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A B S T R A C T   

Bacterial infection is a serious challenge for oysters, which brings various disease problems to oyster culture. To 
better understand the immune response to bacterial infection, we performed RNA-seq to profile the tran
scriptome of gill tissue in the Pacific oyster (Crassostrea gigas) at short-term (6 h) and long-term (48 h) stages after 
Vibrio alginolyticus infection. A total of 1534 and 2483 differentially expressed genes (DEGs) were identified at 
short- and long-term stages after infection, respectively. Gene ontology (GO) analysis showed that the identified 
DEGs were significantly enriched in GO terms of stress response, ion transport, signal transduction and other 
biological processes. Notably, we observed that the immune strategy was altered in the C. gigas in response to 
Vibrio infection. In the short-term stage, most of the immune-related genes in C. gigas were down-regulated, and 
the immune response was low and may be suppressed. While in the long-term stage, large-scale immune-related 
genes associated with ion channels were activated and immune system was boosted. Distinct sets of immune- 
related genes with different functions were identified at short-term and long-term stages. Differences in these 
genes suggested the alteration of immune strategy in the C. gigas in response to Vibrio infection. This work 
provides valuable resources for better understanding of immune response to bacterial infection and will be 
important for disease monitoring and disease resistance breeding in the oysters.   

1. Introduction 

The Pacific oyster (Crassostrea gigas), naturally distributed in the 
northwest Pacific oceans, is an important aquaculture species around 
the world (Gagnaire et al., 2006; Peng et al., 2021; Troost, 2010; Zhang 
et al., 2019a). As an intertidal sessile organism, the oysters are subject to 
various biological challenges and environmental stresses (Forrest et al., 
2009; Wang et al., 2019). In recent years, the oyster industry has 
frequently encountered mass mortality during summer season, which 
caused serious economic loss worldwide (Soletchnik et al., 2005). 
Numerous investigations on potential stressors and pathogens for mass 
summer mortality suggests a complicated process involved in both 
environmental stressors and pathogens, such as virus (Ostreid herpesvirus 
1, OsHV-1) and bacteria (Vibrio spp.) (King et al., 2019; Segarra et al., 
2010). Vibrio is a common class of bacteria in the marine environment 
(Drake et al., 2007). Among which, V. alginolyticus has been associated 
with mortality events in many marine organisms (Rameshkumar et al., 
2017; Xie et al., 2020). Recently, V. alginolyticus was identified as an 
infectious pathogen causing mass mortality of C. gigas cultured in 

northern China during summer (Wang et al., 2021; Yang et al., 2021). 
Oysters defend against pathogen infection with innate immune sys

tem same as other invertebrates (Song et al., 2010). Through innate 
immune response, immune cells recognize invading pathogens through 
pattern recognition receptors (PRRs), and then trigger a variety of 
downstream effector cells to mediate immune responses (Iwasaki and 
Medzhitov, 2015). Ion channels are pore-forming membrane proteins 
that play a critical role in the immune system (Feske et al., 2015; Stokes 
et al., 2016). They mediate the movement of various ions into and out of 
the plasma membrane and participate in basic physiological processes 
such as action potential conduction (Kondratskyi et al., 2018). For 
example, the effect of voltage-gated sodium channels (Nav) and their 
potential sub-types on the variability of paralytic shellfish toxins (PST) 
accumulation in the oysters was investigated to find that blocking of Nav 
by PST could trigger the activation of regulatory pathways to regulate 
the expression of Nav channels in C. gigas (Boullot et al., 2017). In 
addition, ion channels can also regulate various physiological functions 
of immune cells such as gene expression and apoptosis (Bose et al., 
2015). 
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Complex immune defense during bacterial challenge might disrupt 
metabolic homeostasis to fuel host defense (Erk et al., 2011; Rőszer, 
2014). Transcriptome sequencing has been widely used to understand 
immune response at transcriptome level in bivalves (Metzker, 2010; 
Wang et al., 2009). For example, RNA sequencing (RNA-seq) was used to 
identify immune-related genes and pathways in Mytilus (Dong et al., 
2017). In the oysters, many RNA-seq studies have been carried out to 
explore immune regulation, including virus infection (He et al., 2015), 
bacterial stimulation (Zhang et al., 2019b), heat shock stress (Yang 
et al., 2017), and heavy metal stress (Qiu et al., 2020). As the filter- 
feeding organ of mollusks, the immune effectors produced by the 
epithelial cells of gills can defend against pathogen invasion and 
participate in the immune response (Bachère et al., 2015). In addition, 
the gills of oysters have been identified as potential hematopoietic sites 
(Jemaa et al., 2014). Numerous studies with gill tissue in the oyster after 
exposure to pathogen have been conducted using molecular biology and 
omics approaches (Zhang et al., 2012; Kim et al., 2017). 

