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Abstract—The genetic population
structure of the polkadot skate (Dip-
turus chinensis) around Japan was
examined by using mitochondrial (mt)
cytochrome (cyt) b gene sequences and
polymorphic microsatellite (simple
sequence repeat [SSR]) loci. Results
of phylogenetic analysis based on mt
cyt b gene sequences reveal 2 major
lineages, clades A and B. Clade A con-
sists of populations in the Sea of Japan
and the East China Sea. Clade B con-
tains populations in the Pacific Ocean
and is divided into 2 subclades, clades
B1 and B2, which correspond to the
populations along the southern and
northern coasts of Japan, respectively.
This genetic differentiation is also sup-
ported by results from SSR analysis.
The divergence of clades A and B may
reflect isolation of the East China Sea
from the Pacific Ocean in the Early
Pleistocene. After diverging from clade
A, clade B might have extended its dis-
tribution northward along the Pacific
coast of Japan and divided into clades
B1 and B2 in the Middle Pleistocene.
The polkadot skate is clearly struc-
tured into 3 genetically discrete pop-
ulations around Japan that should be
treated as independent management
units for management of this species in
the future.
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The polkadot skate (Dipturus chin-
ensis) is distributed along the coast
of Japan from Hokkaido southward
to Kyushu, the East China Sea, the
Korean Peninsula, and Taiwan (Fig. 1).
It inhabits sandy to muddy bottoms at
depths of 20—-320 m, mostly shallower
than 150 m (Yamada et al., 2007, 2009;
Hatooka et al., 2013; Last et al., 2016).
Until recently, the species had been
confused with the Kwangtung skate (D.
kwangtungensis), which occurs in the
South China Sea (Last and Lim, 2010).
However, Last et al. (2016) reclassified
the species as D. chinensis on the basis
of the differences in morphological
characteristics.

The polkadot skate is caught mostly
by bottom-trawl fishing vessels in the
East China Sea (Jeong and Ishihara,
2009) and processed mainly for dried
and paste products (Yamada et al.,
2007). The annual catch of rajid spe-
cies, including the polkadot skate, in
the East China Sea peaked at 17,000
metric tons (t) in 1948 but has declined
to approximately 100 t in recent years
(Tokimura et al., 1998; Hara et al.,
2014). Moreover, the polkadot skate
was commonly found in Korean fish
markets before 2000; however, pres-
ently, very few can be found in those
markets (Jeong and Ishihara, 2009).
The decrease in abundance of skate
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ad Misawa et al., 2019a, 2019b, 2020). The
results of most studies reveal significant
population structuring shaped by histor-
ical, geographical, and environmental
factors, indicating that Rajidae gener-
ally have low dispersal ability.

Japan is surrounded by complicated
oceanic currents (Fig. 1): the Kuroshio
Current flows from east of the Phil-
ippines past Taiwan and the Ryukyu
Islands to the Pacific coast of Kyushu,
Shikoku, and southern Honshu of
Japan; the Tsushima Current, which
branches off from the Kuroshio Current
off southern Kyushu, flows northward
along the western coast of Honshu;
and the Oyashio Current originates in
the Arctic Ocean and flows southward
past the Bering Sea to the Pacific coast
of Hokkaido and northern Honshu. The
population structures of rajid species
as well as of various marine animals
around Japan, it has been suggested,
are affected by those currents (Kojima

—30°N
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Figure 1

Penin.=Peninsula.

Map of the 7 locations (black circles) around Japan where polkadot skate
(Dipturus chinensis) were collected during 2010-2017. Also shown are the
2 locations (gray circles) of the populations for which DNA sequences were
obtained through the International Nucleotide Sequence Database Collab-
oration. The dark and light gray lines with arrows indicate the flow and
direction of oceanic currents. The numerals next to the circles correspond
to the 9 locations: (1) Danjo Islands, (2) Goto Islands, (3) Koshiki-jima
Islands, (4) Kyoto Prefecture, (5) Niigata Prefecture, (6) Kochi Prefecture,
(7) Aomori Prefecture, (8) Taiwan, and (9) Korean Peninsula. Isls.=Islands;

et al., 1997, 2004; Akihito et al., 2008;
Kokita and Nohara, 2011; Han et al.,
2012; Hirase et al., 2012; Hirase and
Tkeda, 2014). For the ocellate spot skate
(Okamejei kenojei), the distribution of
which is similar to that of the polkadot
skate, the force of warm currents, the
Tsushima and Kuroshio Currents, has
been reported to prevent dispersal of
individuals (Misawa et al., 2019b). The
Tsushima Current, as a dispersal bar-

species, including the polkadot skate, may result from
their life history traits; as members of Elasmobranchii,
they have slow growth rates, late attainment of sexual
maturity, long life spans, and low fecundity (Brander,
1981; Dulvy et al., 2000; Hara et al., 2018a), making them
vulnerable to exploitation.

Recently, basic life history traits, such as age, growth,
and age at sexual maturity, and dietary habits of the
polkadot skate were examined to establish conserva-
tion and management strategies for this species (Hara
et al.,, 2018a, 2018b). Genetic information, such as
population structure, is important for fisheries man-
agement and development of conservation policies for
elasmobranch species (Domingues et al., 2018). To date,
several studies on genetic population structure have
been conducted for several species of Rajidae (Chevolot
et al., 2006a, 2006b, 2007; Griffiths et al., 2010, 2011;

rier, has shaped the population struc-
ture of the mottled skate (Beringraja
pulchra), according to Misawa et al.
(2019a). There is a possibility that the
population structure of the polkadot skate is also affected
by the currents around Japan.

In this study, we examined the genetic population struc-
ture of the polkadot skate around Japan by using partial
sequences of mitochondrial (mt) cytochrome (cyt) b gene
and polymorphic microsatellite (simple sequence repeat
[SSR]) loci because those molecular markers will provide
information that can help guide fishery management and

! Stéphan, E., C. Hennache, A. Delamare, N. Leblanc, V. Legrand,
G. Morel, E. Meheust, and J. L. Jung. 2014. Length at maturity,
conversion factors, movement patterns and population genetic
structure of undulate ray (Raja undulata) along the French
Atlantic and English Channel coasts: preliminary results, 16 p.
Working paper presented at the 2014 Working Group on Elas-
mobranch Fishes (WGEF) meeting; Lisbon, 17-26 June. [Avail-
able from ICES Secretariat, H. C. Andersens Blvd. 44-46, 1553
Copenhagen, Denmark.]



Kusaka et al.: Genetic population structure of Dipturus chinensis around Japan

99

East China Sea and the Yellow Sea.

