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Abstract Heterosis has been exploited to enhance the yield and adaptability in various shellfish species; however, the molecular
basis of it remains unclear. The Pacific oyster Crassostrea gigas is one of the most economically important aquaculture species, and
its productive traits can be improved by hybridization. Here, an intraspecific cross between orange shell (O, 10th generation) and
‘Haida No. 1’ (H, 13th generation) of C. gigas was performed to assess the heterosis of survival trait. Survival rates of hybrid family
(OH) and inbred families (HH and OO) were compared at larval stage, and eyed-pediveliger larvae of three families were subjected
to transcriptome analysis. The analysis results of best-parent heterosis and mid-parent heterosis showed that the hybrid family exhi-
bited a high heterosis in survival relative to the parental families. The OH-M (OH vs. OO) and OH-P (OH vs. HH) had 425 and 512 dif-
ferentially expressed genes (DEGs), respectively. Functional enrichment analysis of these DEGs revealed that the significantly enrich-
ed genes function in virion binding, C-type lectin receptor signaling pathway, cellular defense response and other immune-related pro-
cesses, which involves perlucin-like protein, CD209 antigen-like protein, ZNFX1, caspase-3 and acan genes. These differentially ex-
pressed genes in OH-M and OH-P, together with the immune-related processes mentioned above may play an important role in the
larval survival of C. gigas. In addition, three genes (CYP450, fucolectin and perlucin-like) are associated with the orange shell and low
survival of maternal oyster OO. These findings provide support for the application of hybrid with superior survival and will facilitate

the understanding of heterosis formation in the Pacific oyster.
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1 Introduction

Heterosis, or hybrid vigor, is the phenomenon whereby
heterozygous F1 produced by different genetic parents has
superior performance in growth, survival and resistance to
stress than parental homozygote or inbred lines (Birchler
et al., 2010; Song et al., 2010). Due to known biological
and economic precedence of heterosis, the research com-
munity has been fascinated by the underlying molecular
mechanisms for over a century. Several genetic hypotheses
(i.e., dominance, overdominance, pseudo-overdominance
and epistasis hypothesis) were proposed to explain hetero-
sis (Bruce, 1910; Lippman and Zamir, 2007; Shang et al.,
2016), while a single genetic mechanism cannot fully ex-
plain the mechanism (Shahzad et al., 2020).

With the rapid advancements of molecular biological ap-
proaches, molecular evidence underlying heterosis has be-
gun to be elucidated. At present, cDNA-amplified fragment
length polymorphism, mRNA differential display techni-
ques and suppression subtractive hybridization are avail-
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able for various aquatic organisms. In addition, the mush-
rooming of next-generation sequencing and the publication
of genomes stimulated the transcriptome profiling analy-
ses. As a powerful technology for obtaining massive amounts
of data (Mohd-Shamsudin et al., 2013), transcriptome could
offer the potential to explore the molecular mechanisms of
heterosis by obtaining abundant differential expressed genes
(DEGs) between parents and hybrids (Zhao et al., 2019).
Genome-wide changes in gene expression have been docu-
mented in yellow catfish (Zhang et al., 2019), black sea
bream (Chen ef al., 2020), sea cucumber (Wang et al.,
2018b), and pearl oyster (Yang et al., 2018), while DEGs
have been used to explain trait differences exhibited by hy-
brids.

The Pacific oyster Crassostrea gigas is one of the most
economically important aquaculture species with high pro-
ductivity and broad environmental tolerance. It has been
introduced into many countries for aquaculture. However,
C. gigas suffered mass mortality in both natural and cul-
tured populations (Burdon ef al., 2014), which has increased
dramatically since 2008 and is considered to be resulted
from the intricate interactions between living environment,
opportunistic pathogens and oysters. Therefore, numerous

