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The black rockfish Sebastes schlegelii is an important fishery species in Japan, South
Korea, and China. Overfishing has severely depleted the natural resources of S. schlegelii
in recent years, leading to the initiation of programs aimed at enhancing fish stock.
However, the genetic structure of northern populations remains elusive, posing
challenges in collecting and preserving germplasm resources. In this study, a total of 191
S. schlegelii individuals from seven populations, including one cultured population
(Changdao: CDYZ) and six wild populations (Lianyungang: LYG; Qingdao: QD; Weihai:
WH; Changdao: CDYS; Beidaihe: BDH) sequenced by 2b-RAD method and their
population genetics was analyzed using 27,064 SNPs obtained. The results indicated low
genetic diversity in both wild and cultured populations (PIC < 0.25, Ho: 0.174-0.273, He:
0.173-0.234), with the cultured population exhibiting higher diversity than the wild ones.
Moderate genetic differentiation existed between the cultured population and six wild
populations (0.05 < Fst < 0.25). However, the genetic differentiation was lower among the
other wild populations (Fst < 0.05). The analyses of population genetic structure
indicated that the wild populations clustered together first and finally with the cultured
population CDYZ, which clustered separately except for one individual. Therefore,
scientific breeding programs and germplasm conservation can be important in stabilizing
genetic structure. In addition, gene flow among the seven populations was high (Nm > 1).
This study provides a theoretical basis for conserving and rationalizing germplasm
resources for S. schlegelii.

INTRODUCTION decrease in genetic diversity, so fish proliferation tends to
produce juveniles with lower levels of genetic diversity.4>
In addition, interbreeding of domestic fish with wild popu-
lations also occurs,® which may compromise the evolution-
ary integrity of wild populations.’ For example, non-native
gene introgression has been detected in Spanish Atlantic
salmon due to restocking.® Therefore, it is necessary to
study the genetic characteristics of S. schlegelii in northern
China to preserve and utilize germplasm resources.
Population genetic diversity is the basis of biodiversity
and a measure of species’ evolutionary potential. Under-
standing the genetic structure of populations is conducive
to developing targeted conservation measures and the real-
ization of the recovery potential of species.? Previous stud-
ies have explored the genetic diversity of the black rockfish
from a total of 21 populations in China, Japan, and Korea
using mitochondrial DNA and AFLP techniques, and the re-

The black rockfish Sebastes schlegelii is a viviparous marine
teleost species with significant economic value. It is con-
sidered a tasty seafood with high market value and addi-
tional recreational value.! This fish is distributed along the
Northwestern Pacific Ocean, especially in the Yellow Sea,
Bohai Sea, the South Sea of Korea, and the coastal areas
of Japan.2 Overfishing has decimated the natural resources
of S. schlegelii in recent years, and programs aimed at en-
hancing fish stock have been initiated. However, fish used
for stock enhancement are generally artificially bred. Ar-
tificially bred fish reduce the pressure of natural selection
and produce individuals better suited to artificial condi-
tions than the natural environment.3

Moreover, the number of parents in cultured fish is gen-
erally small, and inbreeding and genetic drift can lead to a
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sults showed that no genetic divergence among different
geographic populations.2 10 Some studies have reported no
significant decrease in the number of hatchery-released
stock, low but significant differentiation between the
hatchery-released and wild stocks, as well as the wild stock
before enhancement and the mixed stock after enhance-
ment in Lidao Bay, Shandong peninsula been no release of
S. schiegelii in the Liaodong peninsula before 2019.1! Some-
one reported that the genetic patterns of S. schlegelii stocks
from the same habitat were evaluated before and after arti-
ficial stocking. The S. schlegelii population maintained high
genetic diversity and showed weak genetic differentiation,
but potential genetic introgression derived from stock en-
hancement should be considered.! However, no studies as-
sessing the genetic diversity of black rockfish populations
are based on genome-wide variation information.

As one of the most effective methods for single-nu-
cleotide polymorphism (SNP) identification, restriction-
site associated DNA (RAD) sequencing has been widely
used in population genetic studies of aquatic animals.? 2b-
RAD has the simplicity and flexibility to provide genome-
wide genotyping information.12 Previous studies have an-
alyzed the genetic structure, genetic diversity, and genetic
relationships of populations using the 2b-RAD technique,
such as Chlamys farreri, Thunnus albacares and macaques,
and the results showed that it can obtain more markers
quickly and comprehensively and has higher typing accu-
racy so that the technique can be better applied in the ge-
netic diversity analysis of populations.'2-15 Meanwhile, 2b-
RAD technology is more suitable for species sequencing
without a reference genome. It is one of the most effective
and low-cost methods for developing SNP in non-model or-
ganisms, especially aquatic ones.1® Therefore, 2b-RAD se-
quencing technology can be applied to improve the study of
the genetic diversity of aquatic biological resources.

