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population structure, and
selection signatures of the
Pacific oyster in Dalian by
whole-genome resequencing
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Xubo Wang and Zhenlin Hao*

Key Laboratory of Mariculture & Stock Enhancement in North China’s Sea, Ministry of Agriculture and
Rural Affairs, Dalian Ocean University, Dalian, China

Introduction: The Pacific oyster (Crassostrea gigas), one of the major
aquaculture shellfish worldwide, has strong environmental adaptability.
However, genetic diversity and population structure of the Pacific oysters in
Dalian Sea, the major natural and farming area of the species in China, has not
been systematically investigated, especially at genome-wide level, limiting the
conservation and management of the species.

Methods: In this study, whole-genome resequencing of 105 individuals from
seven Pacific oyster populations, including five wild and one cultured populations
in Dalian and one wild population in Qingdao relatively distant from others, were
first performed.

Results: A total of 2,363,318 single nucleotide polymorphisms (SNPs) were
identified. Based on all these SNPs, similar but relatively low genetic diversity
(0.2352~0.2527) was found in the seven populations. The principal component
analysis (PCA), phylogenetic and population structure analysis consistently
revealed weak differentiation among the seven populations. Frequent migration
events were detected among the studied populations by TreeMix, which probably
led to a high genetic similarity of these populations. Rapid linkage disequilibrium
(LD) decay was observed in the genome of the Pacific oyster. Investigation of
genome-wide selection signatures of these populations identified many selected
genes involved in the biological processes related to DNA metabolism and stability,
shell formation, and environmental stress response, which may be critical for
oysters to adapt to the stressful environments.

Discussion: This study laid theoretical basis for the subsequent germplasm
conservation, management and genetic breeding of the indigenous Pacific
oysters, and provided novel insights for the adaptive evolutionary mechanism
of oysters.
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1 Introduction

The Pacific oyster (Crassostrea gigas), a sessile and filter-feeding
bivalve mollusc, is native to the coast of East Asia, including China,
Japan, and Korea. Its high fecundity and broad environmental
adaptability, such as high tolerance to a variety of different
salinities and temperatures, in conjunction with its rapid growth
rate and robust disease resistance, have made it an economically
important species produced throughout the world (Miossec et al.,
2009; Zhang et al., 2012; Li et al., 2018). Due to its ecological and
economic importance, the Pacific oyster has also been a model
marine organism in research of biology, marine ecology, genetics,
and genomics (Li et al,, 2018). Recently, much attention has also
been paid to this species in terms of their adaptive mechanism to the
changing environments (Zhang et al., 2012; Dineshram et al., 20165
Zhang et al., 2016; Li et al., 2018; Wang et al., 2023). However, the
wild Pacific oysters are facing a crisis of population decline in East
Asia in recent years because of anthropogenic and natural causes,
such as global warming, over-fishing, expansion of oyster
aquaculture, and deterioration of seawater environment caused by
human activities (Aranishi, 2006; Guo et al., 2006; Li et al., 2015).
The ancestral genetic diversity of different wild populations
probably has been disturbed or lost, which would negatively affect
the adaptation of populations to their habitats (Aranishi, 2006).

China is the major producing country of the Pacific oyster, and
the production in Liaoning and Shandong provinces accounts for
over 90% of the total in China (Zhong et al., 2017). Dalian, a city
lying on the south side of Liaoning province, the northeast of China
(E120°58'-E123°31’, N38°43'-N40°10’), spans the Yellow Sea and
the Bohai Sea and is the major farming area of Pacific oysters in
Liaoning Province. Additionally, almost the entire coast of Dalian
has a natural distribution of the Pacific oyster. However, the Pacific
oyster industry in Dalian is facing challenges due to a lack of
excellent varieties, a high mortality rate, a slow growth rate, and
poor stress and disease resistance of cultured Pacific oyster (Teng
etal, 2022). Understanding the genetic diversity and differentiation
of the Pacific oysters distributed in Dalian, though probably a
relatively narrow spatial distribution, is critical for the
conservation and development of the local genetic resources,
which could help select fine germplasms for genetic breeding
programs for different breeding purposes. Nevertheless, related
research has rarely been performed. It was reported that current
aquaculture practices had led to serious genetic effects on wild
populations due to the mixture of farmed individuals into wild
populations by accidental escape or human intentional releasing of
farmed individuals (Meistertzheim et al., 2013; Semeraro et al,
2015; éegviéfBubié et al, 2020). Taking into account the large
farming scale of the Pacific oyster in Dalian, the genetic impacts of
cultured individuals on the wild should be evaluated, but the
situation is also completely unclear. Therefore, the population
genetics of the Pacific oysters in Dalian needs a systematic study.

Though some studies have been carried out to investigate the
genetic diversity and population structures of different native Pacific
oyster populations, most studies used a very limited number of
markers, and even inconsistent conclusions were obtained due to
different types and numbers of markers or sequences used
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(Aranishi, 2006; Rohfritsch et al., 2013; Li et al., 2015; Guo et al.,
2016; Zhong et al., 2017), which may confuse scientists during
genetic resource management. With the advent of next-generation
sequencing and the availability of genomes of many species, whole-
genome sequencing has been a powerful tool for studying the
population genetics of the species on a fine scale using genome-
wide single-nucleotide polymorphisms (SNPs). It also has the
potential to identify genomic selection signatures and genes
related to economic or adaptive important traits (Liu et al., 2017;
Li et al., 2018; Wang et al., 2021; Li et al., 2022; Chen et al., 2023;
Zheng et al., 2023).

