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Genetic variation at the genomic level is invaluable to identify fish stock structure in
fisheries management. It has been widely accepted that populations of marine fishes
are highly connected owing to fewer barriers to gene flow and increased connectivity
resulting from greater dispersal abilities. Since population genomic approaches have
increased the accessibility and resolution of population genetic data, it further facilitates
to study and detect previously unidentified structures as well as signatures for natural
selection in wild populations. In the present study, restriction-site associated DNA
(RAD) sequencing was applied to the samples of genome-wide single nucleotide
polymorphisms (SNPs) of Engraulis japonicus, a small pelagic fish of ecological
and economic importance in the northwestern Pacific. To assess population genetic
structure as well as detection for local adaptation of E. japonicus, a total of 389
individuals from six regional populations of the northwestern Pacific were collected and a
set of 12,627 SNPs was developed. Marginal significant genetic structure (average FST

value was approximately equal to 0.002) was detected between regional populations
of “the Bohai Sea population (BHS)” and the “the Japan Sea population (JPS)” as
well as between “the North Yellow Sea population (NYS),” and the “the Japan Sea
population (JPS)”. Moreover, no sign of local adaptation was detected, which might
be the product of high gene flow among regional populations. Overall, our results
improve the understanding of fine-scale population genetic structure in E. japonicus
and potentially identify management unit in this species.

Keywords: population genomics, Engraulis japonicus, single nucleotide polymorphism, RAD-seq, genetic
structures

INTRODUCTION

Different fish stocks may respond differently to fluctuations of environmental factors as well as
fishing pressures. It is critical to consider population structure in stock assessment of marine fishes
as negligence of population structures in fisheries management may cause unexpected risks of
overexploitation (Ying et al., 2011). Marine ecosystems are traditionally considered to be highly
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connected, which might be attributed to large population sizes
as well as fewer barriers to gene flow in marine environment
(Shanks et al., 2003; Conover et al., 2006; Cano et al., 2008).
In many marine fishes, early life history is characterized by the
presence of a planktonic larval stage during which larvae can
be transported over long distances by ocean currents (Shanks
et al., 2003; Trakhtenbrot et al., 2005). Additionally, the adult
stage of some marine fish species can be more mobile than
the larval stage as they exhibit migratory behavior. Considering
all these biological characteristics, it is expected that marine
fishes would be highly connected due to high levels of dispersal
over large spatial scales, which makes it more challenging to
accurately characterize the population structure. In many cases,
adaptive divergence is widely believed to be rare in marine
fishes as compared to terrestrial species owing to fewer barriers
to gene flow and increased connectivity resulting from greater
dispersal abilities (Cano et al., 2008). Nevertheless, favorable
alleles of candidate genes related to local selective pressures
can be more likely to be detected, because large population
sizes of marine fishes can reduce the effect of genetic drift
(Nielsen et al., 2009). However, ocean currents can form fronts
between distinct water masses, which may act as gene flow
barriers as well as selection pressures, and leading to genetic
heterogeneity among continuously distributed populations of
marine organisms (Saunders et al., 1986).

For the last few decades, genetics-based approaches have
been widely used to facilitate fisheries management. However,
traditional approaches based on insufficient genetic data from
narrow genomic regions may be ineffective when populations
are recently diverged or having high levels of gene flow
(Carvalho, 1994; Russello et al., 2011). Recent advances
in the field of population genomics have overcome the
limitation of restricted genetic data encountered when using
traditional genetic methods. This scenario further facilitates to
detect previously unidentified population structure and provide
increased accuracy of estimating demographic parameters in
wild populations (Waples and Gaggiotti, 2006; Lowe and
Allendorf, 2010; Ellegren, 2014). More importantly, population
genomic approaches provide a framework for identifying
genomic regions under natural selections by detecting outlier
loci (Storz, 2005; Miller et al., 2007; Allendorf et al., 2010;
Etter et al., 2011). The view on population structure in high
gene flow marine organisms has changed significantly during
the last decade and an ever-expanding number of population
genomic studies of marine fishes show a complex picture
of spatial genetic differentiation, both on macro-geographic,
and micro-geographic scales (Salmenkova, 2011; Hess et al.,
2013; Guo et al., 2016). Researchers increasingly recognized
the importance of revealing fine-scale genetic structure as
well as local adaptation in marine fishes, particularly for
species of highly economic, and ecological importance. This
ultimately provides a better understanding of population
structure and new insights for the designation of management
and conservation units (Conover et al., 2006; Allendorf et al.,
2010; Funk et al., 2012).

