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Abstract To investigate the influence of the Kuroshio

Current on the high diversity of marine fishes in Japanese

waters, the intraspecific phylogeographic structure of

Blacktip Grouper, Epinephelus fasciatus, was determined.

The genetic analysis of E. fasciatus indicated three intra-

specific mtDNA lineages representing different evolution-

ary histories: the first lineage differentiated in Japanese

waters during a long period of fluctuations of the ancient

Kuroshio Current, the second lineage, widely distributed in

the tropical western Pacific, was transported to Japanese

waters by the Kuroshio Current and the third lineage was

distributed primarily around the Ogasawara (Bonin)

Islands. Present-day sympatric distributions of the three

lineages, characterized by different ratios of such individ-

uals at each geographic site, indicated a complex genetic

pattern that was classified into three demographic groups,

the dispersal and gene flows of which were strongly

influenced by the Kuroshio Current and factors such as

countercurrent and island arc. Genetic breaks in E. fasci-

atus populations were congruent with other fish faunal

boundaries in Japanese waters.

Keywords Marine biogeography � Dispersal �Migration �
Pelagic larval duration

Introduction

The Kuroshio Current, one of the world’s major ocean

currents, flows from east of the Philippines to the Pacific

coast of southern mainland Japan, via Taiwan and the

southern tip of the Ryukyu Islands. This current transports

tropical fishes from the Philippines and Taiwan to Japanese

waters resulting in overlapping distributions of tropical and

warm temperate fishes in the southern part of the latter

region (Nishimura 1992). Senou et al. (2006) indicated that

another important role of the current was to create an

invisible barrier to temperate fishes when they try to move

southward. The Kuroshio Current and cold Oyashio Cur-

rent (Kuril Current), extending southwards to northern

Japan, have resulted in a high diversity of marine organ-

isms in Japanese waters (Fujikura et al. 2010). This

diversity has been the subject of frequent biogeographical

investigations (e.g., Jordan 1901; Tanaka 1931; Briggs

1974; Nishimura 1992; Nakabo 2002). Although several

faunal provinces in Japanese waters were defined on the

bases of water temperature and the ocean currents, quan-

titative faunal data were not considered. In contrast, Senou
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et al. (2006) and Matsuura and Senou (2012) conducted

cluster analyses for the marine fish fauna of southern Japan,

which indicated two distinct faunal groups. In these faunal

analyses, however, the population sizes of fishes in each

geographic site were not considered. In addition, although

a pair of closely related species distributed in each faunal

group was considered, it is unclear whether cryptic genetic

breaks in widely distributed species around southern Japan

exist. A greater understanding of the fish diversity of these

faunal groups requires detailed population or species level

biogeographical analyses.

Phylogeography, a relatively recent biogeographical

approach, is shedding light on the principles and pro-

cesses governing the geographic distributions of genea-

logical lineages, especially those within and among

closely related species (Avise 2000). The present study

focused on the intraspecific phylogeographic structure of

Blacktip Gouper, Epinephelus fasciatus, in Japanese

waters and the tropical western Pacific so as to deter-

mine how the Kuroshio Current may have influenced this

fish’s evolutionary history. Epinephelus fasciatus, one of

the most common and widespread species of the genus

in the tropical Indo-West Pacific, is also known from

subtropical to temperate waters in Japan (Randall and

Heemstra 1991). In addition, ecological characteristics of

the species have been well documented in aquaculture

studies: (1) adult fishes spawn pelagic eggs, (2) pelagic

larval duration (PLD) is approximately two months, (3)

larval settlement is at approximately 5 cm in total length

(TL), (4) upon reaching 20 cm TL, most individuals are

reproductively mature, and (5) the species is protogy-

nous, half of the subadult individuals changing sex to

become male (Kawabe et al. 1997, 2000; Kawabe 2005;

Kawabe and Kohno 2009).

Our observations on E. fasciatus in Japanese waters

show differences in body coloration (Fig. 1) and maximum

body size based on geographic region. Most temperate

water individuals reach up to 50 cm TL, including those

around the Izu Islands (populations 2–4 in Table 1 and

Fig. 2) and the main islands of Japan (5–13). These fishes

are characterized by bright red body coloration, whereas

those in tropical/subtropical waters around the Ogasawara

(Bonin) Islands (1), the Ryukyu Islands (14–21) and further

south (22–27), have orange or whitish coloration and reach

up to 35 cm TL. Many surveys using the phylogeographic

approach revealed that marine fishes generally show a

shallower phylogeographic structure than that of fresh-

water/brackish-water fishes as a result of their continuous

habitat and relatively lengthy pelagic larval dispersal (Pa-

lumbi 1994; Grant and Bowen 1998; Avise 2000). How-

ever, the dual role of the Kuroshio Current and/or some

other past events may cause discrete genetic structures in

E. fasciatus with phenotypic and quantitative variations

mentioned above. The phylogeographic structures and

evolutionary history of E. fasciatus around Japan and

adjacent waters are elucidated below.