In the present study, whole-genome resequencing was first
performed for different geographical populations of the Pacific oyster
in Dalian, and genetic variation was surveyed. A comprehensive analysis
of genetic diversity, population structure, and phylogenetic relationships
was conducted among the wild populations together with one local
cultured population. Then, gene flow, linkage disequilibrium (LD), and
demographic history of these populations were inferred. In addition,
potentially selected genomic regions and genes were identified, which
would be helpful for elucidating the adaptive mechanism of the Pacific
oyster to the local environment. The study provided novel insights into
subsequent germplasm conservation, management, and development of
genetic breeding strategies for indigenous Pacific oysters.

2 Materials and methods
2.1 Sample collection

To investigate the genetic diversity and architecture of Pacific
oysters distributed in the Dalian Sea area (Liaoning, China), a total of
105 Pacific oysters from the seven different populations (15
individuals for each population) were collected in July 2022. As
shown in Figure 1, six populations were collected along the coast of
Dalian, including five wild populations of Lvshun (LS), Laohutan
(LHT), Sanshan island (SSD), Guanglu island (GLD), and
Xingshutun (XST) and one cultured population that was selected
for years by the farm in Guanglu island (cultured (CT)). Additionally,
a relatively distant wild population distributed in the Qingdao Sea
area (QD) was also collected. The fresh muscle tissues of 105
individuals were sampled, immediately frozen in liquid nitrogen,
and stored at —80°C for DNA extraction. All experiments were
carried out according to the animal ethics guidelines approved by
the Ethics Committee of Dalian Ocean University.

2.2 DNA extraction, library construction,
and resequencing

Genomic DNA samples were prepared following the standard
phenol-chloroform DNA isolation method. The DNA quality and
concentration were assessed by agarose gel electrophoresis and
Nanodrop spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA). The DNA samples were interrupted with a length of ~350
bp using a Covaris ultrasonic crusher. Then, the sequence library for
each sample was constructed using a NEB Next® Ultra' " II DNA
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Geographical distribution of the studied Pacific oyster (Crassostrea gigas) populations. (A) The picture of the Pacific oyster. (B) The Chinese map.
(C) The map of Dalian. LS, Lvshun; LHT, Laohutan; SSD, Sanshan island; GLD, Guanglu island; XST, Xingshutun; CT, cultured population; QD,

Qingdao; DL, Dalian; SD, Shandong province; LN, Liaoning province.

Library Prep Kit, following the manufacturer’s protocol. Finally, all the
libraries were subjected to 150-bp paired-end sequencing on the
Ilumina NovaSeq 6000 platform. All the sequencing data are
deposited at the National Center for Biotechnology Information
(NCBI) Sequence Read Archive (SRA) platform with accession
no. PRJNA999033.

2.3 SNP calling and annotation

Raw sequencing data were processed to remove adapters and
low-quality reads, which contained unidentified nucleotides (N)
>10% or >50% bases of a read with quality value <5. The high-
quality clean reads of each individual were mapped to the genome
of the Pacific oyster (https://www.ncbinlm.nih.gov/genome/?
term=txid29159) using the BWA software (Li and Durbin, 2009)
with the parameters “mem -t 4 -k 32 -M”. Duplicate read data were
excluded from the mapping results by SAMTOOLS software (Li
et al,, 2009) with the parameter “rmdup”. SAMTOOLS software (Li
et al.,, 2009) was used to perform SNP calling for all samples on a
population scale with the Bayesian model. The SNPs were screened
using the following criteria: Dp (minimum sequencing depth for a
single sample) >3; miss (miss rate for one SNP site) <0.2, and maf
(minimum allele frequency) 20.05. The screened SNPs were
annotated using ANNOVAR software (Wang et al., 2010).

2.4 Genetic diversity and population
structure analysis
The nucleotide diversity (Pi), observed heterozygosity (H,),

expected heterozygosity (H,), inbreeding coefficients (F;), and
genetic differentiation (F;) were statistically analyzed with generic
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formulas using the R package to estimate the genetic diversity and
differentiation levels of the seven Pacific oyster populations. A
phylogenetic tree was constructed to reveal the phylogenetic
relationships between individuals of the seven populations. The
TreeBest software (http://treesoft.sourceforge.net/treebest.shtml)
was used to calculate the genetic distance matrix, and then the
phylogenetic tree was inferred through the neighbor-joining (NJ)
method using 1,000 bootstraps. The principal component analysis
(PCA) was performed using the GCTA software (Yang et al,, 2011),
and the first three principal components were calculated. The
population structure was analyzed using the ADMIXTURE
software (Alexander et al., 2009) with the genetic clusters (K value)
ranging from 2 to 6, and the optimal K value was determined using
the minimum value of the cross-validation (CV) error rate.

2.5 Migration events between
the populations

Migration events between the populations and the directionality
of gene flow were inferred using the TreeMix software (Pickrell and
Pritchard, 2012). First, a maximum-likelihood tree was constructed
based on the population allele frequency covariance matrix. Then,
migration edges were added to the phylogenetic tree to improve the
fit by comparing the estimated covariance modeled by this tree to
the real observed covariance between populations.