The Japanese anchovy (Engraulis japonicus Temminck and
Schlegel, 1846) is a small pelagic fish of ecological and economic

importance in the northwestern Pacific, ranging from southern
Sakhalin Island, Russia, to Guangdong, China (Whitehead et al.,
1988). It is not only a small pelagic plankton feeder, but
also a prey species for around 30–40 commercially important
fishes of higher trophic level (Wei and Jiang, 1992). Therefore,
E. japonicus is regarded as an ecologically keystone species
of marine food web which plays a critical role in the energy
flow as well as nutrient recycling of marine ecosystem (Zhao
et al., 2003). E. japonicus is a multiple spawner with seasonal
asynchronous migrations. Estuaries or coastal waters are major
spawning and nursery areas and its overwintering grounds are
located in offshore area (Deng and Zhao, 1991). This species
migrate from overwintering grounds to spawning grounds
in spring and spawn in the coastal waters from May to
October with multiple spawning times in China seas (Deng
and Zhao, 1991). Moreover, a protracted spawning season
was also found in Japan with a gradually spatial change as
compared to populations in China (Funamoto et al., 2004).
The species is considered as the most abundant fish species
in the Yellow Sea, nevertheless, its natural stock has declined
sharply by approximately 30 percent in the last 5 years
according to Fishery Statistical Yearbook of China (2015–2019).
In these circumstances, investigations of population genetic
structure of E. japonicus can contribute to establishment of
explicit management as well as conservation measures for
this species. Over the past decades, fishery stock identification
of E. japonicus has attracted considerable attention, because
an understanding of stock structure is critical to designing
appropriate management regulations in fisheries where multiple
stocks are differentially exploited (Ricker, 1981). The fishery
stock of E. japonicus in China seas was generally divided into
three separate groups according to marine fishery resources
survey, including the Bohai Sea (BHS) Group, the Yellow Sea
Group, and the North East China Sea Group (Iversen et al.,
2005). In addition, Hayashi (1961) divided E. japonicus stocks
around Japan into four regional groups including the Kyushu
Pacific population, the West Kyushu Coast population, the
Honshu Pacific population, and the Japan Sea (JPS) population.
Nevertheless, with the relative aggregation of fishing and
spawning activities as the main basis for dividing its regional
groups, very little information is available concerning the genetic
variability of E. japonicus. Previous population genetic studies
based on sequence variation of fragments in the mitochondrial
cytochrome b (Cyt b), cytochrome c oxidase subunit I (COI)
gene as well as mitochondrial DNA control region revealed no
significant genetic structure for the wide-ranging populations
of E. japonicus in the northwestern Pacific (Yu et al., 2005;
Liu et al., 2006). In contrast, by using six microsatellite loci,
weak but significant genetic differentiation was detected between
populations from coasts of northeastern and southwestern
Taiwan (Yu et al., 2002). Similarly, molecular analyses based
on fragments of the mitochondrial DNA cytochrome b gene
also identified a substantial amount of genetic variations among
populations in the southern East China Sea (Chen et al.,
2010). Nevertheless, it should be noted that most of these
aforementioned studies focused on only local or regional scale
of distribution range of E. japonicus, which might not reflected
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the whole picture of the large-scale population structure of
E. japonicus in the northwestern Pacific Ocean. Moreover,
insufficient genetic data from narrow genomic regions was
used to delineate population structure of E. japonicus based
on traditional approaches and discrepancies among these
studies may hinder the accuracy and effectiveness of fisheries
management and conservation.