Table 1

Sampling location, number of specimens, total length (range and mean), sampling depth, and capture date of the polkadot skate
(Dipturus chinensis) collected during 2010-2017 from 7 locations in the East China Sea, Sea of Japan, and Pacific Ocean around
Japan. For populations at 2 other locations, Taiwan and the Korean Peninsula, DNA sequences were obtained through the Interna-
tional Nucleotide Sequence Database Collaboration. The specific location for the sequences for Taiwan is unknown, and sequences
for the Korean Peninusula are for polkadot skate from Jindo, off the southwestern coast of the peninsula, near the boundary of the

Total length (mm)
No. of Sampling depth
Location specimens Range Mean (m) Capture date
East China Sea
Danjo Islands 48 189-684 473 130-150 April 2010-April 2015
Goto Islands 18 370-643 523 203 January 2014
Koshiki-jima Islands 1 514 - Unknown November 2013
Sea of Japan
Kyoto Prefecture 47 102-638 335 110-170 April 2014—July 2014
Niigata Prefecture 49 116-701 485 120-160 August 2013—-August 2014
Pacific Ocean
Kochi Prefecture 23 125-584 356 150-320 November 2015—-January 2016
Aomori Prefecture 26 335-775 537 160-180 February 2017-March 2017
Taiwan 1 - - - -
Korean Peninsula 1 - - - -

conservation efforts. On the basis of mt cyt b sequences,
we also estimated the evolutionary history of this species,
information that is important for delineation of managing
units that should be managed independently to ensure
the viability of the species (Moritz, 1994, 2002; Palsbgll
et al., 2007).

Materials and methods
Sampling and DNA extraction

A total of 212 polkadot skate (102-775 mm in total length
[TL]; mean: 444 mm TL) were collected from 7 locations
around Japan: 3 locations in the East China Sea, the Danjo
Islands (number of samples [n]=48), Goto Islands (n=18),
and Koshiki-jima Islands (n=1); 2 locations in the Sea of
Japan, Kyoto Prefecture (n=47) and Niigata Prefecture
(n=49); and 2 locations in the Pacific Ocean, Kochi Prefec-
ture (n=23) and Aomori Prefecture (n=26) (Table 1, Fig. 1).
In addition, individuals of 2 other species of Dipturus, the
bigtail skate (D. macrocaudus) and the acutenose skate (D.
tengu), were collected from Kochi Prefecture so that these
species could serve as outgroups for phylogenetic analy-
sis. Samples were obtained from depths of 110-320 m by
using bottom or beam trawls between 2010 and 2017.
Muscle tissue was dissected from each fish and stored,
either frozen at —20°C or in 99.5% ethanol, until DNA
extraction. Total genomic DNA was extracted by using the

DNeasy Blood & Tissue Kit? (QIAGEN, Hilden, Germany)
following the manufacturer’s protocol.

Mitochondrial DNA analyses

We used a polymerase chain reaction (PCR) to amplify
approximately 1200 base pairs of the mt cyt b gene, with
the following primers: GLU-L-Dipturus (5-TCT GAA
AAA CTA CCG TTG TTA-3) and CB6THR-H-Dipturus
(5-CTC CAA TCT TTG GTT TAC AAG-3’). The design
of the primers was based on a primer pair, GLU-L and
CB6THR-H (Palumbi et al., 2002), with reference to the
cyt b gene sequences of skate species registered in the
DNA Data Bank of Japan, which is part of the Interna-
tional Nucleotide Sequence Database Collaboration: the
polkadot skate (registered as D. kwangtungensis; acces-
sion number KF318309; Jeong et al., 2015), the thorny
skate (Amblyraja radiata) (accession number AF106038;
Rasmussen and Arnason, 1999), the ocellate spot skate
(accession number AY525783; Kim et al., 2005), the
Korean skate (Hongeo koreanus) (accession number
K(C914433; Jeong et al., 2014), and the longnose skate
(Beringraja rhina) (registered as Raja rhina; accession
number KC914434; Jeong and Lee, 2015). Polymerase
chain reactions were conducted by using a PCR Thermal

2 Mention of trade names or commercial companies is for identi-
fication purposes only and does not imply endorsement by the
National Marine Fisheries Service, NOAA.
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Cycler Dice Gradient (TaKaRa Bio, Shiga, Japan), each
with 10 uL of reaction solution containing 10 ng template
DNA, 0.5 pM of each primer, 0.2 mM dNTP mixture,
1x PCR buffer (10 mM Tris—-HC1 pH 8.3, 50 mM KClI,
and 1.5 mM MgCl,), and 0.5 U Ex Taqg DNA polymerase
(TaKaRa Bio).

The reaction conditions were as follows: an initial
denaturation at 94°C for 2 min; 30 cycles of denaturation
at 94°C for 30 s, annealing at 62°C for 30 s, and exten-
sion at 72°C for 1 min; and a final extension of 72°C for
10 min. The PCR products, purified by using illustra Exo-
Star (Cytiva, Malborough, MA), were sequenced on an
Applied Biosystems ABI Prism 3130 XL Genetic Analyzer
(Thermo Fisher Scientific Inc., Waltham, MA), with the
Applied Biosystems BigDye Terminator Cycle Sequenc-
ing Kit (vers. 3.1; Thermo Fisher Scientific Inc.) and the
primers used in the PCR. Forward and reverse sequences
were connected by using GENETYX, vers. 8 (GENETYX
Corp., Tokyo, Japan). All sequences have been deposited
in the DNA Data Bank of Japan under accession numbers
LC547089-LC547120.

The DNA sequences and the published sequences of
polkadot skate from waters around Jindo Island, off the
southwestern coast of the Korean Peninsula, near the
boundary of the East China Sea and the Yellow Sea (regis-
tered as D. kwangtungensis; accession number KF318309;
Jeong et al., 2015) and from Taiwan (the specific locality
is unknown; accession number EU870495; Su and Hwang,
available from the DNA Data Bank of Japan at website)
were aligned with CLUSTAL W, vers. 2.1 (Larkin et al.,
2007). Haplotype diversity (h) (Nei, 1987) and nucleotide
diversity (m) (Nei, 1987) were calculated for each geo-
graphic population, meaning the population at each sam-
pling location, by using Arlequin, vers. 3.5 (Excoffier and
Lischer, 2010).

