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ABSTRACT

Background: Marine mollusks living in intertidal and estuarine areas, such as oysters, face numerous pathogen 
challenges during their development. Infection from bacteria such as Vibrio alginolyticus, represents a major factor 
affecting larval development and frequently leads to high mortality of the pacific oyster, Crassostrea gigas. The oyster 
immune response is known to play an important role in protecting the animal during development by mitigating 
the consequences of infection.

Results: In this study, we undertook a comprehensive analysis of the immune response of C. gigas larvae to V. 
alginolyticus challenge. We sequenced the transcriptome of the larval C. gigas at 0 hours which means the larval oyster 
without any treatment as control and 6, 12, 24, 48, and 72 hours post-infection. After RNA-seq, the raw reads are 
available through the NCBI Sequence Read Archive under accession number PRJNA623063. After filtering, a total 
of 58.24 Gb clean reads were produced and assembled using the reference genome of C. gigas. The distribution of 
quality Q30 was higher than 90.88% for each sample and the GC content ranged from 41.27% to 42.91%. When 
compared with sequences in the COG, GO, KEGG, Swiss-Prot, and NR databases, there were 1,267, 1,112, 2,187, 
682, 1,133 differentially expressed genes annotated at 6, 12, 24, 48, 72 hours post-infection respectively. Numerous 
immune-related genes displayed differential expression that varied over time: toll-like receptors, tripartite motif 
proteins, Lectin-like factors, scavenger receptors, signaling pathway components such as Myeloid differentiation 
factor 88, and stress proteins such as Heat shock 70 kDa protein were all found to be higher in abundance following 
V. alginolyticus challenge compared to control. For analysis, these genes were divided into several categories such as 
pattern recognition receptors, fibrinogen-like proteins, damage-associated molecular patterns, complement factors, 
etc. We have also originally discovered many down-regulated immune-related genes in C. gigas larvae over the first 72 
hours of infection, such as TRIM2, TRIM45, TRIM56, TRIM71, Macrophage mannose receptor 1, Apolipoprotein 
D, Cytochrome P450, Rho-related protein, Stress-induced protein 1, HSP68, HSP75, HSP70 B2, Heme-binding 
protein 1, Heme-binding protein 2, Heavy metal-binding protein HIP, Hemicentin-1, etc. These general categories 
allowed us to generate an immune response profile for C. gigas over the first 72 hours of infection. These results 
indicate that bacterial infection induces a complex pattern of immune gene expression in C. gigas larvae.

Conclusion: Our study will facilitate targeted investigation into the function of specific immune factors that may 
explain the diversity and evolution of invertebrate immune molecules and lead to the development of effective 
measures to improve the performance of oyster culture.
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INTRODUCTION

The Pacific oyster Crassostrea gigas has a global distribution. Within 
the intertidal zone, C. gigas plays an important ecological role; 
however, it has also become a key commercial animal in many 
countries around the world [1]. In recent years, C. gigas farms in 
China have suffered from high and unpredictable mortality that 
was found to be most detrimental during the early developmental 
stages of the oyster. The primary cause of this mortality is exposure 
to the pathogenic bacteria Vibrio alginolyticus [2]. The marine, 
gram-negative bacterium V. alginolyticus is ubiquitous in seawater 
and seafood all over the world and is the main pathogen of 
marine culture animals such as fish, shrimp, and shellfish [3]. As 
V. alginolyticus is a classical standard strain in the field of marine 
Vibrio, however, our understanding of how oyster larvae respond 
to challenge by V. alginolyticus throughout developmental early 
stage remains scarce.

The Pacific oyster, C. gigas, is an important aquaculture oyster 
throughout the world, the global production of this species had 
expanded to 4.38 million tonnes, more than any other species of 
fish, mollusks or crustacea (FAO, http://www.fao.org/fishery/
culturedspecies/Crassostrea_gigas/en). Because of this economic 
relevance, and the relative ease to culture it in controlled lab 
conditions, C. gigas has emerged as an important model organism 
for studying bivalve biology. Despite this, our understanding of the 
immune mechanisms that protect C.giga is still largely unknown. 
Based on our current knowledge, there are only a few studies that 
focus on advancing our understanding of the oyster immune 
response against bacterial challenge [4-8]. The genome of C. gigas 
was reported in 2012, highlighting genes involved in apoptosis, 
environmental stress adaptability, and shell formation. But the 
immune system was no given specific attention, how the immune 
genes changed in expression after bacterial challenge were still 
unelucidated [9].

Studies that have attempted to characterize the immune capabilities 
of C. gigas following challenge with a pathogen or Pathogen-
Associated Molecular Pattern (PAMP) have primarily focused on 
assessing specific factors. For example, Gueguen, et al. investigated 
transcriptional changes in four immune-related genes of C. gigas 
following challenge with V. anguillarum, V. metshnikovii, V. tubiashii 

and V. S322 [10]. Tirape, et al. selected to focus on 18 immune-
related genes from the adult C. gigas EST library and analyzed their 
expression pattern after Vibrio tasmaniansis, V. anguillarum and 
Micrococcus luteus challenge during oyster ontogenesis [6]. Song, et 
al. reported some immune-related genes expression change after V. 
splendidus infection at developmental stages of the Pacific oyster, 
such as phagocytosis (Integrin b-1), hematopoiesis (Gata3) , immune 
recognition (C-type lectin 3, TLR4 and Caspase-3) , immune 
elimination (Interleukin 17-5, defensin, superoxide dismutase, 
catalase and heat shock protein 70) and signaling transduction 
(REL and serine kinase I kinase) [4]. While these studies provide a 
few of valuable insight into the immune repertoire of C. gigas and 
how it is implemented in the face of infection, it does not provide a 
comprehensive overview of the organism-wide response.

