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The black rockfish Sebastes schlegelii is a commercially important fish species for
marine fishery stock enhancement in Asia. This work aimed to evaluate the potential
genetic impacts of releasing hatchery-reared juvenile black rockfish on wild stock
in Lidao Bay, China. A partial sequence of the mitochondrial DNA (mtDNA) control
region and 38 microsatellite DNA loci were used to assess the genetic impact. The
haplotype diversity parameter (h) and nucleotide diversity parameter (π ) in hatchery-
released stock were 0.902 and 0.00483, respectively. The h values in wild stock before
stock enhancement and the mixed stock after enhancement were 0.970 and 0.939
(p = 0.025), respectively, and the π values were 0.00581 and 0.00526 (p = 0.150),
respectively. The mean effective number of alleles (Ae) in hatchery-released stock was
4.76, the mean polymorphism information content (PIC) was 0.674, the observed
heterozygosity (Ho) was 0.668, and the expected heterozygosity (He) was 0.697. In
wild stock before stock enhancement and the mixed stock after enhancement, the
Ae, PIC, Ho, and He values were 6.01 and 5.82, 0.698 and 0.716, 0.709 and 0.741,
and 0.735 and 0.754, respectively. These results indicated no marked decrease in the
hatchery-released stock, although it displayed slightly lower levels of genetic diversity
and heterozygosity than the wild stock. And the mixed stock after release exhibited
similar genetic diversity to that of the wild stock before release. Accordingly, we propose
that stock enhancement may not cause genetic diversity reduction on wild S. schlegelii
stock in Lidao Bay over the short term. Whereas, discriminant analysis of principal
components (DAPC) analysis identified three major clusters. The fixation index (FST ) and
analysis of molecular variance (AMOVA) also clearly showed low level but significant
differentiations between the hatchery-released and wild stocks, and the wild stock
before enhancement and the mixed stock after enhancement. Consequently, long-term
genetic evaluation might be required.

Keywords: Sebastes schlegelii, mitochondrial DNA, microsatellite DNA, genetic variation, stock enhancement,
Lidao Bay
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INTRODUCTION

Over the past few decades, many natural systems have been
negatively affected by anthropogenic stresses, such as overfishing
and habitat degradation, and as a result, capture fisheries can
no longer meet the demand for seafood (Garibaldi, 2012).
Therefore, hatchery-reared organisms are often released into
the wild to increase abundance and fishery yields (Leber,
2013). These restoration practices are applied for three main
purposes: restocking, stock enhancement, and sea ranching (Bell
et al., 2008). The mass release of juvenile hatchery-produced
individuals into the wild has increased sharply in recent years
worldwide, and more than 180 species were released in 20
countries from 2011 to 2016 (Kitada, 2018). In China, fisheries
enhancements are practiced by both the country and the
provinces along the country’s vast acreage of coastal regions, and
94.543 billion marine fish, shrimp, and scallops were released
during 2004–2013 (Luo and Zhang, 2014).

Although stock enhancement programs can be
demographically beneficial, they also raise numerous questions
related to their eventual ecological and genetic impacts on the
recipient stock (Kitada, 2018). Compared with the ecological
impacts, the genetic impacts of enhanced production on
wild populations are more difficult to be assessed, because
such effects may not be as apparent as short-term shifts in
abundance (Grant et al., 2017). Domesticated strains of a
species are usually produced from a small broodstock that
harbors only a small portion of the total genetic diversity
within a species. Therefore, they often differ genetically from
their wild counterparts by showing lower genetic diversity,
particularly when they have been systematically selected for
multiple generations (Champagnon et al., 2012; Lorenzen et al.,
2012). As stock enhancement aims to enhance both intra-
and inter-generational stocking (Kitada, 2018), there may be
both short-term and long-term genetic effects. The long-term
effects are mainly caused by gene flow. Hybridization between
hatchery and wild individuals has the potential to reduce fitness
and genetic variation and change the genetic composition
and population structure of the wild population (Laikre et al.,
2010). The negative genetic impacts of stock enhancement have
been documented in a wide range of fish species (Laikre et al.,
2010), such as red drum (Sciaenops ocellatus), red sea bream
(Pagrus major), and steelhead trout (Oncorhynchus mykiss)
(Araki et al., 2007; Gold et al., 2008; Hamasaki et al., 2010).
Moreover, even stock enhancement that does not result in gene
flow can still destroy the gene pool by decreasing the size of the
wild population through competition or disease transmission
in the short term. In addition, the effective population size
(Ne) of the wild population may be reduced due to increasing
mortality. The Ne of cultured stocks is typically much lower
than that of wild stocks, potentially leading to a depletion of
genetic diversity through increased random drift. Consequently,
enhancing wild populations with hatchery individuals can
reduce the Ne of the entire mixed population (Ryman and
Laikre, 1991; Ryman et al., 1995). Thus, evaluation of the
genetic variability of released stock and recipient stock in such
enchainment activities can yield valuable insights and ensure

a responsible stock enhancement program (Romo et al., 2006;
Ward, 2006).

