changes experienced across Qua-

ternary glacial-interglacial cycles have left marked ge-

netic signatures in the current geographical distribution 
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raphy (Yang and Kim 2018, Hanyuda et al. 2019, 2020, 

Yang et al. 2020). Gloiopeltis furcata sensu lato (s.l.) have 

wide distribution range among the Gloiopeltis species 

and distinguished by its hollow and cylindrical to subcy-

lindrial thalli (Lee et al. 1996, Guiry and Guiry 2020). It 

was recently shown to be composed of morphologically 

similar but genetically distinct lineages based on mito-

chondrial and plastid genes (Hanyuda et al. 2019, Yang 

et al. 2020). The phylogeographic study of G. furcata s.l. 

from the North Pacific revealed the evidence of eight 

distinct lineages, and the diversification of this group oc-

curred mostly within the NW Pacific (Yang et al. 2020). 

Meanwhile, only G. furcata sensu stricto (s.s.) is widely 

distributed along both sides of the North Pacific, rang-

ing from Korea, Japan, and Kamchatka to Alaska, British 

Columbia, and Washington (Hanyuda et al. 2019, Yang et 

al. 2020). Despite their studies, the detailed distribution 

pattern of G. furcata s.l. within the NW Pacific is not fully 

understood because of insufficient collections across the 

distribution range of G. furcata s.l. in Korea and Japan. 

To improve our understanding of phylogeography 

within the NW Pacific, we conducted extensive sampling 

of G. furcata s.l. across most of its geographical range in 

Korea and Japan and used the 5′ end of cytochrome c oxi-

dase subunit I (COI-5P) marker to elucidate its genetic 

diversity, phylogenetic relationships and phylogeograph-

ic patterns. Mitochondrial COI-5P has proven the value 

for phylogeographic study of G. furcata s.l., showing high 

genetic variation (Yang et al. 2020). In the current study, 

molecular phylogeny was used to clarify the species di-

versity of G. furcata s.l. Distribution patterns within the 

NW Pacific were explored by evaluating the genetic struc-

ture of populations. Finally, we tested whether a glacial 

refugia existed around the southern region in the NW Pa-

cific, which may have contributed to diversity resources.

MATERIALS AND METHODS

Samples of G. furcata s.l. were collected from 67 sites 

along the coasts of Korea and Japan (Table 1). Sample 

were divided into eleven regions based on the criteria by 

Yang et al. (2020) in Korea and local boundary in Japan 

(West coast of Korea [WEK], Jeju in Korea [JJK], South 

coast of Korea [SOK], East coast of Korea [EAK], Kyushu 

of Japan [KYS], Shikoku of Japan [SKK], Kansai of Japan 

[KAS], Shikinejima of Japan [SKJ], Kanto of Japan [KAT], 

Tohoku of Japan [THK], Hokkaido of Japan [HOK]). On 

the East Sea (Sea of Japan) coasts, Gloiopeltis is absent or 

quite rare because of the small tide (Saito 1970). All speci-

of marine macroalgae (Provan and Bennett 2008, Hu et 

al. 2018). Advancing glacial ice caused the sea level to 

fall 120‒130 m, consequently, sea floor exposed (Wang 

1999). During these sudden changes in the environment, 

marine temperate species had retreated southward as 

refugia with stable and diverse conditions for survival, 

facilitating persistence with regional biotic and abiotic 

environmental changes (Hewitt 1996, Neiva et al. 2015). 

In populations in such refugia have been functioned as 

initial genetic resources for the formation of distinct evo-

lutionary lineages, and species have colonized new re-

gions from environmental conditions improved (Neiva et 

al. 2015). Through these processes, it is generally recog-

nized that lower-latitude regions host populations with 

higher genetic diversity than those in areas where have 

been recently recolonized (Neiva et al. 2015). 

Environmental factors, including current circulation 

pattern, also differentially affect the distribution pattern 

of seaweeds (Li et al. 2017, Boo et al. 2019). Complex oce-

anic circulation in the NW Pacific influences the regional 

population genetic structure and biogeographic history 

of macroalgae with limited dispersal abilities (Hu et al. 

2015). For example, the north-flowing Kuroshio Cur-

rent divides into its branches, the Tsushima Warm Cur-

rent and the Yellow Sea Warm Current (Hu et al. 2015). 

The Tsushima Warm Current (TWC1) runs northward 

and branched into the Tsugaru Warm Current (TWC2), 

which flow through the Tsugaru Strait and then south-

ward along the coast of the north-east of the main island 

of Japan (Li et al. 2017).