Profiling the change of abundance of immune-related transcripts 
following challenge with pathogens or Pathogen-Associated 
Molecular Patterns (PAMPs) provides insight into how the immune 
response is directed against pathogen insult. Considering that 
bacterial infection can have serious consequences for the survival of 
oysters, especially during the early larvae stages [5], the information 
related to how the early larval stages respond to pathogen challenge 
remains scarce. In this study, we sequenced the transcriptome of 
larval C. gigas at 0 hours which means the larval oyster without any 
treatment as control and 6, 12, 24, 48, 72 hours post V. alginolyticus 
exposure by means of Illumina RNA-Seq technology. The general 
transcriptome was selectively analyzed to identify transcripts that 
displayed differential expression that varied between exposed and 
control animals and that also mapped to a putative immune role 
based on Gene Ontology (GO) searches. We found that numerous 
up-regulated immune-related genes displayed differential expression 
and many down-regulated immune-related genes in C. gigas 
larvae over the first 72 hours of infection that varied over time, 
in which, Toll-Like Receptors (TLRs), Tripartite Motif Proteins 
(TRIM), Lectin-like factors, scavenger receptors, signaling pathway 
components such as Myeloid Differentiation factor 88 (MyD88), 
and stress proteins such as Heat shock 70 kDa protein (Hsp70) were 
all found to be higher in abundance following bacterial challenge 
compared to control. To our knowledge, this is the first study to 
undertake extensively comprehensive transcriptase analyses of the 
immune responses of early larvae C. gigas to bacterial challenge. 
It will facilitate targeted investigation into the function of specific 

Abbreviations: HPI: Hours Post Infection; RNA-seq: Ribonucleic Acid-sequence; COG: Groups of proteins; GO: 
Gene Ontology; KEGG: Kyoto Encyclopedia of Genes and Genomes; NR: Non-Redundant protein sequences; FC: 
Fold Change; FDR: False Discovery Rate; DEGs: Differentially Expressed Genes; MyD88: Myeloid Differentiation 
factor 88; Hsp70: Heat shock 70 kDa protein; TLRs: Toll-Like Receptors; PRRs: Pattern Recognition Receptors; 
FREPs: Fibrinogen-like Proteins; DAMPs: Damage Associated Molecular Patterns; FAO: Food and Agriculture 
Organization of the United Nations; TRIM: Tripartite Motif-containing; PAMPs: Pathogen-Associated Molecular 
Patterns; MAPK: Mitogen-Activated Protein Kinases; HSPs: Heat Shock Proteins; CR1L: Component Receptor 
1-Like protein; IL17: Interleukin 17; IRAK4: IL-1 Receptor-Associated Kinase 4; TRAF 6: TNF Receptor-Associated 
Factor 6; NF-κB: Nuclear Factor-κB; qRT-PCR: Quantitative Real-Time PCR; EF1-α: Elongation Factor 1 α; 
C1q4: Complement C1q-like protein 4; SPI: Serine Protease Inhibitor dipetalogastin; AOM: Alternative Oxidase 
Mitochondrial; TRAFP: TNF Receptor-Associated Factor Family Protein; FC1: Fibrinogen C domain-containing 
protein 1; LPS: Lipopolyssacharide; PGN: Peptidoglycan; PGRPs: Peptidoglycan Recognition Proteins; SRs: 
Scavenger Receptors; MMR: Macrophage Mannose Receptor; LPS-BP: Hemolymph Lipopolysaccharide-Binding 
Protein; OsHV-1 mvar: Herpesvirus-1 microvariant; HMGB1: High-Mobility Group Box 1; MASPs: MBL-Associated 
Serine Proteases; TNFα: Tumor Necrosis Factor-α; IFNs: Interferons; CSFs: Colony-Stimulating Factors; CFU: 
Colony-Forming Units; DEPC: Diethyl Pyrocarbonate; FPKM: Fragments Per Kilobase of Transcript
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generated from illumina sequencing were preprocessed to remove 
the low-quality sequence and adaptor sequences reads. After data 
processing, clean reads were then mapped to the reference genome 
(C. gigas genome) sequence using Tophat2 tools [11]. The mapped 
reads were assembled by Cufflinks and then the new transcripts 
were obtained by comparing with the annotation of the reference 
genome and Fragments per Kilobase of Transcript (FPKM) value 
was used as an indicator to measure the level of gene expression 
[12]. The acquired unigenes were used for a BLAST search and 
functional annotation of the NR, Swiss-Prot, GO, COG, KOG 
(Eukaryotic Orthologous Groups), KEGG, and Pfam databases.

The differentially expressed transcripts analysis

DESeq software [13] applied to experiments with biological 
repetition was then used to determine the differential gene 
expression of every 2 groups of samples with a threshold criterion 
of Log

2
 FC ≥ 1 and FDR<0.01, for up-regulated and down-regulated 

transcripts. The biological significance of the differentially 
expressed genes was determined by GO analysis. For enrichment 
analysis, all differentially expressed genes were mapped to terms in 
GO and KEGG databases, and then we searched for significantly 
(P ≤ 0.05) enriched GO and KEGG terms in DEGs compared with 
the overall transcriptome.

Validation through quantitative real-time PCR (qRT-PCR)

To confirm our illumina sequencing data, ten representative genes 
including Hsp70, PRR, TLR6, IL17, C1q4, MyD88, SPI, AOM, 
TRAFP, and FC1 were selected for qRT-PCR. Gene-specific primers 
of all the genes above were designed using Primer 3.0 and EF1-α 
gene was chosen as an internal reference gene. Quantitative RT-
PCR (qRT-PCR) was carried out by QuantStudioTM 6 Flex Real-
Time PCR System (Life Technologies, American) by the NovoStart® 
SYBR qPCR SuperMix Plus (Novoprotein Scientific Inc. China) 
according to the manufacturer's instructions. The data analysis was 
based on the Comparative threshold cycle (Ct) values of the PCR 
products, and the relative expression levels of the target genes were 
calculated as 2- Δ Δ Ct. All reactions were run in triplicate and 
then the statistical software SPSS 20.0 was used to analyzing the 
resulting Ct values by a one-way analysis of variance (ANOVA). The 
results were given in terms of relative mRNA expressed as means ± 
standard errors.

RESULTS

Transcriptome sequence assembly

The accession number PRJNA623063 of the raw reads are available 
by the National Center for Biotechnology Information Sequence 
Read Archive. Quality assessment of the RNA-Seq data indicated 
that the distribution of quality Q30 was higher than 90.88% for 
each sample and the GC content ranged from 41.27% to 42.91%. 
After filtering, 69.13% to 73.40% clean reads were successfully 
matched to the C. gigas genome by the TopHat2 software (Table 
1). These results demonstrate that the sequencing quality was quite 
good, suggesting that the later transcriptome analysis results are 
reliable.

immune factors that may explain the diversity and evolution of 
invertebrate immune molecules and lead to the development of 
effective measures to improve the performance of oyster culture.