Fig. 1 Color variations of Epinephelus fasciatus. a Kozu Island

(collection locality), NSMT-P 96600 (registration number of voucher

specimen), 29.5 cm SL (standard length); b Shimokoshiki-jima

Island, NSMT-P 95762, 31.4 cm SL; c Ogasawara Islands, NSMT-

P 95263, 24.6 cm SL; d Fukue Island, NSMT-P 91761, 29.0 cm SL;

e Tanegashima Island, KAUM-I 9069, 33.5 cm SL; f Yaeyama

Islands, NSMT-P 93854, 15.8 cm SL; g Kodakara-jima Island,

NSMT-P 91974, 18.1 cm SL; h Ogasawara Islands, NSMT-P 93541,

26.0 cm SL; i Ogasawara Islands, NSMT-P 95268, 23.2 cm SL
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Materials and methods

Fish samples. In total, 541 individuals of Epinephelus

fasciatus were used in this study, comprising specimens

from Japan (400), Taiwan (57), Vietnam (35), Malaysia

(26) and Indonesia (23) (Fig. 2; Table 1). Thirteen addi-

tional species of Epinephelus were selected as outgroup

species [Electric Supplementary Material (ESM) Table

S1], based on phylogenetic analyses and a revised classi-

fication of the tribe Epinephelini (Craig and Hastings

2007). Species identification and nomenclature followed

Randall and Heemstra (1991) and Senou (2002).

Specimens were obtained by spear-fishing, line-fishing or

from fish markets between 2007–2011. Voucher specimens

were deposited in the National Museum of Nature and

Science (NSMT - formerly National Science Museum,

Tokyo), the Kagoshima University Museum (KAUM), the

Fisheries Research Laboratory, Mie University (FRLM)

and Division of Fisheries Sciences, Faculty of Agriculture,

Miyazaki University (MUFS). All tissue samples and

extracted DNA were deposited in NSMT. Specimen details

and DNA data for the fishes used in this study are given in

Table S1. The map with submarine topographies was cre-

ated by the Generic Mapping Tools (GMT) ver. 4.5.7

(University of Hawaii: http://gmt.soest.hawaii.edu/).

DNA extraction, PCR amplification and sequencing.

Total genomic DNA was extracted from the tissues using

the Gentra� PuregeneTM Tissue Kit (QIAGEN), following

the manufacturer’s protocol. A segment of approximately

2.3 kbp of mitochondrial DNA (mtDNA) was amplified by

the polymerase chain reaction (PCR) with a pair of prim-

ers. The primer sequences were Epi-cyF: 5’-ATG GCH

AGC CTH CGH AAA ACN CA-3’ as the forward primer

and Simt12-Rb: 5’-TGC RGA TAC TTG CAT GTG TAA-

3’ as the reverse primer. The former was designed with

reference to the cytochrome b (cyt b) gene sequences of E.

fasciatus (DDBJ/EMBL/GenBank accession number

AY786423), Epinephelus merra (AY786424), Epinephelus

awoara (AB108494), Epinephelus tauvina (EF456003),

Epinephelus septemfasciatus (AY786425), Cephalopholis

urodeta (AY786426) and Variola louti (AY786428). The

latter was the same as Simt12-Fb, described in Kuriiwa

et al. (2007). The amplified region using this primer pair

was from the 5’ end of the cyt b gene to upstream of the 5’

of the 12S rRNA gene, thereby including complete

sequences of the cyt b gene, tRNA-Threonine (tRNA-Thr),

tRNA-Proline (tRNA-Pro) and control region (CR).

PCR was carried out with a 10 ll reaction volume

containing 1.0 ll of Ex Taq Buffer, 0.8 ll dNTP mixture,

0.1 ll of Ex Taq� DNA polymerase (TaKaRa), 7.2 ll

sterile distilled water, 0.2 ll of each primer (10 lM) and

0.5 ll of template DNA. Amplification parameters were 35

cycles of denaturation at 94 �C for 30 s, annealing at 52 �C

for 30 s and extension at 72 �C for 60 s. Double-stranded

PCR products, purified using the ExoSAP-IT (USB), were

subsequently used for direct cycle sequencing with the

BigDye� Terminator Cycle Sequencing Kit ver. 3.1

(Applied Biosystems), following the manufacturer’s pro-

tocol. Six primers were used for sequencing the PCR

products: those described above for PCR and four newly

designed (Epi-cyF2: 5’-TAT TCC TAA TAC CAG CAG

C-3’ and Epi-CRF: 5’-AAG ACA AGG ACT YCT TGA

AGG TC-3’ as forward primers, and Epi-proR: 5’-GTT

TAA TTT AGA ATT CTA GCT TTG G-3’ and Epi-cyR:

5’-TTG TCG GCA TCA GAR TTA AGG CC-3’ as reverse

Table 1 Collection localities, geographic population numbers and

number of individuals examined of Epinephelus fasciatus

Locality Geographic

population

number

Number of

individuals

examined

Japan, Ogasawara (Bonin) Islands 1 60

Izu Islands

Hachijo-jima Island 2 2

Kozu Island 3 32

Izu-oshima Island 4 31

Main islands of Japan

Izu Peninsula 5 20

Mie Prefecture 6 20

Tokushima Prefecture 7 2

Kochi Prefecture 8 2

Northern part of Miyazaki Pref.

(Kadogawa)

9 20

Southern part of Miyazaki Pref.

(Nangou)

10 22

Fukue Island 11 20

Kagoshima Prefecture 12 1

Shimokoshiki-jima Island 13 16

Ryukyu Islands

Tanegashima Island 14 19

Yaku-shima Island 15 22

Kuchino-shima Island 16 10

Gaja-jima Island 17 20

Kodakara-jima Island 18 16

Amami-oshima Island 19 10

Okinawa Island 20 25

Yaeyama Islands 21 30

Taiwan, East coast (Su-ao, Hualien,

Cheng-gon, and Fugang)

22 25

Southern coast (Hengchun) 23 20

West coast (Wuchi and Penghu) 24 12

Vietnam, Nha Trang 25 35

Malaysia, Kota Kinabalu 26 26

Indonesia, Bitung (Northern tip of the

Sulawesi Island)

27 23

Phylogeography of Blacktip Grouper
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primers). Dye-labeled fragments were analyzed on a model

3130xl Genetic Analyzer (Applied Biosystems). The DNA

sequences were edited and aligned with ATGC ver. 5.0.1

(GENETYX) and MEGA ver. 5.1 (Tamura et al. 2011). All

sequences are available from DDBJ/EMBL/GenBank

accession numbers AB705627–AB706181 and AB829908–

AB829938 (ESM Table S1).