a) Springer



200 YANG et al. / J. Ocean Univ. China (Oceanic and Coastal Sea Research) 2024 23: 199-208

studies on the oyster massive mortality during summer pe-
riod have been conducted (Solomieu et al., 2015), and se-
lective breeding has effectively reduced the mortality of
oysters in the environment infected with Ostreid herpes-
virus 1 (OsHV-1) (Garcia et al., 2011; Agnew et al., 2020).
Nevertheless, hybridization is a more convenient and ef-
fective approach to improve the survival rate by crossing
geographically isolated populations, selected lines and
different species of oysters. For instance, hybrid C. angu-
lata x C. gigas exhibited higher cumulative survival rate
under acute heat stress than their parental strains (Jiang et al.,
2022), crosses among three strains of C. gigas resulted in
the hybrids with better survival trait in natural environment
(Kong et al., 2017).

In our previous study, the hybrid oysters between female
orange-shelled line and male ‘Haida No. 1’ line were pro-
duced, which have been demonstrated to exhibit heterosis
in survival, stress resistance and growth (Meng ef al., 2021),
especially the high heterosis in survival at planktonic lar-
val stage (Liang ef al., 2022). Notably, oysters carry a very
high genetic load (at least 12—14 lethal genes per indivi-
dual), and its mortality due to lethal recessive genes occurs
primarily in larvae stage (Yin and Hedgecock, 2021). Cross-
breeding could improve genetic heterozygosity and weak-
en the effect of recessive lethal genes, thereby increasing
the survival of hybrids and generating heterosis (Whitlock
et al., 2000). Therefore, the hybrid larvae could be used as
a good model for oyster heterosis research, whose mole-
cular basis remains unclear. In this study, the crossbreed-
ing was carried out between two lines of C. gigas, and he-
terosis of hybrid combination in larval survival rate was
analyzed. The transcriptome analysis was conducted to re-
veal the molecular mechanism underlying the high ascen-
dancy of survival rate in intraspecific hybrids. These results
may provide clues to understand how hybrid oysters have
a superior vitality than parental groups in a suitable breed-
ing environment, which also increases our understanding
of heterosis in oyster.

2 Materials and Methods

2.1 Experimental Animals

The Pacific oysters C. gigas used in this study were an
inbred orange-shelled line (O, 10th generation) and a se-
lected strain ‘Haida No. 1’ (H, 13th generation). The H strain
with fast growth was successively selected using mass se-
lection (Li et al., 2011), and the O line is a stable genetic
line established by using the orange shell mutation indivi-
duals found in the self-bred offspring of purplish black shell
C. gigas, which has poor adaptability to environmental
stress and slow growth rate (Han et al., 2019).

In April 2021, one-year-old oysters of H and O lines were
collected from Sanggou Bay in Rongcheng (37.1°N, 122.5°E,
Shandong, China) to conduct a crossbreeding experiment.
Eggs and sperm were collected from females and males by
dissection. Then, eggs from one female of O and sperm from
one male of H were divided into two parts equally. Three
families were established by the hybridization trial with pair
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mating combinations: H @ xH & (HH), O ¢ xH & (OH),
and O @ %0 & (00), and each family was divided into three
incubators as three biological repeats. The larval rearing

procedure was conducted as previous study of Li et al.
(2011).

2.2 Measurement and Sampling

The larval survival rates of each family on days 1, 4, 9,
13, 17, 21 and 25 after fertilization were calculated accord-
ing to Kong et al. (2017), and were presented as the mean
+SD (n=3) in table. Statistical significance was analyzed
with one-way analysis of variance followed by multiple
comparison Tukey test using SPSS 25.0 software, and the
statistical significance was considered if P<0.05. Also, the
best-parent heterosis (BPH) and mid-parent heterosis (MPH)
were calculated with the following formulas (Guo et al.,
2017):

BPH (%)=(F,— BP)/BP, )
where BP=the performance of best parental family, and
MPH (%)=(F;— MP)/MP, 2)

where F;=the mean performance of hybrid family; MP=
the mean performance of parental families.