MATERIALS AND METHODS

Oyster larvae and bacteria treatment

Adult individuals of oyster C. gigas were collected from a farm 
in Yantai, Shandong Province, China, and acclimatized in the 
laboratory for over one week before subsequent experiments. 
Sperms and eggs were scratched from gonads of male and female 
oysters with toothpicks. The fertilization was obtained by mixing 
sperms and eggs, and then the fertilized embryos were cultured in 
aerated seawater at 26°C.

D-hinged larvae were obtained using 300 meshes and challenged 
by the final concentration of 6 × 108 CFU of V. alginolyticus. Larvae 
without any treatment were designated as the control group. At the 
beginning of the bacterial challenge experiment, the samples were 
washed two times using filtered seawater and DEPC respectively at 
1, 200 rpm. Then adding 500 μL of TRIzol Reagent (Invitrogen, 
USA) and stored at -80°C for later use. After bacterial challenge, 
the tissues were obtained by the above methods at the following 
time points: 6 hours post-infection (hpi),12 hpi, 24 hpi, 48hpi, and 
72 hpi.

RNA extraction, cDNA library construction and illumina 
sequencing

Total RNA was separately isolated from the six samples using the 
TRIzol Reagent (Invitrogen, USA) according to the manufacturer's 
instructions. cDNA library construction and RNA-Seq were carried 
out at Beijing BioMarker Technologies (Beijing, China) based on the 
institute's protocols. Briefly, RNA degradation and contamination 
were firstly measured by 1% agarose gel electrophoresis. RNA 
purity was quantified by a NanoPhotometer spectrophotometer 
(IMPLEN, CA, USA), RNA integrity was then checked using the 
Agilent Bioanalyzer 2100 (Agilent Technologies, CA, USA), and 
RNA concentration was further determined by the Qubit RNA 
Assay Kit in a Qubit 2.0 Flurometer (Life Technologies, CA, USA). 
Based on the manufacturer's instructions, the NEBNext UltraTM 
RNA Library Prep Kit for Illumina (NEB, USA) were briefly 
described here for obtaining the sequencing libraries. Oligo (dT) 
magnetic beads were used to purify mRNA from total RNA and 
the fragmentation was randomly performed in a fragmentation 
buffer. Then, the first-strand cDNA was obtained by the random 
hexamer primer. The second strand cDNA was then synthesized 
by DNA polymerase I and RNase H. The end-repaired was ligated 
by adding the NEBNext Adaptor and dA-tailed DNA to prepare 
for hybridization, subsequently, the AMPure XP system (Beckman 
Coulter, Beverly, USA) was used to select the adaptor-ligated 
fragments. After PCR amplification, DNA fragments in the range 
of 200 to 250 bp were obtained for the following procedures. 
Finally, the libraries were sequenced by an Illumina HiSeq 2500 
platform and 125 bp paired-end reads were obtained.

RNA sequence data analysis

For ensuring the accuracy of subsequent analysis, raw data 
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Table 1: Statistical analysis of transcriptome sequencing data.

Samples Total reads Clean bases GC content % ≥ Q30 Mapped Reads Uniq mapped reads

A0 4,24,88,110 5,35,17,10,454 41.75% 91.46%
3,11,88,582 1,97,82,843

-73.40% -46.56%

B0 3,84,73,752 4,84,66,37,071 42.04% 91.14%
2,76,77,607 1,82,61,039

-71.94% -47.46%

A6 4,07,07,324 5,12,80,64,912 41.90% 91.30%
2,91,69,443 1,94,18,802

-71.66% -47.70%

B6 3,45,22,894 4,34,90,75,066 42.18% 90.99%
2,49,43,918 1,58,68,534

-72.25% -45.97%

A12 3,25,54,310 4,10,06,87,702 41.90% 91.10%
2,36,55,300 1,45,76,967

-72.66% -44.78%

B12 3,33,39,774 4,19,98,59,397 42.09% 90.88%
2,39,89,252 1,54,43,427

-71.95% -46.32%

A24 3,37,57,068 4,25,23,98,874 42.91% 91.98%
2,36,01,167 1,70,22,091

-69.91% -50.43%

B24 3,39,31,500 4,27,43,27,515 42.58% 91.11%
2,34,57,081 1,71,77,554

-69.13% -50.62%

A48 4,46,93,968 5,63,00,71,580 41.53% 91.23%
3,25,37,843 1,84,10,125

-72.80% -41.19%

B48 4,51,65,578 5,68,96,21,662 41.27% 91.08%
3,30,26,475 1,91,72,544

-73.12% -42.45%

A72 4,47,09,090 5,63,19,77,422 42.29% 91.02%
3,17,29,863 2,14,27,551

-70.97% -47.93%

B72 3,79,74,962 4,78,34,68,880 42.07% 91.10%
2,70,29,298 1,74,95,218

-71.18% -46.07%

Note: A and B represent two biological repetitive samples in each group. The 0 means the larval oyster without any treatment and 6, 12, 24, 48, 72 mean 
the time that the oyster larvae post bacterial challenge.

like receptor signaling pathway, Mitogen-Activated Protein Kinases 
(MAPK) signaling pathway, and Apoptosis were enriched in these 
signaling pathways (Figures 3-7).

The significantly up-regulated and down-regulated 
expressed immune-related genes analyses caused by V. 
alginolyticus

According to the analysis of GO terms and KEGG pathways, we 
selected the up-regulated and down-regulated immune-related 
genes with a threshold criterion (Log2 Fold Change (FC) ≥ 1 
and FDR<0.01). Our analyses indicate that 22 immune-related 
transcripts were increased and 3 immune-related transcripts 
were down-regulated in abundance at each time point after V. 
alginolyticus challenge (Figures 8 and 9). Various well-known 
immune-related genes such as nine TLRs genes, peptidoglycan-
recognition protein, six heat shock protein genes, four complement 
C1q protein genes, three interleukin 17-like protein genes, and five 
myeloid differentiation primary response protein MyD88 genes, 
were identified separately and divided into general categories based 
on their function during an immune response. These categories 
included; TLRs, PRRs, DAMPs, Complement, Immune effector, 
Cytokines, Tripartite motif-containing proteins and Immune 
signaling pathway.

