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The Pacific oyster (Crassostrea gigas) is widely cultured worldwide. Because intercrossing inbred strains improves
yield (heterosis), development of inbred lines is needed to implement this breeding strategy. However,
inbreeding usually reduces the mean phenotypic value shown by characters connected with physiological effi-
ciency or reproductive capacity. The effects of inbreeding on growth and survival of C. gigas have been reported
by numerous studies. However, effects of inbreeding on gene expression still remains to be explored in oysters. In
this study, the relationship between gene expression and inbreeding depression was investigated in an inbred line
of the Pacific oyster. Two inbred groups, an F1 group containing 15 inbreeding families and an F2 group con-
taining 15 families with a presumed relative higher inbreeding level performing worse in growth and survival
rate compared to the F1 group, were constituted by using this inbred line. The shell height and survival rate of
two inbred groups were compared with those of the wild group including 15 families (CF). A total of 9 RNA-seq
libraries were constructed using oyster gills. Based on differential gene analysis, 2430 differentially expressed
genes (DEGs) in the F1 group and 3741 in the F2 group were identified respectively compared to the CF group. A
total of 1746 common DEGs were counted shared in two inbred groups, of which 911 were up-regulated and 835
were down-regulated. GO and KEGG analysis showed that common DEGs were significantly enriched in the
immune response and actin nucleation pathways. Additionally, 695 DEGs were identified between two inbred
groups, and GO analysis revealed that these DEGs were significantly in the pathways related to immune and
stress response. Our results show the preliminary exploration of the effect of inbreeding on gene expression of
C. gigas, which is helpful for us to better understand and manage inbreeding depression of bivalves, and may
potentially benefit the breeding of oyster in aquaculture.

1. Introduction

Inbreeding, characterized as mating among closely related in-
dividuals, normally results in inbreeding depression, the reduction of
the mean phenotypic value connected with a given trait, such as
fecundity and survival (Leroy, 2015). The effects of inbreeding depres-
sion have been observed for well over a century in domesticated as well
as natural populations of plants and animals (Charlesworth and Wills,
2009). There are cumulative lines of studies that described the delete-
rious effects of inbreeding depression in aquatic animal species,
including Nemertea (Caplins and Turbeville, 2015), Mollusk (Zheng
et al., 2012; Janicke et al., 2014), Echinodermata (Zhao et al., 2016) and
Chordate (Zajitschek and Brooks, 2010; Phillippi and Yund, 2017).
However, only a few of them have explored the genome-wide analysis

on inbreeding depression (Plough and Hedgecock, 2011; Plough, 2012;
Venney et al., 2016; Fellous et al., 2018).

Studying the relationship between inbreeding and gene expression
could help to understand the importance of specific genes, genetic net-
works and physiological pathways for inbreeding depression (Mandy
et al., 2015; Zhao et al., 2019), which allows us to better understand,
estimate and manage inbreeding depression (Hansson et al., 2014).
However, the research of inbreeding depression was stagnating at the
phase of symptom description for a long time and interrogations about
the effect of inbreeding on gene expression still remain inconclusive.
(Zhao etal., 2019; Leroy, 2015). Recently, the development of molecular
tools made it possible to perform studies on variation in inbreeding-
induces gene expression at the level of the whole-genome (Huisman
et al., 2016). Relevant researches performed in several model organisms
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showed different expression patterns (Mandy et al., 2015; Hansson et al.,
2014; Bos et al., 2016; Kristensen, 2005; Ayroles et al., 2010). For
commercially important mollusk bivalves, the research on tran-
scriptomes under inbreeding circumstances was only reported in yesso
scallop Patinopecten yessoensis. Zhao et al. (2019) identified 9 genes
involved in inbreeding depression in Pseudoceros yessoensis, which were
related to a perturbing lipid metabolism, a severe inflammatory reaction
or immune response, and a stress-responsive behavior.