Apart from these historical and environmental pro-

cesses, the anthropogenic transport of species from na-

tive ranges to new areas has become commonplace, 

resulting in processes responsible for the present-day 

population distribution and genetic diversity in macroal-

gal species (Andreakis et al. 2016, Díaz-Tapia et al. 2018). 

Actually, a variety of macroalgae have been reported as 

invasive species by human activities and they have prob-

ably been introduced as microscopic life stages or resting 

forms settled either on shellfish or on packing material 

(Kim et al. 2010, Cecere et al. 2011). Shipping is main vec-

tor of long-range transport of macroalgae because inva-

sive haplotype occurred in harbors or near harbors (Kim 

et al. 2010, Geoffroy et al. 2016).

The red macroalga Gloiopeltis is distributed in the 

North Pacific from the Philippines in the south to Alaska 

in the north, forming extensive populations in high in-

tertidal rocky zones (Oh and Lee 1996, Guiry and Guiry 

2020). Molecular studies of Gloiopeltis have provided 

new insights into taxonomy, biodiversity and phylogeog-
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Table 1. Sampling information and lineages for Gloiopeltis furcata s.l. included in this study

Site No. Location Sampling site N Lineage
1 HOK Shizuura 15 Lineage 5/8
2 Ishizaki 14 G. furcata s.s., Lineage 7
3 Udomari 18 G. furcata s.s., Lineage 5
4 Sukki 10 G. furcata s.s.
5 Sakaehama 9 G. furcata s.s., Lineage 5
6 Masadomari 20 Lineage 5
7 Shikishimanai 20 G. furcata s.s., Lineage 5
8 Tomari 3 Lineage 5
9 Oshoro 1 G. furcata s.s.

10 Mashike 1 G. furcata s.s.
11 Habomai 12 G. furcata s.s.
12 Muroran 6 G. furcata s.s., Lineage 8
13 Hakodate 16 G. furcata s.s., Lineage 3/5/6/7/8
14 Moheji 11 Lineage 5
15 Shiragami 14 Lineage 5/8
16 THK Shiriya 3 Lineage 5
17 Iwaya 8 Lineage 5/8
18 Shimokita 15 Lineage 5/7/8
19 Ippongi 15 Lineage 5
20 Imabetsu 8 Lineage 5
21 Tappizaki 7 Lineage 5
22 Aoiwa 8 G. furcata s.s.
23 Iwate 8 Lineage 1/5/8
24 Sashigahama 15 Lineage 5
25 Shichigahama 12 Lineage 5
26 KAT Katsuura 7 Lineage 8
27 Tateyama 8 Lineage 8
28 SKJ Shikinejima Is. 14 Lineage 4
29 KAS Mie 19 Lineage 1
30 Kishu-Katsuura 16 Lineage 1
31 Kozai 16 Lineage 1
32 Hioki 12 Lineage 1
33 Shirahama 18 Lineage 1
34 SKK Yura 17 Lineage 1
35 Hiwasa 14 Lineage 1/5/8/9
36 Tosa 6 Lineage 1
37 Tsuwachi-jima 5 Lineage 5
38 Ohshima 13 Lineage 3/5/8
39 Seto 6 Lineage 1/5/8
40 Misaki 10 Lineage 1/3/8
41 KYS Saeki 7 Lineage 1/3/5
42 Amakusa 30 Lineage 1/3/5/10
43 Kayaki 21 Lineage 1/5/7
44 Arikawa 18 Lineage 1/3/5
45 Tachiura 21 Lineage 1/2/3/5/8/9
46 Iki Island 4 Lineage 5/8
47 Kadoshima 12 Lineage 1/7
48 WEK Sochungdo 5 Lineage 6/7
49 Wido 8 Lineage 7
50 Padori 5 Lineage 6
51 Bangpo 5 Lineage 3/7
52 Jindo 3 Lineage 7
53 JJK Hansuri 5 Lineage 3
54 Seogwipo 9 Lineage 1/3/5/6/7
55 Sungsan 17 Lineage 3/5/6/9
56 Jeju 3 Lineage 3
57 SOK Wando 2 Lineage 5/7
58 Chungsando 1 Lineage 3
59 Geomundo 8 Lineage 3
60 Geoje 5 Lineage 6
61 Gijang 21 Lineage 3/6/7
62 EAK Pohang 2 Lineage 7
63 Jukbyeon 7 G. furcata s.s.
64 Ullengdo 1 G. furcata s.s.
65 Dokdo 1 Lineage 3
66 Munamjin 3 G. furcata s.s.
67 Hajodae 3 G. furcata s.s.