Functional annotation and classification of the 
Differentially Expressed Genes (DEGs) between 
experimental and control groups

Total, up- and down-regulated DEGs were detected between 
the experimental group at different time points after bacterial 
challenge and control. Compared with sequences in the Cluster of 
Orthologous Groups of proteins (COG), GO, Kyoto Encyclopedia 
of Genes and Genomes (KEGG), Swiss-Prot, and NCBI Non-
Redundant protein sequences (NR) databases, there were 1,267, 
1,112, 2,187, 682, 1,133 DEGs annotated at 6, 12, 24, 48, 72 hpi 
respectively (Table 2). The number of total DEGs (2,187) was the 
highest at 24 hpi, of which 1,745 DEGs were up-regulated and 
442 were down-regulated. All the DEGs at each time point were 
mapped to a variety of GO annotations and three main functional 
classifications were determined (Figure 1): cellular component, 
molecular function, and biological process. Based on the GO 
analysis results, most immune-related genes were enriched in 
the category of biological process. Pathway enrichment analysis 
identified significantly enriched immune pathways in DEGs and 
showed that specific immune pathways were significantly altered 
following bacterial challenge (Figure 2). KEGG pathway analysis 
suggested that these DEGs could be assigned to specific immune-
related pathways such as Toll-like receptor signaling pathway, NOD-
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Table 2: Table statistical analysis of differentially expressed genes.

DGE Set Annotated COG GO KEGG Swiss-Prot NR

0 vs. 6 1,267 277 512 262 716 1,266

0 vs. 12 1,112 312 500 285 647 1,111

0 vs. 24 2,187 503 875 456 1,260 2,186

0 vs. 48 682 150 289 135 392 681

0 vs. 72 1,133 261 452 226 656 1,133

Note: The 0 means the larval oyster without any treatment and 6, 12, 24, 48, 72 mean the time that the oyster larvae post bacterial challenge.

Figure 2: Transcriptomic analysis of the experiment group with control in 6-72 h post infections. Pathway enrichment of the differentially 
expressed genes was analyzed by the pathway enrichment statistical scatter plot (top 20).

Figure 1: GO classifications of the DEGs. All of the DEGs were assigned to three categories: cellular component, molecular function, and 
biological process.
Note: ( ) 6h ( ) 12h ( ) 24h ( ) 48h ( ) 72h; 6, 12, 24, 48, 72 h means the DEGs from comparison the experiment group with 
control in 6-72 h post infection.
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Figure 3: KEGG classification of DEGs from comparison the experiment group with control in 6-72 h post infection.
Note: T1 means 6 h post bacteria challenge.

Figure 4: KEGG classification of DEGs from comparison the experiment group with control in 6-72 h post infection.
Note: T2 means 12 h post bacteria challenge.
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Figure 5: KEGG classification of DEGs from comparison the experiment group with control in 6-72 h post infection.
Note: T3 means 24 h post bacteria challenge.

Figure 6: KEGG classification of DEGs from comparison the experiment group with control in 6-72 h post infection.
Note: T2 means 12 h post bacteria challenge.
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Figure 7: KEGG classification of DEGs from comparison the experiment group with control in 6-72 h post infection.
Note: T5 means 72 h post bacteria challenge.

Figure 8: Venn diagram of expressed immune-related genes. A: Venn diagram of up-regulated expressed immune-related genes.
Note: C means the control group.
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Figure 9: Venn diagram of expressed immune-related genes. B: Venn diagram of down-regulated expressed immune-related genes.
Note: C means the control group.

processes, such as phagocytosis, cytolysis, inflammation, 
solubilization of immune complexes, clearance of apoptotic cells 
and promotion of humoral immune responses [15-17]. In this study, 
four transcripts that reflect complement component receptor 1-like 
protein, complement C1q tumor necrosis factor-related protein 3, 
complement C1q-like protein 4 and complement C1q-like protein 
3, were identified in the early larval C. gigas transcriptome after 
bacterial infection. Abundance of the complement Component 
Receptor 1-Like protein (CR1L) transcript increased gradually 
and reached a maximum level at 48 h post-stimulation, then 
declined progressively and down regulated straightly at 72 hpi. The 
abundance of the other three complements increased at 6 hpi and 
the decreased level appeared at 48 hpi, and then sharp raised up 
the maximum level at 72 hpi.

Tripartite motif-containing proteins: TRIM proteins have 
been implicated in multiple cellular functions including 
apoptosis, immune signaling, antiviral activity, cell proliferation, 
differentiation, and oncogenesis. TRIM proteins including 23 
TRIM2, two TRIM3, TRIM75 and E3 ubiquitin-protein ligase 
displayed increased expression post bacterial infection in our study. 
Five TRIM2 were found to be most abundant at 6 hpi after which, 
the abundance dropped immediately at the other five time points, 
seven TRIM2 and TRIM75 were sharp reached the maximum level 
at 72 hpi, TRIM3 were raised the highest level at 12 hpi and then 
subsequently decreased progressively.

Cytokines: Cytokines are produced and secreted by cells in response 
to various stimulation and play vital roles in the host defense 
response to pathogens by performing myriad immune-relevant 
roles. In this study, we found three IL17 were notable up-regulated 
at different time points after bacterial challenge. The transcriptome 
expression of two IL17 steadily declined at 12 hpi and increased at 
24 hpi, then dropped immediately at 48 hpi and raised at 72 hpi, 
the minimum level of IL17 appeared at 48 hpi.

Immune signaling pathway: MyD88 is a key adapter molecule in 
TLR signaling pathway and played an important role in transmitting 
upstream information and pathogen defense. Once MyD88 has 
associated with the receptor TIR domain, IL-1 Receptor-Associated 

Pattern recognition receptors: PRRs can directly recognize and 
bind conserved PAMPs on the surface of invaders and play an 
important role in the innate immune defense response. Numerous 
PRRs were found in higher abundance in C. gigas transcriptome 
after bacterial challenge compared to controls. At nearly every time 
point post-challenge various PRRs were up-regulated. A majority 
of PRRs genes exhibited higher expression levels from 6 hpi to 
24 hpi and the expression of them reduced rapidly at 48 h post-
stimulation, some of them then were increased at 72 hpi. Scavenger 
receptor class F member 2, scavenger receptor cysteine-rich domain 
superfamily protein (precursor), C-type receptor 2, and macrophage 
mannose receptor 1 were down-regulated.