Phylogenetic and haplotype network analyses. A maxi-

mum likelihood (ML) tree was inferred by LIKELIHOOD

RATCHET (Vos 2003), using all haplotypes of the whole

segment sequences of the cyt b, tRNA-Thr, tRNA-Pro and

CR for E. fasciatus. Owing to the long length of the CR

sequences for 10 of the 13 outgroups, we succeeded in

determining the sequences of only the other three out-

groups being adequate for all analyses below. Haplotypes

were detected by the program TCS (see outline in haplo-

type network analysis). Initially, 1,000 trees were gener-

ated by the program TNT ver. 1.1 (Goloboff et al. 2008)

with 25 % random site-upweighted data, created by the

parallel execution program PHYLOGEARS ver. 1.5

(Tanabe 2008). Subsequently, these trees were subjected to

a heuristic search using TREEFINDER ver. Oct. 2008

(Jobb et al. 2004; Jobb 2008), with application of the TN93

(Tamura and Nei 1993) ? I ? C model, which was selected

as the best-fit model of nucleotide substitution using KA-

KUSAN ver. 4.0 (Tanabe 2007), on the basis of the par-

tition- and codon-proportional model with Akaike

Information Criterion (AIC, Akaike 1973). To account for

the difference rate among genes and the codon positions,

we divided the whole segment sequences into the following

six partitions; the 1st, 2nd, and 3rd codon sites of the cyt b,

tRNA-Thr, tRNA-Pro and CR. Support for the internal

branches of the eventuating tree was assessed using boot-

strap resampling with 1,000 replicates by TREEFINDER

with PHYLOGEARS.

Phylogenetic trees were also reconstructed by Bayesian

phylogenetic analysis, conducted with MRBAYES ver.

3.2.1 (Ronquist et al. 2012), using the same dataset, par-

titions and AIC parameters. This program can use differ-

ent nucleotide substitution model on each partition, thus

we set the HKY85 (Hasegawa et al. 1985) ? I, GTR

(Tavaré 1986) ? C, K80 (Kimura 1980) ? I,

K80_homogeneous, HKY85 ? C and GTR ? C model,

which was selected as the best-fit model of nucleotide

substitution using KAKUSAN, on the first, second, and

third codon sites of the cyt b, tRNA-Thr, tRNA-Pro and

CR, respectively. Two independent runs of 12,000,000

generations were conducted in each analysis, with tree

sampling every 100 generations and burn-in after 12,001

trees. The remaining 108,000 trees from the two inde-

pendent analyses were used to generate a 50 % majority

rule consensus tree, with the percentage of samples

recovering any particular clade representing the posterior

probability.

On the basis of the average nucleotide substitution rate

of the cyt b gene and CR, 2 % and 10 % per million years,

respectively, between lineages of bony fishes (Bowen et al.

2006b), the divergence time among genetic clades was

Fig. 2 Collection localities of Epinephelus fasciatus. For details of geographic population numbers and number of individuals examined, see

Table 1
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roughly estimated. Subsequently, the molecular clock

hypothesis was tested with the maximum likelihood

method (likelihood ratio test; LRT) using the whole seg-

ment sequences for E. fasciatus by the BASEML program

of PAML ver. 4.7 (Yang 2007). To avoid the computa-

tional burden, 50 haplotypes were randomly selected from

371 haplotypes. These consist of Lineages A, B and C. The

LRT was carried out on the basis of these data sets and

repeated three times independently.

To clarify the historical process of mtDNA haplotypes, a

statistical parsimony network in each clade of the phylo-

genetic tree was constructed by TCS ver. 1.21 (Clement

et al. 2000), which employs the method of Templeton et al.

(1992). The networks of both the CR and whole segment

sequences were too reticulate to detect any structures (data

not shown), so that we used the cyt b gene sequences for all

individuals of E. fasciatus. The networks were connected

using a maximum parsimony algorithm, with a statistical

confidence of 95 %. The ancestral haplotype was also

identified using TCS by the method of Castelloe and

Templeton (1994), which estimates outgroup-weights

based on haplotype frequency and connectivity, the hap-

lotype with the highest outgroup-weight most likely being

the oldest.

Demographic analyses and population structure. The

program ARLEQUIN ver. 3.11 (Excoffier et al. 2005) was

used to generate haplotype diversity (h) and nucleotide

diversity (p) of the whole segment sequences within

genetic clades. This program was also used for the fol-

lowing analyses and tests. Theoretical distributions under

simulated constant population size and a sudden expansion

model (Rogers and Harpending 1992) were compared to

the goodness-of-fit of the observed data with the sum of

squared deviations (SSD) and raggedness indices (Her-

pending 1994). Neutrality of the sequence variation of each

genetic clade was verified using Tajima’s D (Tajima 1989)

and Fu’s FS (Fu 1997) tests. To estimate demographic

parameters, pairwise mismatch distributions (Rogers and

Table 2 Genetic variations, results of the neutrality test and demographic indices for sequences of mtDNA cytochrome b gene (1,053 bp),

control region (872 bp) and whole segment (2,068 bp) within each intraspecific lineage of Epinephelus fasciatus

Lineage n Cyt b CR Whole segment

H H H UST h p 9 100 SSD (P) Ragged (P)

A 129 19 44 57 0.873 0.931±0.015 0.324±0.170 0.014 (0.408) 0.015 (0.574)