Hydrographic characteristics of the northwestern Pacific
Ocean are influenced mainly by the currents as well as monsoons,
and the environmental conditions such as temperature and
salinity show distinct environmental transitions, which may
increase the chances for local adaptation of E. japonicus
(Johnson and Boyer, 2015). Nevertheless, it should be noted
that adaptive divergence of E. japonicus might be largely
constrained, because a high amount of gene flow can have
a retarding effect on the differentiation among regional
populations. In these circumstances, the relationship between
adaptive divergence and gene flow of E. japonicus in the
northwestern Pacific Ocean still remains equivocal. Additionally,
past studies have also found differences in the reproductive
characteristics as well as nutrient availability of E. japonicus
between individuals caught from different regions, suggesting
the existence of multiple locally adapted stocks in the
northwest Pacific Ocean (Funamoto et al., 2004; Tanaka et al.,
2008). However, previous genetic approaches, based on a
limited number of markers, may not be able to reveal the
true population structure of E. japonicus due to limited
resolution. In these circumstances, our study attempts to
address the shortcomings of previous studies by using a
population genomic approach. The aim of this study is to
examine fine-scale genetic structure and to test for local
adaptation of E. japonicus from the northwestern Pacific Ocean.
The results could improve our understanding of fine-scale
population genetic structure as well as local adaptation of
E. japonicus, which provides new insights into designating
fishery management strategies as well as ensuring the long-
term sustainability for this species (Hilborn et al., 2003;
Schindler et al., 2010).

MATERIALS AND METHODS

Sample Collection
According to population division of E. japonicus based on fishery
resources and ecological studies (Hayashi, 1961; Iversen et al.,
2005), a total of 389 fish specimens were collected from six main
oceanographical regions of the northwestern Pacific including the
BHS, the Northern Yellow Sea (NYS), the Northern East China
Sea (NES), Taiwan coastal waters (TWC), the JPS, and the Pacific
side of Japan (JPP). In total, 20 geographical locations with an
average of approximate 19 individuals per site were sampled, five
locations of which were collected in the BHS region (N = 100),
four locations in the NYS region (N = 80), three locations in
the NES region (N = 60), two locations in TWC (N = 32), two
locations in the JPS (N = 37), and the other four locations in the
Pacific side of Japan region (N = 80; Table 1 and Figure 1). All
specimens were captured by trawl net and muscle tissues were

preserved in 95% ethanol. Genomic DNA was extracted following
a standard phenol–chloroform extraction protocol.

RAD Library Construction and
Sequencing
Genomic DNA was treated with RNase A to remove any RNA
contamination. Restriction-site associated DNA (RAD) library
preparation was subsequently carried out in accordance with the
guidelines in the protocol described in Baird et al. (2008). About
500 ng DNA of each individual was digested using EcoRI. Ten
to twelve individually indexed individuals were pooled together
to construct a RAD library and DNA fragment of length 200–
500 bp was finally extracted and purified. The libraries were
enriched by high-fidelity PCR and then sequenced using 150-
bp-paired-end Illumina HiSeq X TEN at Allwegene in Beijing.
The obtained sequenced reads were sorted according to index
sequences, a unique six nucleotides in length (differed from each
other by at least two bases) used for sample tracking. To avoid
reads with artificial bias, we used the process_radtags program
(Catchen et al., 2013) as well as Cutadapt v1.16 (Martin, 2011)
to remove low-quality read pairs according to the criteria listed
below: (1) read pairs with ≥5% unidentified nucleotides; (2)
read pairs with adapter contamination; (3) Read pairs having
average phred quality <20 within a window size of 15 bp; (4) read
pairs lacking the partial EcoRI motif (AATTC); and (5) putative
duplicated read pairs generated by PCR amplification. Final read
length of the paired-end reads were trimmed to 130 nucleotides
because of the high potential sequencing errors rate at the tails of
the sequences (Pujolar et al., 2013).