At day 25 after fertilization, the eyed-pediveliger larvae
of each family were sampled, respectively, and then a to-
tal of 9 samples were flashily transferred into RNAlater™
stabilization solution and stored at —20°C.

2.3 RNA Extraction, Library Construction
and Sequencing

Approximately 50mg of each sample was used for ex-
tracting total RNA with TRIzol reagent (Invitrogen) accord-
ing to the manufacturer’s instruction. The quality of RNA
was confirmed by 1% agarose-gel electrophoresis. RNA pu-
rity and integrity were assessed using NanoPhotometer®
spectrophotometer (IMPLEN) and RNA Nano 6000 Assay
Kit of the Bioanalyzer 2100 system (Agilent Technologies),
respectively.

One pg RNA per sample was employed for further li-
brary construction. Following the instructions of manufac-
turer, 9 cDNA libraries were produced using NEBNext®
Ultra™ RNA Library Prep Kit for Illumina® (NEB), and
index sequences were added to distinguish sample sequence.
Firstly, the mRNA with PolyA tail was purified by Oligo
(dT) magnetic beads from total RNA and then was broken
into short fragments using NEB Fragmentation Buffer (5x).
Subsequently, in the M-MuLV Reverse Transcriptase (RNase
H-) system, the first strand cDNA was synthesized using
mRNA fragments as templates and using random hexamer
as primer. After degrading RNA via RNase H, DNA Poly-
merase | system and dNTPs were added to synthesize the
second strand cDNA. After purification, end-repair and A-
tailing of cDNA fragments, NEBNext Adaptor with hair-
pin loop structure was ligated. cDNA fragments ranging
from 250bp to 300bp were selected by AMPure XP sys-
tem and enriched by PCR, which were subsequently puri-
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fied again. Lastly, the quality of cDNA library was assess-
ed by the Agilent Bioanalyzer 2100 system. After cluster-
ing the index-coded samples on a cBot Cluster Generation
System using TruSeq PE Cluster Kit v3-cBot-HS (Illumia),
the library preparations were sequenced by the [1lumina No-
vaseq platform to generate 150bp paired-end reads.

2.4 Data Analyses

The image data of sequence fragments were converted
into raw reads in fastq format by CASAVA base recogni-
tion. Raw reads after quality control to remove reads con-
taining adapter, ploy-N and low-quality reads became clean
reads with high quality. Then, Q20, Q30 and GC content
were calculated for clean reads. The C. gigas reference ge-
nome and gene model annotation files were acquired from
the genome website (ftp://ftp.ncbi.nlm.nih.gov/genomes/
Crassostrea_gigas/). HISAT2 (v2.0.5) was used to construct
the index of reference genome and align paired-end clean
reads to the reference genome (Zhang et al., 2017), which
was selected as the mapping tool on account of generating
a database of splice junctions based on the gene model
annotation file. The number of reads mapped to each gene
was counted by Feature Counts (v1.5.0-p3) (Liao et al.,
2014).

2.5 Differential Expression Analysis

The correlation of samples was analyzed with RStudio

v4.1.1 software. Differentially expressed genes (DEGs) of
three families (three biological replicates per family) were
identified using DESeq2 (1.16.1) with |log,(Fold change)|
>1 and a false discovery rate (FDR)<0.05. R package clus-
terProfiler (v4.0.5) was used to process the GO and KEGG
analyses, setting parameters as ‘pvalueCutoff=0.05, pAd-
justMethod=BH’ and ‘pvalueCutoff=0.05, respectively.
For ease of description, the comparison of hybrid group OH
with maternal group OO was defined as OH-M, and the
comparison with paternal group HH is defined as OH-P.