Therefore, this study analyzed the genetic diversity and
assessed the status of germplasm resources in six wild and
one cultured populations of S. schlegelii based on genome-
wide SNP discovery using 2b-RAD sequencing technology.
The results of this study are of great significance for the
protection and scientific utilization of the S. schlegelii
germplasm and breeding program.

MATERIALS AND METHODS
FISH

Six wild populations of S. schlegelii were sampled from
Yingkou (YK) in Liaoning Province (43°33'20"N,
122°2'23"E, 30 individuals), Beidaihe (BDH) in Hebei
Province (39°50'52"N, 119°32'42"E, 29 individuals), Chang-
dao (CDYS) in Shandong Province (38°1'48"N, 120°43'23"E,
12 individuals), Weihai (WH) in Shandong Province
(37°38'36"N, 122°8'38"E, 30 individuals), Qingdao (QD) in
Shandong Province (36°18'2"N, 120°43'6"E, 30 individuals)
and Lianyungang (LYG) in Jiangsu Province (34°50'4"N,
119°37'2"E, 30 individuals), and the cultured population
was sampled from Changdao Enhancement and Experiment
Station, Chinese Academy of Fishery Science (CDYZ) in
Shandong Province (37°57'28"N, 120°44'25"E, 30 individ-

uals), respectively. Particularly, the cultured population
CDYZ is the third generation of wild parents collected from
Changdao in 2018. The fins of all 191 individuals were ex-
cised into one piece, preserved in anhydrous ethanol, and
stored at -80 °C. Genomic DNA was extracted using the
ammonium acetate method,!7 and the concentration and
quality of DNA were analyzed using NanoDrop spectropho-
tometric and agarose gel electrophoresis. The high-quality
DNA samples were then stored at -80 °C for further use.

2B-RAD LIBRARY PREPARATION AND SEQUENCING

According to the previous studies,!® the sequencing li-
braries were constructed using 2b-RAD five-label tandem
technology. Briefly, the genomic DNAs were digested by the
type IIB restriction enzyme BsaXI, and five different sets
of adaptors and T4 DNA ligase were added to the cleavage
products. The ligation reaction was amplified via PCR, in
which the five tags were sequentially linked in series. Then,
the barcode sequences were added to the ligated product.
Products with different barcode numbers were purified us-
ing a MinElute PCR Purification Kit and pooled for sequenc-
ing using the Illumina NovaSeq PE150 sequencing platform
from Qingdao OE Biotech Co., Ltd (Qingdao, China).

SNP DISCOVERY AND GENOTYPING

Raw reads were spliced using Pear software,!% and the raw
sequencing data were filtered. Specifically, reads containing
more than 8% of N bases and bases with quality values
lower than Q30 were filtered for more than 15% of the
total bases in the reads. And the sequenced reads without
enzyme recognition sites were then removed to generate
high-quality sequences. Clean Reads were compared to the
reference genome sequence using SOAP20 software, and fi-
nally all SNP markers were typed by the maximum likeli-
hood method (ML). Then, the SNPs obtained from the seven
populations were further filtered for high-quality SNPs,
which excluded mutant alleles, loci with N genomic bases,
loci with more than two SNPs in one tag, loci with two typ-
ing loci at the same position, loci with less than 80% of
individuals being typable in all samples, loci with an MAF
less than 0.01, and loci with alleles greater than 2 were ex-
cluded.

CALCULATION OF GENETIC PARAMETERS

Hardy-Weinberg equilibrium p-value (HW-P), expected
heterozygosity (He), observed heterozygosity (Ho), the ef-
fective number of alleles (Ne), inbreeding coefficient (Fis),
and nucleotide diversity (Pi) were calculated using VCFtools
software.2! The polymorphism information content (PIC)
was calculated according to the formula from previous re-
search.22 The fixation index (Fst) between populations was
calculated with R package StAMPP. The Reynolds’ genetic
distance (DR) and gene flow (Nm) between populations
were estimated based on Fst between populations with the
formulas DR = -In (I-Fst) and Nm = (1-Fst)/4Fst.