B 386 139 224 291 0.873 0.995±0.001 0.440±0.224 0.002 (0.710) 0.003 (0.890)

C 26 13 21 23 0.872 0.991±0.013 0.358±0.193 0.004 (0.547) 0.013 (0.648)

Total 541 171 289 371 0.872 0.994±0.001 1.594±0.770 - -

(Continued)

Lineage Whole segment (continued)

Tajima’s D Fu’s FS s h0 h1 h1/h0

A -1.444** (0.040) -24.914* (0.000) 11.012 0.002 12.402 6201.000

B -2.415* (0.000) -24.038* (0.002) 10.619 0.009 36.802 4089.111

C -2.076* (0.000) -14.144* (0.000) 5.439 1.002 78.750 78.593

Total - - - - - -

Cyt b cytochrome b; CR control region; Whole whole segment of the cyt b, tRNA-Threonine, tRNA-Proline and CR; n number of individuals

examined; H number of haplotypes; h haplotype diversity; p nucleotide diversity; SSD sum of squared deviations; Ragged raggedness index; s
units of mutational time; h0 population size before expansion; h1 population size after expansion

Asterisks (*) and (**) indicate significance at [ 99 % and [95 % confidence interval, respectively

Table 3 The average p-distance (%) of the cytochrome b gene (1,053 bp), control region (872 bp) and whole segment (2,068 bp) sequences

within species and each lineage, and between lineages of Epinephelus fasciatus

Within species (range) Within lineage (range) Between lineages (range)

A B C A and B A and C B and C

Cyt b 1.2 (0–4.7) 0.2 (0–0.7) 0.4 (0–1.1) 0.2 (0–0.8) 1.9 (1.5–2.5) 3.8 (3.5–4.2) 3.8 (3.4–4.7)

CR 2.0 (0–8.0) 0.6 (0–1.7) 0.6 (0–1.9) 0.6 (0–2.7) 3.1 (2.3–4.5) 7.3 (6.6–8.0) 6.8 (5.9–8.0)

Whole 1.6 (0–5.9) 0.3 (0–0.8) 0.4 (0–1.2) 0.3 (0–1.3) 2.6 (2.2–3.2) 5.6 (5.2–5.9) 4.9 (4.4–5.5)

Cyt b cytochrome b; CR control region; Whole whole segment of the cyt b, tRNA-Threonine, tRNA-Proline and CR

Phylogeography of Blacktip Grouper
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Harpending 1992) were calculated within genetic clades.

The times and magnitudes of inferred sudden expansions

were determined by calculating s (assuming s = 2 ut,

where u is the mutation rate per generation for the entire

region of DNA under study and t is the time in genera-

tions), h0 and h1 (assuming h0 = 2 N0l and h1 = 2 N1l,

where N0 and N1 are the population sizes before and after

expansion, and l is the mutation rate per nucleotide), using

a set of 1,000 parametric bootstrap replicates (Rogers and

Harpending 1992; Rogers 1995; Schneider and Excoffier

1999; Excoffier 2004).

The Bayesian skyline plot (BSP; Drummond et al. 2005)

for each genetic clade was carried out to clarify past

dynamics in the female effective population size (Nef)

through time, using BEAST ver. 1.7.5 (Drummond and

Rambaut 2007). The best-fit model of nucleotide substi-

tution for whole segment sequences was selected using

KAKUSAN. Each Markov chain Monte Carlo (MCMC)

process was based on a run of 10,000,000 generations, and

genealogies were sampled every 1,000 generations. Ten

percent of sampled genealogies were discarded as burn-in.

On the basis of the harmonic mean of nucleotide diver-

gence rates of the cyt b gene and CR between lineages of

bony fishes (Bowen et al. 2006b), nucleotide substitution

rate of 3.3 % per million years was applied under the strict

molecular clock model based on the results of the LRT

analyzed by BASEML. Convergence for the posterior

means of all parameters was assessed using TRACER ver.

1.5 (Rambaut and Drummond 2009) by checking

Nef [ 200.

The genetic structure for each of 23 geographic pop-

ulations, which included more than 10 individuals, was

assessed by an analysis of molecular variance AMOVA

(Excoffier et al. 1992), as implemented in ARLEQUIN.

The diversity measure U-statistics values were calculated

using the whole segment sequences. The criterion for

significant differences of pairwise UST (genetic differ-

ences between populations) values from zero among the

23 geographic populations was tested by a nonparametric

permutation test (Rice 1989). Population grouping based

upon genetic variability was performed by SAMOVA

ver. 1.0 (Dupanloup et al. 2002), which pooled popula-

tions into alternative structures by maximizing UCT

(genetic differences among the population groups)

values.

Results

Genetic variation. DNA segments of 2,061–2,068 bp were

successfully sequenced for all 541 individuals of Epi-

nephelus fasciatus. These included partial sequences of the

cyt b gene (1,053 bp) and complete sequences of the

tRNA-Thr (73 bp), tRNA-Pro (69–70 bp) and CR

Fig. 3 Phylogenetic tree and geographic distribution of intraspecific

lineages for Epinephelus fasciatus. a Maximum likelihood (ML) tree

based on whole segment sequences of mtDNA cytochrome b gene,

tRNA-Threonine, tRNA-Proline and control region from 371 haplo-

types using the TN93? I ? C model of sequence evolution on the

basis of the partition- and codon-proportional model with Akaike

Information Criterion. Numerals above nodes indicate bootstrap

values in the ML (left) and posterior probabilities in the Bayesian

trees (right) from 1,000 replicates. Solid and dotted line scale

indicates 0.01 % (E. fasciatus) and 0.1 % (outgroups) substitution per

site, respectively; b geographic distribution of intraspecific lineages

of E. fasciatus. Each color code of circle refers to three lineages in the

phylogenetic tree (a). Circle size proportional to number of individ-

uals. For details of geographic population numbers beside open

circles and number of individuals examined, see Table 1 and ESM

Table S2

K. Kuriiwa et al.
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(866–872 bp). A total of 170 (cyt b), 8 (tRNA-Thr), 6