2.6 Quantitative Real-Time PCR
(qRT-PCR) Validation

To validate the results of RNA-seq, eight DEGs were se-
lected for qRT-PCR analysis, and the gene-specific primers
were designed using Primer Premier 5.0 (Table 1). 24 sam-
ples, eight biological replicates at per family, were select-
ed for RNA extraction. After the assessment of integrity and
purity, total RNA was reverse-transcribed into cDNA. In ad-
dition, elongation factor I-a (EFI-o) was used as an inter-
nal control to normalize the expression of target genes.
qPCR was performed by ChamQ SYBR Color qPCR Mas-
ter Mix (Vazyme). 2 **“" method was used to calculate the
expression levels of target genes (Pfaffl ef al., 2002), and
the data were analyzed using #-test by SPSS 25.0 Statis-
tics Software (IBM). The statistical significance was con-
sidered at two-tailed P-value less than 0.05.

Table 1 Primers of genes selected for real-time qPCR

DEGs description

Gene symbol

Primer (5’ to 3”)

Amplicon lengths (bp)

F: TGTTCCTGAGGTTTGTGGCG

LOCIITO87635 . CCTGCGATGGCATGGAACTT 193

iy OO0 ACCGGCAACAGCA s

LOC105341771 F: TGGCATGCATCGCTCTTCTT 206

R: AAGACTCTCAAAGGCCCGGA

LOCIOSS4I149 10 A GOCTOGTTGTCGAGAT 20

OHW.00  LOCISMITS LG 0 ATGETCTCTGCGAACG 207

mnoo e LINCETEOTONG

i womsen PAIGCOMGIIGONS
survival rates of three families were significantly different
3 Results (P<0.05), and the survival rate of hybrid family (27.67%)

3.1 Comparison of the Survival Rate of
Three Families

Around 5 days postfertilization, the umbo larvae of each
family have the highest mortality (Table 2). At day 25, the

was higher than those of parental families (16.36% and
11.60%). Meanwhile, all the MPH and BPH of hybrid cross
were positive and at a high level, which are in the ranges
of 39.27% to 97.89% and 28.79% to 71.75, respectively
(Table 2).
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Table 2 Comparison of survival rate and heterosis among different families at larval stage of Crassostrea gigas

Survival rate (%)

Group
5d 9d 13d 17d 21d 25d
HH 48.77+8.68°  31.32+13.49°  26.77+1027°  22.55+7.36" 17.38+3.98" 16.36+3.79"
OH 62.81+5.35°  50.04+10.60°  40.06+7.53" 35.29+6.89° 29.85+6.72° 27.67+7.02°
00 41444953  2637+£11.99°  18.73+8.54° 16.64+£8.22° 13.98+6.51° 11.60+5.91°
MPH (%)  39.27 73.48 76.07 80.15 90.36 97.89
BPH (%) 28.79 59.78 49.64 56.54 71.75 69.12

Note: Different superscript letters within the same column indicate statistically significant differences.

3.2 Transcriptome Profiling and Mapping

In total, an average of 48.16 million 150-bp paired-end
raw reads per sequencing sample (42.83—54.89 million
raw reads) were acquired. Then 42.50—51.57 million clean
reads were filtered from each specimen, with Q20 (%)

varying from 97.32% to 97.91%. The bases of clean reads
exceeded 6.3 Gb, while 81.15%—-84.46% of the reads were
aligned to the reference C. gigas genome, as shown in
Table 3. The raw reads have been submitted to the SRA
database of NCBI with the accession number PRINA90-
0427.

Table 3 Transcriptome mapping statistics

Sample Raw Clean Clean bases  Clean reads Clean reads Total mapped GC content  Uniquely mapped
name reads reads (G) Q20 (%) Q30 (%) ratio (%) (%) ratio (%)
HHI1 42830478 42496116 6.37 97.91 93.78 81.63 43.86 72.79
HH2 50072804 48439462 7.27 97.32 93.03 81.15 81.84 73.01
HH3 48288182 47200616 7.08 97.48 93.29 81.67 44.13 7291
OH1 46382502 44744418 6.71 97.40 93.14 83.88 43.93 73.76
OH2 48101982 46812290 7.02 97.33 92.99 82.36 43.69 73.90
OH3 47392386 45731762 6.86 97.34 92.99 82.93 44.12 73.56
001 50586822 49197132 7.38 97.46 93.31 81.77 42.94 73.14
002 44866564 43062762 6.46 97.43 93.25 83.58 44.19 75.00
003 54882872 51569454 7.74 97.46 93.30 84.46 44.25 75.66