Israeli Journal of Aquaculture - Bamidgeh 2



Population genetics analysis of the black rockfish Sebastes schlegelii in Northern China based on 2b-RAD si...

ANALYSIS OF POPULATION GENETIC STRUCTURE

The neighbor-joining method was used to construct the
evolutionary tree, and the distance matrix (p-distance) was
calculated using TreeBest software.23 The reliability of the
evolutionary tree was checked by Bootstrap (1000 repeti-
tions). Principal component analysis (PCA) was performed
using GCTA software to obtain the two most influential
eigenvectors.24

DATA AVAILABILITY

All sequencing data was deposited in the SRA database un-
der the BioProject ID: PRINA1042875. Relevant supporting
data can be found within the article and additional files.

RESULTS
SEQUENCING DATA

191 S. schlegelii individuals from seven populations were
sequenced using 2b-RAD method. 1,304,176,496 raw reads
were obtained, and the average number of sequences per
sample was 6,828,149. After the screening, 1,186,018,785
high-quality reads were obtained, with the percentage of
high-quality reads greater than 91%, indicating that the
sequencing quality of the library was good. A total of
47,677,335 unique tags were obtained, with an average
number of 249,620 per sample, and the average sequencing
depth of tags was 17.90x (Table S1).

SNP MUTATION TYPE ANALYSIS

The clean reads obtained from each sample were sequenced
and aligned with the reference genome using SOAP soft-
ware. A total of 27,064 SNPs were generated after quality
filtering. The SNP base substitution was divided into tran-
sition (T) and transversion (Ty). The transition occurs be-
tween A and G (A/G) or C and T (C/T), and the transversion
occurs between A and C (A/C), A and T (A/T), G and C (G/
C), and G and T (G/T). The most numerous transformation
type, accounting for 74.11% (37.36% A/G and 36.75% C/T)
of all base mutation types. The inversion type was the least
numerous, accounting for 25.89% (7.33% A/C, 5.57% A/T,
5.31% G/C, and 7.68% G/T)) of all base mutation types. The
ratio of transition to transversion (Ty/Ty) in SNPs was 2.86

(Figure 1).
GENETIC DIVERSITY ANALYSIS

The 27,064 generated SNPs were used for genetic diversity
analysis. The HW-P values of the seven populations ranged
from 0.674 (CDYZ) to 0.841 (CDYS). The Hardy—Weinberg
equilibrium test showed that all the HW-P values were
greater than 0.05, indicating that all sampled populations
of S. schlegelii conform to the genetic balance theorem
(Table 1). The Ho ranged from 0.174 (BDH) to 0.273
(CDYZ), the He ranged from 0.173 (WH) to 0.234 (CDYZ),
and the Pi ranged from 0.176 (WH) to 0.239 (CDYS). The
PIC values of all groups were less than 0.25, indicating that
all populations had a low level of polymorphism. The Ne
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Figure 1. Mutation spectrum of SNP.

ranged from 1.260 (WH) to 1.373 (CDYZ). The average Fis
was -0.069, -0.007, 0.024, 0.004, 0.017, 0.018 and 0.024 in
CDYZ, QD, CDYS, YK, LYG, WH and BDH, respectively. The
lower genetic diversity of seven populations indicated that
they all exhibited varying degrees of germplasm degrada-
tion.

GENETIC DIFFERENTIATION ANALYSIS

The Fst of the seven populations ranged from 0.0009 to
0.1053, and the DR ranged from 0.0341 to 0.1053 (Table
2). The genetic differentiation was moderate between CDYZ
and the six wild populations (0.05 < Fst < 0.25). However,
the genetic differentiation was low among other popula-
tions (Fst < 0.05). Similarly, in terms of DR, it was highest
between QD and CDYZ populations at 0.1113 and lowest
between WH and LYG populations at 0.0009.

The neighbor-joining tree of all individuals was con-
structed based on SNPs obtained from 2b-RAD sequencing.
As seen in Figure 2, those wild populations clustered to-
gether first and finally with the cultured population CDYZ,
which clustered separately except for one individual. The
wild populations YK and QD were clustered separately and
finally dramatized on a single branch with the other four
wild populations. The results of the PCA (Figure 3) indicate
that the wild populations QD, CDYS, BDH, YK, WH, and LYG
were clustered into an area, indicating that they most likely
came from a common ancestor. In contrast, the cultured
population CDYZ was distributed in a separate area, indi-
cating that it is relatively distantly related to the six wild
populations.