The Pacific oyster Crassostrea gigas is the most widely cultured
shellfish species around the world. Normally, cultured populations of
C. gigas are established with few breeders and the culture of C. gigas
depends on hatchery-produced seed, so inbreeding depression of per-
formance characters has become pervasive (Langdon et al., 2003; Lau-
ney and Hedgecock, 2001). The effects of inbreeding have become more
apparent as breeders attempt to establish selected lines from hatcheries
with small effective population size (Evans et al., 2004). Meanwhile the
great fecundity and very high larval mortality increase the risk of
inbreeding (Hedgecock and Davis, 2007). The effects of inbreeding on
growth and survival traits during larval and adult stages have been
revealed by an abundance of studies (Dégremont et al., 2007). To date,
some researches focused on the effects of inbreeding on yield, individual
growth rate and survival (Evans et al., 2004). Plough and Hedgecock
(2011) reported that deleterious mutations were predominantly
expressed before the juvenile stage (90%), mostly at metamorphosis
(50%) by quantitative trait locus analysis of stage-specific inbreeding
depression in C. gigas. However, the effect of inbreeding on gene
expression has not been reported, which is essential to understand the
genetic basis of inbreeding depression in C. gigas.

In our previous breeding practice of C. gigas, four individuals with
orange shell color were unexpectedly identified (Han and Li, 2018,
2020). Based on these four individuals (two males and two females), two
full-sib families were produced in 2011 to serve as the first generation in
this study. Subsequently, two successive generations of family selection
were established from 2012 to 2013 in order to remedy shell color. For
purposes of improving growth performance, five generations of mass
selection were performed from 2014 to 2018 (Supplementary Fig.1)
allowing a genetically stable orange-shell line to be obtained. The
number of parents in each generation of mass selection was about 100,
and the selection intensity was about 1.9 (Han et al., 2019). The orange-
shell line has obvious characteristics of an inbred strain. For example,
compared to wild populations, significant reduction in allelic richness
(Ar: 68.17-74.91%) and expected heterozygosity (He: 34.21-39.24%)
were observed due to the extra small genetically-effective population
size (Han et al., 2019). Additionally, the special shell color, as a recessive
trait, keeps it from being contaminated by wild germplasm during
cultivation (Han and Li, 2020). Therefore, the orange shell line is suit-
able for exploring the effects of inbreeding-induced gene expression in
C. gigas.

In the present study, we investigate the effects of inbreeding on gene
expression through comparing transcriptome-wide gene profilings of
C. gigas with three different inbreeding levels, and also discuss the ge-
netic basis of inbreeding depression in C. gigas. This study would
contribute to further understanding of oyster inbreeding depression,
which may potentially benefit the genetic breeding for oyster
aquaculture.

2. Materials and methods
2.1. Experimental animals

In this study, all the 45 families were established in June 2019. The
parents of 15 high inbreeding families (F2) were selected from the
progeny of 15 full-sib families, which were established based on the 8th
generation orange-shell line by crossing one female to one male in June
2018. One male and one female were selected randomly from each
family constructed in 2018 to establish 15 full-sib F2 families in June
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2019. The parents of lower inbreeding families (F1) were selected from
the 8th generation orange-shell line randomly, and 15 families were
produced by crossing one female to one male (Supplementary Fig. 1).
The 15 families of non-inbred control (CF) group were established by
crossing one female to one male, using the wild individuals collected
from Laizhou Bay as parents. All spat were cultured in Sanggou Bay,
Rongcheng, Shandong province. They were placed on nylon ropes and
cultured on suspended longlines. All spat were cultured by the long-line
method by 30 days, and then 200 oysters from each family were placed
in 10-layer lantern nets with 20 individuals per layer.

2.2. Growth and survival perfomances

During grow-out stage, 30 oysters were randomly selected from each
lantern for 60-day-old, 150-day-old and 300-day-old age classes. The
shell height of each oyster was measured with an electronic vernier
caliper (0.01 mm). The dead oysters were removed at each sampling,
and the survival rate of each family was calculated based on the total
number of living oysters from the corresponding lantern.

Differences in shell height and survival rate among three groups were
analyzed with one-way analysis of variance followed by multiple com-
parison Tukey test using SPSS (Statistical Package for Social Science)
22.0 software. Differences were considered significant if p < 0.05.