Using the bigtail skate (LC547121; this study), the
acutenose skate (accession number LC547122; this
study), and the roughskin skate (D. trachydermus) (acces-
sion number KR152643; Vargas-Caro et al., 2016) as out-
groups, we performed phylogenetic analysis with MEGA,
vers. 6.0 (Tamura et al., 2013). The best nucleotide sub-
stitution model was determined by using Bayesian infor-
mation criterion. Subsequently, the maximum likelihood
tree of haplotypes was constructed from evolutionary
distances calculated by using the Tamura—Nei model
(Tamura and Nei, 1993) with the G parameter (ensuring
heterogeneous rates across sites following the gamma
distribution) (TN93+G model). Confidence values were
estimated through bootstrapping analysis (Felsenstein,
1985) with 1000 replications. The time since lineage
divergence (¢) was estimated from net average distances
between lineages (d,) (Nei and Li, 1979; Nei and Miller,
1990) on the basis of the following relationship: t=d/2p,
where 1 is the lineage mutation rate. Values of d, were
calculated by using p-distances, the proportion (p) of
nucleotide sites at which 2 sequences being compared are
different, determined with MEGA. We assumed a diver-
gence rate of 1.0—1.6% per million years, as this rate has
been suggested for the mt cyt b gene of a species of Raja

(Chevolot et al., 2006b). A minimum spanning network of
haplotypes was constructed on the basis of the minimum
sequence difference by using TCS, vers. 1.21 (Clement
et al., 2000).

A hierarchical analysis of molecular variance (AMOVA)
(Excoffier et al., 1992) was run in Arlequin to estimate
the partitioning of genetic variation within and between
populations (or groups). We assumed different groupings
of locations to find the optimal grouping of locations with
the highest value of molecular genetic diversity among
geographic groups (®cp). The pairwise values of molecu-
lar genetic diversity among populations (®gp) were cal-
culated, and their significance was tested with 10,000
permutations and adjusted with a sequential Bonferroni
correction (Rice, 1989).

Analysis of mismatch distribution was performed with
Arlequin to infer the recent demographic history of the
samples and to test the fit of the observed distribution
to that expected under the sudden expansion model. The
goodness of fit between the observed and expected dis-
tributions was tested by using the sum of squared devi-
ations (Schneider and Excoffier, 1999) and Harpending’s
raggedness index (Harpending, 1994). The demographic
parameters of time since expansion in units of muta-
tional time and population size before (6,) and after (6;)
a rapid change in population size in units of mutational
time (Rogers and Harpending, 1992; Schneider and Excof-
fier, 1999) were obtained by using a parametric boot-
strap approach with 10,000 replications. Neutrality of
the sequence variation was verified by using Tajima’s D
statistic (Tajima, 1989a, 1989b) and Fu’s Fg test (Fu, 1997),
conducted in Arlequin with 10,000 simulated samples.

We constructed a Bayesian skyline plot (BSP) (Drum-
mond et al., 2005) with the TN93+G model to estimate
past dynamics in the female effective population size (V)
multiplied by the generation interval through time, using
BEAST, vers. 2.5.0 (Bouckaert et al., 2014). Each Markov
chain Monte Carlo process was based on a run of 20 mil-
lion generations, and genealogies were sampled every 1000
generations. Of the sampled genealogies, 10% were dis-
carded as burn-in. The divergence rate of 1.3% per million
years was applied under the strict molecular clock model.
The convergence of parameters was visually checked with
effective sample sizes of estimates for all relevant param-
eters over 200 with TRACER, vers. 1.7.1 (Rambaut et al.,
2018). The parameter sum (indicators.alltrees) that esti-
mated the number of population change steps was used to
check for the most likely numbers of demographic changes.

Microsatellite analyses

A PCR was performed to amplify each of the following
7 SSR loci: LERI21, LERI26, LERI33, LERI34, LERI44,
LERI50, and LERI63 (El Nagar et al., 2010). Polymerase
chain reactions were carried out by using a PCR Thermal
Cycler Dice Gradient, each with 10 uL of reaction solution
containing 10 ng template DNA, 0.5 uM of each primer,
0.2 mM dNTP mixture, 1x PCR buffer (10 mM Tris—
HC1 pH 8.3, 50 mM KCl, and 1.5 mM MgCl,), and 0.5 U
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Ex Taqg DNA polymerase. The reaction
conditions were as follows: an initial
denaturation at 94°C for 3 min; 30 cycles
of denaturation at 94°C for 30 s, anneal-
ing at 53°C (LERI26, LERI33, LERI50,
and LERI63) or 57°C (LERI21, LERI34,
and LERI44) for 30 s, and extension at
72°C for 30 s; and a final extension step
of 72°C for 10 min. Forward primers
were labelled with the fluorescent dyes

Number of samples (n), number of haplotypes (H), haplotype diversity (h),
and nucleotide diversity () estimated from mitochondrial cytochrome b gene
(931 base pairs) for each population of the polkadot skate (Dipturus chinensis)
sampled between 2010 and 2017 at 7 locations around Japan. Information is
also provided for populations of Taiwan and the Korean Peninsula for which
sequences were obtained through the International Nucleotide Sequence
Database Collaboration. The mean values of A and & are given with standard
deviations (SDs).

Table 2

FAM, VIC, NED, or PET (Thermo Fisher

Scientific Inc.). Fragments were sized Locality " H h (SD) n (SD)
on an automated DNA sequencer, the Clade A
ABI Prism 3130 XL Genetic Analyzer, Danjo Islands 48 13 0.884(0.028)  0.0031(0.002)
by using dye-labeled Applied Biosys- Goto Tslands 18 8 0.817(0.073)  0.0023 (0.001)
tems GeneScan 600 LIZ Size Standard Kyoto Prefecture 47 6 0.617 (0.072) 0.0023 (0.001)
(Thermo Fisher Scientific Inc.), and Niigata Prefecture 49 6 0.521 (0.067) 0.0019 (0.001)
scored by using the Applied Biosystems Koshiki-jima Islands 1 1 - -
software Peak Scanner, vers. 1.0 (Thermo Taiwan 1 1 - -
Fisher Scientific Inc.). Korean Peninsula 1 1 - -

Micro-Checker (vers. 2.2.3; Van Oos- Clade .Bl

’ i Kochi Prefecture 23 3 0.245 (0.113) 0.0005 (0.000)

terhout et al., 2004) was used for iden- Clade B2
tifying possible genotyping errors (i.e., Aomori Prefecture 26 7 0.726 (0.069) 0.0014 (0.001)

stuttering, large allele dropout, and null

alleles) within the SSR data set by using
1000 randomizations. Linkage disequi-
librium for all loci was calculated by using GENEPOP,
vers. 4.2 (Raymond and Rousset, 1995; Rousset, 2008).
The observed (H,) and expected (Hg) heterozygosities
were calculated by using Arlequin. Deviations of geno-
typic distributions from the Hardy—Weinberg equilib-
rium (exact test) (Guo and Thompson, 1992) within each
sampling location, by locus, were tested by using Arle-
quin along with a sequential Bonferroni correction (Rice,
1989), to adjust the significance level. Allelic diversity
assessed as allelic richness (Ag) was calculated by using
FSTAT, vers. 2.9.3.2 (Goudet, 2002). The levels of genetic
diversity within and among the geographic populations
were tested by hierarchical AMOVA, as implemented in
Arlequin. In these microsatellite analyses, we assumed
different groupings of locations to find the optimal
grouping of locations with the highest value of molecular
genetic diversity among geographic groups (Rq7), a value
analogous to ®cp in the mtDNA analyses. The pairwise
values of molecular genetic diversity among populations
(Rgy), values analogous to ®gyp in the mtDNA analyses,
were calculated, and their significance was tested with
10,000 permutations and adjusted with a sequential
Bonferroni correction (Rice, 1989).