2.6 Linkage disequilibrium and
demographic history analysis

The PopLDdecay software (Zhang et al., 2019) was used to
calculate the squared correlation (r*) between any two loci to
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evaluate the LD decay of each population. The demographic history
of the seven populations was detected using the pairwise
sequentially Markovian coalescent (PSMC) method (Li and
Durbin, 2011), and the parameters of g = 2 and a rate of 1.39 x
10~ mutations per generation (Zhao et al., 2014) were used to
estimate the distribution time.

2.7 Selective sweep analysis

To identify genomic regions with signatures of selection, both
F,, values and 6, ratios were calculated between population pairs (Li
et al, 2018). The overlapping windows simultaneously with
significantly high F, values (top 5% regions) and significantly
high and low 6, ratios (log,-transformed; top 5% regions)
distributions were considered as regions with selection signals
along the genome. Selected regions for one population were
merged, and genes within or overlapped by these selective regions
were defined as candidate selective genes. To further investigate the
biological significance of the selective genes of each population,
Gene Ontology (GO; http://www.geneontology.org/) and Kyoto
Encyclopedia of Genes and Genomes (KEGG; http://
www.genome.jp/kegg/) enrichment analyses were implemented
based on the hypergeometric distribution test in R package. GO
terms and KEGG pathways with a p-value <0.05 and gene number
>2 were considered significantly enriched.

3 Results

3.1 Whole-genome resequencing and
genetic variations

Whole-genome resequencing of 105 individuals of Pacific
oysters from the seven populations (XST, GLD, QD, LS, SSD,
LHT, and CT) generated a total of 4.5 billion high-quality reads
(~667.93 Gb of sequences) with an average of 42.4 million reads
(~10X) per individual (Supplementary Table S1). Reads were
aligned to the Pacific oyster genome using BWA with an average
mapping rate of 91.42% (Supplementary Table SI1). After variant
calling and filtering, a total of 2,363,318 SNPs were identified, of
which 573,572 (~24.3%) were exonic, 1,105,751 (~46.8%) were

TABLE 1 Genetic diversity analysis of the seven Pacific oyster populations.

10.3389/fevo.2023.1337980

intronic, and 531,806 (~22.5%) were intergenic (Supplementary
Table S2). In addition, a large number of SNPs (380,861, ~16.1%)
were found located in coding regions with 68.7% synonymous and
31.2% non-synonymous (Supplementary Table S2). The ts/tv
(transition/transversion) ratio for all the detected SNPs was 1.30.

3.2 Genetic diversity of the
seven populations

Genetic diversity analysis revealed that the nucleotide diversity
(Pi), observed heterozygosity (H,), and expected heterozygosity
(H,) varied among the seven Pacific oyster populations, which
ranged from 0.2352 to 0.2527, 0.2441 to 0.2853, and 0.2268 to
0.2437, respectively (Table 1). The inbreeding coefficients (F;,) for
all the seven populations were positive and small (ranging from
0.0249 to 0.0843), which indicated a relatively low degree of
inbreeding effect in these populations (Table 1). The overall
assessment showed that the LHT population had the highest
genetic diversity and that the QD population had the lowest
genetic diversity.

3.3 Phylogenetic relationship and
population structure

Low values of genetic differentiation were detected between the
studied populations, which ranged from 0.01787 (XST and GLD) to
0.02428 (XST and CT) (Table 2). The genetic differentiation degree
between the CT and the other six wild populations was a little
higher (Table 2). An NJ phylogenetic tree was constructed to
analyze the genetic relationship among individuals of different
populations. Individuals from CT, SSD, and LHT were closely
related and clustered together, and individuals from QT, GLD,
and XST grouped into another cluster (Figure 2A), while
individuals from the LS population were scattered in the tree. The
PCA plot showed similar results. Though individuals from the same
populations were not clearly separate from the other populations,
which indicated the low genetic differentiation of these populations,
closer genetic relationships were also found among the CT, SSD,
and LHT populations and the QD, GLD, and XST
populations (Figure 2B).

Populations Pi H, He Fis

XST 0.2369 0.2466 0.2285 0.0267
GLD 0.2363 0.2481 0.2278 0.0324
QD 0.2352 0.2441 0.2268 0.0249

LS 0.2425 0.2540 0.2339 0.0320
SSD 0.2506 0.2779 0.2417 0.0715
LHT 0.2527 0.2853 0.2437 0.0843
CT 0.2442 0.2577 0.2355 0.0373

XST, Xingshutun; GLD, Guanglu island; QD, Qingdao; LS, Lvshun; SSD, Sanshan island; LHT, Laohutan; CT, cultured.
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TABLE 2 F, values between the seven Pacific oyster populations.