Assembly and SNP Identification
We processed the filtered RAD-seq data using Stacks pipeline
version 2.0 (Catchen et al., 2013). For single individual, we used
ustacks to build putative single-end loci by grouping unique
stacks that differ by a threshold of six mismatches (M parameter
in ustacks) according to the study of Ilut et al. (2014) by
using RADassembler (Li et al., 2018). The minimum depth of
coverage to create a stack was set at a conservative value of
4 (m parameter in ustacks). Moreover, we preformed gapped
alignments (gapped parameter in ustacks) between stacks and
all other parameters were set at their default values. Unique
loci from forty individuals (two individuals from each of the
20 populations) of E. japonicus were aggregated into a catalog
using cstacks with default parameters except that –n (mismatch
threshold) was set to 6 (Ilut et al., 2014; Li et al., 2018).
Additionally, the program gstacks is executed to assemble contigs
and call variant sites using all matched reads for each locus
of the catalog as well as genotypes in each individual with
default parameter values. After assembly and genotyping, the
variant sites were further filtered to remove low quality calls
and spurious variants with VCFtools (Danecek et al., 2011).
Moreover, only single nucleotide substitutions were studied and
other complex events such as multinucleotide polymorphisms as
well as indels were excluded in the following analysis. Therefore,
in order to reduce potential sequencing errors in the current
study, loci with more than two alleles were ignored. Additionally,
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the specified quality control criteria were also considered for SNP
calling: (1) Coverage depth ≥5 and ≤1000; (2) genotype quality
score ≥15; and (3) single nucleotide polymorphisms (SNPs)
with a minimum genotyping rate of 60% within each regional
population. Further, SNPs with a minor allele frequency (Local
MAF) >0.2 in at least one location or SNPs with minor allele
frequency (Global MAF) >0.05 across sampling locations were
retained to limit false SNP identification (Corander et al., 2013).
Moreover, markers showing local Hobs > 0.50 was excluded
to avoid potential homologs. Only SNP loci that passed the
quality control criteria were included in the following analysis.
PGDSPIDER v.2.0.5.0 was used to convert the resulting filtered
VCF file into the corresponding file formats for subsequent
analyses (Lischer and Excoffier, 2012).

Population Genetic Analyses
In the current study, three approaches were applied to investigate
population genetic structure of E. japonicus. Only the first SNP
for each RAD locus was kept to reduce linkage disequilibrium
in the dataset. We explored the possibility of cryptic structure
across the six sampled regions using ADMIXTURE v1.23,

a Bayesian model-based clustering program (Alexander et al.,
2009). We ran the ADMIXTURE model across K = 1 to
7 with ten replicates for each value to estimate the most
likely number of clusters by plotting the natural probability of
four estimators (MEDMEDK, MEDMEAK, MAXMEDK, and
MAXMEAK) and we determined the optimal K value where
the estimators plateaued as described in Puechmaille (2016).
The most likely K for each estimator was selected by using
STRUCTURESELECTOR (Li and Liu, 2018) and graphical
representations of the results were obtained by integrating
the CLUMPAK program (Kopelman et al., 2015). The input
files was converted into PLINK format files (MAP/PED) for
ADMIXTURE with VCFtools (Danecek et al., 2011). We also
attempted to cluster individual samples from regional groups
by discriminant analysis of principal components (DAPC,
Jombart et al., 2010) using Adegenet (Jombart, 2008) for R (R
Development Core Team, 2015) and the number of principal
components was decided by optim-alpha-score indication. To
examine the extent of population structuring of E. japonicus,
we used sampling locations (K = 6) as prior information for
individual sample cluster membership, because DAPC without

TABLE 1 | Sampling locations, regions, sample size and sampling time for each collection of E. japonicus.