Results

Mitochondrial DNA analyses

A 931-base-pair fragment of the mt cyt b gene was obtained
from 214 polkadot skate from 9 locations (Table 1, Fig. 1).

There were 53 polymorphic sites, and transitions and trans-
versions were observed at 49 and 4 of these sites, respectively.

Genetic variation within populations Within 6 of the 9
geographic populations, excluding those at the Koshiki-
jima Islands, Taiwan, and the Korean Peninsula (each
with a sample size of only 1 individual), the number of
haplotypes ranged from 3 to 13 haplotypes (Table 2). The
number of haplotypes within each geographic population
in the Sea of Japan (6 haplotypes in the populations in
both Kyoto Prefecture and Niigata Prefecture) was lower
than the number in the East China Sea (13 and 8 haplo-
types in the populations at the Danjo Islands and Goto
Islands, respectively). Additionally, the numbers in the
Pacific Ocean (3 and 7 haplotypes in the populations in
Kochi and Aomori Prefectures, respectively) were lower
than those in the East China Sea. The & values were high
in all the geographic populations (0.521-0.884), except
for in the population in Kochi Prefecture (0.245). The
1 values were low in all geographic populations (0.0005—
0.0031), with the values in the Pacific Ocean (0.0005—-
0.0014) lower than those in the East China Sea and the
Sea of Japan (0.0019-0.0031). The - and & values in the
East China Sea and the Sea of Japan gradually decrease
among populations from the Danjo Islands northward to
Niigata Prefecture.

Phylogenetic relationships among haplotypes A total of
34 haplotypes were defined. Among them, 8 haplotypes
were shared between populations in at least 2 differ-
ent locations, accounting for 65.0% of all observations;
12 haplotypes were found in more than 1 specimen from
1 location; and the remaining 14 haplotypes were single-
tons (Figs. 2 and 3).

The creation of a maximum likelihood tree of haplo-
types (Fig. 2) revealed 2 major lineages, clades A and
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tionary distance. Isls.=Islands; Penin.=Peninsula.

Maximum likelihood tree of haplotypes based on phylogenetic analysis of the
mitochondrial cytochrome b gene sequences (931 base pairs) of 214 polkadot
skate (Dipturus chinensis). Sequences were obtained from specimens caught
at 7 locations around Japan, in the East China Sea, Sea of Japan, and Pacific
Ocean, during 2010-2017 or were obtained through the International Nucle-
otide Sequence Database Collaboration for populations in Taiwan or off the
Korean Peninsula. The evolutionary distances were calculated by using the
TN93+G model. Numerals at nodes indicate the bootstrap probability for
clades A, B, B1, and B2. Numerals in circles indicate the number of individuals
sharing the same haplotype. The roughskin skate (D. trachydermus), bigtail
skate (D. macrocaudus), and acutenose skate (D. tengu) served as outgroups
for phylogenetic analysis. The bar in the bottom-left corner indicates evolu-

years ago (MYA). The uncorrected p-
] distance between clade B1 and clade B2

O Danjolsls. @ Gotolsls. @ Koshiki-jima Isls. — was 0.008, and the divergence time was
@ Kyoto @ Niigata @ g>® estimated to be 0.50-0.80 MYA.

@ Kochi @ Aomori ]@@ The minimum §panping network of

@ Taiwan @ Korean Penin. —®g® fhte haplotype(eis. 1!.5 dg1:17§nt1n2F1gure 3. Hap-

otypes were divided into 2 groups, group

S _@‘g <q’§ A and group B, with the latter subdivided

- frachyaderma ®@© 8 into 2 subgroups, group Bl and group

L +— D. macrocauda L@@ o B2, which correspond to clades A, B1,

— D. tengu _l_g) and B2 in the maximum likelihood tree,

L —@ respectively (Fig. 2). The 10 haplotypes

9% 8@ of group B are separated from those of

6%@ group A by a minimum of 15 mutations.

L ON i The 3 haplotypes of group B1 are sepa-

) ol rated from those of group B2 by a mini-

85 =@ 9 mum of 5 mutations. Group A consists of

74 ® (—‘3‘ m the most dominant haplotype, al (n=74,

(2] ] % 44.8% of the group), 9 haplotypes that

08 ) o 8o are shared with more than 2 individuals

_— ®° % (haplotypes a2-al0), and 14 rare haplo-

(7] P o types that were found in only 1 or 2 indi-

L viduals. Group B1 includes 1 dominant

Figure 2 haplotype, bl, and 2 rare haplotypes

that connect with haplotype b1 by 1 and
3 mutations. Group B2 consists of 2 non-
rare haplotypes (b2 and b3) and of 5 rare
haplotypes connected to each other by
1 or 2 mutations.

Geographic distribution of haplotypes
Haplotype frequencies in the 9 locations
are shown in Figure 4. The population
in the Danjo Islands consists of 8 non-
rare haplotypes (al, a2, a4-a6, and
a8-al0) and 5 rare haplotypes, with
haplotype a2 being dominant (27.1% of

B, as indicated by high values of bootstrap probability
(96% and 74%, respectively). Clade B is divided into 2
subclades, clades B1 and B2, with high values of boot-
strap probability (85% and 91%, respectively). Clades A,
B1, and B2 consist of 24, 3, and 7 haplotypes, respectively.
Clade A comprises the populations in the East China
Sea (populations at the Danjo Islands and Goto Islands,
as well as 1 individual from the Koshiki-jima Islands),
the Sea of Japan (populations in the Kyoto and Niigata
Prefectures), as well as 1 individual each from Taiwan
and the Korean Peninsula (n=165, 77.1% of all samples).
Clades B1 and B2 consist of the populations along the
southern (Kochi Prefecture: n=23, 10.7% of all samples)
and northern (Aomori Prefecture: n=26, 12.1% of all sam-
ples) Pacific coasts of Japan, respectively. The net aver-
age distance (uncorrected p-distance) between clade A
and clade B was 0.021. Applying the divergence rate of
1.0-1.6% per million years, we estimated that clade A
and clade B diverged from each other 1.31-2.10 million

samples). The population in the Goto

Islands comprises 5 non-rare (al-a3,

ab, and a6) and 3 rare haplotypes, with
haplotype al as the dominant haplotype (38.9% of sam-
ples). The population in Kyoto Prefecture includes 4 non-
rare (al, a3, a4, and a7) and 2 rare haplotypes, with the
dominant haplotype being al (59.6% of samples). The
population in Niigata Prefecture consists of 3 non-rare
(al, a3, and a7) and 3 rare haplotypes, with haplotype
al as the dominant haplotype (65.3% of samples). In the
East China Sea and the Sea of Japan, the frequency of
haplotype al gradually increased from the Goto Islands
(38.9% of samples) northward to Niigata Prefecture
(65.3% of samples). The population in Kochi Prefecture
includes 1 dominant (b1l: 87.0% of samples) and 2 rare
haplotypes. The population in Aomori Prefecture con-
sists of 2 non-rare (b2 and b3) and 5 rare haplotypes,
with haplotype b2 being the dominant haplotype (46.2%
of samples).