Total 677

N, number of analyzed samples; HOK, Hokkaido of Japan; THK, Tohoku of Japan; KAT, Kanto of Japan; SKJ, Shikinejima of Japan; KAS, Kansai of Ja-
pan; SKK, Shikoku of Japan; KYS, Kyushu of Japan; WEK, West coast of Korea; JJK, Jeju in Korea; SOK, South coast of Korea; EAK, East coast of Korea.
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ships among haplotypes, we constructed a haplotype 

network with a minimum spanning network in Arlequin. 

Differences in the genetic structure of populations were 

assessed by computing pairwise FST statistics in Arlequin 

v. 3.5 between locations. The Kimura 2-parameter model 

(Kimura 1980) was used to calculate pair-wise distances 

within and between lineages. To neutrality tests, the Ta-

jima’s D (Tajima 1989) and Fu’s FS (Fu 1997) implemented 

in Arlequin were used to test for population expansion.

 

RESULTS

We obtained a total of 677 COI-5P sequences of G. 

furcata s.l., of which 476 were newly generated in this 

study. The COI-5P alignment was composed of 567 bp 

and yielded 153 haplotypes (Table 2). The phylogeny 

inferred from these haplotypes with other sequences of 

Gloiopeltis from GenBank showed fifteen genetically dis-

tinct lineages within the genus Gloiopeltis, including four 

previously described species, G. tenax, G. complanata, 

G. frutex, and G. compressus (Fig. 1A). Thirteen of these 

lineages were moderately to highly supported lineages 

(bootstrap values >68 for ML) while the remaining two, 

lineage 2 and lineage 10, were singletons. The ML phy-

logenetic tree suggested the presence of eleven putative 

species (G. furcata s.s. and lineage 1‒10) within the G. fur-

cata s.l. group. Among them, three lineages were newly 

discovered in this study and eight were already observed 

in previous study by Yang et al. (2020). The clade of G. fur-

cata s.l. include G. tenax and G. complanata, which were 

sistered with lineage 2 and lineage 10, respectively. 

Mapping the distribution of eleven lineages of G. fur-

cata s.l. along the coasts of Korea and Japan showed that 

they differ distribution patterns (Fig. 1B). Among the lin-

eages, seven lineages co-distributed in Korea and Japan. 

First of all, G. furcata s.s. (consisting of 25 haplotypes) 

was only distributed in cold water coastal areas, such as 

the east of Korea (EAK) and the north of Japan (HOK and 

THK). Lineage 1, consisting of 35 haplotypes, was mainly 

distributed in the south of Japan (KYS, SKK, and KAS) and 

partly distributed in JJK of Korea and THK of Japan. Lin-

eage 3, consisting of 22 haplotypes, was mainly distrib-

uted in the south of Korea / Japan, as well as an unusual 

disjunct occurrence was detected in Hakodate. The wide-

ly distributed lineage 5, consisting of 36 haplotypes, was 

found in the south of Korea (JJK and SOK), and the south 

and north of Japan (KYU, SKK, THK, and HOK). Lineage 

6, consisting of nine haplotypes, was mainly distributed 

in Korea (WEK, SOK, and JJK) with a disjunct occurrence 

mens studied herein were deposited in the herbarium of 

Jeju National University (JNUB). Epiphytes on specimens 

were removed under a dissecting microscope before 

DNA extraction. 

Apical regions were separated from the thallus, cleaned 

and stored in silica gel for molecular analyses. DNA was 

extracted using the LaboPass Tissue Genomic DNA Iso-

lation Kit (Cosmogenetech, Seoul, Korea), according to 

the manufacturer’s protocol. Targeted gene sequences of 

COI-5P were amplified and sequenced using the primers 

GWSFn‒GWSRx (Le Gall and Saunders 2010, Saunders 

and McDevit 2012). All polymerase chain reaction (PCR)  

amplifications were carried out in All-In-One-Cycler (Bi-

oneer, Daejeon, Korea) using MasterMix 2× (MGmed, 

Seoul, Korea), under the following conditions: 4 min of 

initial denaturation at 96°C, and 40 cycles of 30 s for de-

naturation, 30 s at 45°C for annealing, and 1 min at 72°C 

for extension, with a final extension at 72°C for 7 min. 

All sets of PCR included a negative control reaction tube 

containing all reagents, except template DNA. The PCR 

products were purified using Exo-AP PCR Clean-up Mix 

(MGmed) and then sequenced commercially (Macrogen, 

Seoul, Korea). 