Location Latitude Longitude Location
code

Region
description

Region
code

Sample
size

Spawning/Overwintering
ground

Development
stage

Sample
time

Liaodong Bay 40.26 121.16 LDW Bohai Sea BHS 20 Spawning Larvae 2017/07/13

Qinhuangdao 39.51 119.96 QHD Bohai Sea BHS 20 Spawning Larvae 2017/07/15

Bohai Bay 38.68 119.45 BHW Bohai Sea BHS 20 Spawning Adult 2017/07/17

Laizhou Bay 38.00 120.18 LZW Bohai Sea BHS 20 Spawning Adult 2017/07/18

Dalian 38.77 121.52 DL Bohai Sea BHS 20 Spawning Adult 2016/10/20

Rushan 36.47 122.02 RS North Yellow
Sea

NYS 20 Spawning Adult 2016/06/17

Haizhou Bay 35.51 121.04 HZW North Yellow
Sea

NYS 20 Spawning Adult 2016/06/22

North Yellow Sea 36.86 123.82 NYS North Yellow
Sea

NYS 20 overwintering Adult 2016/11/12

Middle Yellow Sea 35.03 123.42 MYS North Yellow
Sea

NYS 20 overwintering Adult 2016/11/13

South Yellow Sea 32.49 124.82 SYS North East
China Sea

NES 20 overwintering Adult 2017/01/05

North East China Sea 31.03 125.82 NECS North East
China Sea

NES 20 overwintering Adult 2017/01/12

Yangtze River Estuary 31.54 122.78 YRE North East
China Sea

NES 20 Spawning Adult 2016/06/29

Yilan 24.71 121.86 YL Taiwan Cosatal
Waters

TWC 20 Spawning Larvae 2018/04/19

Penghu 23.60 119.56 PH Taiwan Cosatal
Waters

TWC 12 Spawning Adult 2018/04/25

Ishikawa (off Tedori River) 36.49 136.47 TDR Japan Sea JPS 19 Spawning Larvae 2017/05/10

Ishikawa (NaNao City) 37.06 136.97 NNC Japan Sea JPS 18 Spawning Adult 2017/11/18

Ehime 33.23 132.50 EHM Pacific side of
Japan

JPP 20 Spawning Larvae 2017/01/05

Shizuoka 34.92 138.40 SZO Pacific side of
Japan

JPP 20 Spawning Larvae 2016/10/15

Chiba 35.58 139.96 CHB Pacific side of
Japan

JPP 20 Spawning Adult 2016/11/18

Miyagi 38.32 141.10 MYG Pacific side of
Japan

JPP 20 Spawning Adult 2017/11/04
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FIGURE 1 | Schematic map of ocean circulation in the northwestern Pacific. The green arrows denote the prevailing ocean currents. The rectangles represent
individual sampling locations and rectangles with the same color represent each sampling regions of E. japonicus in the northwestern Pacific Ocean (Schlitzer, 2019).

prior indicated that a single genetic cluster (K = 1) best fitted
the dataset. Similar approaches were applied in recently published
papers of other high gene flow marine species (Gonçalves da Silva
et al., 2015; Benestan et al., 2017). Furthermore, pairwise FST
was calculated between each pair of regional populations based
on analysis of molecular variance (AMOVA) as implemented in
ARLEQUIN 3.5 (Excoffier and Lischer, 2010). Fixation indices
were calculated and significance levels were determined with
10,000 permutations.

Detection of Loci Under Putative
Selection
Two approaches were applied to detect for the signature of local
adaptation of E. japonicus based on the genome-wide dataset of
SNPs (28,782 filtered SNPs). First, LOSITAN was used to test
for local selection by searching for outlier loci showing increased
population differentiation (Antao et al., 2008). We run LOSITAN
analyses using parameter settings of 50,000 simulations, a false
discovery rate of 0.1 and confidence interval of 0.95. Then a
Bayesian regression framework for modeling FST at each loci was

applied to test for signatures of natural selection as implemented
in the software BAYESCAN v.2.1 (Foll and Gaggiotti, 2008).
To determine the significance of the models, the threshold
false discovery rate (FDR) was set at 5% and the q-value for
each loci was calculated. BAYESCAN was applied with a final
run length of 100,000 steps (with 50,000 steps as burn-in and
the remainder used to estimate the posterior distribution of
the parameters).

RESULTS

RAD Sequencing and SNP Genotyping
Sequencing of 389 individuals resulted in a total of ∼3.37 billion
read pairs. The mean number of quality filtered read pairs per
individual was around 6.35 million (range from 2,409,272 to
14,987,989; Supplementary Table S1). After keeping the first
SNP per RAD locus, 12, 627 SNPs were finally retained from
a total of 28,782 filtered SNPs. The average depth of SNP per
individual was observed to be greater than 18× with an observed
transition: transversion ratio of 1.32 (Supplementary Table S2).
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TABLE 2 | Summary statistics for counts of putative SNP loci and final counts of
candidate SNPs after different filtering steps.