Black rockfish (Sebastes schlegelii) is an important commercial
fish inhabiting the coasts of China, Japan, and Korea. It has strong
site fidelity and limited capacity for movement (Kang and Shin,
2006; Zhang et al., 2015). Therefore, black rockfish is considered
to be an ideal candidate fish species for stock enhancement.
The catch per unit of effort (CPUE) and individual weight of
S. schlegelii have declined since the 1980s (Xu and Jin, 2005),
and stock enhancement programs were initiated in these three
countries to recover overexploited stocks. In China, enhancement
programs for S. schlegelii began in 1995, and this species has
gradually become one of the most popular fish species for release.
Millions of juveniles are released in the northern coastal region of
China every year (Lü et al., 2014). However, scant information on
the genetic effects of release is available, barring a few reports on
enhancement technology (Nihira and Takashima, 1999), growth
and movement (Nakagawa, 2008), rates of return and economic
return (Nakagawa et al., 2007; Noda et al., 2012), and release
habitat (Chin et al., 2013). Although a few studies have dealt with
the genetic diversity and differentiation of different geographical
populations (Yoshida et al., 2005; Ding et al., 2014; Zhang
et al., 2016), no study has focused on the genetic variability of
the released rockfish and recipient stocks. A S. schlegelii stock
enhancement activity was implemented in Lidao Bay in 2013.
The present study was aimed to examine the genetic variability of
the hatchery-released stock, wild stock before stock enhancement
and the mixed stock after enhancement of black rockfish in
Lidao Bay as well as the divergence among them. The results will
provide basic data to ensure a healthy and sustainable restoration
grant for S. schlegelii.

MATERIALS AND METHODS

Sample Collection and DNA Extraction
The black rockfish specimens evaluated in this study comprised
a total of 288 fish from three different stocks. The first
stock included 96 wild individuals [average total length
(TL) = 12.74 ± 5.27 cm] in Lidao Bay sampled using a cage
net in May, August, and November, 2013 (before release). The
second sample group included 96 individual specimens (average
TL = 9.48 ± 1.12 cm) sampled from the approximately 13,000
hatchery-reared S. schlegelii individuals released into Lidao Bay
in November 2013. Finally, 96 samples from the mixed stock
after release (average TL = 13.52 ± 4.68 cm) were collected
in December 2013, and May, August and November 2014. As
S. schlegelii has a short-distance seasonal movement, in order
to obtain more representative samples, fishes before and after
release were collected in different seasons. The sampling locations
(122◦34′30′′–122◦36′00′′E, 37◦14′00′′–37◦16′00′′N) are shown in
Figure 1. This study followed the guidelines for the experimental
use of animals of the Institute of Oceanology, Chinese Academy
of Sciences. The study was approved by the ethics committee
of Institute of Oceanology, Chinese Academy of Sciences. All
applicable international, national, and/or institutional guidelines
for the care and use of animals were followed by the authors.
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FIGURE 1 | Map of Lidao Bay showing sampling sites. Locations of Lidao Bay (a) and sampling sites (b). S1–S9 indicating the sampling sites before and after
release; S1 and S3 (asterisks) indicating the releasing sites.

Muscle sample from the dorsal region was excised from each
fish specimen and immediately stored at −20◦C. Total genomic
DNA was extracted from 30 mg of muscle sample using the
TIANamp Marine Animals DNA Kit (Tiangen Biotech Co., Ltd.,
Beijing, China). The concentration and purity of the extracted
DNA were measured by using 1.0% agarose gel electrophoresis
and a NanoDrop 2000 spectrophotometer (Thermo Scientific,
Wilmington, DE, United States), and then stored at−20◦C.

mtDNA Sequencing
A pair of primers (SS-CR-F1: 5′-TAGTAGCTCAGCGTCAG
AGCC-3′ and SS-CR-R1: 5′-GGGCCCATCTTAACATCTTCA-
3′) designed according to the previously published S. schlegelii
mitogenome (GenBank accession no. AY491978.1) was used for
PCR amplification of the whole mtDNA control region. As there
was an approximately 289 base pair (bp) tandem repeat situated
within the 3′ end of the control region, one more pair of primers
were designed (SS-CR-F2: 5′-CGTCAGAGCCCTGGTCTTGTA-
3′ and SS-CR-R2: 5′-AAGCCAAAGGGGGTAATATAGA-3′) and
used to obtain an approximately 800 bp fragment from the 5′
region of the mitochondrial control region.