It is well known that TLRs as pattern recognition receptors play a 
vital role in initiating innate immune responses against pathogens 
challenge. A variety of TLRs expression was obviously up-regulated 
after bacterial challenge. The abundance of four C. gigas TLRs genes 
increased steadily between 6 hpi-24 hpi, then dropped gradually at 
48 hpi-72 hpi, and some TLRs genes (Protein toll, TLR1, TLR6, 
and TLR13) were raised again at 72 hpi.

Damage associated molecular patterns: DAMPs are endogenous 
danger signals that can activate immune cells and originate from 
damaged or necrotic tissues. A common group of proteins that are 
often categorized as DAMPs are the Heat Shock Proteins (HSPs), 
which have a vital role in protecting cells against environmental 
stresses such as heat shock, heavy metal exposure, bacterial 
infection or almost any sudden changes inducing protein damage 
in the cellular environment [14]. In our study, we found that the 
transcriptome abundance of Hsp70 12A was notably increased 
by bacterial infection compared to controls at time points 6, 12, 
24, 48, and 72h respectively. The expression level of Hsp70 12A 
steadily declined at 12 hpi and increased at 24 hpi, then decreased 
at 48 hpi and raised at 72 hpi. We also found that abundance of 
Hsp 68 decreased within 12 h against V. alginolyticus challenge, then 
the abundance of this transcript increased by bacterial infection 
compared to controls among 24 hpi-72 hpi.

Complement: The complement system plays a key role in innate 
immunity and is widely involved in physiological and pathological 
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related protein, Stress-induced protein 1, HSP68, HSP75, Heat 
shock protein 70 B2, Heme-binding protein 1, Heme-binding 
protein 2, Heavy metal-binding protein HIP, Hemicentin-1, etc.

Validation of genes expression profiles by Quantitative 
Real-time PCR (qRT-PCR)

To validate the transcriptome expression profiles, ten representative 
up-regulation immune-related DEGs were selected for qRT-PCR 
analysis at 6 h, 12 h, 24 h, 48 h, and 72 h after treatment with the 
Elongation Factor 1 α (EF1-α) gene as the internal control (Figure 
10). The overall trend of qRT-PCR-based expression patterns of 
ten selected genes Hsp70, Peptidoglycan-Recognition protein 
SC2 (PRR), TLR6, IL17, Complement C1q-like protein 4 (C1q4), 
MyD88, Serine Protease inhibitor dipetalogastin (SPI), Alternative 
Oxidase Mitochondrial (AOM), TNF Receptor-Associated Factor 
Family Protein (TRAFP) and Fibrinogen C domain-containing 
protein 1(FC1) were similar to those obtained by transcriptome 
analyses, indicating that the reliability of the expression profiling 
determined by RNA-seq was reliable and accurate, although the 
expression fold changes of most genes measured by qRT-PCR were 
more than those from transcriptome analyses.

Kinase 4 (IRAK4) is recruited to the receptor complex, subsequently 
interact with TNF Receptor-Associated Factor 6 (TRAF 6) to 
activate downstream signals, such as Nuclear Factor-κB (NF-κB) 
and MAPK, inducing the production of inflammatory cytokines 
and/or type I interferon to eliminate invading pathogens.

In this study, we found the expression of TLR, MyD88, TRAF 
family protein, and IRAK4 were significantly up-regulated 
following bacterial challenge. Five MyD88 genes expression were 
significantly increased at each time point post infection. Among 
these time points, MyD88 genes were expressed at the highest level 
at 6 hpi, then dropped immediately to a minimum at 48 hpi and 
subsequently increased progressively. Two TRAF family proteins 
were notable up-regulated at different time points post bacterial 
infection and one TRAF family protein was found to be most 
abundant at 6 hpi after which, the abundance declined gradually 
at the other five time points. The abundance of two IRAK4 
transcripts reached a maximum level at 6 h post-stimulation, and 
then subsequently decreased progressively.

We have also originally discovered many down-regulated immune-
related genes in C. gigas larvae over the first 72 hours of infection, 
such as TRIM2, TRIM45, TRIM56, TRIM71, Macrophage 
mannose receptor 1, Apolipoprotein D, Cytochrome P450, Rho-

Figure 10: The relative mRNA expression pattern of ten representative up-regulation immune-related DEGs after bacterial challenge were detected 
by qRT-PCR at 6 h, 12 h, 24 h, 48 h and 72h. The values are given in terms of relative mRNA expressed as mean ± S.E. (N=5).
Note: ( ) qPCR ( ) RNA
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phagocytes and play an important role in innate immunity, which 
can recognize and mediate engulfment of a variety of pathogenic 
substances to eliminate the invading pathogens. Interestingly, 
it is a novel study to identify scavenger receptor class F member 
2, scavenger receptor cysteine-rich domain superfamily protein 
(precursor), C-type receptor 2, and macrophage mannose receptor 
1 were here down-regulated over the first 72 hours of infection 
in early larvae of Pacific oyster C. gigas. The down-regulation 
mechanism for these immune-related genes should make further 
efforts to study.

C-type lectin superfamily have been reported to play a potential 
role in the activation of complement system in the adult C. gigas 
[25]. C-type lectins, collectins, and macrophage mannose receptors 
formed this family and it was investigated that they were also 
associated with the cell membrane and phagocytosis [26]. Here, it 
was discovered that three lectin genes were up-regulated significantly 
post bacterial challenge during the development of the larval C. 
gigas. It is noteworthy that Lectin BRA-3 (Precursor) gene was up-
regulated and reached a maximum level at 24 h post V. alginolyticus 
infection, then down regulated straightly at 48 hpi. It was inferred 
that the Lectin BRA-3 of the oyster larvae could be activated by 
V. alginolyticus to defense bacteria within 24 h post-stimulation, 
and then the lectin (Lectin BRA-3) was inhibited, which would 
suppress the oyster immune response to pathogen challenge. For 
oysters with the only innate immune system to defend various 
pathogens infection, a series of PRRs molecules might give C. gigas 
ability against invading pathogens.

Toll-like receptors

Tolls or TLRs play an indispensable role in initiating innate 
immune responses against pathogens challenge. Since the first 
description of Toll and its role in the immune response against 
fungal infection in Drosophila melanogaster [27], a large number 
of TLRs have been reported and functionally characterized in 
various species. As an ancient family of evolutionary conserved 
PRRs, TLRs, which are found in many species including mammals, 
flies, crustaceans, and mollusks, are playing as crucial roles in 
the immune system [28]. They play a key role in defense against 
invading pathogens of host early stage by recognizing conserved 
PAMPs and activating downstream signaling pathways which can 
induce the production of inflammatory cytokines and/or type I 
interferon to clear invading pathogens. TLR6 has been reported in 
adult C. gigas [29]. Here we discovered that TLRs/Tolls expression 
up-regulation during the development of the oyster early larvae 
transcriptome, including transcripts that represent protein tolls, 
TLR6, TLR13, TLR1, TLR2, and TLR4. Given the consistent 
increase in expression, it could be inferred that TLRs likely play an 
essential role in bacteria recognition and subsequent activation of 
the oyster early larvae innate immunity.