Filtering step SNP counts

Biallelic variants 25,817,193

5 ≤ Coverage depth ≤ 1000 321,203

Genotype quality score ≥ 15

Coverage ratio of samples for each population ≥ 60%

Global minor allele frequency (Global MAF) > 0.05 34,903

Local minor allele frequency (Local MAF) > 0.2

Heterozygosity (H ≤ 0.5) 28,782

Keep one SNP per contig 12,627

The assembly results from all 40 individuals for each RAD locus
resulted in a total of 1,079,853 contigs with a mean length of
343.4 bp. Detailed information for counts of candidate SNPs after
each filtering step are shown in Table 2.

Population Genetic Analyses
Analysis in ADMIXTURE revealed no population structure
and the optimum value of K determined by MEDMEDK,
MEDMEAK, MAXMEDK, and MAXMEAK was found to be
K = 1 (Supplementary Figure S1). To examine the extent of
population structure across the six regional groups, DAPC was
applied with prior information of sampling locations (K = 6)
because DAPC without prior indicated that one single genetic
cluster (K = 1) was best for the dataset. The scatter plot of DAPC
analysis using the first two principle axes did not show a complete
overlap among regional groups with “the Japan Sea population
(JPS)” and “the Taiwan Coastal Waters population (TWC)”
exhibiting the minimal overlap, suggesting the existence of
genetic heterogeneity across the six regions (Figure 2). Moreover,
according to pairwise FST based on AMOVA, marginal significant
genetic differentiation (average FST value was approximately
equal to 0.002) was revealed between “the Japan Sea population
(JPS)” and “the Bohai Sea population (BHS)” as well as between

FIGURE 2 | Discriminant analysis of principal components (DAPC) plots for 12, 627 SNPs in six regional populations of E. japonicus. Ellipse centers of each cloud of
points represent each sampling regions.
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TABLE 3 | Pairwise FST among 6 geographical regions of E. japonicus based on
the dataset of 12,627 SNPs.

BHS NYS NES TWC JPS JPP

BHS –

NYS 0.00109 –

NES 0.00115 0.00081 –

TWC 0.00142 0.00145 0.002 –

JPS 0.00196* 0.00206* 0.00151 0.00231 –

JPP 0.00087 0.00076 0.00096 0.0014 0.00163 –

*Values of FST that significantly differed from zero (p < 0.05 after
Bonferroni correction).

“the Japan Sea population (JPS),” and “the North Yellow Sea
population (NYS)” (Table 3). In addition, no significant pairwise
FST was detected among the other pairs of regional populations.
The overall results obtained were mostly consistent with our
expectations that a very low level of genetic differentiation was
found among regional populations of E. japonicus with high
levels of gene flow. However, it should also be noted that the
results reported here were to some extent inconsistent, which
might be attributed to different model-driven approaches applied
in the current study. For instance, ADMIXTURE is a method
searching for partitions corresponding to populations without
sampling location information, which therefore might not be
advantageous in identifying clusters when FST values are small
(Latch et al., 2006; François and Durand, 2010). Moreover,
although the sample sizes used in our study are considered to
meet the requirements to obtain statistically valid results (Willing
et al., 2012), uneven sampling of populations could also to some
extent limit the statistical power of population genetic analysis
when investigating genetic differentiation in high gene flow
marine species. Nevertheless, our findings provide evidence for
a discernable, albeit weak population structure of E. japonicus in
the northwestern Pacific Ocean.

Detection of Loci Under Putative
Selection
LOSITAN failed to detect any significant FST outliers and thus
found no evidence for local adaptation (Figure 3). Similarly,
BAYESCAN identified only six outlier loci (contained in 4 unique
RAD locus) as most loci had FDR values >0.05 (Figure 4).
Additionally, no significant hits (E-value ≤ 0.01) were obtained
when blasting the assembled contigs harboring the outlier
loci to various bony fish genomes. These two approaches are
characterized by different error profiles, LOSITAN is more error
prone (low false negatives) and BAYESCAN is more conservative
(low false positive; Narum and Hess, 2011). Nevertheless, both
approaches detected a lack of genomic signature of local
adaptation in E. japonicus.