The PCR amplification was performed in a 50 µL reaction
containing 50–100 ng of genomic DNA as a template, 1 µL of
KOD FX neo polymerase (Toyobo, Osaka, Japan), 25 µL of 2×
PCR Buffer, 10 µL of dNTP mix (2 mM each), 2 µL (10 µM) of
each primer, and ultrapure water to 50 µL. The cycling conditions
consisted of an initial denaturation step at 94◦C for 2 min,
followed by 35 cycles of 98◦C for 10 s, 55◦C for 30 s, and
68◦C for 1 min, with a final extension at 68◦C for 7 min. The
PCR products were purified with the EZNATM gel extraction kit
(Omega Bio-Tek, Norcross, GA, United States), and the purified
PCR products were bidirectionally sequenced by Shanghai Sunny
Biotechnology Co., Ltd. (Shanghai, China) using an ABI 3730
capillary sequencer.

Microsatellite Genotyping
A total of 38 previously published S. schlegelii microsatellite
loci were chosen for the analysis (Table 1). Primers were

synthesized by Life Technology Co., Ltd. (Shanghai, China),
and the forward primers were labeled with the fluorescent
dyes FAM, HEX, and TAMRA. The PCR amplification
was performed as described in the references by Yoshida
et al. (2005), An et al. (2009), Bai et al. (2011), Yasuike
et al. (2013), and Jia (2014). Amplified fragments were
electrophoresed using an ABI 3130xl capillary DNA sequencer
(Applied Biosystems, Inc., CA, United States). The ROX-500
size standard was used, and GENEMARKER software was
used for scoring.

Genetic Diversity Estimation
Sequences in the mtDNA control region were assembled
and edited using Bioedit software (Hall, 1999), and aligned
using ClustalX2.1 (Larkin et al., 2007). The haplotype
diversity (h) and nucleotide diversity (π) indices and
other genetic indices, such as polymorphic site and the
number of haplotypes, were calculated with DnaSP 5.10
software (Rozas et al., 2003). Haplotype networks were
constructed based on statistical parsimony using TCS 1.21
(Clement et al., 2000).

The standard genetic diversity parameters of microsatellite
markers, including the number of alleles (A), effective number
of alleles (Ae), observed heterozygosity (Ho), and expected
heterozygosity (He) were calculated by using GENALEX
v.6 (Peakall and Smouse, 2012). Allelic richness (Ar) was
calculated by using FSTAT v.2.9.3 (Goudet, 2001). Micro-
Checker software (Van Oosterhout et al., 2004) was used to
search for null alleles at the loci. Deviations from linkage
disequilibrium and Hardy–Weinberg equilibrium (HWE) for
each microsatellite locus were tested by using the GENEPOP
v.4.0 package (Saitoh and Rousset, 2008), and the significance
was adjusted by applying sequential Bonferroni correction.
The mean polymorphism information content (PIC) was
calculated according to Botstein et al. (1980) by using
PIC_Calc 0.6. ADZE v.1.0 (Szpiech et al., 2008), which
was used to determine the number of private alleles with
standardized sample sizes.
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TABLE 1 | Information for microsatellite loci and primers used in this study.