2.3. RNA isolation, library construction and Illumina sequencing

At the last sampling (300-day-old age), experimental samples were
collected. For each group, the average individual size of these collected
samples was approximately equal to that of the family, while the
average individual size of the family was approximately equal to that of
the corresponding population. In this way, the transcriptome data can
represent the overall situation of the corresponding group as much as
possible, to reduce the effects of different oyster growth rates on gene
expression among the three groups. But from another point of view, the
difference in growth may also be the result of inbreeding. Gills of three
individuals from each family were dissected and flash-frozen in liquid
nitrogen and stored at —80 °C prior to RNA extraction.

Total RNA was extracted using TRIzol reagent (Invitrogen) according
to the manufacturer's instructions. Sequencing libraries were generated
using NEBNext® UltraTM RNA Library Prep Kit for Illumina® (NEB,
USA) following manufacturer's recommendations and index codes were
added to attribute sequences to each sample. The clustering of the index-
coded samples was performed on a cBot Cluster Generation System using
TruSeq PE Cluster Kit v3-cBot-HS (Illumia) according to the manufac-
turer's instructions. After cluster generation, the library preparations
were sequenced on an Illumina NovaSeq 6000 platform and 150 bp
paired-end reads were generated.

2.4. Quality control and reads count

Raw data (raw reads) were firstly processed through in-house perl
scripts to get rid of adapter sequences. Then reads containing more than
5 ambiguous bases (N) were removed and only the high-quality reads
(clean reads) which more than 80% bases quality scored over 20 could
be kept for further analysis.

Then Hisat2 (v2.0.4) was used to align clean reads to the indexed
reference genome (Li et al., 2009), which can generate a database of
splicing junctions based on the gene model annotation file and provide
better mapping results (Kim et al., 2015). For each gene, raw counts
were obtained using featureCounts, a read summarization tool of Sub-
read (v2.0.0) (Yang et al., 2014).

2.5. Differential expression analysis

Differential expression analysis of three groups was performed with
the R package DESeq2 (v4.0.3) (Love et al., 2014), using a model based
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on the negative binomial distribution to calculate the P-value. P-value of
each gene were revised by the Benjamini and Hochberg approach to
control the false discovery rate (FDR). Genes with FDR < 0.05 and fold-
change >2 were regarded as differentially expressed genes (DEGs).

2.6. Functional annotation

Gene ontology (GO) enrichment analysis of DEGs was conducted
using the R package clusterProfiler, in which gene length was corrected.
GO terms with corrected P-value <0.05 were considered significantly
enriched by DEGs. As well, clusterProfiler R package was used to test the
statistical enrichment of DEGs in KEGG pathways to understand high-
level functions and utilities of the biological system, such as the cell,
the organism and the ecosystem from molecular-level information
(Kanehisa et al., 2007), and P-value <0.05 was regarded as significantly
enriched in the pathway.

2.7. Quantitative real-time PCR validation

To verify the results of RNA-seq, 12 DEGs were chosen for quanti-
tative real-time PCR (qRT-PCR) analysis. The samples used for the qRT-
PCR and RNA-seq analysis were the same. The PrimeScript™ RT reagent
Kit with gDNA Eraser (Perfect Real Time) (TaKaRa, Dalian, China) was
used for synthesizing the total cDNA for qRT-PCR. Gene-specific primers
were designed using Primer Premier 5.0 (Supplementary Table 1).
Eukaryotic elongation factor 1 (eEF-1) gene was used a control to
normalize gene expression by qRT-PCR (Renault et al., 2011). Cycling
parameters were 94 °C for 5 min and then 40 cycles of 94 °C for 30s,
56 °C for 30s and 72 °C for 15 s. Relative gene expression levels were
calculated by the 2722C method (Schmittgen and Livak, 2008).

3. Results
3.1. Comparison of growth and survival rate

The shell height and survival rate of three groups were shown in
Fig. 1. Apparently, shell height and survival rate of two inbred groups
were significantly lower than those of the CF group, and were lowest in
the F2 group (P < 0.05). In addition, the survival rate of inbreeding
groups was more impacted by inbreeding than the shell height when
compared with the CF group.