It is well established that TLRs play a considerable role in 
identifying invaders and their stimulation by PAMP ligands such 
as LPS and DAMP ligands such as Hsp70 induces a TLR signaling 
pathway which plays a vital role in the immune defense against 
pathogen infection by activating the diverse downstream reaction 
including anti-oxidant, anti-bacteria and apoptosis [30,31]. In the 
present study, we observed that the expression of TLR, MyD88, 
TRAF family protein, and IRAK4 were significantly up-regulated 
following bacterial challenge, but NF-κB has not been found in 
the C. gigas larvae transcriptome. MyD88 is a widespread and 

DISCUSSION

It is well established that marine mollusks have an effective and 
robust immune response that protects them against infection 
[18]. To date, however, most of the studies that have characterized 
the immune responses of these animals have focused on adult 
individuals, while the immune response in juveniles/larvae 
has received less attention. For oysters and other bivalves, the 
developmental stages from trochophore to larvae are indispensable 
as calcified shells will be formed and the immune system becomes 
mature during this developmental stage [19]. During the early 
developmental periods, there can be lethal consequences because 
of any infectious agent may impact the developing organism. 
Before assessing any functional differences in the immunological 
capabilities between larval and adult organisms, it is important to 
establish a baseline of those immune factors that may be relevant 
during the larval stage. In present study, the expression of immune-
related genes in the early larvae of C. gigas after a challenge by the 
bacterial pathogen V. alginolyticus was first studied to demonstrate 
the immune-specific transcriptome during ontogenesis.

Pattern recognition receptors

PRRs are an important part of the innate immune response. This 
general classification of immune receptors is defined by their ability 
to directly recognize different PAMPs such as Lipopolyssacharide 
(LPS) and Peptidoglycan (PGN) from bacteria, β-1,3-glucan 
from fungi, or double-stranded RNA from viruses [20]. It is the 
first study to identify numerous PPRs as presenting increased 
abundance in early C. gigas larvae transcriptome following bacterial 
challenge. Totally about 28 immune-related genes, such as TLRs, 
Peptidoglycan Recognition Proteins (PGRPs), Scavenger Receptors 
(SRs), Fibrinogen-like Proteins (FREPs), Calcium-dependent 
(C-type) mannose receptor, Macrophage Mannose Receptor 
(MMR), lectins, C-type receptor, protein toll, collectin-12, and 
hemolymph Lipopolysaccharide-Binding Protein (LPS-BP) were 
found in higher abundance in challenged groups compared to 
controls. Besides TLRs, which are discussed in detail below, 
PGRPs which can recognize peptidoglycan and peptidoglycan-
containing bacteria play an indispensable role in innate immunity 
for invertebrates and vertebrates, due to its outstanding ability in 
detecting and eliminating invasive bacteria. It has originally found 
the transcription expression of PGRPs was obviously up-regulated 
after 24h post V. alginolyticus infection and a clearly time-dependent 
expression pattern of PGRPs was observed during the early 
development of the oyster. It is conceivable that the C. gigas PGRPs 
found in this study could serve not only to recognize bacteria, but 
also play a role in eliminating the pathogen.

Adema, et al. and Li, et al. found that a role for invertebrate 
FREPs in recognition of parasite-derived molecules and FREPs 
are proteins with at least a Fibrinogen-like (FBG) domain, they are 
widespread in Mollusca [21-23], and play curial roles in the innate 
immune response as PRRs. FREPs have been reported in the adult 
C. gigas [24]. We have observed that the gene expression of FREPs 
(Fibrinogen-like protein A and Fibrinogen C Domain-containing 
Protein 1) in larval C. gigas were up-regulated significantly over 
the first 72 hours bacterial challenge. It is inferred that the FREPs 
found in this study can play important roles as PRRs in the innate 
immune response and inhibit infection from pathogens.

SRs are a group of heterogeneous molecules on the surface of 
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the classical complement pathway C1q involved in widespread 
immunological processes, such as apoptotic cell elimination, 
bacteria and retrovirus recognition, cell adhesion and cell growth 
modulation provides a major connection between innate and 
acquired immunity [40].

Although the complement system has been well studied in mammals, 
little is known about complement components in invertebrates. 
With the first identification of a complement homolog found in the 
sea urchin in 1996 [41], the recognition molecules and associated 
serine proteases, ficolins, MBL-Associated Serine Proteases 
(MASPs), C1q1, CaC1q2, C3, and C2/Complement factor B 
(Bf) and C1q-domain containing proteins have been recently 
reported in invertebrates [42-47]. In innate immunity, C1q-domain 
containing proteins can be considered as specialized PRPs because 
they can bind pathogens directly through PAMPs and to trigger 
phagocytosis [48]. A series of the complement related recognition 
molecules may be induced when foreign microorganisms invade 
or pathogen-related carbohydrate detection occurs in invertebrate 
animals. In this study, we used bacteria V. alginolyticus to infect 
the oyster larvae, and then analyzed the transcriptome data at 
different time points. With the perspective of developmental 
immunology, it has been found that the complement component 
expression was up-regulated after pathogen challenge in the oyster 
larvae. Interestingly, our study found that abundance of CR1L 
transcript increased gradually and reached a maximum level at 48 
h post-stimulation, then declined progressively and down regulated 
straightly at 72 hpi. It was shown that the complement system of 
the oyster larvae could be activated by V. alginolyticus to defense 
bacteria within 48 h post-stimulation, then the complement system 
was inhibited, which would suppress the oyster immune response 
to pathogen challenge. Based on the result above, it could be 
speculated that the complement played an important role in the 
early stage oyster immune response.