Locus Repeat motif Primer sequence (5′–3′) Tm (◦C) Fluorescent label References

RFs304 (TAA)16 GAGTCGTACCTGTTGTGAACCA
GGTCATGTGACCTCAGATAGCA

57 FAM Yasuike et al., 2013

RFs307 (ACT)16 GCTGACAGAGAGCTGTAACAGTG
TAGTTAAATACACACCGCACGC

57 HEX

RFs309 (TTA)15 CCGTGACAACATGATCAGAAAT
CGCAAATTTCAAAACGAATATG

52 TAMRA

RFs312 (TTA)18 CCACACAGGAAGTGGTACAAAA
ATTGCAGGTAGTTTGTCACAGC

52 FAM

RFs315 (TAT)15 TGTAACTTTGTTTTGAAAAGTGCTG
AAGGATGAGGGTAAAGGAGAGG

57 FAM

RFs317 (ATT)15 CCCATCACTGAATAAAGAAGCA
AGGTCTCTGTGGACTGAAGGAG

57 HEX

RFs418 (TCTA)18 TTTTTCAAAAGAAATTGGGCAT
GGAAAACAGATCCTTTCTGAACA

52 FAM

RFs419 (ACGC)14 ATGAGTTTGCTGTCATCACTGG
CATGTTAGCTGAATGGAAAGCA

57 HEX

RFs421 (CAGA)18 GGCGAGCCATCTAATAGTTGTT
TTTTTAGCAATAGCGACGAGAC

57 TAMRA

RFs423 (TATC)18 CACACTACTTGTTGAAGGGACG
GAACTATTGAAGGTCATTGTGAGC

57 TAMRA

RFs527 (ATATA)10 TAAAAATGCCCATAGTTGCAGA
ACCATGGAGTAACCCTTCTCAC

57 HEX

RFs530 (ACAAT)10 TGCAGATATTGGGTATGACTGG
ACAGCCAAAACTGGAACTCAAT

57 TAMRA

Py2-12 (AC)17 TGACCAACAGGAAAATAC
TTGAAAGATGACCCATTA

55 FAM Bai et al., 2011

Py3-6 (TG)12 ACGTATGTTGGCTGAAAC
TTTGGATAATGTGGCTTT

55 HEX

Py3-29 (TGG)5 TGCGGTGACTTATCCAGC
TCAACAAGGGAGCAAAGG

55 TAMRA

Py3-41 (TG)8AGT(GA)5 CTGTTGGAGGGAGGTTAT
GTGTCTGGTTGAGCGAGT

55 FAM

Py4-5 (AC)21 ATGCACAGACAGAAATAC
TCGGATGATAATCAATAC

54 HEX

Pyzj16 (AC)5. . .(CT)9. . .(CA)5 ATTTCACAGCCTCGTTTAG
AGTAGGACAGGTGACTTCG

57.8 TAMRA

KSs2A (TG)22 CCCATAGCCTTGTTTACCT
TTTTGGTTATTGTCTTGGTTT

55 FAM An et al., 2009

KSs3 (TG)15AG(TG)2 TTGCCCACATCCTTTCT
ACTTCATGAATCCACTGACAT

56 HEX

KSs5 (TG)6TC(TG)6 TGAAGCAATAAGGTAAAGGTG
GCAGAAGCCTCAGGAAAG

61 TAMRA

KSs12B (CA)12 TCATAAATGTGCTTAGTGAGG
AAGGGAATGCTAATGCTG

55 FAM

KSs16 (TG)31 TGTATTATGCCAATGAGGAGA
CAGTCGCACTTATTTTCCAG

59 HEX

KSs17 (CA)16 CCAAATAATAGCGAACACAC
ATGCAGAAGTGGTTAAAGTCT

60 TAMRA

KSs18A (CA)11 GCAGGGATCAATATCAACAA
ACATCAGCACATCACCTAATG

56 FAM

KSs20 (CA)5GA(CA)9 ACAGACGCTTACTCACAAAAA
GAAGCGATTCCACAGGATA

58 HEX

KSs26 (CA)12 GGGGCTACATGTATGCTCA
AGACTGCGATACCTAGAAGGA

55 TAMRA

HJ1-6 (GT)23. . .(TG)6 TCAGAAAGGAGGCAAACG
CGGCTAATGTCCCACAAC

60 FAM Jia, 2014

HJ1-14 (AC)15 AGGGAGATGTTCGACAAG
AGATTGGATGTAAGCGTG

60 HEX

(Continued)
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TABLE 1 | Continued

Locus Repeat motif Primer sequence (5′–3′) Tm (◦C) Fluorescent label References

HJ3-23 (TG)13. . .(GCA)14 GCAGCCCCTGACTTTGTT
TCGGTGCTCAGTGAAGGA

64 TAMRA

HJ4-40 (CT)6. . .(CT)1 CTTTACGGAGTGTACCTTG
TGACCCTTCTGGTCTGATT

63 FAM

HJ4-94 (AC)13 ACCCCACTTCAGAACACT
GAGCTCCGTACTGCATAT

60 TAMRA

HJ5-1 (AG)7C(GA)19 ATACGCTCTGTATTCAACG
ACTTCCACATCAAATGTCC

63 FAM

HJ5-46 (TG)15. . .(TG)10 CCACTGGCAGATAAACGA
TTTTAACGGGCAGTTGTG

63 HEX

Ssc12 (AC)20 AACACGCTGAACAGAGAACAAA
GCTCCGACTATAGCTGGTCCTA

59 TAMRA Yoshida et al., 2005

Ssc23 (TG)21 AGTGTCATGCCCTCTTCCAG
CACTCGGCATTCTCACCTCA

57 FAM

Ssc51 (GT)20T(TG)5 GTGCTGATGGAAAACACTACCAG
CCTTTCCCTGAACACACTTGA

57 HEX

Ssc69 (GT)15 GGCACCGAGCTCAACCTTACTG
TGCTGTGACTATTTCCCTCTGGC

57 TAMRA

Genetic Differentiation
To estimate the genetic subdivision, analysis of molecular
variance (AMOVA) and the fixation index (FST) for both
the mtDNA and microsatellite markers between each pair of
sampling stocks were assessed using Arlequin 3.5.2 (Excoffier and
Lischer, 2010). Neutrality tests (Tajima’s D and Fu’s Fs) were also
performed using Arlequin 3.5. Pairwise genetic distances were
calculated using the Kimura 2-parameter (K2P) distance model.
Neighbor-joining (NJ) trees of K2P distances with 1000 bootstrap
replications (Saitou and Nei, 1987) were generated to provide a
graphic representation of the divergence among individuals. The
K2P distance and NJ tree were calculated and generated using
MEGA version 5 (Tamura et al., 2011).