(tRNA-Pro), 229 (CR) and 413 (whole segment) nucleotide

positions varied within the species, such variations defining

171 (cyt b), 9 (tRNA-Thr), 6 (tRNA-Pro), 289 (CR) and

371 (whole segment) haplotypes (Table 2). The same

regions of DNA segments for three outgroups (E. retouti,

E. akaara and E. awoara) were also determined

(2,184–2,293 bp), only the cyt b gene sequences being

determined for the remaining ten due to the long length of

their CR sequences (ESM Table S1). The average p-dis-

tance (uncorrected sequence divergence) of the cyt b, CR

and whole segment sequences within E. fasciatus are

shown in Table 3. That of the cyt b was 14.9 % (range

9.6–16.3 %) between E. fasciatus and 13 outgroups, and

Fig. 4 Haplotype networks of the cytochrome b gene sequences from

all 541 individuals of intraspecific lineages for Epinephelus fasciatus.

Circles connected to one another represent mtDNA haplotypes of

cytochrome b gene sequences (1,053 bp). Circle size is proportional

to haplotype frequency. Small open circles represent putative

(missing) haplotypes not detected in this study. Color codes of each

circle refer to geographic populations in map (above). Solid arrow

indicates highest outgroup-weight haplotype in each lineage

Phylogeography of Blacktip Grouper
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14.1 % (6.0–16.5 %) among the 13 outgroups. That of the

CR and whole segment sequences between E. fasciatus and

three outgroups was 20.3 % (17.2–23.6 %) and 16.5 %

(14.4–18.4 %), and among three outgroups was 23.9 %

(20.9–25.5 %) and 17.0 % (13.5–19.0 %), respectively.

Phylogenetic relationships. The phylogenetic analyses

using the 371 haplotypes of the whole segment sequences

revealed that E. fasciatus was divided into three highly

supported genetic clades (Fig. 3a; ESM Fig. S1), referred

to here as intraspecific lineages A, B and C. Both the ML

and Bayesian analyses produced an identical topology.

Each lineage consisted of 57 haplotypes for 129 individuals

(Lineage A), 291 for 386 (B) and 23 for 26 (C), from many

geographic populations (Fig. 3b; Table 2; ESM Table S2).

The average p-distance of the cyt b, CR and whole segment

sequences within a single lineage and between lineages are

listed in Table 3. The divergence time of lineages A/B and

AB/C of E. fasciatus was roughly estimated as having been

0.95 and 1.90 (cyt b), and 0.31 and 0.71 (CR) million years

ago (MYA), respectively. The strict molecular clock

hypothesis could not be rejected in every trial of the LRT

analyses (P [ 0.05; ESM Table S3).

Haplotype network. Haplotype networks of the cyt

b gene sequences for the three lineages are shown in

Fig. 4. Those for Lineage A exhibited two dominant

haplotypes with several rare haplotypes that differed by

less than three mutational steps. The two dominant hap-

lotypes were connected by two mutational steps. The

network for Lineage B was more complex, consisting of

four dominant haplotypes, connected by one to two

mutational steps, and numerous rare haplotypes that dif-

fered by less than six mutational steps. Although the

number of individuals was insufficient for determining a

definite structure, the Lineage C network included a single

dominant haplotype with several rare (one highly differ-

entiated) haplotypes.

Fig. 5 Mismatch distributions

and Bayesian skyline plots

(BSPs) from all 541 individuals

of intraspecific lineages for

Epinephelus fasciatus.

a Observed (vertical bars) and

expected (solid lines) mismatch

distribution of pairwise

sequence divergence for whole

segment sequences of mtDNA

cytochrome b gene, tRNA-

Threonine, tRNA-Proline and

control region. Horizontal and

vertical axes indicate genetic

differences and frequency,

respectively. Each color code

refers to each lineage in the

phylogenetic tree (Fig. 3a);

b BSPs from the same dataset of

mismatch distributions.

Horizontal axis represents time

in million years ago and vertical

axis representing the female

effective population size (Nef) 9

generation interval (10-6

million years ago) is given on a

logarithmic scale. Solid and

dotted lines represent mean

Nef 9 10-6 and 95 % highest

probability density (HPD)

intervals, respectively. Inserted

gray regions indicate the Last

Glacial Maximum (LGM; ca.

0.01–0.02 million years ago)
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Demographic analyses. The demographic analyses

using the whole segment sequences showed a historical

demography of each lineage. Although the haplotype

diversity (h) was very high (h = 0.931–0.995), nucleotide

diversity (p) was low (p = 0.003–0.004) in all lineages

(Table 2), suggesting sudden expansions after bottleneck

effects. Neutrality tests also showed evidence of sudden

expansions in all lineages; insignificant SSD values and

raggedness indices (P [ 0.05), and significant Tajima’s

D and Fu’s FS values (P \ 0.05) occurred for all lineages

(Table 2).

Although mismatch distributions in Lineage B were

unimodal and consistent with an expanding population

size, Lineages A and C represented bimodal distributions

(Fig. 5a). In the bimodal distribution of Lineage A, two

peaks were connected with a continual degree of

pairwise differences. In that of Lineage C, the lower

peak was caused by a highly differentiated individual,

reflecting the phylogenetic tree and haplotype network

(Figs. 3a, 4, 5a).