Genetic differentiation among populations Samples from the
Koshiki-jima Islands, Taiwan, and the Korean Peninsula
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Figure 3

@ Kyoto

Minimum spanning network of haplotypes based on phylogenetic analysis of the mito-
chondrial cytochrome b gene sequences (931 base pairs) identified in 214 polkadot skate
(Dipturus chinensis). Sequences were obtained from specimens caught at 7 locations
around Japan, in the East China Sea, Sea of Japan, and Pacific Ocean, between 2010
and 2017 or were obtained through the International Nucleotide Sequence Database
Collaboration for 2 other populations, in Taiwan or off the Korean Peninsula. Each circle
represents a unique haplotype. Haplotypes are combined into groups A and B, and group
B is further divided into subgroups B1 and B2 (all of which correspond to the clades and
subclades in the maximum likelihood tree in Figure 2). Slices of the circles represent
fractions of the number of individuals of a haplotype that are associated with 1 or more
of the 9 locations. The size of circles is proportional to the number of individuals. Each
branch equals 1 nucleotide substitution. Isls.=Islands; Penin.=Peninsula.

in Table 3. The values between
each of the 2 populations along
the Pacific coasts (in Kochi and
Aomori Prefectures) and each
of the 4 populations in the East
China Sea (in the Danjo and Goto
Islands) and the Sea of Japan
(Kyoto and Niigata Prefectures)
were high (pairwise ®gp: 0.8847—
0.9342) and significant after a
Bonferroni correction (P<0.001).
The ®gp value between the pop-
ulations in the Kochi and Aomori
Prefectures was also high (pair-
wise ®gr: 0.8507) and significant
after a Bonferroni correction
(P<0.001).

Demographic history The mis-
match distributions for the sam-
ples in clade A (Fig. 5A) and clade
B2 (Fig. 5C) follow a unimodal
curve, and the distribution for
the samples in clade B1 (Fig. 5B)
has roughly an L shape. Historic
demographic parameters esti-
mated for each clade are shown
in Table 4. The 6; in clade Bl
(0.299) was an order of magni-
tude smaller than that in clade A
(3.916) and clade B2 (6.597). The
sum of squared deviations and
Harpending’s raggedness index
values were low and not signif-
icant in any of the distributions.
The negative and significant val-

@ Niigata

were excluded from analysis because the sample size for
each location was only 1 individual. Results of hierarchical
AMOVA (Suppl. Table 1) indicate that the &gy value was
0.8976 (P<0.001) and that 89.76% of genetic variability
was distributed among the 6 geographic populations that
were included in analysis. When the 6 populations were
divided into 2 groups, clade A (populations in the Danjo
and Goto Islands in the East China Sea and populations
in the Kyoto and Niigata Prefectures in the Sea of Japan)
and clade B (populations in the Kochi and Aomori Prefec-
tures along the southern and northern Pacific coasts of
Japan, respectively), the ®qr value was 0.8529 (P=0.068),
and 85.29% of genetic variability was distributed between
the groups. When the 6 populations were divided into 3
groups, namely, clade A, clade B1 (population in Kochi Pre-
fecture), and clade B2 (population in Aomori Prefecture),
the @ value was maximized (Pep=0.8964), and 89.64%
of genetic variability was distributed between the groups.
However, the P-value was barely not significant (P=0.064).

The pairwise ®gp values among the 6 geographic popula-
tions estimated from the mt cyt b gene sequences are shown

ues of Tajima’s D were detected
for the samples for clade A (Taji-
ma’s D: -1.518, P<0.05) and clade B1 (Tajima’s D: —-1.679,
P<0.05). The negative and significant values of Fu’s F's were
detected for only the samples for clade A (Fu’s F's: -10.959,
P<0.005).

The BSPs for clade A (Fig. 5D) and clade B2 (Fig. 5F)
indicate that N, increased after the Last Glacial Max-
imum (LGM, which occurred approximately 0.01-0.02
MYA), but such an increase of N, with regard to LGM was
not observed for clade B1 (Fig. 5E). However, the possi-
bility of a constant population, a population that has not
experienced rapid population growth or decline, could not
be rejected for any clades because the 95% highest poste-
rior density interval was not indicated to exclude zero by
the parameter sum (indicators.alltrees).

Microsatellite analyses

Genetic variation within populations In the 6 geographic
populations included in analysis, the mean number of
alleles per locus ranged from 1.00 at locus LERI33 to
14.00 at locus LERI44 (Suppl. Table 2). No polymorphism
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in Kyoto Prefecturue, with a mean of
8.70. The mean Ay for each geographic
population varied from 6.01 for the
= e = = ~ 4 b population in Kochi Prefecture to 8.67
for the population in the Goto Islands,
with a mean of 7.65. The mean Hy and
Hy, per locus varied from 0.484 at locus
LERI21 to 0.857 at locus LERI44 and
from 0.577 at locus LERI21 to 0.894 at
locus LERI63, respectively. The mean
H, per geographic population ranged
from 0.476 for the population in Kochi
Prefecture to 0.681 for the population in
Kyoto Prefecture. The mean Hy per geo-
graphic population ranged from 0.593
\ ° / for the population in Aomori Prefecture

i, ) i - to 0.804 for the population in the Danjo
Islands, with heterozygosity gradually
decreasing from the Danjo Islands in the
g East China Sea northward to Niigata
e Prefecture in the Sea of Japan. Signif-
3 icant deviation from the Hardy—Wein-
berg expectations due to homozygote
/%’ excess was observed at 2 loci (LERI26
AL and LERI63). We deduced that these loci
' were affected by null alleles; therefore,
they were also excluded from further
@’ analyses. For the 4 SSR loci (LERI?1,
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LERI34, LERI44, and LERI50), no evi-
dence of genotyping errors attributable
to null alleles, stuttering, or large allele
drop-out were observed. The results
of pairwise comparisons between loci
reveal no linkage disequilibrium.

Aomori Pref.