Estimation of Nei’s unbiased genetic distance and
genetic identity of S. schlegelii samples was performed
by using GENALEX v.6. The discriminant analysis of
principal components (DAPC) was used to cluster genotypes
independently of a priori haplotype designation using the R
package adegenet v. 1.4.2 (Jombart, 2008). An optimum number
of cluster was defined by the K-averaging algorithm that made
use of the Bayesian information criterion.

Bottleneck 1.2 software (Cornuet and Luikart, 1996) was used
to detect the existence of bottlenecks with the infinite allele model
(IAM), stepwise-mutation model (SMM), and two-phased model
of mutation (TPM) (Luikart and Cornuet, 1998). Significant
heterozygosity excess was assessed with the Wilcoxon signed-
rank test.

Effective Population Size and
Relatedness
Estimations of Ne in S. schlegelii stocks were performed with
NeEstimator v.1.3 by using the linkage disequilibrium and
heterozygote excess methods. Ne was also calculated by the
sibship method (Wang, 2009) using COLONY (Jones and
Wang, 2010). The relatedness of each stock was calculated with

COANCESTRY v.1.0 (Wang, 2011) using the triadic likelihood
method described by Wang (2007).

RESULTS

Genetic Diversity
A 678 bp fragment of the black rockfish mtDNA control region
was amplified from all 288 individuals and sequenced. There were
59 polymorphic sites, and a total of 78 haplotypes were identified
in the dataset. The genetic diversity indices are presented in
Table 2. The values of h and π in the hatchery-released stock
were 0.902 and 0.00483, respectively; whereas the h values in
the wild stock before stock enhancement and the mixed stock
after enhancement were 0.970 and 0.939 (p = 0.025), and the
π values were 0.00581 and 0.00526 (p = 0.150), respectively.
These results showed that the hatchery stock displayed slightly
lower genetic diversity than the wild stock; however, there was
almost no difference between the wild stock before release and
the mixed stock after release. Among the 78 haplotypes, 8 were
shared among all 3 stocks, and 7 haplotypes were only detected in
the hatchery-released stock (Supplementary Table S1). Hap2 was
shared among all stocks, accounted for 14.58% of all specimens.
Tajima’s D and Fu’s Fs were significantly different from zero
in the wild stock before enhancement (D = −1.55, p = 0.77
and Fs = −25.82, p = 0.25) and in the hatchery-released stock
(D =−0.19, p = 0.19 and Fs =−6.25, p = 0.14).

For the 38 microsatellite loci, no evidence for scoring error
caused by stuttering or large allele dropout was observed.
A total of 654 alleles were found among the 288 individuals
(Supplementary Table S2). The measures of genetic diversity for
each stock, as calculated from the observed allele distribution, are
presented in Table 2. The lowest polymorphism was observed
at locus Kss18, which had four alleles, while the highest
polymorphism was observed at locus HJ4-49, which had 47
alleles. For most loci in all stocks, the hypothesis of linkage
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equilibrium was not rejected. Departures from HWE by exact
test (Bonferroni correction applies) were observed at nine loci
in the wild stock (Py2-12, Py4-5, Kss2, Kss3, Kss18, HJ1-
14, HJ4-94, RFs315, and RFs423), and at eight loci in the
hatchery stock (Py2-12, Kss16, Kss17, Kss18, HJ4-94, RFs304,
RFs315, and RFs418) (Supplementary Table S3). The average
A and Ae per stock per locus varied from 11.66 to 14.68 and
4.76 to 6.01, respectively. For most loci (30 out of 38), the
Ho values were lower than the He values, which indicated
heterozygote deficiency. The mean Ae in the hatchery-released
stock was 4.76, the mean PIC was 0.674, and the Ho and He
were 0.668 and 0.697, respectively. The Ae, PIC, Ho, and He
values were 6.01, 0.698, 0.709, and 0.735 in the wild stock
before stock enhancement and 5.82, 0.716, 0.741, and 0.754
in the mixed stock after enhancement, respectively. Consistent
with the results from mtDNA, the analysis of microsatellite
markers also showed that the level of genetic diversity in the
wild stock was higher than that in the hatchery-released stock,
and the level of genetic diversity in the mixed stock after
enhancement was not significantly different from that in the
wild stock before stock enhancement. The number of private
alleles per stock, with a standardized sample size, is shown in
Figure 2, and the value in the hatchery-released stock was the
highest. There were 141 private alleles in the studied stocks.
Among them, 38 were in the wild stock before release, 27 were

in the hatchery-released stock, and 76 were in the mixed
stock after release.