10.3389/fevo.2023.1337980

Population XST GLD (@]p) LS SSD LHT CT
XST -
GLD 0.01787 -
QD 0.01811 0.01805 -
LS 0.01829 0.01829 0.01859 -
SSD 0.02228 0.02283 0.02274 0.01978 -
LHT 0.02026 0.02044 0.02049 0.01865 0.01996 -
CT 0.02428 0.02405 0.02394 0.02055 0.02096 0.02155 -
XST, Xingshutun; GLD, Guanglu island; QD, Qingdao; LS, Lvshun; SSD, Sanshan island; LHT, Laohutan; CT, cultured.
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FIGURE 2

Phylogenetic relationship and population structure of the seven Pacific oyster populations. (A) Neighbor-joining phylogenetic tree of the seven
populations. (B) Principal component analysis for the first two PCs of 105 Pacific oysters. (C) Admixture analysis with five assumed ancestral numbers

(K = 2 to 6). PCs, principal components.
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Admixture analysis was performed to investigate admixture
degrees among the seven populations with the assumed ancestral
number K from 2 to 8. K = 2 was suggested as the most plausible
ancestral number by cross-validation error test (Supplementary
Figure S1), reflecting the sampled populations, which could be
divided into two groups. In this scenario, group 1 mainly contained
individuals from CT, SSD, and LHT, indicating that the three
populations probably originated from the same ancestor. Group 2
including the QT, GLD, and XST populations probably descended
from another ancestor (Figure 2C). Population admixture based on
K = 3 to 6 showed a similar result (Figure 2C).

3.4 Potential gene flows between
the populations

TreeMix analysis was conducted to build a maximum-likelihood
tree and infer migration events between the studied populations, and
the model was estimated using the residuals from the tree. The results
suggested that the genetic relationship showed in the maximum-
likelihood tree with four migration events was consistent with that
shown by the NJ tree, PCA, and admixture analyses (Figure 3A), and
the model could fit the data well (Figure 3B). Maximum-likelihood
trees with other number migration events were inconsistent with the
NJ tree and had higher residuals (Supplementary Figure 52). Based on
this, gene flows were detected from CT to LS, CT to QD, and SSD to
LS and the common ancestor of XST, GLD, QD, and LS to
LHT (Figure 3A).

3.5 Linkage disequilibrium and
demographic history

LD analysis showed that the LD decayed rapidly with genetic
distance in the Pacific oyster and that the r* decreased to 0.15 within

XST

GLD

Migration
weight

QD

LS

a

10s.e.
r T T T 1

0.000 0.002 0.004 0.006 0.008

Drift parameter

FIGURE 3
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500 bp (Figure 4A). A similar finding was also reported in the previous
study by Li et al. (2018). The extent of LD of one species can be affected
by many factors, such as genomic history, demographic history, and
selection (Ardlie et al., 2002; Li and Merild, 2011). The Pacific oyster is
an outcrossing heterozygote species having a high mutation rate, which
will cause a decrease in LD (Gupta et al., 2005; Guo et al., 2016). The
fastest decay rate was detected in the LS population, while the slowest
was in the CT population (Figure 4A), suggesting a low level of LD in
wild oyster populations. Artificial selection will reduce allele numbers
in cultured populations, thus increasing LD levels (Guo et al., 2016;
Zhong et al,, 2017). PSMC was utilized to infer the historically effective
population size to explore the demographic histories of the seven
populations. As shown in Figures 4B-H, individuals from the same
population represented similar historical fluctuations in effective
population size, and all populations displayed a decline in population
size approximately 10> years ago.

3.6 Selective regions of the
seven populations

Genome-wide scan of selective sweeps has been a powerful
method to detect potential regions and genes involved in local
adaptation. To search for the genomic evidence of the Pacific oyster
adapting to environment changes, both 6, ratios and F, values were
used to identify genomic selection signals of the studied
populations. The regions within the top 5% were defined as the
selected regions. Pairwise comparisons of the seven groups
identified 348 genomic regions harboring 1,157 genes in XST, 366
genomic regions harboring 1,269 genes in GLD, 368 genomic
regions harboring 1,278 genes in QD, 276 genomic regions
harboring 975 genes in LS, 172 genomic regions harboring 601
genes in SSD, 192 genomic regions harboring 588 genes in LHT,
and 209 genomic regions harboring 710 genes in CT showing
significant selection signals (Figure 5, Supplementary Figure S3).

. I“E

.-95E

LHT

SSD

XST

GLD

QDb
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LHT
SSD
XST
GLD
a
QD

Maximume-likelihood tree and gene flow inferred among the seven Pacific oyster populations. (A) Maximum-likelihood tree with four migration
events. Arrows represent the direction of gene glow, and the line colors indicate the migration weight. (B) Residual fit from the maximum-Llikelihood

tree in panel (A)
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Linkage disequilibrium (LD) decay and demographic history of the seven Pacific oyster populations. (A) LD decay in different populations. (B—H) The

effective population size and history of the seven populations.

GO and KEGG enrichment analyses were performed for the
selected genes of each population. There were separately 121, 54,
137, 114, 103, 77, and 104 GO terms significantly enriched in the
XST, GLD, QD, LS, SSD, LHT, and CT populations, respectively.
Those GO terms related to DNA metabolism and stability, such as
DNA metabolic process, DNA integration, DNA replication, DNA
recombination DNA binding, DNA modification, nuclease activity,
and transposition, were found mostly significantly enriched in all
the seven populations (Figure 6, and highlighted in yellow in
Supplementary Tables S3-59). Additionally, some apoptosis-
related GO terms were found significantly enriched in the QD
and LS populations (highlighted in blue in Supplementary Tables
S5, 56), and some glycoprotein-related GO terms were significantly
enriched in the CT population (highlighted in gray in
Supplementary Table S9).