POPULATION GENE FLOW ANALYSIS

The Nm among the populations ranged from 2.1242 to
249.7500 (Table 3). The Nm between the wild populations
BDH and WH was 249.7500, the highest level among the
populations. Gene flow between the cultured and wild pop-
ulations ranged from 2.1242 to 2.5974. The Nm between the
wild populations was greater than 4, which is infinite.
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Table 1. Analysis of genetic polymorphism parameters of SNP loci in Sebastes schlegelii populations.

Group Population HW-P He Ho PIC Ne Pi Fis
Cultured CDYz 0.674 0.234 0.273 0.193 1.373 0.238 -0.069
QD 0.772 0.200 0.208 0.169 1.302 0.203 -0.007
CDYS 0.841 0.228 0.232 0.191 1.349 0.239 0.024
Wild YK 0.795 0.193 0.200 0.163 1.291 0.196 0.004
LYG 0.817 0.174 0.178 0.148 1.263 0.178 0.017
WH 0.819 0.173 0.175 0.147 1.260 0.176 0.018

Table 2. The fixation index (Fst) (lower left) and genetic distance (DR) (upper right) values among seven

populations of Sebastes schlegelii.

Population CcDYZ QD CDYS YK LYG WH BDH
CDYz - 0.1113 0.0979 0.1098 0.0921 0.0919 0.0921
QD 0.1053 - 0.0242 0.0409 0.0231 0.0232 0.0227
CDYS 0.0932 0.0239 - 0.0215 0.0035 0.0030 0.0025
YK 0.1040 0.0401 0.0213 - 0.0196 0.0194 0.0197
LYG 0.0880 0.0228 0.0035 0.0195 - 0.0009 0.0013
WH 0.0878 0.0230 0.0030 0.0193 0.0009 - 0.0010
BDH 0.0880 0.0225 0.0024 0.0195 0.0013 0.0010 -

Figure 2. The phylogenetic tree.

DISCUSSION

Animal populations of large mammals, reptiles, and fish
living in the ocean have been threatened with serious losses
over the past 50 years.25 The release of hatchery-reared ju-
veniles could increase the biomass of marine fisheries, con-
tributing to the recovery of fish stocks, and has been con-

ducted in many countries. However, numerous studies have
shown that large-scale releases of hatchery individuals into
the wild can negatively affect the genetic diversity of wild
populations.2é Studies on genetic diversity can provide a
useful basis for developing strategies related to the conser-
vation and rational use of natural resources.2’ The analysis
of genetic diversity among cultured and wild populations in
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Figure 3. Principal component analysis. Each point indicates an individual and different colors indicate different

groups.

Table 3. Population gene flow (Nm) among seven populations of Sebastes schlegelii.

Population CcDYZ QD CDYS YK LYG WH BDH
CDYZ -
QD 2.1242 -
CDYS 24324 10.2103 -
YK 2.1538 5.9844 114871 -
LYG 2.5909 10.7149 71.1786 12.5705 -
WH 2.5974 10.6196 83.0833 12.7034 277.5278 -
BDH 2.5909 10.8611 103.9167 12.5705 192.0577 249.7500 -

this study provides important information for the conser-
vation of the germplasm resources of S. schlegelii and the
development of farming.

In this study, the ratio of transitions and transversions
(Ts/Tv) is 2.86, which is much larger than the theoretical
probability ratio of Ts/Tv of 0.5, which is called “transition
bias”.28 Previous studies show great differences in the ratio
of transitions and transversion between different species.
The ratio of transition to transversion of 2b-RAD in C. na-
sus and Fenneropenaeus chinensis was 1.237 and 1.402, re-
spectively.11:16 The ratio of transition to transversion in the
sequencing of Pinctada fucata and abalone was 0.5 and 2.33,
respectively.2%30 In summary, the transition bias was due
to the differences in the habitats of the populations as well
as the differences in evolutionary and selective pressures.3!