Population Genetic Differentiation
The scatter plots from the DAPC and three-dimensional factorial
correspondence analysis (3D-FCA) (Figure 3) clearly showed
three major clusters (i.e., hatchery-released stock, before impact
wild stock, and after impact stock). The genetic differences
between the clusters identified by DAPC were evaluated by FST
values (Table 3). Pairwise FST value between the wild stock
before stock enhancement in Lidao Bay and the hatchery-
released stock calculated from mtDNA was 0.01488 (p = 0.072)
(Table 3). While for the microsatellite markers, the FST was
0.040 (p < 0.001), which evidenced weak genetic differentiation
between these two stocks. The pairwise FST value obtained
from mtDNA between the before- and after-impact stocks
was small (−0.004), and the p value of the exact test not
significant (p = 0.694; Table 3). However, the estimated FST
from microsatellite DNA was 0.034 (p < 0.001; Table 3),
which was larger than that from the mtDNA, and showed low
but significant difference between the wild stock before stock
enhancement and the mixed stock after release. The hierarchical
analysis of AMOVA based on the mtDNA and microsatellite
markers (Table 4) also showed that only 1.00% and 4.69%
(FST = 0.019, p < 0.001) of the genetic variation, respectively,

TABLE 2 | Genetic diversity parameters of S. schlegelii stocks based on mtDNA control region sequences and 38 microsatellite loci.

Stock N mtDNA CR Microsatellite loci

Haplotype h π K Genetic distance Tajima’s D Fu’s Fs A Ae Ho He PIC

HRS 96 21 0.902 ± 0.016 0.00483 ± 0.00023 3.27171 0.00486 −0.19031 −6.25721 11.66 4.76 0.668 0.697 0.674

WSB 96 51 0.970 ± 0.007 0.00581 ± 0.00031 3.93640 0.00586 −1.55225* −25.81502 13.87 6.01 0.709 0.735 0.698

MSA 96 34 0.939 ± 0.010 0.00526 ± 0.00026 3.56288 0.00530 −1.31746 −22.10682 14.68 5.82 0.741 0.754 0.716

Overall 288 78 0.947 ± 0.006 0.00510 ± 0.00182 3.61445 0.00538 −1.78355* −25.66525 17.21 6.30 0.702 0.755 0.723

HRS, hatchery released stock; WSB, wild stock before release; MSA, mixed stock after release; *p < 0.05.

FIGURE 2 | The number of S. schlegelii private alleles present per locality when sample size was standardized.
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FIGURE 3 | Discriminant analysis of principal components (DAPC) and three-dimensional factorial correspondence analysis (3D-FCA) showing the relationships
among S. schlegelii individuals of three populations based on 38 microsatellite markers.

were attributed to differences among the stocks, although the
variance was significant.

The topology of the NJ tree showed no significant branch or
cluster corresponding to the stocks (Supplementary Figure S1).
The shallow phylogeny is consistent with demographic expansion
after a bottleneck (Slatkin and Hudson, 1991). The network
diagram of the haplotypes was simple, and no clustering that
corresponded to sampling site was detected (Figure 4).

The IAM, TPM, and SMM models were used to test
for population bottlenecks, and the results were shown
in Supplementary Table S4. All stocks showed significant
heterozygosity excess in the IAM model (p < 0.05), while in the
TPM and SMM models, no significant population bottleneck was
detected in any stock. Furthermore, a mode shift was detected in
the frequency distribution of alleles, which resulted in a normal
L-shaped curve.

Effective Population Sizes and
Relatedness
The Ne of each stock was reported in Table 5. The Ne
estimates generated by different methods lacked consistency.
When calculated by the linkage disequilibrium method, the Ne
values of the hatchery-released, before-release wild, and after-
release mixed stocks were 662.5, 1043.7, and 602.0, respectively.
With the heterozygote excess method, the estimations for all
stocks were infinite. Ne estimated based on the sibship method
for the hatchery-released stock and mixed stock after release were
1013 and 2280, respectively, whereas the estimate for the wild
stock before release was infinite. Although the Ne values largely

TABLE 3 | Estimation of FST of S. schlegeli stocks indicated from the mtDNA
(below the diagonal) and microsatellite markers (above the diagonal).