There were separately 10, 7, 9, 10, 9, 5, and 11 pathways
significantly enriched in the XST, GLD, QD, LS, SSD, LHT, and
CT populations (Figure 7). Pathways of “Notch signaling pathway”
(in the XST, GLD, QD, LS, and CT populations),
“Glycosaminoglycan biosynthesis-chondroitin sulfate/dermatan
sulfate” (in the XST, GLD, QD, LS, SSD, and CT populations),
and “Glycosaminoglycan biosynthesis-heparan sulfate/heparin” (in
the GLD, QD, and SSD populations), which were related to shell
formation, were found significantly enriched. Additionally, some
environmental stress-related pathways, such as “Protein processing
in endoplasmic reticulum” (in the QD and LHT populations) and
“Ubiquitin mediated proteolysis” (in the GLD, QD, LS, LHT, and
CT populations), were also significantly enriched. Moreover, some
important selected genes involved in these pathways, such as
Notchl, Notch2, HSP40, HSP70, HSP90, Bip, ATF6, ERP57, SARI,
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TRAP, IAP, BIRC2, BIRC3, Apc7, and Apcl0, may play critical roles
in adaptive evolution in the Pacific oyster (Table 3).

4 Discussion

4.1 Low levels of genetic diversity and
differentiation of the Pacific oysters
in Dalian

To reveal the genetic diversity and structures of the Pacific
oyster populations in the Dalian Sea area, one of the main natural
distribution and aquaculture areas for the Pacific oyster, and
evaluate the effects of farming on the genetic diversity of wild
populations, genome-wide SNPs were first detected for natural and
cultured populations in Dalian by whole-genome resequencing in
the present study. Similar and relatively low genetic diversity
(0.2352-0.2527) was found in all the studied populations of
Dalian, together with the population in Qingdao, with genome-
wide SNPs, which was higher than the levels detected in different
geographical populations (0.0142-0.0147), separately distributed in
Bohai Sea (BS), Bohai/Yellow Sea transition area (B&YT), northern
Yellow Sea (NYS), and southern Yellow Sea (SYS) by Li et al. (2018).
Nevertheless, in the study by Li et al. (2015), extremely low
nucleotide diversity (0.000322-0.001432) was found in 12 Pacific
oyster populations, distributed in China, Korea, and Japan, using
partial mitochondrial cytochrome oxidase I (mtCOI) sequences.
The H, of the wild populations in the present study ranged from
0.2441 to 0.2853, with an average of 0.2593, which was very close to
that of the cultured population (0.2577). Similar values have also

07 frontiersin.org


https://doi.org/10.3389/fevo.2023.1337980
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Mao et al.

Frequency (%)
w

0 i

1

|

0.25+ !

1

1

:

° 1

0.20 o

<

1

. b

° |

1

0.15 !

i ° ° ° '.:
w ., .1,
° " .

o..-'
0.10 . S

0.05

0.00+

10.3389/fevo.2023.1337980

-0.28 <|092$8n ratio) <0.18
log;( 6y ratio) <-0.28

logz( 6, ratio) =0.18 80A
Cumulative (%) S
602
5
3
40 g
=
v
20

Cumulative (%)
20 40 60 80 100

— F.<0.04

@ Whole genome
@ (Xs1 — Ft>0.04
[ J(@)) —— Cumulative (%)

1.0 -OI.S 0.0
log, 6, ratio (6yxst/6rcr)

FIGURE 5

0.5 1.00 10 20 30 40
Frequency (%)

Selective region identification based on both 6, ratios and F; values. Data points located to the left and right of the vertical dashed lines (top 5%) and
above the horizontal dashed line (top 5%) were identified as regions under significant selection in XST and CT populations, respectively. Distribution
of 6, ratios and F values between other paired populations presented in Supplementary Figure S3. XST, Xingshutun; CT, cultured.

been reported in the selected lines of Pacific oysters (0.2479-0.2733)
studied by Zhong et al. (2017) with 103 SNPs, but higher H,
(0.2703-0.2939) was detected in the wild populations (separately
located in Inchon of Korea, Miyagi Prefecture of Japan, and Rushan
and Dongying of Shandong province in China) in their study.
However, a much higher H, has also been found in other selected
lines of Pacific oysters. For example, the H, detected using
microsatellites and mtDNA for the generations of black shell
strain Pacific oyster ranged from 0.583 to 0.731 (Xu et al., 2019).
The different results among studies were partially due to the
different marker types and numbers utilized (Rohfritsch
et al., 2013).

Weak differentiation among populations in Dalian was revealed
by F,, PCA, phylogenetic analysis, and population structure
analysis. The QD population (southern Yellow Sea) was intended
to be used as a group with a relatively long distance from these
Dalian populations (northern Yellow Sea), but no significant
differentiation was found between the QD and Dalian populations
here. Relatively low paired F,, values (0.01787-0.02428) were
detected between the studied populations, and PCA and