Sequences of the forward and reverse strands were de-

termined for all specimens, and the electropherograms 

were edited using the program Chromas v.1.45 (McCar-

thy 1998) and checked manually for consistency. Con-

sensus sequences were generated using Geneious soft-

ware (Geneious R9 ver. 9.1.4, http://www.geneious.com). 

Sixty-five sequences from Korea and Japan, previously 

analyzed by Yang et al. (2020), were downloaded from 

GenBank and aligned with newly generated sequences in 

this study. Sequences were aligned manually using Clust-

al O (Sievers et al. 2011). Unique haplotype sequences of 

COI-5P yielded in this study were deposited in GenBank 

(MW271526‒MW271613) (Supplementary Table S1).

Phylogenetic reconstruction of the COI-5P gene was 

conducted using the maximum likelihood (ML) method 

using RAxML v8 (Stamatakis 2006) with 1,000 bootstrap 

replicates, based on the GTRGAMMA model. Twenty-

eight sequences of four Gloiopeltis species, G. tenax, G. 

complanata, G. frutex, and G. compressus, from GenBank 

were also downloaded and included in the alignments for 

phylogenetic analysis. Endocladia muricata (KF026475, 

KM254659, and KM254306) was included as outgroup 

based on previous results (Yang and Kim 2018). 

DNA polymorphism levels of COI-5P were summa-

rized in terms of number of haplotypes (Nh), haplotype 

diversity (h), and nucleotide diversity (π) using Arlequin 

v. 3.5.2 (Excoffier et al. 2005). To evaluate the relation-
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0.0769‒0.1068), whereas the populations from SKJ, KAT, 

and THK in Japan had lower values (h = 0.3846‒0.6952, 

π = 0.0016‒0.0441) (Table 3). The highest value of diver-

sity was detected in KYS of Japan (h = 0.9516, π = 0.1013), 

which also contained the largest number of lineages (n 

= 8). KAS of Japan and EAK of Korea had relatively high 

haplotype diversity (0.8832‒0.9044), but the nucleotide 

diversity was low (0.0037‒0.0541). For the lineages of G. 

furcata s.l., Tajima’s D and Fu’s FS values were negative in 

three lineages (Table 2), indicating that population of lin-

eages 1, 6, and 8 expanded in the past.

Pairwise FST values based on COI-5P data (Table 4) re-

vealed low to moderate values within Korea (FST range = 

0.040‒0.456). The populations from Korea showed genet-

ic affinity with those from the southern region of Japan 

(KYS, SKK; FST range = 0.2128‒0.3492), and quite close 

to those from HOK of Japan (FST range = 0.3343‒0.4057). 

in Hakodate. Lineage 7, consisting of eight haplotypes, 

was distributed in Korea (WEK, SOK, and JJK) as well as 

in Japan (KYS, THK, and HOK). Lineage 9, consisting of 

three haplotypes, was distributed in the south of Korea 

/ Japan (JJK, KYS, and SKK). Four lineages only occurred 

in Japan. Lineage 8, consisting of ten haplotypes, was 

distributed in Japan from the south to north (KYS, SKK, 

KAT, THK, and HOK). Lineage 4, consisting of four hap-

lotypes, was only distributed in one population in SKJ of 

Japan. Lineages 2 and 10 were only found in KYS of Japan. 

Most phylogenetically diverged lineages occurred in the 

southern region, in KYS of Japan and JJK of Korea, and 

an exceptional pattern appeared in Hakodate of HOK, 

Japan.

Molecular diversity indices showed that the popula-

tions from Korea (JJK and SOK) and Japan (KYS, SKK, and 

HOK) had high genetic diversity (h = 0.8558‒0.9516, π = 

Fig. 1. Results of the molecular analysis of Gloiopeltis furcata s.l. collected from the Korea-Japan coast. (A) Maximum likelihood phylogenetic 
tree of 5’ end of cytochrome c oxidase subunit I (COI-5P) of G. furcata s.l. including four currently recognized Gloiopeltis species. The outgroup for 
the analysis was three sequences of Endocladia muricata. Mitochondrial lineages have been labeled with different colors. Only bootstrap support 
values >50 are indicated in the main nodes. (B) Map showing sampling sites and geographical distribution of the mitochondrial lineages of G. 
furcata s.l. Circles represent the mitochondrial lineage diversity within each site and circle size is proportional to the number of individuals. Colors 
correspond to the lineages indicated in the phylogenetic tree (A). Number in circle corresponds to the sampling site in Table 1.