3.2. Sequence analysis

A total of 181.4 million clean reads were obtained after quality filter
of 193.7 million 150 PE raw reads, with Q20 varying from 98.09% to
98.48%. The clean bases of each sample ranged from 5.44 to 6.84 Gb,
which is about 12 of the oyster genome size. Totally, 75.52-79.37% of
clean reads were aligned to C.gigas reference genome, of which
67.85-70.83% were uniquely aligned and 7.44-8.55% had multiple
alignment positions on the reference genome (Table 1).

3.3. Differential expression analysis

Two thousand four hundred and thirty genes were significantly
differentially expressed (FDR < 0.05) between the CF and the F1 groups.
Among these DEGs, 1207 of them were expressed at lower levels and
1223 genes were expressed at higher levels. In the F2 group, 3741 genes
were significantly differentially expressed compared to the CF group, of
which 1614 genes were down-regulated and 2127 genes were up-
regulated. When all DEGs from two inbred groups were further
analyzed, 1746 common DEGs were found, and 911 and 835 were up-
and down-regulated respectively (Fig. 2). In each inbreeding group, top
30 DEGs were ranked and 14 common DEGs were found (Table 2),
including peroxidase-like protein, fucolectin, deoxynucleoside triphos-
phate  triphosphohydrolase = SAMHD1-like, bcl-2  homologous
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Fig. 1. Comparison of shell height (A) and survival rate (B) among three
experimental groups. Different letters of the same days of age indicated sig-
nificant differences among three groups (P < 0.05). The survival rate is cu-
mulative over the whole experimental time (i.e. 300 days).

antagonist/killer-like, etc.

A total of 695 DEGs were identified between groups F1 and F2, of
which 315 genes were expressed at higher levels in the F2 group, while
380 genes were expressed at higher levels in the F1 group (Fig. 3 and
Supplementary Table 2).

The results of qRT-PCR verification of 12 common DEGs were
compared with those from RNA-seq analysis. In general, the expression
levels of 12 genes detected by qRT-PCR were consistent with the results
of RNA-seq analysis (Supplementary Fig. 2).

3.4. GO and KEGG enrichment analysis of DEGs

GO term enrichment analysis was performed to further understand
the biological functions of 1746 common DEGs. The common up-
regulated genes were found mainly enriched in “negative regulation of
fibroblast proliferation”, “cellular response to interleukin-6” and
“response to interleukin-6” (Fig. 4 and Supplementary Table 3), which
are associated with wound healing and immunoreaction. In a total of 76
terms, almost half of significantly enriched GO terms were related to
immune response. The remainder of the GO terms were associated with
synthesis and metabolism of lipids, proteins and glycogen and disease
resistance. The common 835 down-regulated genes were found mainly
enriched in GO terms involved with virus releasing from host cell, cal-
cium ion-dependent exocytosis and actin nucleation (Fig. 5 and Sup-
plementary Table 4).

To further understand the metabolism process and signal trans-
duction pathways involved in these common DEGs, KEGG enrichment
analysis was performed. The results revealed that common up-regulated
DEGs were significantly enriched in 17 pathways (Fig. 6 and Supple-
mentary Table 5). More than half of pathways were related to the im-
mune reaction and apoptosis, including “NF-kappa B signaling
pathway”, “NOD-like receptor signaling pathway”, “Apoptosis”, etc.

GO enrichment analysis was also performed for the DEGs between
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Table 1

Summary of RNAseq sequencing data in gills of C.gigas.
Sanple name Raw reads Clean reads Q20(%) Clean bases(G) Total mapped Uniquely mapped Multiple mapped
CF-1 21,840,187 21,079,810 98.43 6.32 276;.7;710’/?)45 (1;(’).9531;)))50 (1;;:759490’/09)95
CF-2 23,311,950 22,404,700 98.25 6.7267.857 377;08560’:)68 (165;)57(}‘;/?)08 (lé?51551;08)60
CF-3 24,379,220 22,811,249 98.28 6.84 2;76,:155250,/:)68 (165;:‘?0’/?)63 (188 ?guz())s