In this study, RNA-Seq was conducted to analyze the transcriptome 
profiles of C. gigas at 6 h and 48 h after infection with V. alginolyticus. The 
objectives are to (1) identify DEGs and pathways involved in host im
mune response, and (2) explore immune strategies against bacterial 
infection between short-term and long-term stages. This work would 
provide valuable resources for further understanding the innate immune 
defense system and will be important for disease monitoring and disease 
resistance breeding in the oysters. 

2. Materials and methods 

2.1. Experiment animals and bacterial infection 

Animals used for experiment in this study were two-year old Pacific 
oysters which were healthy without infection after diagnosis (Table S1). 
Before the experiment, the oysters were acclimatized in a 50 L glass tank 
with filtered seawater (23 ◦C, salinity 30‰) for a week. During the 
period of acclimation, the seawater was consecutively aerated and 
changed daily, and the oysters were fed with Chlorella ad libitum. The 
bacterial pathogen used was V. alginolyticus Cg5 strain that was previ
ously isolated by our group (Yang et al., 2021). A total of 50C. gigas were 
used for the bacterial infection experiment. After the oysters were 
anesthetized in magnesium chloride (MgCl2, 50 g/L) solution, 100 μL of 
V. alginolyticus suspension (5 × 107 CFU/mL) was injected into the 
adductor muscle of each oyster with a microinjector (100 ± 0.5 μL). 
During injection, the centrifuge tubes were slowly turned over at regular 
intervals so that the bacterial suspensions were well-mixed during the 
bacterial challenge. After injection, the oysters were randomly divided 
into three groups as replicates and cultured in the filtered seawater 
(23 ◦C, salinity 30‰) with same practice as mentioned above. Gill tis
sues were collected from six oysters (two individuals per group) at 0 h, 6 
h and 48 h post infection, respectively. Equal amount of the tissues from 
the two individuals were pooled together as one sample to generate 
three biological replicates at each time point. All samples were stored in 
− 80 ◦C freezer until use. 

2.2. RNA extraction, library construction and sequencing 

The gill tissue from each sample was ground into powder in liquid 
nitrogen followed by extraction of total RNA using Trizol reagent 
(Invitrogen) according to the manufacturer's instructions. The RNA 
quality and concentration were measured by running 1% agarose gel 
electrophoresis and Nanodrop (Thermo Fisher Scientific). Nine 
sequencing libraries were constructed using the NebNext®Ultra™ RNA 
Library Prep Kit for Illumina® (NEB, USA) for samples collected at three 
time-points, including 0 h, 6 h and 48 h. The sample taken at 0 h were 
used as the control group. After evaluation of the library quality, 
sequencing was performed using Illumina NovaSeq 6000 system for 150 
bp paired-end reads. 

2.3. Bioinformatics analysis 

Quality control of raw reads obtained from high-throughput 
sequencer was performed using FastQC (Thrash et al., 2018). The raw 
reads were trimmed to obtain high-quality clean reads. The paired-end 
clean reads were then aligned to the indexed reference genome 
(GCA_902806645.1) using Hisat2 (v2.0.5) (Peñaloza et al., 2021; Kim 
et al., 2015). Multiple testing correction was carried out using 
Benjamini-Hochberg method. Differentially expressed genes (DEGs) 
were defined as the adjusted P-value <0.05 and |log2(FoldChange)| > 1. 
The DESeq2 was performed to identify DEGs among samples at different 
time-points compared with the control group (Love et al., 2014). The 
ClusterProfiler was used for Gene Ontology (GO) and Kyoto Encyclo
pedia of Genes and Genomes (KEGG) enrichment analysis of DEGs. 