A B
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Table 3. Genetic diversity of populations of Gloiopeltis furcata s.l. from Korea and Japan based on COI-5P data 

Country        Location Code N Nh                             Lineage (n) h ± SD π ± SD

  Korea 114 49 G. furcata s.s., Lineage 1, 3, 5‒7, 9 (n = 7)
Western Korea WEK 26 5 Lineage 3, 6, 7 (n = 3) 0.7231 ± 0.0636 0.079826 ± 0.0398
Jeju JJK 34 17 Lineage 1, 3, 5‒7, 9 (n = 6) 0.8824 ± 0.0456 0.089881 ± 0.0443
Southern Korea SOK 37 18 Lineage 3, 5‒7 (n = 4) 0.9369 ± 0.0214 0.097007 ± 0.0476
Eastern Korea EAK 17 9 G. furcata s.s., Lineage 3, 7 (n = 3) 0.9044 ± 0.0439 0.054155 ± 0.0278

  Japan 563 104 G. furcata s.s., Lineage 1‒10 (n = 11)
Kyusyu KYS 113 42 Lineage 1‒3, 5, 7‒10 (n = 8) 0.9516 ± 0.0090 0.101355 ± 0.0488
Shikoku SKK 54 18 Lineage 1, 3, 5, 8, 9 (n = 5) 0.9106 ± 0.0213 0.106855 ± 0.0519
Kansai KAS 98 20 Lineage 1 (n = 1) 0.8832 ± 0.0147 0.003725 ± 0.0023
Shikinejima SKJ 14 3 Lineage 4 (n = 1) 0.3846 ± 0.1494 0.001686 ± 0.0013
Kanto KAT 15 5 Lineage 8 (n = 1) 0.6952 ± 0.1092 0.001814 ± 0.0014
Tohoku THK 99 16 G. furcata s.s., Lineage 1, 5, 7, 8 (n = 5) 0.6508 ± 0.0519 0.044147 ± 0.0216
Hokkaido HOK   170       28 G. furcata s.s., Lineage 3, 5‒8 (n = 6) 0.8558 ± 0.0200 0.076973 ± 0.0371

  Total   677     153

COI-5P, 5’ end of cytochrome c oxidase subunit I; N, number of analyzed samples; Nh, number of haplotypes; h, haplotype diversity; π, nucleotide 
diversity; SD, standard deviation; WEK, West coast of Korea; JJK, Jeju in Korea; SOK, South coast of Korea; EAK, East coast of Korea; KYS, Kyushu of 
Japan; SKK, Shikoku of Japan; KAS, Kansai of Japan; SKJ, Shikinejima of Japan; KAT, Kanto of Japan; THK, Tohoku of Japan; HOK, Hokkaido of Japan.

Table 4. Pairwise estimates of FST between populations of Gloiopetlis furcata s.l. based on COI-5P data

Country Code 1 2 3 4 5 6 7 8 9 10 11

1   Korea WEK -
2 JJK 0.28043** -
3 SOK 0.11506**  0.04008* -
4 EAK 0.45609** 0.43351** 0.38989** -
5   Japan KYS 0.30163** 0.21284** 0.34926** 0.34926** -
6 SKK 0.29073** 0.22990** 0.22666** 0.34838** 0.08616** -
7 KAS 0.84154** 0.75947** 0.73964** 0.89754** 0.38596** 0.59214** -
8 SKJ 0.63444** 0.52733** 0.50439** 0.75325** 0.37641** 0.42665** 0.96556** -
9 KAT 0.63673** 0.59470** 0.55084** 0.77898** 0.47993** 0.36125** 0.97561** 0.98674** -

10 THK 0.56514** 0.48499** 0.49193** 0.65013** 0.38425** 0.33591** 0.83408** 0.74353** 0.75485** -
11 HOK 0.40578** 0.33437** 0.34441** 0.37947** 0.27473** 0.19004** 0.66465** 0.55657** 0.58168** 0.17053** -

COI-5P, 5’ end of cytochrome c oxidase subunit I; WEK, West coast of Korea; JJK, Jeju in Korea; SOK, South coast of Korea; EAK, East coast of Korea; 
KYS, Kyushu of Japan; SKK, Shikoku of Japan; KAS, Kansai of Japan; SKJ, Shikinejima of Japan; KAT, Kanto of Japan; THK, Tohoku of Japan; HOK, 
Hokkaido of Japan. Significant p-values are indicated by *p < 0.05 and **p < 0.01.