Frontiers in Ecology and Evolution

phylogenetic analysis could not clearly divide each population in
this work. In the study by Li et al. (2018), slightly higher F;, values
(0.036-0.042) were found between different populations in
northern China (BS, B&YT, NYS, and SYS), which also showed a
clear clustering of different populations by phylogenetic analysis.
However, individuals from a larger spanning (China, Korea, and
Japan) were clustered together with mtCOI (Li et al., 2015), which
were probably limited by the very few genetic variations used.
Additionally, frequent migration events have also been observed
among the studied populations by TreeMix analysis, possibly
leading to a high genetic similarity of these populations. Despite
that the adult Pacific oyster is sessile without migration, a 2- to 3-
week planktonic larval stage allows a long-distance migration of
larvae as a result of high dispersal capabilities (Shanks, 2009; Selkoe
and Toonen, 2011; Li et al., 2015). These life history characteristics
promote gene exchange between populations during the larval
stage, which is probably the main reason limiting genetic
differentiation between different Pacific oyster populations with
insufficient geographical barriers (Li et al., 2015; Li et al., 2018).
At the same time, the ocean current system along the coast of
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Dalian may further influence the genetic connectivity of the Pacific
oyster by causing large-scale oceanic mixture and providing high
randomness of diffusivity of eggs and larvae, thus increasing gene
exchange and genetic homogeneity of marine organisms (Li et al.,
2022). Though there is weak differentiation among the studied
populations, closer genetic relationships could be found among the
CT, SSD, and LHT populations and the QD, GLD, and
XST populations.

It should be noted that the CT population in this study also
showed similar genetic diversity and low differentiation with other
wild populations, and it especially showed a closer genetic
relationship and more similar population structure with the SSD
and LHT populations. A similar result was also found in the study by
Zhong et al. (2017) in which no clear division was between selected
and wild Pacific oysters. In the study of European populations of
Pacific oysters, cultured individuals from the Bay of Arcachon
genetically resembled the naturalized populations from Texel to
southern France (Meistertzheim et al., 2013). In the present study,
gene flows from the cultured population to wild populations, such as
CT to LS and CT to QD, and then gene flows between wild
populations probably resulted in a genetic mixture of wild and
cultured Pacific oysters. The cultured population possibly has
greatly affected the genetic diversity of neighboring wild
populations, which was also found in other marine species, such as
pikeperch (Sander lucioperca) (T'saparis et al., 2022), European flat
oyster (Ostrea edulis) (éegviéfBubi'c et al., 2020), and other Pacific
oyster populations (Meistertzheim et al., 2013). This was probably
caused by the individuals’ escaping, pelagic larval dispersal, and
human-made stocking (Meistertzheim et al., 2013; Semeraro et al,
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2015; éegvié—Bubié et al,, 2020). Tt has been proved that current
aquaculture practices result in serious genetic diversity reductions
(Semeraro et al., 2015). Cultured populations are usually
strengthened in some economic traits through artificial selection,
while their genetic diversity is commonly declined due to insufficient
number of parents, non-random mating, or genetic drift (Evans et al.,
2004; Gaftney, 2006; Xu et al, 2019). Therefore, the mix of the
cultured individuals probably caused the genetic diversity of wild
populations reduced or lost, which would badly influence the
adaptive ability of the species to the changing environment
(Meistertzheim et al.,, 2013; éegvié—Bubié et al., 2020). Reduced
diversity was also observed in farm-associated populations (natural
populations located in the vicinity of oyster-farm installations) of
European flat oyster due to gene flows between farmed and farm-
associated populations (Segvic-Bubic et al., 2020). Hence, protection
and restoration of the wild germplasm resources of the Pacific oyster
in Dalian and reasonable management of aquaculture of the species
are presently necessary.

4.2 Selected signatures related to habitat
adaptation of the Pacific oysters in Dalian

Natural selection can improve species’ habitat adaptation ability
by altering their phenotypic and genomic characteristics (Li et al.,
2022). Detection of selection signatures in the whole genome is
necessary for understanding the adaptive genetic mechanisms of
marine organisms under changing climates. For instance, genes
associated with material metabolism and ion transfer were found
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selected in wild pomfret (Pampus echinogaster) populations, which
were critical for the adaptation of the species to spatially
heterogeneous temperatures (Li et al., 2022). In spotted sea bass
(Lateolabrax maculatus), genes encoding essential structural
components or regulating striated muscle fibers were identified as
positively selected in the northern population, which altered the
swimming ability of the fish to cope with environmental
temperature changes (Chen et al, 2023). As sessile bivalves, the
Pacific oyster lives in intertidal and estuarine regions, where the
environments are harsh and dramatically fluctuating, making the
species face serious environmental challenges. The Pacific oyster
has strong environmental adaptability, and its adaptive mechanism
has drawn much attention recently due to global climate changes.
Genome-wide scan of selection signatures of the Pacific oyster has
only been studied by Li et al. (2018), and genes involved in
metabolic processes, protein phosphorylation, autophagy, protein
folding, ubiquitination, and ion channels were detected under
selection, which may play roles in local adaptation. In the present
study, genome-wide selection signals and genes were first identified
in different Dalian populations. GO and KEGG enrichment
analyses revealed biological processes related to DNA metabolism
and stability, shell formation, and environmental stress response
significantly enriched, and some similar selected processes have also
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been detected in other bivalves, such as the pearl oyster (Pinctada
fucata martensii) (Zheng et al., 2023) and the bay scallop
(Argopecten irradians) (Wang et al, 2021), which may be key
processes in bivalves to adapt to environmental changes.