14,32 1 12,814,52 1 11

F1-1 19,666,826 18,429,800 98.36 5.53 (;,;.37;0’2)4 (66.83:‘;5) 8 (é.s??'?",/u) 3
F1-2 22,105,079 20,820,519 98.28 6.25 276;;57:023)79 (164';:6;’2)76 (1é710 960’/‘()))03
s mizsss  1os0sn 98 91 1527813 13675754 L0382
waszsr s 9809 1403163 12606525 L2702
F2-2 21,040,801 19,375,630 98.48 5.81 (1;,}(.)02;0’/?)85 (12’;“;;2))38 (1;“:990’2)47
F2-3 19,779,370 18,129,753 98.39 5.44 2361.3()2020%04 (1721(.957:0’/?)33 (1,}?:490’2)71

Fig. 2. Venn diagrams showing the overlap of DEGs between F1 and F2. All
DEGs were obtained by comparing the transcriptome data of F1 or F2 with CF
respectively.

Table 2
Top fourteen common differentially expressed genes in F1 and F2 compared to
CF.

Gene symbol Gene description

Up-regulated

LOC105323064  shematrin-like protein 2
LOC105324729  peroxidase-like protein
LOC105344449  uncharacterized
LOC117687744  uncharacterized
LOC105322773  uncharacterized
LOC105340266  uncharacterized
LOC117682969  fucolectin-7-like
LOC117684920  nectin-4-like
LOC117686615  complement C1q tumor necrosis factor-related protein 3-like
LOC105329996  uncharacterized
LOC117691357  coadhesin-like
LOC105344934  uncharacterized
Down-regulated
LOC117687819  deoxynucleoside triphosphate triphosphohydrolase SAMHD1-
like
LOC117692211  bcl-2 homologous antagonist/killer-like

the F1 and F2 group. For the 315 up-regulated genes in the F2 group,
enriched GO terms involve many aspects, including ion homeostasis,
transmembrane transport, oxidative stress, biomineralization, etc.
(Fig. 7 and Supplementary Table 6). The 380 down-regulated genes in
the F1 group were significantly enriched in the terms related to

autophagy, replication and release of viruses, clathrin, immune cell, etc.
(Fig. 8 and Supplementary Table 7). DEGs between two inbred groups
were not enriched in any pathways in the KEGG enrichment analysis.

4. Discussion

In this study, inbreeding caused reductions of survival rate and
growth in C. gigas and inbreeding depression was stronger in the survival
rate than growth. These results support the viewpoint that inbreeding
usually causes a decline in multiple traits, and inbreeding depression is
expected to be more serious in traits more closely associated with fitness
(Evans et al., 2004; Zheng et al., 2012; Huisman et al., 2016; Han and Li,
2018). At the same time, the higher inbreeding level led to a further
decline in these two traits.

Although the fitness consequences of inbreeding have been studied
in C. gigas (Camara et al., 2007), the effect of inbreeding on gene
expression has not been reported.