Tripartite motif-containing proteins

More than 70 members of proteins were formed the TRIM family 
with three different types of domains: RING finger (R) domain, 
B-box (B), and a Coiled-Coil (CC) domain. The R domain of many 
TRIM proteins has been reported to function as E3 ubiquitin 
ligases by binding to both ubiquitin E2-conjugating enzymes and 
target proteins to facilitate the selective ubiquitination of the 
target, whereas the B and CC domains may be involved in protein 
interactions and homo/heterodimerization [49]. E3 ubiquitin 
ligases play as indispensable roles during ubiquitation process and 
are involved in the regulation of both innate and adaptive immune 
response [50,51].

To date, many TRIM proteins have been identified and studied well 
in mammals [52,53]. TRIM proteins have been involved in various 
cellular functions including apoptosis, immune signaling, antiviral 
activity, cell proliferation, differentiation, and oncogenesis. Recent 
studies have shown that many members of the TRIM superfamily 
are expressed in response to Interferons (IFNs) and are involved 
in a broad range of biological processes that are associated with 
innate immunity [54,55]. Members of TRIM family of E3 ligases 
are reported as important regulators of innate immunity, such as 
TLR signaling pathway was regulated by TRIM proteins [56,57].

However, the knowledge about TRIM proteins in mollusks is still 
limited. TIRM2, E3 ubiquitin-protein ligase, and ubiquitin have 
been identified in adult Pacific oysters [58-60]. Presently many 

important adaptor for TLR/IL-1R family, and primarily recruited 
to activate TLR after the recognition of PAMPs/DAMPs by TLRs. 
Once MyD88 has associated with the receptor TIR domain, IRAK4 
is recruited to the receptor complex, subsequently interacts with 
TRAF6 to activate downstream signals, such as NF-κB and MAPK, 
inducing the production of inflammatory cytokines and/or type I 
interferon to eliminate invading pathogens. Presently the C. gigas 
larvae transcriptome analyses revealed existing multiple TLR and 
MyD88 transcripts that demonstrate an increase in abundance 
following bacterial challenge, it was indicated that a MyD88-
dependent TLR signaling pathway also existed in early C. gigas 
larvae and TLRs and the adaptor protein MyD88 respond to a 
range of pathogens, indicating they play an important role in the 
early stage innate immunity of oyster.

Damage associated molecular patterns

DAMPs are endogenous danger signals that can activate immune 
cells and originate from damaged or necrotic tissues. To date, 
various DAMPs such as HSPs and High-Mobility Group Box 1 
(HMGB1) have been identified and characterized in invertebrates 
and vertebrates [32,33]. A common group of proteins that are 
often categorized as DAMPs are the HSPs. As stress proteins, 
HSPs are ubiquitous and evolutionary conserved, known to exist 
in all living organisms [34-36]. They play indispensable roles in 
protecting cells against environmental stresses such as heat shock, 
heavy metal exposure, bacterial infection, or almost any sudden 
changes inducing protein damage in the cellular environment [14]. 
According to their molecular weight, these proteins have been 
classified into several families, such as HSP90 (85-90 kDa), HSP70 
(68-73 kDa), HSP60, HSP47, and low molecular mass HSPs (16-
24 kDa) [37]. Among these proteins, HSP70s have been studied 
extensively and are most responsible for intracellular chaperone 
and extracellular immunoregulatory functions as DAMPs [33]. 
HSP70 has been reported in the C. gigas larvae [4]. In this study, 
we found HSP-70 kDa and HSP-68 kDa expression were increased 
during larval Pacific oyster development after bacterial challenge 
and a clearly time-dependent expression pattern of HSP70 was 
observed. The expression of the HSP70 gene increased at 6 hpi 
and the maximum level appeared at 24 hpi, and then dropped 
gradually. It is interesting that HSP68 was down-regulated within 
12 h infection and then up-regulated at 24, 48, and 72 hpi. Our 
results suggested that HSP70 and HSP68 might be involved in 
oyster response to pathogenic infection and they might play an 
important role in the oyster immune response.

Complement

The complement system plays a key role in innate immunity against 
infection and is widely involved in physiological and pathological 
processes. The functions of the complement system include 
phagocytosis, cytolysis, inflammation, solubilization of immune 
complexes, clearance of apoptotic cells, and promotion of humoral 
immune responses [15-17].

There are four types of protein in the complement system, 
including inherent components, regulatory molecules, complement 
receptors, and specific protein fragments that can be activated 
[38]. Complement components such as C1q, mannose-binding 
lectin, and ficolin are PRRs that function as recognizing potential 
pathogens during immune responses and activating different 
complement pathways in vertebrates [39]. The key component of 
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CONCLUSION

The transcriptome of C. gigas larvae at 0, 6, 12, 24, 48, 72 hours 
post V. alginolyticus exposure was sequenced through Illumina RNA-
Seq technology. This is the first study to undertake comprehensive 
transcriptome analyses of the immune responses of C. gigas larvae 
to bacterial challenge. We have found that many of novel immune-
related molecules such as MyD88, IL17, Fibrinogen-like protein 
A, Hsp70, Tripartite motif-containing protein 2, Tripartite motif-
containing protein 3, TLR2, TLR4, and TLR6 were expressed very 
high after 6 and 12 hpi at the early stage of oyster development. 
Numerous immune-related genes displayed differential expression 
that varied over time: toll-like receptors, tripartite motif proteins, 
Lectin-like factors, scavenger receptors, signaling pathway 
components such as MyD88, and stress proteins such as Hsp70 
were all found to be higher in abundance following V. alginolyticus 
challenge compared to control. These genes were divided into 
several categories such as PRRs, FREPs, DAMPs, complement 
factors, etc. These general categories allowed us to generate an 
immune response profile for C. gigas early larvae over the first 72 
hours of infection. Here we have interestingly discovered many 
down-regulated immune-related genes in C. gigas larvae over the 
first 72 hours of infection, such as TRIM2, TRIM45, TRIM56, 
TRIM71, Macrophage mannose receptor 1, Apolipoprotein D, 
Cytochrome P450, Rho-related protein, Stress-induced protein 
1, HSP68, HSP75, HSP70 B2, Heme-binding protein 1, Heme-
binding protein 2, Heavy metal-binding protein HIP, Hemicentin-1, 
etc. These results will facilitate targeted investigation into the 
function of specific immune factors that may explain the diversity 
and evolution of invertebrate immune molecules and lead to the 
development of effective measures to improve the performance of 
oyster culture, especially early oyster seeding cultivation.
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TRIM proteins (e.g 23 TRIM2, two TRIM3, and TRIM75) and 
E3 ubiquitin-protein ligase as being up-regulated expression after 
bacterial challenge in early C. gigas larvae were identified. Five 
TRIM2 were found to be most abundant at 6 hpi after which, the 
abundance dropped immediately at the other five-time points, 
seven TRIM2 and TRIM75 were sharp reached the maximum 
level at 72 hpi, TRIM3 was raised the highest level at 12 hpi and 
then subsequently decreased progressively. We supposed that these 
TRIM proteins obtained in the present study might be involved 
in the oyster response to pathogenic infection by regulating TLR 
signaling pathway.