Important indicators of genetic diversity, including the
He, Ho, PIC, Ne, Pi, and Fis, are used to assess genetic di-
versity in populations. In this study, based on Ho and He,
the genetic diversity level of the seven populations was low,
and based on the PIC value (less than 0.25), the seven pop-

Israeli Journal of Aquaculture - Bamidgeh

ulations showed low polymorphism. The Ho (0.174-0.273)
was higher than He (0.173-0.234) in seven populations, in-
dicating that the seven populations may be mixed with
others and need further purification. Additionally, previous
studies have reported the genetic diversity of S. schilegelii
used to microsatellite DNA loci,!32 that the Ho, He, and
PIC was much higher than this study. Recent studies have
explored the genetic diversity of the black rockfish from a
total of three populations in northern China using mtDNA
loop analysis, and the results showed no significant genetic
differentiation and low genetic differentiation.33 These re-
sults indicate that the wild and cultured populations in this
study may have been degraded to varying degrees, and ef-
fective protection of wild germplasm and supplementation
of cultured populations are urgently needed. The Fis of five
wild populations (0.004-0.024) were all positive, and the
other two populations (-0.007, -0.069) were all minus, sug-
gesting that the degree of inbreeding was low levels. Previ-
ous research reported the presence of multiple paternity in
this species in the wild, which may explain the lower degree
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of inbreeding.3* This is considered an adaptive mechanism
to alleviate the constraints of limited individual exchange
caused by short-distance migrations, which suggests that
hatchery-reared fish can maintain a high level of genetic di-
versity.!

The Fst and DR are essential parameters to measure the
degree of genetic differentiation among populations.3> In
this study, the cultured population CDYZ showed moder-
ate differentiation from the six wild populations, while the
six wild populations showed low differentiation. Combined
with the results of the phylogenetic tree and PCA analy-
sis, we believed that the wild populations QD, CDYS, YK,
LYG, WH, and BDH were from the same ancestral popula-
tion. In contrast, the cultured population CDYZ was a sep-
arate lineage. YK and QD populations were clustered sep-
arately and finally dramatized on a single branch with the
other four populations. YK is located in Liaodong Bay of the
Bohai Sea, far from other sampling points. The black rock-
fish do not have long-distance migrations in their life his-
tory.2

The stock enhancement program for the black rockfish
did not begin until after 2019 in Liaoning Province.! Qing-
dao (QD), as a tourist city, has relatively little aquaculture
and fishing. The above may be the reason why QD and YK
are clustered separately. The cultured population CDYZ is
the third generation of wild parents collected from Chang-
dao in 2018. The CDYZ population is a selection of individ-
uals with superior traits based on the breeding program and
represents the genetic diversity of the next generation of
the population. This result further indicates that the breed-
ing programs and germplasm conservation is scientific. The
gene flow coefficient Nm reflects the communication be-
tween populations.

Nm greater than 4 indicates that each population is a
large random unit, and Nm greater than 1 indicates some
gene flow between populations. Nm less than 1 indicates
that populations are isolated.3¢ In this study, all values of
Nm are greater than 1, indicating some gene exchange be-
tween all the populations. Gene flow between the cultured
and wild populations ranged from 2.1242 to 2.5974. The re-
sults indicate that there was some gene exchange. The Nm
between the wild populations was greater than 4, which is
infinite, indicating that the wild populations form a random
unit. In recent years, juvenile fish have sometimes been
purchased from other areas for regional stock enhancement
programs, which undoubtedly leads to gene flow between
populations. Therefore, S. schlegelii can be released through
proper breeding. The germplasm source should be strictly
controlled for artificial breeding and breeding, and the orig-
inal species should be introduced instead of indirect intro-
duction.

In summary, compared to the data from five years ago, !
32 the genetic diversity of the black rockfish is considerably
lower. Accordingly, this study puts forward some sugges-
tions to help the protection and utilization of the
germplasm resources of the black rockfish, specifically
measures to enhance effective protection of aquatic organ-
isms’ habitats such as spawning grounds, bait grounds, and
wintering grounds; reduction of fishing and efforts to re-

habilitate offshore fishery resources; scientifically carry out
stock enhancement programs of the black rockfish; devel-
oping scientific breeding programs.

CONCLUSIONS

In conclusion, 2b-RAD sequencing technology was applied
to evaluate the genetic diversity of S. schlegelii. Genetic
diversity reduction and germplasm resource degradation
of wild and cultured S. schlegelii were revealed, and even
the genetic diversity of the cultured population was higher
than that of the wild populations, suggesting that its re-
source conservation is urgent. This study provides a refer-
ence for the conservation of germplasm resources and the
restoration of natural resources of the black rockfish.
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