2.4. Validation using quantitative real-time PCR 

To verify the reliability of RNA-seq data, we selected 10 represen
tative immune-related genes for quantitative real-time PCR (qRT-PCR) 
analysis. The EF-1α (elongation factor 1α) was used as the reference gene 
for internal standardization. The primers were designed by Primer 
Premier 5 (Table S2). RNA samples used for qRT-PCR were same as those 
used for RNA-Seq analysis. In brief, RNA samples were reversed tran
scribed using a cDNA synthesis kit (TAKARA). SYBR Green qRT-PCR was 
performed as previously described (Yang et al., 2012). Finally, the 
relative gene expression levels were calculated using 2-ΔΔCT (Livak and 
Schmittgen, 2001). 

3. Results 

3.1. RNA-seq of C. gigas infected with Vibrio bacteria 

A total of 64.52 Gb raw reads were obtained by sequencing nine li
braries constructed from the gill of C. gigas after Vibrio infection, 
including 19.00 Gb at 0 h, 23.49 Gb at 6 h and 22.03 Gb at 48 h. Over 
94% of the raw sequencing bases had a Q-score ≥ 30. After quality 
control and trimming of low-quality reads, the clean reads of each li
brary were mapped to the oyster genome with mapping rate ranging 
from 76% to 83% (Table S3). 

3.2. Identification of differentially expressed genes (DEGs) 

In order to determine the transcriptome profile altered by the 
V. alginolyticus infection, we detected DEGs at 6 h and 48 h compared 
with 0 h. A total of 1534 (6 h) and 2483 (48 h) DEGs were identified, 
respectively. Ten immune-related genes with high relative expression 
levels were selected for qRT-PCR analysis to confirm the reliability of 
RNA-seq analysis (Fig. 1). Among the DEGs identified at short-term stage 
(6 h), 509 genes were up-regulated and 1025 genes were down- 
regulated. While at long-term stage (48 h), 937 genes were up- 
regulated and 1546 genes were down-regulated (Fig. 2). A great dif
ference in the number of DEGs was observed between the two stages, 
indicating that significant transcriptome changes may have occurred 
along the process of infection with V. alginolyticus. 

3.3. Functional analysis based on GO and KEGG annotations 

Gene Ontology (GO) annotation and enrichment analysis of DEGs 
allowed identification of enriched GO terms (Table S4). The short-term 
(6 h) DEGs were significantly enriched in biological processes including 
substance metabolism, stress response, ion transport, apoptosis and 
physiological response. In the long-term (48 h), cellular processes 
related to translation activity, oxidative stress, ion homeostasis and ion 
channels were significantly enriched. Moreover, the processes related to 
transcription and signal transduction were also highly represented. 

To further determine gene pathways that were involved in the 
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response to bacterial infection, we performed KEGG enrichment analysis 
of up-regulated and down-regulated genes in the short-term (6 h) and 
long-term (48 h) stage, respectively (Fig. 3, Table S5). The up-regulated 
genes in both stages were significantly enriched in “Ion channels”, “In
flammatory mediator regulation of TRP channels” and “Nod-like 

receptor signaling pathway”. In contrast, “G protein-coupled receptors” 
was the most significant KEGG pathway of short-term (6 h) down- 
regulated genes, while for the long-term (48 h) down-regulated genes, 
the “Translation factor” and “MAPK signaling pathway” are the most 
significantly enriched pathways, respectively. Genes in these pathways 

Fig. 1. Comparison of relative expression levels determined by RNA-seq and qRT-PCR. EF-1α gene was used as internal control. Orange bars denote Real time-PCR 
data, blue bars indicate RNA-seq data. Vertical bars represent the mean ± S.D. (n = 3). (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.) 

Fig. 2. DEGs between the treatment and control Pacific oysters (p < 0.05). The horizontal and vertical axis represents post-infection days and number of DEGs, 
respectively. 
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were annotated, which were mostly TRP family genes and calmodulin, 
and others related to innate immune response, such as TNF receptor- 
associated factor and Baculoviral IAP repeat-containing protein. 

3.4. Distinct immune response between short- and long-term stage in 
C. gigas upon Vibrio infection 

In order to explore the immune changes of C. gigas upon infection 
with V. alginolyticus, we conducted further analysis on the annotated GO 
pathway. It was found that a large number of genes showed a downward 
trend in the short-term (6 h) (Fig. 4A, Table S4), which were involved in 
various biological processes including “drug metabolic process”, “posi
tive regulation of inflammatory response” and “leukocyte apoptotic 

process”. This indicates that the immunity of C. gigas may be inhibited in 
the short term under V. alginolyticus infection. Notably, pathways with 
significantly high expression of DEGs accounted for about half of all GO 
entries in the long-term (48 h) (Fig. 4B, Table S4). Some of which 
include “transition metal ion transmembrane transporter activity”, and 
“calcium-release channel activity”. Interestingly, the significantly up- 
regulated genes were mainly related to ion channels in the long-term 
stage (48 h), while these genes were very few in the short-term stage 
(6 h). These results suggest that during different stages of infection by 
V. alginolyticus, the immune response of C. gigas can be enhanced or 
suppressed for regulation. 