Table 2. Summary of molecular diversity and demographic analyses for 11 lineages of Gloiopeltis furcata s.l. from Korea and Japan

     Lineage N Nh h ± SD π ± SD Tajima’s D Fu’s FS

G. furcata s.s. 79 25 0.9205 ± 0.0147 0.0335 ± 0.0166 1.0215 3.3318
Lineage 1 167 35 0.9310 ± 0.0077 0.0161 ± 0.0082 -0.5341 -2.8435
Lineage 2 1 1 - - - -
Lineage 3 56 22 0.8890 ± 0.0326 0.0262 ± 0.0132 0.1763 1.0132
Lineage 4 14 3 0.3846 ± 0.1494 0.0016 ± 0.0013 -1.3569 0.7593
Lineage 5 240 36 0.8325 ± 0.0154 0.0238 ± 0.0119 0.1165 1.4867
Lineage 6 24 9 0.7717 ± 0.0788 0.0035 ± 0.0023 -1.2684 -2.6993
Lineage 7 38 8 0.4922 ± 0.0971 0.0074 ± 0.0041 -1.0906 1.8944
Lineage 8 43 10 0.7597 ± 0.0354 0.0037 ± 0.0023 -1.3497 -1.9948
Lineage 9 11 3 0.6182 ± 0.1038 0.0239 ± 0.0131 1.9521 10.5675
Lineage 10 4 1 - - - -
Total 677 153 0.9694 ± 0.0027 0.1120 ± 0.0535 3.2664 0.9055

N, number of individuals; Nh, number of haplotype; h, haplotype diversity; π, nucleotide diversity; SD, standard deviation. 
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cryptic species diversity have been still undiscovered in 

macroalgal groups, especially in the NW Pacific (Hu et 

al. 2015, Yang and Kim 2018, Boo et al. 2019, Lee et al. 

2020). Our results reveal the phylogeographic pattern of 

G. furcata s.l. throughout the Korea-Japan region in the 

NW Pacific. Most phylogeographic studies on macroal-

gae have focused on one or two species within the ge-

nus to illustrate distribution patterns in the NW Pacific 

(Hu et al. 2011, Kim et al. 2012, Lee et al. 2012, Hu et al. 

2018, Boo et al. 2019). Our study on G. furcata s.l., includ-

ing 11 co-distributed distinct lineages in high intertidal 

zone, provides important insight into the comprehensive 

biogeography of Gloiopeltis in this region. The haplotype 

network based on COI-5P facilitates a better understand-

ing of their demographic histories.

Molecular evidence suggests the existence of a south-

ern glacial refugia for G. furcata s.l. in the NW Pacific. Ge-

netic signatures of glacial refugia typically include a high 

level of genetic diversity and endemism of marine organ-

isms (Hewitt 2004, Provan et al. 2005, Hu et al. 2018). Our 

results reveal that the highest level of haplotype and nu-

cleotide diversity were found mostly in the south of Korea 

(JJK and SOK) and Japan (KYS). Moreover, most diverse 

lineages of G. furcata s.l. occurre in JJK of Korea and KYS 

of Japan. Several of them are endemic because they have 

not been detected elsewhere in middle-to-northern Ko-

rea and Japan. Such distribution patterns are in line with 

the hypothesis that temperate populations in the north-

ern hemisphere could survive with a high genetic diver-

sity in the south refugia, because the majority of species 

retreated to the south in the northern hemisphere follow-

ing climate changes (Hewitt 2004). 

The identification of glacial refugia in the NW Pa-

cific has been documented in several marine macroal-

gae (Cheang et al. 2010, Hu et al. 2011, Kim et al. 2012, 

Lee et al. 2012, Hu et al. 2016, Boo et al. 2019). Similar 

to our results of G. furcata s.l., the southern refugia has 

been found in the NW Pacific in the following species: 

Ishige okamurae (southern Korea including Jeju Island) 

(Lee et al. 2012), Gelidiophycus freshwateri (southern Ko-

rea) (Boo et al. 2019), Gelidium elegans (Jeju and central 

Pacific Japan) (Kim et al. 2012), and Sargassum horneri 

(Kyushu) (Hu et al. 2011). These findings are also consis-

tent with the existence of southern refugia in the north 

Atlantic for marine macroalgae (for example, Palmaria 

palmata, Provan et al. 2005; Fucus serratus, Hoarau et al. 

2007; and Chondrus crispus, Hu et al. 2011). The south-

ern coasts of Korea-Japan might provide suitable habitats 

during glacial maxima for intertidal algal species, which 

frequently accord to the results of rear edge distribution 

Moderate to high FST values were detected between pop-

ulations from Korea (WEK, JJK, SOK, and EAK) and the 

central region of Japan (KAS, SKJ, KAT, and THK: FST range 

= 0.4849‒0.8975). In contrast, FST values showed large ge-

netic variance within populations in Japan (FST range = 

0.0861‒0.9867). The population from KAS and SKJ of Ja-

pan was significantly divergent from that of other popu-

lations (KAS: FST range = 0.3859‒0.9756; SKJ: FST range = 

0.3764‒0.9867). 