HRS WSB MSA

HRS – 0.03980** 0.06747**

WSB 0.01488 – 0.03359**

MSA 0.01999** −0.00404 –

HRS, hatchery released stock; WSB, wild stock before release; MSA, mixed stock
after release. **p < 0.01.

varied among the methods, the results in the wild population
were systematically higher than those in the hatchery-released
population. The Ne of the mixed stock was lower than that of the
wild stock before enhancement. Relatedness within the hatchery
stock was globally higher than that within the wild stock, and
value of the mixed stock after release was a little higher than that
of the wild stock before stock enhancement (Figure 5).

DISCUSSION

The release of hatchery-reared juveniles could augment the
marine fishery biomass. It could help fish stocks recover, and has
been conducted in many countries. However, numerous studies
have shown that the large-scale release of hatchery individuals
into the wild can cause negative effects on the genetic diversity
of wild populations (Laikre et al., 2010). Stock enhancement
programs for black rockfish have been conducted in Asia for
more than 30 years; however, scant information is available on
its genetics. Therefore, more detailed genetic analyses elucidating
the genetics of stock enhancement in this species were required.
We conducted S. schlegelii stock enhancement analysis in 2013
at an embayment, namely Lidao Bay. Lidao bay is located in
the east cost of Shandong Peninsula, China and open to the
Yellow Sea. The surface seawater temperature ranged from −1
to 26◦C, salinity ranged from 30.2 to 32.6h, dissolved oxygen
ranged from 7.10 to 11.36 mL/L, and pH ranged from 7.20 to 8.38
during our sampling period. This bay has some artificial reefs that
may limit the dispersal of released S. schlegelii and may render
small local native populations more vulnerable than those in the
open sea. Thus, the possibility of genetic impact may be higher,
which would offer a good opportunity for studying the genetic
impacts of the black rockfish restoration. Moreover, in the present
study, both mitochondrial and microsatellite makers were used to
investigate the genetic effects.

Significant deviations from HWE were observed in all
analyzed S. schlegelii stocks in the present study, even after
sequential Bonferroni’s correction. This may be caused by
heterozygote deficits, and there was heterozygote deficiency in
30 of the studied loci. Although null allele is also an important
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TABLE 4 | The AMOVA analysis of S. schlegelii based on mtDNA and microsatellite markers.

Marker Source of variation df Sum of square Variance composition Percentage of variation

mtDNA Among populations 2 7.087 0.01818 Va 1.00

Within populations 285 512.583 1.79854 Vb 99.00

Total 287 519.670 1.81671

FST 0.01000

Microsatellite Among populations 2 293.497 0.68855 Va 4.69

Among individuals within populations 285 4145.979 0.55403 Vb 3.77

Within individuals 288 3870.500 13.43924 Vc 91.54

Total 575 8309.976 14.68181

FST 0.04690

contributor for the heterozygote deviation in marine fish (Dick
et al., 2014), it is unlikely that null allele is the main cause of the
deviations observed in this study, because only a few loci had a
high frequency of null alleles (e.g., RFs315, Kss18).

The overall genetic diversity in S. schlegelii in this study
was comparable to that previously reported using mtDNA and
microsatellite markers (Zhang et al., 2016; Gao et al., 2018).
Zhang et al. (2016) used the mitochondrial control region marker
to investigate 221 S. schlegelii individuals collected from 13
localities across its entire range in China, Japan, and Korea, and
the results revealed similar genetic variability at the haplotype
and nucleotide levels (overall average h = 0.91 ± 0.01 and
π = 0.0063 ± 0.0092). In the present study, the genetic diversity

FIGURE 4 | Median-Network showing phylogenetic relationship among
mtDNA control region haplotypes in S. schlegelii stocks of Lidao Bay.

TABLE 5 | Results of effective population sizes (Ne) for each stock.

Stock Linkage disequilibrium Heterozygote excess Sibship

HRS 662.5 (553.6–822.1) ∞ 1013 (637–2165)

WSB 1043.7 (831.1–1397.0) ∞ ∞

MSA 602.0 (527.1–700.5) ∞ 2280 (1278–8610)

HRS, hatchery released stock; WSB, wild stock before release; MSA, mixed
stock after release.