In order to determine the immune strategy of C. gigas against Vibrio, 
we selected a set of critical genes with distinct known functions for 

Fig. 3. Summary of Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of DEGs in the short-term (6 h) and long-term (48 h) stage after 
infection. (A) KEGG enrichment of short-term (6 h) up-regulated genes; (B) KEGG enrichment of short-term (6 h) down-regulated genes; (C) KEGG enrichment of 
long-term (48 h) up-regulated genes; (D) KEGG enrichment of long-term (48 h) down-regulated genes. 
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verification. The results show that most of the tested genes associated 
with apoptotic process and inflammatory response were expressed at 
low levels in the short-term stage, while most of the tested genes 
involved in innate immune response and ion transport were highly 
expressed in the long-term stage (Fig. 5, Table S6). The down-regulation 
of the tested genes indicates that the immune response of oysters is 
suppressed, while up-regulation of genes suggests the stimulation of 
immune defense system after the infection of V. alginolyticus in the 
C. gigas. These were consistent with our speculation that C. gigas could 
respond to V. alginolyticus infection with different immune strategy in an 
acute or chronic manner. 

4. Discussion 

Vibrios are reported as opportunistic pathogens that cause high 
mortality of oysters (Paillard et al., 2004), which pose a great threat to 

oyster aquaculture industry. In the past, there have been many studies 
on Vibrio infection in oysters to assess the immune response (Chen et al., 
2021; Labreuche et al., 2006; Zhang et al., 2014). These studies have 
promoted the understanding of bacterial stress, but the regulation 
mechanism of immune response in oyster remains to be further 
explored. In this study, the pathogenic V. alginolyticus was used to infect 
the C. gigas, and RNA-seq was performed to analyze the transcriptome 
response to pathogen infection. A total of 1534 and 2483 DEGs were 
identified at the short-term (6 h) and the long-term (48 h) after bacterial 
infection, respectively. Compared with the short-term stage, the number 
of DEGs increased significantly in the long-term stage. The increased 
number of DEGs should be attributable to immune response to the 
bacterial infection. The transcriptome profile reflects the complex 
interaction between the host immune system and pathogens. 

Functional analysis of the DEGs suggested their involvement in a 
variety of biological processes. Specifically, genes associated with the 

Fig. 4. GO enrichment analysis of DEGs in the short-term (6 h) and long-term (48 h) stage after infection. (A) the short-time (6 h) stage and (B) the long-term (48 h) 
stage. The horizontal axis represents the GO pathway, the vertical axis represents the number of DEGs, the bar of orange represents the up-regulated genes, and the 
bar of blue represents the down-regulated genes. Pathways with more up-regulated genes than down-regulated genes are marked with asterisks. Only the top 30 
enriched pathway terms are shown. The detailed GO entries were provided in the supplementary table. 
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immune system and substance metabolism were significantly expressed 
in the short-term stage, such as “drug metabolic process” and “positive 
regulation of inflammatory response” (Table S4). In the long-term stage, 
DEGs were significantly enriched in biological processes related to 
translation activity, ion transport and signal transduction (Table S4), 
including “translation factor activity, RNA binding”, “cytoplasmic 
translation” and “transition metal ion transmembrane transporter ac
tivity”. The transcription and translation regulation of gene expression 
plays critical roles in organisms (Thach, 1992). Pathogens have been 
reported to suppress host defense and stress responses by disrupting 
translation initiation in host cells (Batool et al., 2021). The enrichment 
of GO terms revealed these molecular events that were involved in the 
immune response of oysters after Vibrio infection. 