The BSPs showed that the population expansion

dynamics in each lineage at approximately 0.05 (Lineage

A), 0.085 (B) and 0.115 (C) MYA of the coalescent time

for the most recent common ancestor (MRCA), respec-

tively, from the analysis with the strict molecular clock

model (Fig. 5b). The BSPs also showed that the Nef clearly

departed from the constant population size model in each

lineage (Fig. 5b). In Lineage A, although the BSP did not

show departure from the constant size model before the

Last Glacial Maximum (LGM; ca. 0.01–0.02 MYA), the

Nef expanded notably after the LGM. The BSP in Lineage

B showed gradual increase before the LGM but notable

Fig. 6 Phylogeographic

provinces of Epinephelus

fasciatus. a Frequency of

intraspecific lineages in 23

geographic populations (above)

and phylogeographic provinces

indicated by population

grouping (below). Geographic

population numbers (oblique)

and color codes refer to Table 1

and Fig. 3, respectively. K value

indicates number of groups for

maximizing genetic differences

among population groups, UCT

values. Roman numerals

indicate population group

numbers. For details of

population grouping, see ESM

Table S3; b bold and thin

arrows represent routes of the

Kuroshio Current and Kuroshio

Countercurrent, respectively.

Dotted lines indicate

phylogeographic boundaries

with reference to

phylogeographic provinces of E.

fasciatus (a). Geographic

population numbers inside open

circles refer to Table 1
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after the LGM. On the contrary, that in Lineage C was

consistently and gradually increasing, being not related to

the LGM.

Demographic indices using the whole segment sequen-

ces indicated the time and magnitude of expansion of each

lineage (Table 2). The observed s value of Lineage C was

smaller than in Lineages A and B, indicating that the time

at which expansion started was later in Lineage C than in

the other two lineages. Although the estimated effective

population size before expansion (h0) in Lineage C was

much greater than zero, whereas those in Lineages A and B

equaled approximately zero, the paces of expansion (h1/h0)

in Lineages A and B were greater than in Lineage C. A

comparison of the h1 values suggested that the present

population size of Lineage C is the largest, that of Lineage

A being the smallest.

Population structure. Each geographic population

consisted of individuals of the three genetic lineages, albeit

in different ratios (Figs. 3b, 6a; ESM Table S2). Twenty-

three geographic populations were divided into three

demographic groups (Groups I, II and III) by SAMOVA

analyses (Fig. 6a; ESM Table S3), in which the K value

(number of groups) = 3 was selected by maximizing UCT

values (UCT = 0.342, USC = 0.003, UST = 0.344). Group I

consisted of a population from the Ogasawara Islands

(population-1), including individuals of all three lineages,

each in an approximately equal ratio. Group II included both

of the geographic populations from the Izu Islands (3 and 4)

and most from the main islands of Japan (5, 6, 9, 11 and 13),

including primarily individuals of Lineage A, but also those

of Lineage B. Group III consisted of a population from the

main islands of Japan (10) (dominated by individuals of

Lineage B but also including those of Lineage A), and

populations from the Ryukyu Islands (14–21) and all coun-

tries sampled south of Japan (22–27), all of which comprised

individuals of Lineage B only. Mismatch distributions of 23

geographic populations and three demographic groups are

shown in ESM Figs. S2 and S3, respectively. In those, the

number of peaks for pairwise differences depended on the

number of genetic lineages being included in each geo-

graphic population and demographic groups.

The three demographic groups were also supported by the

results of the population pairwise UST analyses (Fig. 7; ESM

Table S4). Most of the significant differentiation found

occurred among groups (UST = 0.071–0.558; P \ 0.05),

rather than within groups, the exception being population-

10. Although this population was included in Group III, a

significant differentiation was found not only between pop-

ulations of Group I (UST = 0.117; P \ 0.01) and II

(UST = 0.107–0.218; P \ 0.05), but also between other

populations of Group III (UST = 0.067–0.159; P \ 0.05).

Discussion

Evolutionary history of E. fasciatus. The molecular

phylogenetic and demographic analyses indicated that

Epinephelus fasciatus distributed in Japanese waters and

the tropical western Pacific is genetically clustered into

three cryptic intraspecific lineages (Fig. 3a: Lineages A, B

and C), which exhibit different evolutionary histories.

Lineage A (termed the ‘‘Japanese lineage’’) probably

became differentiated in Japanese waters in the early

middle Pleistocene (ca. 0.13–2.59 MYA) under the influ-

ence of long-period fluctuations in the route of the Kuro-

shio Current (Fig. 3a). During the Pleistocene (ca.

0.01–2.59 MYA), land bridges connecting the main islands

of Japan to continental Asia, and the central-southern Ry-

ukyu Islands to continental Asia via Taiwan, appeared and

disappeared several times (Ota 1998; Kimura 2000). When

land bridges appeared, especially during the LGM (ca.

0.01–0.02 MYA), the ancient Kuroshio Current turned to

the east at the southern end of the Ryukyu Islands (Ujiié

and Ujiié 1999; Ujiié et al. 2003). When land bridges

disappeared, however, the ancient Kuroshio Current may

have flowed northward via the southern tip of the Ryukyu

Islands and Taiwan, a route similar to that of the present

day. The continual bimodal distribution in a mismatch

analysis and the population expansion after the LGM in the

BSP of Lineage A (Fig. 5a, b) suggested that some popu-

lations dispersed and were isolated when land bridges

appeared, and subsequently experienced the secondary

contact when they disappeared after the LGM.