Goto Isls.

£ Kochi Pref. Genetic differentiation among popu-
Danjo Isls. <. : lations Results from  hierarchical
' AMOVA (Suppl. Table 1) indicate that
the Rqp value was 0.1409 (P<0.001) and
that 14.09% of genetic variability was
distributed among the 6 geographic
populations included in analysis. When
the 6 populations were divided into 2

(A) A minimum spanning network of haplotypes and (B) a map of the geographic groups, clade A and clade B, the Ror
distribution of haplotypes based on phylogenetic analysis of the mitochondrial value Wa.s 0‘08.68 (P =0.067), a.nd .8’68%
cytochrome b gene sequences (931 base pairs) of polkadot skate (Dipturus chin- of genetic variability was distributed
ensis). Sequences were obtained from specimens caught at 7 locations around between the groups. When the 6 pop-
Japan during 2010-2017 or were obtained through the International Nucleotide ulations were divided into 3 groups,
Sequence Database Collaboration for populations in Taiwan or off the Korean clade A, clade B1, and clade B2, the Rp
Peninsula. Circles of different colors represent the 13 major haplotypes. Gray value was maximized (Ro7=0.1359), and
circles and circles or slices of circles with horizontal or vertical lines represent
rare (observed in 1 or 2 individuals) haplotypes in groups A, B1, and B2, respec-
tively. Isls.=Islands; Penin.=Peninsula; Pref.=Prefecture.

Pacific Ocean

Figure 4

13.59% of genetic variability was dis-
tributed between the groups. However,
the value was barely not significant
(P=0.066).

The pairwise Rgqp values among the
was observed at locus LERI33; therefore, this locus was 6 geographic populations estimated for 4 SSR loci are shown
not included in further analyses. The mean number of in Table 3. The Rqy values between each of the 2 popula-
alleles per geographic population ranged from 6.33 for the tions in the Pacific Ocean (in the Kochi and Aomori Prefec-
population in Kochi Prefecture to 9.83 for the population tures) and each of the 4 populations in the East China Sea
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Table 3

Pairwise values of molecular genetic diversity among populations (®gp and Rgp) estimated from mitochondrial cyto-
chrome b gene (931 base pairs) (above the diagonal) and 4 microsatellite loci (below the diagonal), respectively, among 6
populations of the polkadot skate (Dipturus chinensis) sampled in the East China Sea, Sea of Japan, and Pacific Ocean
during 2010-2017. An asterisk (*) indicates that a value is significant after a sequential Bonferroni correction (P<0.001).

Kyoto Niigata Kochi Aomori
Population location Danjo Islands  Goto Islands Prefecture Prefecture Prefecture Prefecture
Danjo Islands -0.0030 0.0357 0.0269 0.8847* 0.8924*
Goto Islands 0.0002 0.0037 —0.0201 0.9342% 0.9234*
Kyoto Prefecture 0.0029 0.0194 0.0114 0.9147* 0.9156*
Niigata Prefecture 0.0093 0.0277 0.0031 0.9235* 0.9237*
Kochi Prefecture 0.0806* 0.1060* 0.0800* 0.1325* 0.8507*
Aomori Prefecture 0.1604* 0.1644* 0.1908* 0.2106* 0.1949*

(in the Danjo and Goto Islands) and in the Sea of Japan
(in the Kyoto and Niigata Prefectures) were high (pairwise
Rgp: 0.0800-0.2106) and significant after a Bonferroni
correction (P<0.001). The Rgyp value between the popula-
tions in the Kochi and Aomori Prefectures was also high
(pairwise Rgp: 0.1949) and significant after a Bonferroni
correction (P<0.001).

Discussion
Genetic variation

The high A and low & (Table 2) in mt cyt b observed in
each geographic population, except for the one in Kochi
Prefecture, correspond to the results from previous stud-
ies in which the same genetic region as the one used for
polkadot skate in our study was used for thornback skate
(Raja clavata) in Portugal and the southwestern part of
the North Sea (£=0.510-0.720, 1=0.006—0.007; Chevolot
et al., 2006b) and for thorny skate in Newfoundland, Ice-
land, the northeastern part of the North Sea, and Kattegat
(h=0.719-0.916, t=0.0030-0.0071; Chevolot et al., 2007).
In contrast, low & and low 7 observed in the population in
the Kochi Prefecture are similar to the results for thorn-
back skate in part of the Azores Islands and in the Med-
iterranean and Black Seas (£=0.000, ©=0.000; Chevolot
et al., 2006b). The mean Ay and Hy for each population
from the SSR analysis in our study are higher than val-
ues reported by Griffiths et al. (2010) for the blue skate
(D. batis) (Ag=3.65, Hy=0.349) and the flapper skate (D.
intermedius), which was treated as the northern clade of
blue skate (Ag=3.35, Hy=0.366), around the British Isles;
Griffiths et al. (2010) used almost the same SSR loci as
those used in our study. Among the 6 geographic popula-
tions in our study, the population in the Kochi Prefecture
had the lowest Ay, and Hy was relatively lower for this
population than for the others. Although factors affecting
low genetic diversity of the population in Kochi Prefec-
ture are unclear, the low diversity may be related to the

demographic history of the population (see the “Evolution-
ary history” section).

Genetic differentiation among populations

The maximum likelihood tree (Fig. 2) and the minimum
spanning network (Fig. 3) based on the haplotypes of mt cyt
b, reveal 3 lineages, clades A, B1, and B2. Clade A consists
of populations in the East China Sea (populations in the
Danjo and Goto Islands and 1 individual from the Koshiki-
jima Islands) and in the Sea of Japan (populations in the
Kyoto and Niigata Prefectures). The haplotypes observed
for populations in Taiwan and off the Korean Peninsula
were also included in clade A; however, there was only 1
sample each from those locations. Addition of more sam-
ples in analysis is needed to improve understanding of
the genetic relationships of those geographic populations
to the populations around Japan. Clade B1 is the popu-
lation off the southern Pacific coast of Japan (in Kochi
Prefecture), and clade B2 was made up of the population
from the northern Pacific coast (in Aomori Prefecture). In
both mt cyt b and SSR analyses, the 6 geographic popula-
tions were separated into 3 groups, corresponding to the
3 clades, by using hierarchical AMOVA analyses that max-
imized ®qp and Ry values, respectively, although the val-
ues were barely not significant (Suppl. Table 1). Genetic
differentiation among the 3 groups are also indicated by
both the pairwise ®gp and Rgp values from mt cyt b and
SSR analyses, respectively (Table 3).