We performed transcriptome comparative analysis of two groups of
inbred oysters with wild oysters. A total of 2430 and 3741 genes were
identified to be differentially expressed in F1 and F2 groups respectively
compared with the wild control group, and 14 genes with the highest
degree of differential expression were shared in two inbred groups.
Functional analysis showed that several genes of these were related to
antioxidation and immunoreaction. Peroxidase-like protein was found
to play a significant role in defense mechanisms (Hiraga et al., 2001).
The previous study of peroxidase-like protein in the clam Meretrix mer-
etrix showed that its genetic regulation is to prevent an increase in ROS
in organisms when clams were exposed to polychlorinated biphenyls (Li
et al., 2021). Thus, we inferred that the up-regulated of peroxidase-like
protein in inbred oysters may reflect elevated levels of ROS in cells
which can disrupt the structure of carbohydrates, nucleic acids, lipids
and proteins, and contribute to the reduced adaptability and lower
survival. Lectins play key roles in the innate immunity as a group of
carbohydrate-binding proteins (Gorbushin and Borisova, 2015). F-type
lectin (fucolectin) is fucose-binding proteins which mediate molecular
recognition (Vasta et al., 2017). PmF-lectin from Pinctada martensii was
highly expressed in gill and hemocytes after being exposed to Vibrio
alginolyticus, which supported its important roles against microbial in-
vasion (Chen et al., 2011). In addition, bcl-2 homologous antagonist/
killer-like is an important regulator of apoptosis which is required for
the maintence of tissue homeostasis by purging superfluous or poten-
tially harmful cells (Zohny and El-Shinawi, 2011; Lin et al., 2019), and
deoxynucleoside triphosphate triphosphohydrolase SAMHD1-like par-
ticipates in the regulation of innate immune responses or has the func-
tion as a potent cellular restriction factor against retroviruses.
Differential expression of genes indicated that inbreeding may
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references to color in this figure legend, the reader is referred to the web version of this article.)
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contribute to impaired immunologic homeostasis, which could partly
explain the low survival rate of inbred oysters.

A total of 1746 DEGs were shared in two inbred groups. Based on
these common DEGs, GO and KEGG analysis were conducted. Gene
functional annotation analysis showed that DEGs were significantly
enriched in immune responses, stress responses and actin nucleation

0.02 0.03 0.04 0.05 0.06

GeneRatio

hat were expressed at higher levels in F1 and F2 compared with the CF group.

pathways.

Bivalves have a comprehensive repertoire of immune cells, genes and
proteins like many invertebrates. Inmune cells are highly responsive to
the recognition of microbe-associated molecular patterns because of a
range of pattern recognition receptors, which usually results in a series
of responses to infection, including chemotaxis, complex intracellular
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signaling, apoptosis and the induction of anti-viral states (Bassem and
David, 2015). As revealed in this study, up-regulated common DEGs
were found mainly enriched in pathways related to interleukin-6 (IL-6),
natural killer (NK) cell apoptotic process, cytoplasmic pattern recogni-
tion receptor signaling pathways in response to virus and monocyte
chemotactic protein-1 (MCP-1). IL-6 is a soluble mediator with a
pleiotropic effect on inflammation, immune response, and hematopoi-
esis (Toshio et al., 2014). For example, it is possible to induce differ-
entiation of activated B cells into antibody-producing cells in an

infection lesion (Kishimoto, 1985). NK cells are essential to defend
against a variety of pathogens. NK cells are activated by pattern recog-
nition receptors and elicit the production of tumor necrosis factor (TNF)
and interferon-gamma (IFN-y), contributing to antibacterial defense
(Souza-Fonseca-Guimaraes et al., 2011; Dillon et al., 2014). MCP-1 is an
important chemokine secreted in response to stimulation by TNF and
IFN-y (Bilgic et al., 2009), which is of particular importance in the ho-
meostatic response (Gerszten et al., 1999). Down-regulated DEGs were
enriched in the pathways related to the negative regulation of viral
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Fig. 8. GO enrichment analysis of differentially expression genes between F1 and F2 that were expressed at higher levels in F1.

transcription and release, that could mean faster virus multiplication in
the inbreed oysters. Overall, it is considerably reasonable that DEGs in
this study would contribute to low stress tolerance and low survival rate
in inbred individuals through impaired immunologic homeostasis.

In addition, some of common DEGs were found to be involved in
many pathways related to stress-response related pathways, including
protein ubiquitination and regulation of lipid, glycogen and protein. In
bivalves, the function of ubiquitination under temperature, season and
oxidative stress has been wildly studied (Hofmann and Somero, 1995;

Buckley et al., 2001; Mcdonagh and Sheehan, 2006). Damaged proteins
are removed from cells by the ubiquitin-proteasome pathway (UPP),
which selectively degrade abnormal cytosolic and nuclear proteins or
short-lived intracellular regulatory proteins, and is important for normal
cell growth and viability (Mcdonagh and Sheehan, 2006). When bi-
valves cope with stress, protein, lipid and glycogen have been shown to
influence fitness related detoxification systems, defense, and physiology
of organisms under stress (Bartlett et al., 2020). It is likely that abnormal
protein ubiquitination and energy metabolism lead to low tolerance and
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low survival phenotypes in inbred offspring in response to biological or
abiotic stress.