3.3 Analysis of Differentially Expressed Genes

DEGs between the hybrid group and parental groups were
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while, 512 DEGs were observed in OH-M, including 410
up-regulated genes and 102 down-regulated genes. We fur-
ther investigated the DEGs among two parental families
(HH vs. O0), of which 685 genes were up-regulated and
481 genes were down-regulated (Fig.1 and Table 4). Among
the DEGs, the number of up-regulated genes was higher
than that of down-regulated genes.

Table 4 Numbers of differentially expressed genes
between inbred and hybrid families

Group DEGs total DEGs up DEGs_down
HH vs. OO 1166 685 481
OH-P 425 284 141
OH-M 512 410 102

3.4 Functional Analysis of DEGs

GO enrichment analysis was performed to identify the
biological functions of DEGs between the hybrid group and
parental groups, which may be involved in survival hete-
rosis. The DEGs of OH-P were found mainly enriched in
‘integrin activation’, ‘cellular extravasation’, ‘regulation of
blood coagulation’ and so on (Fig.2), and the DEGs of OH-
M were significantly enriched in 47 GO terms (Fig.3). In
order to further understand the metabolic processes and sig-
nal transduction pathways, KEGG enrichment analysis was
implemented. The results showed that DEGs of OH-P were
significantly enriched in the following pathways: ‘C-type
lectin receptor signaling pathway’, ‘adherens junction’, ‘mi-
croRNAs in cancer’, ‘rapl signaling pathway’, ‘endocrine
resistance’, ‘human cytomegalovirus infection” and ‘thyroid
hormone signaling pathway’, while only pathway ‘inflam-

matory mediator regulation of TRP channels’ was enrich-
ed in OH-P DEGs (Table 5).

The results of GO analysis showed that 1166 DEGs be-
tween parental groups were enriched in 37 terms, which are
related to immune response, synthesis of glycogen and li-
pids (Fig.4). These 1166 DEGs were also included in the
following pathways: ‘arachidonic acid metabolism’, ‘steroid
hormone biosynthesis’, ‘glutathione metabolism’, ‘retinol
metabolism’ and ‘inflammatory mediator regulation of TRP
channels’ (Table 5).

3.5 Validation of Differentially Expressed Genes
Using qPCR

The qPCR validation of eight DEGs between different fa-
milies were performed to confirm the accuracy of RNA-
seq results. Although the fold changes of DEGs calculated
by qPCR were not completely consistent with that calcu-
lated by RNA-seq analysis, the direction of genetic expres-
sion change detected by qPCR was similar to those from
RNA-seq (Fig.5), which confirms the accuracy and reliabi-
lity of the RNA-seq method.

4 Discussion

Survival is regulated by a variety of complex biological
processes and is implicated in multiple cellular processes.
Here, the heterosis in survival of C. gigas hybrid combina-
tion was observed. After 25 days of culture, OH exhibited
significant survival advantages over HH and OO. Such hy-
brid oysters with stronger environmental adaptability have
also been observed in other studies: C. sikamea Q@ x C. gi-
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Fig.2 Scatter plot of GO enriched results of DEGs between OH and HH.
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Table 5 Significantly enriched KEGG pathways (P<0.05) of the DEGs among different comparisons
Comparison Pathway O-value P-value Dlth";lc;);[)(rSEs;: d Totztﬂ}ge)nes Dr]:;;i];)G
Human cytomegalovirus infection 6.49E-03 5.48E-05 9 337 0.027
C-type lectin receptor signaling pathway 6.49E-03 7.34E-05 8 271 0.030
Adherens junction 9.37E-03 1.59E-04 7 226 0.031
OH-P MicroRNAs in cancer 1.33E-02 3.00E-04 9 422 0.021
Endocrine resistance 2.59E-02 7.32E-04 4 79 0.051
Rap1 signaling pathway 3.08E-02 1.12E-03 7 313 0.022
Thyroid hormone signaling pathway 3.08E-02 1.22E-03 5 155 0.032
OH-M Inflammatory mediator regulation of TRP channels 1.61E-02 7.91E-05 9 220 0.041
Arachidonic acid metabolism 7.19E-03 2.70E-05 12 124 0.097
Glutathione metabolism 1.69E-02 1.65E-04 9 87 0.103
HH vs. OO Retinol metabolism 1.69E-02 1.90E-04 8 70 0.114
Steroid hormone biosynthesis 2.15E-02  3.22E-04 9 95 0.095
Inflammatory mediator regulation of TRP channels 2.94E-02 5.51E-04 14 220 0.064