Although individuals of Lineage B, here termed the

‘‘northwestern Pacific lineage’’, were found in all

Fig. 7 Color-coded visible columns of pairwise UST values among

23 geographic populations of Epinephelus fasciatus. Each color code

refers to degree of UST values (right). Asterisks indicate significance

at 95 % confidence interval. Geographic population numbers

(oblique) refer to Table 1. Dotted lines indicate phylogeographic

boundaries of E. fasciatus (Fig. 6a). Raw data of pairwise UST and

P values refer to ESM Table S5. The style of this figure was referred

to that of fig. 2 given by Hickey et al. (2009)
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geographic populations and those of Lineages A and B

were sympatric in Japanese waters (Figs. 3b, 6a), the

northern individuals of Lineage B were primarily found in

the Ryukyu Islands, their distribution extending northward

to the coast of the main islands of Japan through trans-

portation by the Kuroshio Current. An alternative scenario,

based on differences in adaptive abilities, such as tolerance

to cold temperatures, might also be considered. Individuals

of Lineages A and B were in greater proportion in the

temperate region (main islands of Japan) with the opposite

being true for the tropical/subtropical region (Ryukyu

Islands). A comparison of the ratios of these two lineages

between populations 9 vs 10, 11 vs 13, 9 vs 11 and 10 vs

13, showed that of Lineage B to be higher than that of

Lineage A in the area strongly influenced by the Kuroshio

Current and thereby characterized by a higher temperature

(Fig. 6). However, in the subtropical Ogasawara Islands

(population-1), individuals of these two lineages were

found in almost equal ratio. Given these data, the north-

ward dispersal of Lineage B by the Kuroshio Current is a

reasonable hypothesis. The BSP of Lineage B suggested

that the ancient Kuroshio Current was mainly influenced

only in the Ryukyu Islands and the northernmost individ-

uals of Lineage B were distributed in the Ryukyu Islands

until the LGM. However, the route of the Kuroshio Current

changed to the present flow after the LGM, expanding the

distribution and the population size of E. fasciatus

(Fig. 5b). The distributions of Lineages A and B extended

along the route of the Kuroshio Current (Fig. 3b), and all

dominant haplotypes in the haplotype networks for these

two lineages occur in individuals from most geographic

populations (Fig. 4). This implies that most of the domi-

nant haplotypes existed before expansion of the popula-

tions with large geographic-scale gene flow occurring after

expansion due to current-assisted transport of individuals.

The evolutionary history of Lineage C most likely dif-

fers from those of the other two lineages due to the geo-

graphic distribution of the former. The Ogasawara Islands,

where most of the individuals of Lineage C were found, are

typical oceanic islands and not strongly influenced by the

Kuroshio Current. The BSP of Lineage C suggested that

not only the present day current but also the ancient one did

not influence the islands (Fig. 5b). In addition, the center of

distribution of Lineage C appears to be outside the area

from which the present specimens were sampled, although

many individuals of this lineage were found in the Oga-

sawara Islands (Fig. 3b; ESM Table S2). This reasoning

was based on the large value for the estimated population

size of Lineage C after expansion, in spite of the lineage

being represented by the lowest number of individuals

sampled (Table 2). The most differentiated individual

(Figs. 3a, 4, 5a) may also support the hypothesis. We

suspect that individuals of Lineage C are mainly distributed

in the Mariana Islands, located on the eastern edge of the

Philippine Sea Plate. Not only did Springer (1982) propose

a pattern of distribution and endemicity of shorefish species

associated with that tectonic plate, but also Randall et al.

(1997) demonstrated an affinity of fish faunas between the

Ogasawara and Mariana islands. Specimens from the Ma-

riana Islands are required for clarification of the distribu-

tion pattern of Lineage C.

Interestingly, the three genetic lineages are not distin-

guishable by body coloration or maximum body size.

Individuals a–c, d–f and g–i in Fig. 1, belonging, respec-

tively, to Lineages A, B and C, clearly illustrated that each

genetic lineage includes all color variations. We note that

orange or whitish individuals were found in tropical/sub-

tropical regions and reddish ones in temperate regions

suggesting that coloration may be related to habitat factors

rather than mitochondrial DNA lineages. Aquacultured

individuals of E. fasciatus in the Ogasawara Islands pro-

vided a clue with hatchery-reared juveniles being dark

brown (ESM Fig. S2), changing to red-, orange- or white-

tinged within a year of their release (unpublished obser-

vation by the Tokyo Metropolitan Ogasawara Fisheries

Research Center). This suggests that coloration of E. fas-

ciatus may be influenced by diet.

Maximum body size (ESM Table S6) may also be

related to habitat factors, most likely water temperature and

the length and/or times of reproduction. Recent studies of

hatchery-reared E. fasciatus revealed that the length of the

spawning period in a subtropical region (Ogasawara

Islands) was more than twice that in temperate waters

(main islands of Japan) (Kawabe et al. 2000). In addition,

the spawning frequency of individuals in the Ogasawara

Islands is possibly more than once per season (unpublished

observation by the Tokyo Metropolitan Ogasawara Fish-

eries Research Center). Moreover, the average diameter of

pelagic eggs and the total length of larval E. fasciatus have

a significant negative correlation with increasing water

temperature (Kawabe et al. 2000; Kawabe 2005). Individ-

uals living in temperate regions may, therefore, grow larger

than those in tropical/subtropical regions.

The sympatric occurrences of the three DNA lineages at

the collection sites suggested that individuals can suc-

cessfully interbreed irrespective of their genetic lineages.

An analysis of 32 hatchery-reared E. fasciatus individuals

from the Fisheries Cooperative Association of Chichi-jima

Island (Ogasawara Islands), which were randomly selected

from clutches spawned in 2004–2007, found all three lin-

eages, in the ratio A:B:C = 13:18:1. In that fisheries

cooperative, spawned eggs are obtained from several

hundred, multi-generational adult fish, implying an absence

of genetic incompatibility among the DNA lineages.