Our results indicate that the population structure of the
polkadot skate is influenced by the complicated oceanic
currents that surround Japan (Fig. 1). The clades A, B1,
and B2 around Japan can be regarded as the Tsushima,
Kuroshio, and Oyashio lineages, respectively. Similar
genetic differentiations between the populations in the Sea
of Japan and along the Pacific coasts have been reported
for ocellate spot skate (Misawa et al., 2019b), in addition to
reports for several coastal fish and invertebrate species
(Kojima et al., 1997, 2004; Akihito et al., 2008; Katafuchi
et al., 2011; Kokita and Nohara, 2011; Hirase et al., 2012;
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the 95% highest posterior density interval.
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Mismatch distributions for (A) clade A, (B) clade B1, and (C) clade B2 of the polkadot
skate (Dipturus chinensis) and Bayesian skyline plots for (D) clade A, (E) clade B1, and
(F) clade B2, based on the mitochondrial cytochrome & gene sequences (931 base pairs)
of 214 individuals that were obtained from 7 locations around Japan between 2010 and
2017 or were obtained through the International Nucleotide Sequence Database Col-
laboration for populations in Taiwan or off the Korean Peninsula. In panels A-C, solid
and dashed lines represent the observed and simulated distributions under the sudden
expansion model, respectively. In panels D-F, dashed lines indicate the female effective
population size (N,) multiplied by the generation interval, and the shaded area indicates
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Hirase and Ikeda, 2014). Genetic divergence between the
Sea of Japan and the East China Sea has not been indi-
cated for the polkadot skate, but Misawa et al. (2019b) sug-
gested that populations of ocellate spot skate diverge at the
boundary of those seas. They suggested that the Tsushima
Strait and the Tsushima Current act as geographic barri-
ers for dispersal that can limit distribution of ocellate spot
skate and that the Kuroshio Current may have prevented
dispersal of that species because of the absence of a major
population of ocellate spot skate from the Pacific coast of
central Japan. Different from their influence on ocellate

spot skate, the Tsushima and Kuroshio Currents may have
an effect on the dispersal of polkadot skate (see the “Evolu-
tionary history” section).

The population of polkadot skate on the Pacific coast of
northern Honshu (Aomori Prefecture) can be regarded as
the Oyashio lineage. In contrast, for some shallow-water
organisms, the Tsushima lineage is the lineage distributed
on the Pacific coast of northern Honshu (Kojima et al.,
2004; Akihito et al., 2008; Katafuchi et al., 2011; Kokita
and Nohara, 2011; Hirase et al., 2012; Hirase and Ikeda,
2014). The Tsugaru Warm Current, one of the branches
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in Taiwan or off the Korean Peninsula.

Table 4

Results from mismatch distribution analysis and neutrality tests for 3 clades, based on phylogenetic analysis of mito-
chondrial cytochrome b gene (931 base pairs), of the polkadot skate (Dipturus chinensis). The demographic parameters
estimated for each clade in the mismatch distribution analysis include time since expansion in units of mutational time
(1) and population size before (8;) and after (6,) a rapid change in population size in units of mutational time (Rogers and
Harpending, 1992; Schneider and Excoffier, 1999). The goodness of fit between the observed and expected distributions was
tested by using the sum of squared deviations (SSD) and the Harpending’s raggedness index (Hri). The neutrality of the
sequence variation was verified by using Tajima’s D statistic and Fu’s Fg test. P-values are provided in parentheses. DNA
sequences were obtained from specimens collected around Japan, in the East China Sea, Sea of Japan, and Pacific Ocean,
during 2010-2017 or were obtained through the International Nucleotide Sequence Database Collaboration for populations

Mismatch distribution

Test of goodness of fit Neutrality tests
Mismatch
Group T observed mean 6, 0; SSD (P) Hri (P) Tajima’s D (P) Fu's F, (P)
Clade A 3.695 2.314 0.000 3.916 0.007 (0.686)  0.022(0.893) -1.518(0.037) —10.959 (0.002)
Clade B1  3.000 0.427 0.000 0.299 0.007(0.334) 0.393(0.572) -1.679(0.024) —0.413(0.248)
Clade B2 1.533 1.320 0.072  6.597  0.006 (0.578)  0.047(0.798) -0.858 (0.221)  —2.025 (0.089)

of the Tsushima Current, passes eastward through the
Tsugaru Strait and runs into the Oyashio Current east of
the Tsugaru Strait, forcing it to flow southward along the
eastern coast of northern Honshu. The distribution of the
Tsushima lineage of various marine animals on the Pacific
coast of northern Honshu is considered to be influenced by
the Tsugaru Warm Current (Kojima et al., 2004; Akihito
et al., 2008; Katafuchi et al., 2011; Kokita and Nohara,
2011; Hirase et al., 2012). In contrast, a genetic differ-
entiation between the western and eastern populations
of northern Honshu has been suggested for the ocellate
spot skate, the Pacific sandlance (Ammodytes personatus),
and a zoarcid fish, Davidijordania poecilimon (Han et al.,
2012; Kai et al., 2014; Misawa et al., 2019b), as well as for
the polkadot skate as indicated by our results.

The dispersal of species is affected by many factors,
including the environmental requirements and life histo-
ries of species. Kai et al. (2014) suggested that gene flow
between the Sea of Japan and the Pacific populations of
D. poecilimon is restricted by the shallow Tsugaru Strait
(which has a maximum depth of approximately 150 m)
because this deep-sea species is found in depths of less
than 262 m (Shinohara et al., 1996). The normal habi-
tat depths of polkadot skate (mainly 20-150 m; Hatooka
et al., 2013) and ocellate spot skate (mainly 30-100 m;
Last et al., 2016) are shallower than that of D. poecili-
mon, and their migrations are not as restricted by the
shallow strait as that of D. poecilimon. The clear genetic
divergence in polkadot skate and the restricted gene flow
in ocellate spot skate (Misawa et al., 2019b) between the
western and eastern populations of northern Honshu may
be partly because of the lack of pelagic eggs and the larval
stage of rajids (Ishiyama, 1967).

For polkadot skate, results of our study indicate a
divergence between the southern (clade B1) and northern
(clade B2) populations on the Pacific coast of Honshu. The

existence of geologically discrete lineages on this coast
of Honshu has been suggested for some coastal fish spe-
cies (Katafuchi et al., 2011; Han et al., 2012; Hirase et al.,
2012; Hirase and Ikeda, 2014). Among them, lineages of
surfperch and goby species have been reported to be sepa-
rated by the Izu Peninsula (Katafuchi et al., 2011; Hirase
et al., 2012). Hirase et al. (2012) suggested that the shal-
low coastal areas in bays east and west of the Izu Penin-
sula, suitable for a goby species, likely disappeared owing
to the sea level fall in the Pleistocene glacial periods, a
change that resulted in vicariant separation.