Notes: DE, the number of genes in the pathway that were significantly differentially expressed between the two groups; TG, total number

of genes in the enriched pathway.
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gas & (Zhang et al., 2022b), northern C. ariakensis x sou-
thern C. ariakensis (Qin et al., 2022), C. gigas * C. angula-
ta (Tan et al., 2020; Jiang et al., 2022). However, there is
little evidence to elucidate the molecular mechanism of he-
terosis in oysters, which is compounded by genome inter-
actions and complex modifications at epigenetic and regu-
latory network levels (Sekino et al., 2019). Recently, bene-
fiting from the development of bioinformatics and high-
throughput sequencing technologies, substantial efforts have
been made in unveiling heterosis of bivalve shellfish at the
molecular level by transcriptome sequencing (Ge ef al.,
2008). For instance, transcriptome analysis of abalone re-
vealed that more non-additive expressed genes and alterna-
tive splicing events may contribute to thermal heterosis of
hybrid (Xiao et al., 2021). Yang et al. (2018) found seve-
ral growth-related genes in the DEGs between hybrids and
their parents. In this study, we found several immune-re-
lated genes in the DEGs between hybrid OH family and pa-

rental families, which might contribute to the high hetero-
sis in survival in hybrid of C. gigas.

Transcriptome comparative analysis between OH group
and OO group was performed. A total of 368 genes were
identified as significantly differentially expressed, and se-
veral DEGs were related to immunoreaction by functional
analysis. The perlucin-like protein is a regulating C-type lec-
tin that interacts with the complement pathway and bacte-
rial surface ligands, which functions in immune recogni-
tion (Moreira et al., 2014). In Mytilus galloprovincialis, per-
lucin-like gene was up-regulated after Vibrio infection, in-
dicating the possible role of this gene in innate immune re-
sponse reactions in bivalves. In this study, the up-regulated
perlucin-like gene may enhance the resistance of hybrid
oyster. CD209 antigen is also a member of C-type lectin
that plays an essential role in cell adhesion and pathogen
recognition. In mammals, it is implicated as mediators of
viral pathogenesis (Amraei ef al., 2021). In Salmo salar,
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CD209 antigen-like protein was involved in innate immu-
nity (Sun et al., 2022). Additionally, a gene with high ho-
mology to the CD209 antigen-like protein (SsCTL4) was
also identified in the black rockfish and demonstrated to
promote bactericidal activity as a pattern recognition re-
ceptor (Du et al., 2018). Therefore, the higher expression
level of CD209 antigen-like protein in OH family than
parental families may be one reason for oyster heterosis.
NFX1-type zinc finger-containing protein 1 (ZNFX1), an
interferon (IFN)-stimulated and mitochondrial-localized
dsRNA sensor, could specifically restrict the RNA virus
replication by inducing the expression of IFN and ISG ex-
pression (Wang et al., 2019). In the process of viral de-
fense, the up-regulation of ZNFX1 in OH oyster may en-
able the body to produce less inflammatory response through
a post-transcriptional regulatory program.