A growing body of evidence proves that environmental stress
can influence the genome stability of organisms (Galhardo et al,
2007). For example, environmental stress increases mutagenesis in
mammalian cells by suppressing DNA repair pathways (Yuan et al.,
2000; Mihaylova et al., 2003). In bivalves, genes involved in DNA
replication and/or repair processes were also found regulated under
different environmental stresses (Artigaud et al., 2015; Shen et al,,
2019; Mao et al,, 2022), which may be one of the main reasons for
the high levels of polymorphism of many bivalve species and then
be the evolved mechanism of the group to adapt to highly variable
environments (Guo et al,, 2015). In the present study, many
functions related to DNA metabolism and stability were
significantly enriched for the selected genes of all the seven
Pacific oyster populations, which would modulate mutagenesis of
genes involved in environmental adaptation. A similar result has
also been found in the bay scallop recently in which genes involved
in the function of base excision repair underwent selection through
selective sweep analysis, indicating it may be a common adaptive
mechanism of bivalves to environmental changes.
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TABLE 3 Key candidate selected genes in the seven Pacific oyster populations.

Gene name Gene ID Population Pathway Map

Notchl 105345717 GLD Notch signaling pathway map04330
Notchl 105348035 GLD Notch signaling pathway map04330
Notchl 117687274 QD Notch signaling pathway map04330
Notchl 117685166 XST Notch signaling pathway map04330
Notch2 117685904 GLD Notch signaling pathway map04330
Notch2 105348187 QD, XST Notch signaling pathway map04330
HSP40 117686926 QD Protein processing in endoplasmic reticulum map04141
HSP70 105344611 LHT Protein processing in endoplasmic reticulum map04141
HSP70 117684257 LHT Protein processing in endoplasmic reticulum map04141
HSP70 105331478 LHT Protein processing in endoplasmic reticulum map04141
HSP70 105322654 QD Protein processing in endoplasmic reticulum map04141
HSP70 105338886 QD Protein processing in endoplasmic reticulum map04141
HSP90 117680291 QD Protein processing in endoplasmic reticulum map04141
HSP90 105345989 QD Protein processing in endoplasmic reticulum map04141
ATF6 105326811 QD Protein processing in endoplasmic reticulum map04141
BIP 117689824 QD Protein processing in endoplasmic reticulum map04141
ERP57 105346349 LHT Protein processing in endoplasmic reticulum map04141
SARI 117684733 LHT Protein processing in endoplasmic reticulum map04141
TRAP 105328588 QD Protein processing in endoplasmic reticulum map04141
TRAP 117692798 QD Protein processing in endoplasmic reticulum map04141
IAP 105345723 CT Ubiquitin mediated proteolysis map04120
IAP 117691189 GLD, LHT Ubiquitin mediated proteolysis map04120
BIRC2 105335292 GLD, LHT, LS Ubiquitin mediated proteolysis map04120
BIRC2 117691853 LHT, LS Ubiquitin mediated proteolysis map04120
BIRC2 117680358 GLD Ubiquitin mediated proteolysis map04120
BIRC3 105334815 GLD Ubiquitin mediated proteolysis map04120
BIRC3 117692263 GLD Ubiquitin mediated proteolysis map04120
Apc7 105333859 LS Ubiquitin mediated proteolysis map04120
Apcl0 105331482 LS Ubiquitin mediated proteolysis map04120

GLD, Guanglu island; QD, Qingdao; XST, Xingshutun; LHT, Laohutan; CT, cultured; LS, Lvshun.

The calcified external shells, one major evolutionary innovation
contributing to the success of molluscs, are considered to serve as
solid support for the molluscan soft body and possess an adaptive
potential for ecological diversification (Marin and Luquet, 2004;
Zhang et al., 2012). The very thick shells in sessile oysters do
provide a critical physical line for the species to defend against
predation and desiccation (Zhang et al., 2012). Glycosaminoglycan,
which has high calcium affinity, was suggested to play a key part in
crystal nucleation in the process of the nacreous layer formation in
shelled molluscs (Lopes-Lima et al., 2005; Du et al., 2017; Zheng
et al,, 2023). A study of selective sweep in different pearl oyster
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populations discovered that typical signaling pathways for
biomineralization of shell formation, such as glycosaminoglycan
biosynthesis, were under selection pressure (Zheng et al., 2023).
Consistent with the findings in the pearl oyster, pathways of
glycosaminoglycan biosynthesis were also significantly enriched
for the selected genes in the Pacific oyster populations in the
present study. The Notch signaling pathway, an evolutionarily
conserved cell signaling system, functions in a great diversity of
biological processes such as cell proliferation and growth, cell fate
determination, differentiation, and stem cell maintenance
(Artavanis-Tsakonas et al., 1999; Bray, 2006). Recently, the Notch
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pathway has been proposed to play a crucial role in shell formation
and pigmentation in molluscs, including pearl oysters (Pinctada
margaritifera and P. fucata martensii) (Jiao et al., 2019; Auffret
et al., 2020), the clam (Meretrix meretrix) (Yue et al., 2015), and the
Pacific oyster (Feng et al., 2015). Here, we first detected that this
pathway underwent significant selection in different Pacific oyster
populations, and some core genes of the pathway, i.e., Notchl (two
in GLD, one in XST, and one in QD) and Notch2 (one in GLD and
one in QD and XST), were involved. The Notch pathway is
activated by binding of the ligands, such as Delta and Serrate, to
the Notch receptors, leading to a concerted two-step proteolysis of
the Notch proteins (Kramer, 2002; Liu et al., 2015). Notchl and
Notch2 are the two closest related Notch paralogs but usually have
apparent different biological functions in mammals (Liu et al,
2015). Notch-related genes in both clams and Pacific oysters were
predicted to function as upstream components of the shell color
determination by combining with calcium signaling pathway (Feng
et al, 2015; Yue et al., 2015), and the white-shelled Pacific oyster
possibly utilized endocytosis to downregulate the Notch expression
level and resulted in the apoptosis of melanoblasts, hindering
pigmentation (Feng et al, 2015). Therefore, the present study
provided important candidate loci for the research on shell
biomineralization in the Pacific oyster, and the genetic divergence
of the above genomic regions controlling shell formation was
probably of great importance for molluscs to adapt to
changing environments.