DISCUSSION

Recent advances in the field of population genomics promote the
identification of genome-wide SNP markers, which facilitates the
detection of population structure in wild populations of marine
fish characterized by high gene flow or very large population
sizes (Waples and Gaggiotti, 2006; Lowe and Allendorf, 2010;
Ellegren, 2014). In the current study, the number of markers
used to assess the genetic variation in E. japonicus shows a
thousand-fold increase compared to the number of markers used
in previous microsatellite studies (Yu et al., 2002; Lin et al.,
2011). The marked increase in loci is presumably sampling much
higher marker density and thus leads to improved accuracy
in estimating population genetic parameters (Allendorf et al.,
2010). Comparatively, our genetic analyses with genome-wide
SNP markers exhibited higher statistical power as compared to
previous works. Indeed, marginal significant differentiation was
detected among some populations of E. japonicus. According
to the results obtained from DAPC analysis, “the Japan Sea
Group (JPS)” showed the minimal overlap to “Taiwan Coastal

FIGURE 3 | Test for neutrality using LOSITAN based on 28,782 SNPs. Observed value of heterozygosity vs. FST at each locus (black dots) and 95% confidence
envelope expected under neutrality.
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FIGURE 4 | Results from the Bayescan FST outlier analysis for 28,782 SNPs
(black dots). Six SNPs on the right side of the vertical line are above a 0.95
probability for being candidates of selection.

Waters Group (TWC)”. Furthermore, the pairwise FST value
between these two regions was also found to be the highest
among all pairs, however, the differentiation was not significant
after correction (Table 3). Possible causes for this discrepancy
might be attributed to the smaller sample size used in JPS
and TWC compared to the other regional populations, which
may lead to reduced statistical power. The JPS and TWC
represent physically and biologically distinct ecosystems and
therefore, the geographical disconnection between the two
regions suggests that an incomplete biogeographic barrier might
exist (Rebstock and Kang, 2003). Additionally, pairwise FST
based on AMOVA analysis revealed shallow but significant
genetic differentiation between the JPS and the Yellow Sea
Trough (BHS and NYS). Possible causes for the shallow
genetic differentiation might be attributed to the fact that
the JPS is a semi-enclosed marginal sea of the northwest
Pacific Ocean, which may reduce gene flow between these
areas. In contrast, no significant population genetic structure
was found by ADMIXTURE and possible causes for this
discrepancy in results might be that genetic differentiation
among the regional population of E. japonicus was too shallow
to be detected by ADMIXTURE. As this model did not
incorporate a priori sampling location information in the
analysis, which made it challenging to reveal the genetic
structure when FST values are small (Latch et al., 2006;
François and Durand, 2010).

It is important to note that the interaction between the
biological and physical processes drive the population structures
of many organisms inhabiting the marine environment.
Although biological characteristics of marine organisms facilitate
connectivity among regional populations, physical processes
such as ocean currents as well as fronts can also have significant

impacts on genetic structure despite their long-distance dispersal
potential. The Korean Peninsula is surrounded by three seas
including the JPS, the East China Sea, and the Yellow Sea, which
represents three contiguous but distinct ecosystems (Rebstock
and Kang, 2003). Therefore, genetic differentiation between
populations in the JPS and Yellow Sea Trough could be closely
related to different water masses as well as ocean currents around
the Korean Peninsula. For example, under the influences of tidal
mixing between the surface and bottom waters, a tidal front
is formed near south-western coast of the Korean Peninsula,
which acts as an incomplete physical barrier and thus limits
the distribution and migration of marine fishes (Han et al.,
2019). Furthermore, water exchange between the East China
Sea and the Yellow Sea is much weaker than that between the
JPS and the East China Sea (Rebstock and Kang, 2003). Because
the southern part of the JPS is influenced by Tsushima Warm
Current (TSWC) flowing northeastward in one direction from
the East China Sea through the Tsushima Strait, which forms a
strong hydrographic connection between these areas. Although
the Yellow Sea Warm Current (YSWC) intrudes into the
Yellow Sea from the East China Sea, the advection only occurs
episodically (Riedlinger and Jacobs, 2000; Lie et al., 2001; Lin and
Yang, 2011). Moreover, higher levels of population connectivity
between NES and JPP were detected based on both pairwise FST
and DAPC analysis. It should be noted that populations from
these regions were located in a relatively open environment with
fewer geographical barriers. On the other hand, the spawning
grounds of E. japonicus are widely distributed in coastal areas of
the BHS, the Yellow Sea, the East China Sea as well as in Japan
while E. japonicus were observed to have a protracted spawning
season extending from May to October with multiple spawning
times (Deng and Zhao, 1991). Therefore, the wide dispersal of
planktonic larvae owing to prevailing oceanic currents suggests
high levels of connectivity among these populations. The genetic
homogeneity is consistent with the results from previous studies
based on mitochondrial DNA sequences, which suggests a
high rate of recruitment among these areas (Yu et al., 2005;
Liu et al., 2006).