In contrast, Han et al. (2012) detected a boundary
between the lineages in the transition zone between the
Kuroshio and Oyashio Currents and suggested that sea
temperature is a key factor preventing the dispersal of the
lineage that dominates the northern group of Pacific sand-
lance. The Kuroshio Current is subtropical and saline,
and the Oyashio Current is subarctic and less saline
(GSI, 1990). Results of the studies of the genetic popula-
tion structure of mottled skate (Im et al., 2017; Misawa
et al., 2019a) indicate that temperature gradients poten-
tially affect the allopatric distributions of lineages. In
thorny skate, genetic differentiation is reportedly caused
by differences in salinity and temperature (Chevolot et al.,
2007). The divergence between the southern (clade B1)
and northern (clade B2) populations of polkadot skate on
the Pacific coast of Honshu was probably due to environ-
mental differences, such as differences in temperature
and salinity between the Kuroshio and Oyashio Currents.

Evolutionary history

For polkadot skate, the divergence time between clade A
and clade B was estimated to be 1.31-2.10 MYA in the
Early Pleistocene. Some changes in land area with respect
to glacio-eustatic sea-level fluctuation occurred in the
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Quaternary period (from 2.58 MYA to present). In the
Early to Middle Pleistocene (0.78-2.58 MYA), the main
islands of Japan were connected to the continent of Asia,
and the Ryukyu Islands were connected to the continent
of Asia through Taiwan, by large land bridges, repeatedly
(Kizaki and Oshiro, 1977, 1980; Ujiie, 1986; Kimura, 1996,
2000). Clade A likely became differentiated in the semi-
closed environment of the East China Sea and dispersed
northward when the southern straits of the Sea of Japan
opened. Clade B might have extended its distribution
northward along the Pacific coast after divergence from
clade A and divided into clades B1 and B2 approximately
0.50-0.80 MYA in the Middle Pleistocene. The divergence
of clades B1 and B2 may have been caused by changes
in the dynamic of the ancient Oyashio Current, which
strengthened during 0.48-0.34 MYA (Matsuzaki et al.,
2014); afterward, the Kuroshio Current dominated 0.78—
0.85 MYA (Kang et al., 2010; Gallagher et al., 2015). Clade
B extended its distribution northward along the coast of
Honshu with the Kuroshio Current but was prevented
from further extension to the north by the strength-
ened Oyashio Current approximately 0.5 MYA, and the
Kuroshio (clade B1) and the Oyashio (clade B2) lineages
diverged.

Although the results of the mismatch distribution anal-
ysis, the neutrality tests (Table 4), and the combination of
high A and low &t values (Table 2) (Grant and Bowen, 1998)
indicate a population expansion of clade A (Table 4, Fig.
5A), the possibility of a constant population could not be
rejected in the BSP (Fig. 5D). However, the BSP for clade A
indicates that N, notably increased after LGM, and clade
A may have expanded its distribution from the East China
Sea to the Sea of Japan after LGM. The gradual decrease
of genetic diversity (2 in mtDNA analysis and Hg in SSR
analysis) in populations of polkadot skate from the Danjo
Islands in the East China Sea northward to Niigata Pre-
fecture in the Sea of Japan (Table 2, Fig. 4, Suppl. Table 2)
may have been due to a founder event or to differences in
adaptive abilities, such as tolerance to cold temperatures
as frequencies of restricted haplotypes (haplotypes al
and a3) increase with increasing latitude (Fig. 4). Similar
declines in genetic diversity toward the north in the Sea
of Japan have been reported for the sailfin sandfish (Arc-
toscopus japonicus) (see Shirai et al., 2006) and a rocky
intertidal goby, Chaenogobius gulosus (see Hirase and
Ikeda, 2014).

Although sum of squared deviations and the Harpend-
ing’s raggedness index are not significant and Fu’s F's does
not indicate certain departures from neutrality in clade
B1 (Table 4), the mismatch distributions (Fig. 5B) roughly
have an L shape, indicating that clade B1 had experienced
a population bottleneck (Rogers and Harpending, 1992).
The combination of low . and low & values observed in
clade B1 (Table 2) also indicates a recent population bot-
tleneck or founder event for a single or a few mtDNA
lineages (Grant and Bowen, 1998). However, no signal
of population bottleneck is apparent in the BSP (Fig.
5E). In any case, N, in clade B1 did not notably increase
after LGM, and N, in clade B1 is considerably smaller at

present than N, for the other clades, according to values
for 06, (Table 4) and the BSP. The low genetic diversity in
both mtDNA and SSR analyses for clade B1 was related
to the small N, of the clade. In clade B2, the population
expansion could not be inferred by using neutrality tests
(Table 4); however, results of the mismatch distribution
analysis (Table 4, Fig. 5C) and the combination of high A
and low © values (Table 2) indicate that the population
expanded (Rogers and Harpending, 1992; Grant and
Bowen, 1998). Although the possibility of a constant popu-
lation could not be rejected in the BSP (Fig. 5F), the BSP
for clade B2, as well as that for clade A, indicates that N,
increased after LGM (Fig. 5D).

Implications for management and conservation

The application of genetic and evolutionary measures in
the conservation and management of natural resources
has led to the identification of management units (MUs),
which represent populations or groups of populations that
are connected by low levels of gene flow and are function-
ally independent (Moritz, 1994, 2002). Significant popula-
tion structure in the polkadot skate was observed around
Japan in our study, and we suggest considering the exis-
tence of a minimum of 3 MUs for this species: the group
of populations in the Sea of Japan and the East China
Sea, the population along the southern Pacific coast, and
the population along the northern Pacific coast. Each MU
possesses unique genetic traits and, therefore, should be
treated independently. Particularly, the MU for the pop-
ulation along the southern Pacific coast is characterized
by genetic diversity that is lower than that of the other 2
MUs and should be monitored and managed more care-
fully. Ecological studies, such as those that focus on age,
growth, reproduction, and movement patterns, for each
MU are also necessary to establish appropriate conserva-
tion and management strategies.

Conclusions

We examined the genetic population structure of polkadot
skate around Japan. Results of the mtDNA analysis of
polkadot skate indicate that this species has 3 lineages,
clades A, B1, and B2. Clade A consists of populations in
the Sea of Japan and the East China Sea. Clades B1 and
B2 comprise populations in the Pacific Ocean along the
southern and northern coasts of Japan, respectively. This
genetic differentiation is also supported by results from
SSR analysis. Results of this study indicate that the diver-
gence between clades A and B occurred because of isola-
tion of the East China Sea in the Early Pleistocene and
that the divergence between clades B1 and B2 occurred
likely because of changes in the dynamics of ancient water
currents in the Middle Pleistocene. Each of the 3 geneti-
cally discrete management units of polkadot skate around
Japan possess unique genetic traits and evolutionary his-
tory, and each should be treated independently in manage-
ment of this species in the future.
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