The COI-5P haplotype network yielded several uncon-

nected haplotype groups corresponding to the nine dif-

ferent phylogenetic lineages, except singletons (lineages 

2 and 10) (Fig. 2). Among all haplotypes (153), 25 were 

shared between sampling sites in Korea and Japan, and 

128 haplotypes were site-specific. Within six lineages 

(G. furcata s.s. and lineages 1, 3, 5, 7, and 9), many miss-

ing haplotypes over 10 steps were detected (Fig. 2). In G. 

furcata s.s., haplotypes fell into three highly divergent 

and geographically distinct clusters: West HOK of Japan, 

South / East HOK of Japan, and EAK of Korea. Likewise, 

lineage 1 were separated into four highly divergent clus-

ters, which roughly matched their geographical distribu-

tion: KAS, SKK / KYS, and THK. In lineage 5, haplotypes 

were separated into several clusters and exhibited a clear 

phylogeographic structure between the West HOK and 

South HOK of Japan. On the other hand, lineages 3, 6, 

and 7 showed that the haplotypes from Korea (WEK, JJK, 

and SOK) and Japan (KYS and SKK) tended to be related 

to each other, resulting from shared and less differenti-

ated haplotypes. Haplotypes of the lineages 4, 8, and 9 

occurred in Japan only. In lineage 9, haplotypes were sep-

arated into two geographical clusters, KYS and SKK, by 26 

missing steps despite close region to each other.

DISCUSSION

Currently, five Gloiopeltis species have been accepted 

from the NW Pacific region: G. tenax, G. complanata, G. 

furcata, G. frutex, and G. compressus (Yang and Kim 2018, 

Hanyuda et al. 2019, 2020, Guiry and Guiry 2020). Our 

results provide the evidence of eleven different lineages 

within G. furcata s.l. along the Korea-Japan coastal areas 

that may be considered to be distinct species. Our new 

sequences mostly assign to previously observed lineage 

by Yang et al. (2020), meanwhile, some are presented 

as newly detected lineage. In summarizing previously 

described species and newly detected lineage in this 

study, at least fifteen lineages of Gloiopeltis may exist in 

the NW Pacific region. This suggests that high levels of 
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Fig. 2. Sampling regions (upper left) and 5’ end of cytochrome c oxidase subunit I (COI-5P) haplotype networks for nine lineages of Gloiopeltis 
furcata s.l. Circles represent haplotypes and their size is proportional to the number of individuals per haplotype. Colors of circles indicate loca-
tions in which haplotypes were found. Each connecting line indicates one mutation step between haplotypes. The vertical bars represent the 
number of mutational steps between two haplotypes when >1. WEK, West coast of Korea; JJK, Jeju in Korea; SOK, South coast of Korea; EAK, East 
coast of Korea; KYS, Kyushu of Japan; SKK, Shikoku of Japan; KAS, Kansai of Japan; SKJ, Shikinejima of Japan; KAT, Kanto of Japan; THK, Tohoku of 
Japan; HOK, Hokkaido of Japan.
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High levels of genetic divergence among the lineages 

of G. furcata s.l. suggest long-term isolation of popula-

tions (Fig. 2), allowing for independent development 

of distinct mitochondrial lineages (Pauls et al. 2006). In 

addition, there was evidence of geographically isolated 

populations, indicating a poor self-dispersal ability of 

this algae. Deep genetic divergences within G. furcata s.s. 

(25 missing steps) indicate that the western HOK of Ja-

pan has completely blocked gene flow to the south / east 

HOK by probably current circulation pattern. This genet-

ic discontinuity is also detected in the population of lin-

eage 5, demonstrating a significant barrier to gene flow 

between the west and south of HOK (Fig. 2). The popula-

tions distributed in THK of Japan in this study have gene 

exchanges with the population from the southern HOK. 

Contrary to our results, other studies of macroalgae have 

revealed the genetic exchange among populations in 

HOK with low genetic differentiation (Zhang et al. 2015). 