Genetic population structure of E. fasciatus. The

present study of E. fasciatus from many localities in
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Japanese waters and the tropical western Pacific revealed

the distinctive genetic population structure of the species,

its uniqueness lying in the occurrence of individuals of

three mitochondrial DNA lineages having sympatric dis-

tributions with different lineage ratios in each geographic

population, hence three demographic groups (I, II and III)

(Figs. 3b, 6a). Such a complex structure in a species of

pelagic larval duration (PLD) approximately two months

comes as a surprise because the larvae may be able to

disperse over a long distance. Many previous studies have

investigated the relationships between PLD and genetic

population structure in marine fishes, those having a short

or no PLD generally exhibiting an obvious genetic struc-

ture (e.g., Riginos and Nachman 2001), whereas those with

a lengthy PLD may have a non-significant genetic struc-

ture. The population structure in marine fishes may be

determined not only by PLD but also larval retention and

self-recruitment (Jones et al. 1999; Swearer et al. 1999;

Almany et al. 2007), adult habitat preference (Rocha et al.

2002), historical vicariance (Bernardi et al. 2003; Shirai

et al. 2006; Liu et al. 2007), dispersal ability and endemic

distribution (Bowen et al. 2006a; Eble et al. 2009), ocean

currents (Rocha et al. 2008) and genetic isolation-by-dis-

tance (Hickey et al. 2009). In the case of E. fasciatus in

Japanese waters, the dual roles of the Kuroshio Current,

those of a transport system and an unseen marine barrier,

may contribute concurrently in determining the population

structure. The phylogeographic pattern suggested that

individuals of Lineage B can disperse from the Ryukyu

Islands and tropical western Pacific (Group III) to the main

islands of Japan (II), transported by the Kuroshio Current.

However, those of Lineage A cannot be transported from

north to south, due to the Kuroshio Current barrier (Fig. 6a,

b).

It has been well established that the Kuroshio Current

fluctuates greatly both north and south of the central island

(Honshu) of Japan being classified into five types (Fig. 6b;

data from the Hydrographic and Oceanographic Depart-

ment, Japan Coast Guard). Such fluctuations provide for

both dispersal and migration of marine fishes along the

coast of the central island of Japan and the Izu Islands, and

sometimes also the Ogasawara Islands (Senou et al. 2006).

Although the distribution of individuals of Lineages A and

B in Fig. 6a strongly supports a hypothesis of fish dispersal

from north to south (from Group II to I), dispersal in the

opposite direction (from I to II) was not indicated by the

distribution of Lineage C. Several endemic species in the

Ogasawara Islands including Chaetodon daedalma and

Scarus obishime have been often found in the southern part

of the Izu Islands (Senou et al. 2002, 2006), supporting an

hypothesis of fish dispersal from south to north. However,

opportunities for northward and southward dispersal differ:

whereas the Kuroshio Current may play a positive role in

southward transport along the Izu-Ogasawara (Bonin) Arc

(see below), it may act as a weak barrier for northerly

dispersal. This hypothesis cannot be further investigated

here due to an insufficient number of individuals obtained

from Hachijo-jima Island (population-2) (southern Izu

Islands).

In addition to the dual roles of the Kuroshio Current

mentioned above, a geographic factor is also thought to

contribute to the population structure between the Izu and

Ogasawara islands, which together constitute the Izu-

Ogasawara Arc, expanding for approximately 1,200 km

from Honshu Island to the Volcano Islands (Fig. 6b).

Generally, dispersed larvae cannot survive unless they

find shallow coastal or island waters to settle, which

suggests the ‘‘stepping stone theory’’ (see ‘‘stepping stone

model’’ of population structure in Kimura and Weiss

1964). It is, therefore, reasonable to consider that fish

larvae transported by the Kuroshio Current can survive in

this island arc. Moreover, not only larvae but also adult

fishes may be able to migrate along this island arc.

Several exceptional individuals representing Lineages A

and C in the Ryukyu Islands population (Figs. 3b, 6a)

indicated that larval dispersal of E. fasciatus rarely occurs

from the Ogasawara Islands to the Ryukyu Islands. Despite

a weak westerly current (Kuroshio Countercurrent), its

unsettled nature and lack of major island ‘‘stepping

stones’’, except for the Daito (Borodino) Islands compris-

ing several very small islands in the extensive area cov-

ering some 1,400 km between the two island groups

(Fig. 6b), make for difficult westward movement for most

fishes. However, a few species of coral reef fishes have

been reported as having been transported from the Oga-

sawara Islands to the Daito and/or Ryukyu islands: Chae-

todon daedalma (see Yoshigou 2004), Hemitaurichthys

thompsoni (see Shimada 2002) and Ctenochaetus hawaii-

ensis (see Senou et al. 2003). We, therefore, consider that

E. fasciatus, having a lengthy PLD, may disperse acci-

dentally by means of the Kuroshio Countercurrent.

Marine biogeographic boundaries with reference to

fishes in Japanese waters. An additional finding of this

study was that the genetic population breaks in E. fasciatus

(Fig. 6a, b) coincided with the marine biogeographic

boundaries (with reference to the fish fauna in Japanese

waters), proposed by Matsuura and Senou (2012). Cluster

analyses of fish fauna by them revealed that 12 regions in

southern Japan were grouped into two clusters: the first

comprising islands located in the Ryukyu Islands, and the

other comprising the main islands of Japan, and the Izu and

Ogasawara islands. In the latter cluster, a weak faunal

break was found between the Izu and Ogasawara islands.
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