Upon bacterial infection, many genes show down-regulated expres
sion patterns in a certain period in response to immune challenges 
(Zhang et al., 2019a). Some immune genes have been reported to be 
significantly down-regulated during brief periods of stress in oysters in 
response to pesticide and bacterial infections (Gagnaire et al., 2007). 
This indicated that the infection of V. alginolyticus had a serious impact 
on the normal immune response of oysters, and might lead to the 
decreased immunity under short-term infection stage (Zhang et al., 
2016). In this study, the distinct immune strategy of oyster was found to 
defend against bacterial infection through further analysis of GO terms 
and KEGG pathways. In the short-term stage (6 h), most of the DEGs 
showed suppressed expression pattern, which was similar to the previ
ous observations (Zhang et al., 2019b; Gagnaire et al., 2007). This may 
result from the suppression of the immune response of C. gigas in the 
early stage, which was more conducive to the proliferation of bacteria. 
In the long-term stage (48 h), most DEGs were up-regulated with GO 
entries mostly associated with ion transport and ion channels. This in
dicates that during long-term stage, the C. gigas has adopted possible cell 
reprogramming to promote immune adaptation and suppress bacterial 
infections. Ion channels and transporters mediate the movement of 
charged ions into and out of the plasma membrane (Stokes et al., 2016). 
In immune cells, calcium (Ca2+), magnesium (Mg2+), and zinc (Zn2+) 
play important roles in regulating intracellular signaling pathways 

(Feske et al., 2012; Feske et al., 2015). Wang et al. revealed the response 
of calcium signaling pathways in oysters under environmental stress, 
indicating that calcium ion homeostasis was extremely important in the 
oyster immunity (Wang et al., 2020). Furthermore, it is reported that the 
higher level of Cu/Zn the oyster accumulated, the stronger antibacterial 
ability was shown (Shi et al., 2019). These results indicate that with the 
increase of stress time, organisms regulate gene expression of immune 
cells by effectively adjusting the intracellular concentration of various 
ions in vivo in order to improve the defense ability against Vibrio. 

Ion channels are a class of membrane proteins that control various 
molecular signaling events in many different cell types (Stokes et al., 
2016). Transient receptor potential (TRP) channels are cation channels 
that facilitate Ca2+ permeability (Nilius and Voets, 2005). By main
taining intracellular calcium homeostasis, TRPs regulate immune cell 
functions including the production of inflammatory mediators (Khalil 
et al., 2018). In this study, both short-term and long-term up-regulated 
genes were significantly enriched in two KEGG enrichment pathways, 
including inflammatory mediator regulation of TRP channels and Ion 
channels. The expression levels of transient receptor potential cation 
channel subfamily M member-like 2 and calmodulin were significantly 
up-regulated (Fig. 6, Table S7). Transient receptor potential melastatin 2 
(TRPM2) is a Ca2+ permeable cation channel required for immune cell 
activation (Mortadza et al., 2015). Gated by binding to ADP-ribose, a 
metabolite formed when cells are exposed to Reactive oxygen species 
(ROS). ROS can promote bacterial killing and play a crucial role in host 
immune defense against pathogens (Knowles et al., 2011). It has been 
reported that TRPM2 may contribute to maintaining ROS response and 
apoptosis homeostasis in C. gigas (Fu et al., 2021). This suggests that ion 
channels play a crucial role in the immune response of C. gigas. Verifi
cation of different functional immunity genes revealed differences in the 
basal expression levels of these genes, indicating different immune sta
tus between short-term and long-term stages after infection. These dif
ferences may suggest the distinct immune strategy of C. gigas in response 
to V. alginolyticus infection. 

Fig. 5. Heat map of selected genes with different known functions identified at short- and long-term stages. The intensity of the colour from green to red indicates the 
magnitude of differential expression. Red and green indicate up- and down-regulation, respectively. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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5. Conclusion 

To explore the molecular basis of oyster response to pathogen 
infection, we performed transcriptome profiling of C. gigas infected by 
V. alginolyticus. Functional enrichment analysis of the DEGs revealed 
enriched biological processes including stress response, ion transport, 
and signal transduction. KEGG pathway analysis also suggested that ion 
channels, inflammatory response and apoptotic system played critical 
roles in the C. gigas immune response. This study revealed the distinct 
immune strategy of C. gigas against V. alginolyticus infection at different 
stages. The immune-related genes with different functions were induced 
or suppressed dynamically during the infection, showing distinct 
expression pattern between short-term and long-term stages. This study 
provides valuable resource for understanding of immune response 
against Vibrio infection in the oysters, which should be of great signifi
cance for disease surveillance, and disease resistance breeding in the 
oysters. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.aquaculture.2022.738563. 
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