indices of the control region in all three stocks were similar to
those measured in previous studies. The 38 microsatellite loci
used in this study showed slightly lower levels of polymorphism
compared to other black rockfish stocks (An et al., 2012; Gao
et al., 2018). Many hatchery fishes show lower numbers of alleles
and less genetic variability, resulting from the limited numbers
of broodstock used as founders in the hatchery stock for juvenile
production (Araki and Schmid, 2010; Champagnon et al., 2012;
Lorenzen et al., 2012). In this study, although some of the genetic
diversity indices for both mtDNA and msDNA were lower in
the hatchery-reared fish than in the wild-born fish, most of the
differences were slight and not supported statistically. Therefore,
no large decrease of genetic diversity was observed between the
hatchery stock and the recipient wild stock, consistent with what
was observed in other studies of this fish (Han et al., 2016).
However, even though the hatchery stock had high gene diversity,
these fish had considerably lower allelic richness relative to the
wild stock. According to Araki and Schmid (2010), losses of
allelic richness are more common than losses of heterozygosity
in the early generations of hatchery-reared populations. As the
negative genetic impacts caused by stock enhancement have
been documented in several fish species (Laikre et al., 2010), the
change in the genetic variability of a mixed stock of S. schlegelii

FIGURE 5 | Relatedness in the hatchery stock and wild stocks before and
after release.
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after release was also examined in this study. The results of
both mtDNA and msDNA analyses showed that the mixed
stock exhibited nearly similar average genetic diversity, albeit
slightly lower, than that of the natural stock before release. It is
important to note that even if the reductions in allelic diversity
and heterozygosity are limited, such reductions could gradually
erode the genetic variability of the wild stock by accumulating
over generations.

Three clusters were identified by DAPC in this study. Low
genetic differentiation level (FST < 0.05) was detected between
the hatchery-released stock and the wild stock. The FST and
AMOVA results demonstrated that the wild stock before release
and the mixed stock after release showed low but statistically
significant levels of genetic differentiation. One possible reason
for the low differentiation is that S. schlegelii in China has a
relatively short domestication history, and it has not been selected
in breeding programs over multiple generations. Indeed, most
genitors used in artificial selective breeding were captured from
natural waters and are only used once. Moreover, the black
rockfish is a viviparous species, and the broodstock used to
produce hatchery fish is renewed each year by sampling new
genitors from the wild, such that a large number of genitors
are used in a single year. These breeding practices may result
in a high level of genetic diversity in the hatchery stock and
low differentiation when compared with the wild stock. Another
reason for the observed limited differentiation may be the absence
of significant differentiation among different wild populations of
this species. Black rock fish is a species that aggregates around
drifting seaweed during their early development, and the both
mtDNA and microsatellite marker analyses indicated no genetic
divergence among different geographical populations and the
existence of high gene flow (Wang et al., 2012; Zhang et al.,
2016; Gao et al., 2018). The S. schlegelii adults spawn during
May to July, and the larvae have a flexible feeding stage for 2–
3 months (Nagasawa and Domon, 1997). Larvae of S. schlegelii
might be transported by the China Coast Current. Therefore,
although the swimming ability of adult S. schlegelii is limited,
larval dispersal via drifting seaweed and oceanic circulation could
promote genetic homogeneity (Gao et al., 2018). The lack of
genetic differentiation in this species may reduce the genetic
effects of stock enhancement using hatchery fish from different
geographical stocks.

Estimates of Ne lack consistency and vary widely among
estimation methods (Table 5). Although Ne is a key parameter for
fecundity and supplementation of a population, exact estimation
of the Ne based on genetic markers remains a challenge. Most
methods for estimating the Ne were developed based on a
hypothetical “ideal” population of constant size, with non-
overlapping generations, an equal sex ratio, random mating
and random variation in reproductive success (Waples and Do,
2010). These conditions may be not satisfied by black rockfish,
which display complex life-history traits. Regardless, we observed
that the Ne values obtained by using different estimators were
systematically higher in the wild stock than in the hatchery-
released stock and mixed stock after release.

There was no obvious reduction in genetic diversity in the
hatchery-released stock compared with that of the wild stock, and

no significant change in genetic diversity indices was detected
in the local stock after enhancement in short term. Thus, our
study demonstrated that black rockfish is an ideal candidate
fish for releasing into the wild with an aim to increase fishery
yields. However, although the observed reduction in genetic
parameters, such as allelic diversity, heterozygosity and Ne, did
not reach significance, a slight reduction could gradually affect
the genetic diversity of the wild stock through accumulation over
generations. Despite subtle genetic divergence was detected, our
results also suggested that the stocks before and after release
did not harbor the coincident genetic pool. Thus, the released
individuals are likely to erode long-term genetic diversity of
the wild stock through mating with wild individuals, and may
have a lasting impact on population genetic structuring as time
goes on. In this study, we only collected samples within the
first year after release, and the released fishes did not reach
sexual maturity. Therefore, more detailed surveys are required
to elucidate the long-term genetic effects of S. schlegelii stock
enhancement. Moreover, individuals sharing the same genetic
architecture with the recipient population were recommended to
use in subsequent enhancement activities to avoid adverse effects
on the local gene pool.
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