Actin filaments are important parts of the cytoskeleton and partici-
pate in many cellular functions, including structural integrity, shape,
cell division, organelle transport and cell motility. Cell motility plays an
important role in a variety of biological processes such as the wound
healing, development of organisms, growth and immune response
(Ananthakrishnan and Ehrlicher, 2007). As revealed in this study, in
inbred oysters, down-regulation of genes related to actin nucleation may
indicate that negative effect of inbreeding on cell division and move-
ment, which could be probably associated with the low growth of inbred
oysters.

It was observed that oysters with a higher inbreeding level had more
DEGs, which means that more recessive deleterious alleles were
expressed in F2 than in F1, as lower survival rates and slower growth
were observed in F2.

According to results of our GO analysis, a considerable part of the up-
regulated DEGs in the F2 group were related to the homeostasis and
transmembrane transport of metal ions and biomineralization. Metal
ions are essential for numerous metabolic processes and their homeo-
stasis is important for life. They always play an essential role in multiple
bodily functions including immunity, regulation of cellular energy,
reproduction and digestion in various forms such as free state, metal-
loenzymes or metalloprotein, and an aberration in metal ion homeo-
stasis may lead to cell death and severe diseases (Nelson, 2014; Romani,
2011). For example, magnesium is necessary to regulate numerous
cellular functions and enzymes, including signaling progress, ion chan-
nels and metabolic cycles (Romani, 2011), and the regulatory function
of zinc ion impacts virtually all aspects of cell biology, including the
transmission of information within and between cells (Maret, 2017). Up
regulation of the genes related to the homeostasis and transmembrane
transport of metal ions may mean the oysters with higher inbreeding
level have lower metabolic efficiency, which leads to slower growth and
higher mortality.

Biomineralization is essential for the formation of shell which is a
complex structure made of organic and mineral components (Yarra
et al., 2016). Up-regulation of genes negatively regulating biominerali-
zation and biomineral tissue development leads to the decreased rate of
shell growth. Negative regulation of mineralization and osteoblast dif-
ferentiation may also contribute to the slow growth of inbred oysters.

The down-regulated DEGs observed in the F2 group seems to be more
related to chaperone-mediated autophagy (CMA), clathrin, genome
replication and release of virus and chemotaxis of immune cells. CMA
contributes to the control of cellular quality and maintains cellular en-
ergetic balance and eliminate the damage of oxidative stress by selec-
tively degrading soluble proteins in lysosomes and promoting the
degradation of damaged proteins (Tasset and Cuervo, 2016; Kiffin,
2004). For oysters with a higher inbreeding level, CMA activity may
decline with down-regulation of related genes, thus oxidative damage in
cells increases. The effects of clathrin in cells are diverse, including
tissue development, tissue structure, metabolic pathways and disease
(Kit et al., 2020). Down-regulation of genes related to clathrin may lead
to more severe inbreeding depression in growth and survival rate.
Additionally, down-regulation of genes regulating the genome replica-
tion and release of virus and chemotaxis of immune cells may result in
lower resistance to bacterial and viral infections, which may be another
reason for lower survival rate in oysters with a higher inbreeding level.

5. Conclusion

The results of gene differential expression analysis showed that the
influence of inbreeding on oyster gene expression was very complex and
involved in many aspects of biological processes. The genetic functional
analysis, suggested that reduced immune and stress responses and a
perturbing energy metabolism may induce the abnormal cellular phys-
iological situation, lead to inbreeding depression: reduced growth and
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survival rates in C. gigas. Our results only show the effect of inbreeding
on gene expression during the studied stage, and due to selection fa-
voring heterozygotes, the inbreeding degree of surviving individuals
may be lower than expected. In the future, the stage-specific tran-
scriptome analyses need to be explored so that we can have a more
comprehensive understanding of the influence of inbreeding on all
stages of oyster life history.
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