Multiple lines of evidence suggest that environmental stresses
can induce endoplasmic reticulum (ER) stress, which refers to a
physiological or pathological state leading to the accumulation of
misfolded or unfolded proteins in the ER lumen (Banhegyi et al.,
2007; Cybulsky, 2010; Zhao et al,, 2022). The ER has serious
quality control systems, i.e., the unfolded protein response (UPR)
and ER-associated degradation (ERAD), to rescue misfolded or
unfolded proteins, which are vital in cellular homeostasis under
stress (Ellgaard et al., 1999; Yoshida, 2007; Cybulsky, 2010).
Protein processing in the endoplasmic reticulum is the key
pathway for these processes to recognize and selectively direct
abnormal proteins to be either correctly refolded or degraded
(Yoshida, 2007; Cybulsky, 2010). Meanwhile, the pathway of
ubiquitin mediated proteolysis plays an important role in
degrading irreparable proteins (Hampton, 2002). The two
pathways have been reported to be regulated by different
environmental stresses in diverse molluscs, such as the Yesso
scallop (Patinopecten yessoensis) (Mao et al., 2022), the Zhikong
scallop (Chlamys farreri) (Mao et al., 2022), and the hard clam
(Mercenaria mercenaria) (Hu et al., 2022). In this study, both the
two pathways were found under significant selection in the Pacific
oyster. Some key genes involved in different processes of the
pathway of protein processing in the endoplasmic reticulum
were found selected. HSPs are classes of chaperone proteins that
play important roles in protein folding and quality control
(Georgopoulos and Welch, 1993). A great expansion of HSP
genes was detected in the oyster genomes, such as 88 HSP70
genes found in the Pacific oyster genome, which are probably
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central for the oyster to defend against all stresses (Zhang et al.,
2012). There were one HSP40 (in QD), five HSP70 (three in LHT
and two in QD), and two HSP90 (in QD) genes significantly
selected in the Pacific oyster genome of different populations.
HSP40, HSP70, and HSP90, ancient and highly conserved
chaperone families, are critical to maintaining ER homeostasis
(Kotler and Street, 2023). They can work together as a unified
system so that HSP40 chaperones can transfer their clients to
HSP70 and HSP70 can transfer clients to HSP90 (Kotler and
Street, 2023). Bip, a member of the HSP70 family, is one of the
most abundant ER chaperones, which facilitates protein
translocation into the ER and protein folding within the ER and
modulates the UPR and ERAD (Yoshida, 2007; Kotler and Street,
2023). Bip gene was found selected in the QD population.
Genomic evidence of selection signatures in the HSP gene
family implied their important role for the Pacific oyster in
environmental adaption. Strong selection signals were also
discovered in the genes of the inhibitor of apoptosis (IAP)
family, including two IAP (one in CT and one in GLD and
LHT), three BIRC2 (one in GLD, LHT, and LS; one in LHT and
LS; and one in GLD), and two BIRC3 (in GLD). IAPs function
primarily by suppressing the activity of caspases to inhibit
apoptosis (Richter and Duckett, 2000). The general expansion of
IAPs in many molluscan genomes, including the Pacific oyster,
indicates a powerful anti-apoptosis system in molluscs (Zhang
et al,, 2012; Song et al,, 2021). Additionally, the ubiquitin ligase
activity of IAPs can contribute to ubiquitin mediated proteolysis
(McDonald and El-Deiry, 2004). Genetic divergence of IAPs
probably led to the different abilities of different Pacific oyster
populations to tolerate diverse environmental stresses by
regulating programmed cell death or protein degradation.

The present work provided many important selected loci that
may play key roles in adapting to the stressful and changing
environment in the Pacific oyster and were valuable for
understanding the evolutionary adaptive mechanism of oysters.
However, the study has its limitations in that phenotypic and
environmental values of the different populations were not
collected, which limited linking phenotypic and genomic features
related to local adaptation to specific environmental conditions, and
further research is needed.

5 Conclusions

In this study, a novel catalog of population genomic data was
generated in the Pacific oyster by whole-genome resequencing.
Population genetic analysis has comprehensively revealed the
genomic variation, genetic diversity, population structure,
phylogenetic relationships, and migration events of wild and
cultured populations in Dalian. Additionally, linkage
disequilibrium and demographic history of these populations
were inferred. Moreover, potential genomic selection signatures
associated with environmental adaptation were discovered, with
selected genes involved in DNA metabolism and stability, shell

frontiersin.org


https://doi.org/10.3389/fevo.2023.1337980
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Mao et al.

formation, and environmental stress response. The study laid the
theoretical basis for the subsequent germplasm conservation,
management, and genetic breeding of the indigenous Pacific
oysters and provided novel insights into the adaptive evolutionary
mechanism of oysters.
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