In addition to detect previously unidentified genetic structure,
population genomic approaches can identify a few percentages
of putative adaptive loci with elevated divergence from neutral
expectations (Hohenlohe et al., 2010; Hess et al., 2013; Guo
et al., 2016). Selective pressures under different environments
could result in adaptive divergence among populations despite
high gene flow (Allendorf et al., 2010; Ellegren, 2014).
Influences of oceanographic factors like ocean currents as well
as monsoons cause significant environmental changes in the
northwestern Pacific, which provides chances for local adaptation
of E. japonicus across the distribution range (Johnson and Boyer,
2015). Although favorable alleles due to local selective pressures
can be more likely to be detected as large population sizes of
marine fishes reduce the effect of genetic drift (Nielsen et al.,
2009), no sign of genomic signatures of natural selection was
detected in our present study. It should be noted that not
all population genomic approaches reveal a few percentages
of potentially adaptive loci in marine fish species with high
gene flow (Gonçalves da Silva et al., 2015; Martinez et al., 2017).
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Hence, the results obtained in the current study lead us to
conclude that the lack of signatures of natural selection in the
current dataset might be attributed to high gene flow among
regional populations of E. japonicus. Nevertheless, it should
be also noted that even though we have examined a large
number of genomewide loci compared to previous studies,
our markers might not cover genomic sections influenced by
natural selection.

Population genomic approaches applied here provided
detailed information on the genetic connectivity of E. japonicus
at the genome-wide scale. With the potential biological and
physical barriers to dispersion in the northwestern Pacific,
population connectivity of E. japonicus might not be assumed
to be boundless. Our findings indicated that there might be
marginal differentiation between regional populations of the
JPS and the Yellow Sea Trough as well as the JPS and
TWC, respectively. However, the current analysis is unable
to specify whether populations from the East China Sea
and the Pacific side of Japan were a mixture of populations
as one single panmictic population or instead represent as
multiple separate populations. Because effective management
of species of highly economic importance often rely on
estimates of “population connectivity” including both genetic
connectivity and demographic connectivity (Lowe and Allendorf,
2010). “Crinkled connectivity” occurs when connectivity is
high enough to make the populations genetically similar,
but not high enough to make them demographically linked
(Ovenden, 2013). Therefore, genetics alone may not be a good
enough guide to demographic connectivity especially in wild
populations of marine fish characterized by high migration
rate or large population sizes. Because of when connectivity
between a population pair is crinkled as having “crinkled
connectivity,” it would be regarded as one population genetically,
whereas demographically there would be two (Ovenden, 2013).
In addition, even though the sample sizes in the present
study were considered to meet the requirements to obtain
statistically valid results (Willing et al., 2012), uneven sampling
among different regional populations as well as sampling at
different developmental stages might also limit the accuracy
of population genetic analysis, especially when investigating
genetic differentiation in high gene flow marine fish. The
potential factors of uneven sampling scheme as well as
sampling at different development stages affecting on the
genetic structure of E. japonicus will be further assessed in
future studies. Nevertheless, to our knowledge, this is the first
study assessing the genetic differentiation in E. japonicus based
on genome wide SNP dataset and our findings supported
a previously unidentified structure in this high gene flow
marine fish. Moreover, further studies are still needed to obtain
improved estimates of population connectivity based on dataset
combining both genetic and demographic information, which
would provide invaluable information for fisheries management
of E. japonicus. Overall, our results should improve our
understanding of fine-scale population genetic structure in
E. japonicus and thus may assist in designating potential
population units as well as fisheries management strategies
for this species.
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