To understand the population distribution pattern in 

HOK of Japan, it will be necessary to carry out additional 

phylogeographic studies, including a better representa-

tion of different species distributed in similar habitats to 

G. furcata s.l.

Seawater temperature is one of the main factors deter-

mining the geographical distribution of red algae in the 

NW Pacific (Boo et al. 2019). For example, Gelidiophycus 

freshwateri and G. divaricatus adapted to different sea-

water temperate condition, which is influenced to cur-

rent species range (Boo et al. 2019). Like this, the distri-

bution range of the lineages of G. furcata s.l. may reflect 

an adaptation of the species associated with seawater 

temperature. Despite the similar habitat of G. furcata 

s.l., they display different geographic distribution ranges 

based on the COI-5P gene. Gloiopeltis furcata s.s. is dis-

tributed in the temperate to cold water region, EAK of Ko-

rea and HOK, THK of Japan (Hanyuda et al. 2019, Yang et 

al. 2020). Gloiopeltis furcata s.s. is the only species of the 

genus known to be distributed in the East Pacific (Yang 

et al. 2020). According to a study on the effects of light 

and temperature on Gloiopeltis development (Chen et al. 

2011), the different distribution range of G. tenax and G. 

furcata are related to the adaptation of low water tem-

peratures. The growth, sprouting and survival of G. fur-

cata discs prefer lower temperatures than G. tenax. Con-

sequently G. furcata could be distributed to the north. 

Similarly, temperature effect on Gloiopeltis development 

would have determined the distribution range for each 

lineage of G. furcata s.l. 

In conclusion, we present important insights into 

Gloiopeltis diversity and phylogeography in the NW Pa-

showing high genetic diversity and / or endemism in low-

latitude refugia in the Northwest Atlantic (Neiva et al. 

2020). The low-latitude region at the rear edge is regarded 

as an important area for genetic diversity hotspots and 

should thus receive special conservation efforts due to its 

unique genetic diversity (Provan et al. 2005). 

An exceptional distribution pattern is found in HOK 

of Japan, demonstrating high genetic diversity despite 

its northern location in the NW Pacific. We discover the 

same haplotypes in HOK of Japan and south of Korea-

Japan (H02 of lineage 8 and H67 of lineage 7), which 

occurred in Hakodate, Muroran and Shiragami. Less 

differentiated haplotypes (H70‒H127 of lineage 3 and 

H69‒H104 of lineage 6) also found between HOK and 

the south of Korea-Japan. It suggests that populations 

could have been introduced to HOK by anthropogenic 

transport. High levels of genetic affinity observed be-

tween HOK and the south of Korea-Japan indicate the 

possible occurrence of anthropogenic transportation of 

genotypes across native ranges. The human-mediated 

movement of populations from native to introduced 

regions causes rapid expansion of population distribu-

tion and alter natural phylogeographic patterns (Straub 

et al. 2016). Anthropogenically altered distribution pat-

terns have often been demonstrated in macroalgae with 

low dispersal capabilities, such as Asparagopsis taxifor-

mis, Symphyocladia dendroidea, and Polysiphonia de-

voniensis (Andreakis et al. 2016, Díaz-Tapia et al. 2018). 

Even within HOK, distinct lineages of G. furcata s.l. that 

were not found in the proximity are predominant in Ha-

kodate (Fig. 1B). The port of Hakodate, where is near the 

site with high genetic diversity of G. furcata s.l., has been 

opened since 1854 as one of the first international trad-

ing port in Japan (Ivings 2017). Alternatively, genetic con-

nectivity between Hakodate and southern Korea-Japan 

could also be explained by the Tsushima Warm Current 

(Li et al. 2017). In fact, it has been reported that a mass 

of drifting algae including Gloiopeltis appeared to have 

originated in the coast of KYS of Japan, passed through 

the Sado Strait with the northward flow of the Tsushima 

Warm Current (Ikehara and Sano 1986). As G. furcata s.l. 

has hollow thallus (Lee et al. 1996), it can be transported 

by floating. However, the distribution pattern is difficult 

to explain by the Tsushima Warm Current alone, because 

the genetic diversity in the west of HOK should be at least 

equal or similar than the genetic diversity of G. furcata 

s.l. in Hakodate. Therefore, we assume that the current 

population distribution in Hakodate has been influenced 

by combined factors of anthropogenic activities and cur-

rent circulation pattern in this region.
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cific. It is a remarkable example of how closely related 

species within the genus with habitat specialization as 

high rocky intertidal zone display divergent phylogeo-

graphic patterns. We evidence the southern refugia for 

G. furcata s.l. in the NW Pacific based on the molecular 

phylogeography. Our data illustrate not only the natural 

phylogeographic patterns but also the anthropogenic 
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south to the north in the NW Pacific to investigate the ge-

netic structure and historical demography of Gloiopeltis 
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