Based on the integrated analysis of DEGs between OH
and HH, C-type lectin receptor signaling pathway includ-
ing caspase-6 and acan gene suggests its vital role in hete-
rosis in survival of OH. Caspases could regulate immune re-
sponses, cell death, and homeostasis. The previous results
suggested that caspase-3 exhibited caspase activity and could
activate a variety of apoptosis-related substrates in C. gi-
gas (Xu et al., 2016). Moreover, as an important execution-
er caspase, caspase-6 can activate caspase-3, leading to apo-
ptosis (Ummanni et al., 2010). Thus, we speculated that the
up-regulated caspase-6 in hybrid oysters may reflect an ele-
vated level of cell apoptosis which can enhance the immune
response and contribute to the lower mortality. Aggrecan,
the proteoglycan family member, is the product of the ag-
grecan core protein gene (acan), which is the major com-
ponent of extracellular matrix. Aggrecan relies on its gly-
cosaminoglycans (GAGs) to combine with different protein
ligands for biological functions, and it has been implicated
in host defense, structural tissue organization, tissue coagu-
lation and basement membrane integrity (Pomin and Mul-
loy, 2018). Some soluble proteoglycans may resist viruses
and bacteria through their ectodomains acting as a protec-
tive agent. In M. galloprovincialis following Vibrio chal-
lenges, aggrecan plays a possible role in counteracting with
Vibrio surface ligands acting as soluble forms. Also, the pre-
sence of Vibrio increased the expression level of aggrecan
in Bathymodiolus azoricus, which suggested that aggrecan
is involved in innate immune response reactions of bivalves
(Martins et al., 2014). In view of these functions, up-regu-
lated acan in OH may contribute to the enhancement of host
immune defense.

The DEGs between two inbred families (HH and OO)
presented genetic differences in parental breeders, which is
concerned with biological features in the two oyster lines.
The cytochrome P450 (CYP450) is a family of hemoglo-
bin-coupled monooxygenases. And a CYP450 gene clus-
ter has been reported in Zebra Finch, showing the vital role

of controlling red carotenoid coloration (Mundy et al., 2016).

In QN orange scallops, CYP450 might affect orange colo-
ration by the accumulation of melanin (Song and Wang,
2019). Li et al. (2021) suggested the diverse differential
expressions of CYP450 gene family between orange and
black shell phenotype of C. gigas may regulate shell pig-

a) Springer

mentation. In this study, four CYP450 genes were differ-
entially expressed among two parental groups, which may
have been related to the orange shell of maternal families
(00). Additionally, we found several immune-related genes
in the DEGs, which could be the reason for low survival
rate of OO group. The F-type lectin (fucolectin) family in-
cludes fucose-binding proteins involved in innate immunity,
which play a pathogen recognition and binding role in aqua-
tic animals (Shao ef al., 2018). In pearl oyster, fucolectin-
1 exhibited complex expression pattern changes under high-
temperature induction (Zhang et al., 2022a). Wang et al.
(2018a) identified a fucolectin from Apostichopus japo-
nicus, indicating it was involved in the innate immune re-
sponse of sea cucumber as a receptor with broad spectrum
of microbial recognition. The down-regulated fucolectin
genes (fucolectin-like, fucolectin-1 and fucolectin-3) might
result in weak innate immune defense against bacterial in-
fection of OO. The perlucin-like gene mentioned above al-
so expressed differentially between two parental families
(down-regulated in OO), which may be associated with the
lower survival rate of OO oyster. Certainly, the precise roles
of these genes in oyster need to be further investigated.

5 Conclusions

The heterosis in survival of larval stage in OH group was
manifested in this study by comparing survival rate among
the oysters from HH, OO and OH families. And the tran-
scriptome analysis of hybrid oyster HO and parental fami-
lies (HH and OO) was performed using RNA sequencing.
We found that DEGs in the hybrid compared with its pa-
rents might be associated with survival heterosis. The find-
ings of these DEGs might provide further insight into un-
derstanding the molecular mechanisms of heterosis in oys-
ters.
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