Cytokines

Cytokines which are produced and secreted by cells in response 
to various stimulation are small proteins including interleukins, 
IFNs, Colony-Stimulating Factors (CSFs), and TNFs. They play 
important roles in the host defense response to pathogens by 
performing myriad immune-relevant roles [61].

Few of the hallmark cytokines known from mammalian immune 
studies possess direct ortholog in invertebrates, however, conserved 
protein domains allow for invertebrate studies to target appealing 
candidates for functional evaluations. One cytokine that has been 
shown to be consistent between vertebrates and invertebrates is IL-
17. Rouvier et al. first reported that IL-17 as Cytolytic T-Lymphocyte 
(CTL)-associated antigen 8, is a T-cell factor with proinflammatory 
activity [62]. It is well known that IL-17 is an important member 
of the proinflammatory cytokine family and plays an indispensable 
role in eliminating of extracellular bacteria [63]. IL17 can also 
activate NF-κB and MAPK signal pathways, then induce other 
cytokines secretion and immune cell migration, further trigger the 
inflammatory response [61,64]. Six IL17 genes were identified in the 
adult oyster [61,65]. In this study, it is the first time to report that 
the transcriptome expression of three novel IL17 genes dropped 
immediately at 48 hpi and raised at 72 hpi, the minimum level of 
IL17 appeared at 48 hpi during larval Pacific oyster development. 
It is inferred that the IL-17 found in this study can play important 
roles in the innate immune response and inhibit infection from 
pathogens.

It is very interesting here that in addition to these up-regulated 
immune-related genes discussed above, we have originally 
discovered many down-regulated immune-related genes in C. 
gigas larvae over the first 72 hours of infection, such as TRIM2, 
TRIM45, TRIM56, TRIM71, Macrophage mannose receptor 1, 
Apolipoprotein D, Cytochrome P450, Rho-related protein, Stress-
induced protein 1, HSP68, HSP75, HSP70 B2, Heme-binding 
protein 1, Heme-binding protein 2, Heavy metal-binding protein 
HIP, Hemicentin-1, etc. Reduced abundance of transcripts (Heme-
binding protein 1, Heme-binding protein 2, Heavy metal-binding 
protein HIP, Hemicentin-1, metal binding protein) that encode 
for iron binding molecules occurs in the early stage of infection 
(6 hpi, 12 hpi, and 24 hpi). Iron sequestration is an important 
resource battle between host and pathogen, and it seems as though 
early on in infection, the bacteria are suppressing expression of 
transcripts that would allow the oyster larvae to secure iron. These 
down-regulated immune genes might be very important for better 
understanding the early development stage of oyster larvae innate 
immunity. The down-regulation mechanism of these immune-
related genes should be further study.



14

Fang J, et al. OPEN ACCESS Freely available online

Immunotherapy (Los Angel), Vol.8 Iss.6 No:1000207

19. Adema CM. Fibrinogen-Related Proteins (FREPs) in Mollusks. Results 
Probl Cell Differ. 2015;57: 111-129. 

20. Li H, Hambrook JR, Pila EA, Gharamah AA, Fang J, Wu X, et al. 
Cordination of humoral immune factors dictates compatibility between 
Schistosoma mansoni and Biomphalaria glabrata. Elife. 2020;9: e51708. 

21. Huang B, Zhang L, Li L, Tang X, Zhang G. Highly diverse fibrinogen-
related proteins in the Pacific oyster Crassostrea gigas. Fish Shellfish 
Immunol. 2015;43(2): 485-490. 

22. Li H, Zhang H, Jiang S, Wang W, Xin L, Wang H, et al. A single-CRD 
C-type lectin from oyster Crassostrea gigas mediates immune recognition 
and pathogen elimination with a potential role in the activation of 
complement system. Fish Shellfish Immunol. 2015;44(2): 566-575. 

23. Weis WI, Taylor ME, Drickamer K. The c-type lectin superfamily in the 
immune system. Immunol Rev. 1998;163: 19-34. 

24. Lemaitre B, Nicolas E, Michaut L, Reichhart JM, Hoffmann JA. The 
dorsoventral regulatory gene cassette spätzle/Toll/cactus controls the 
potent antifungal response in Drosophila adults. Cell. 1996;86(6): 973-
983. 

25. Ertl NG, O’Connor WA, Papanicolaou A, Wiegand AN, Elizur A. 
Transcriptome Analysis of the Sydney Rock Oyster, Saccostrea glomerata: 
Insights into Molluscan Immunity. PLoS One. 2016;11(6): e0156649. 

26. Wang W, Zhang T, Wang L, Xu J, Li M, Zhang A, et al. A new non-
phagocytic TLR6 with broad recognition ligands from Pacific oyster 
Crassostrea gigas. Dev Comp Immunol. 2016;65: 182-190. 

27. Huang B, Zhang L, Xu F, Tang X, Li L, Wang W, et al. Oyster Versatile 
IKKα/αs Are Involved in Toll-Like Receptor and RIG-I-Like Receptor 
Signaling for Innate Immune Response. Front Immunol. 2019;10: 1826. 

28. Zhang Y, He X, Yu F, Yu Z. Characteristic and Functional Analysis of 
Toll-Like Receptors (TLRs) in the Lophotrocozoan, Crassostrea Gigas, 
Reveals Ancient Origin of TLR-mediated Innate Immunity. PLoS One. 
2013;8(10): e76464. 

29. Scaffidi P, Misteli T, Bianchi ME. Release of chromatin protein HMGB1 
by necrotic cells triggers inflammation. Nature. 2002;418(6894): 191-195. 

30. Li J, Zhang Y, Liu Y, Zhang Y, Xiao S, Yu Z. Co-expression of heat shock 
protein (HSP) 40 and HSP70 in Pinctada martensii response to thermal, 
low salinity and bacterial challenges. Fish Shellfish Immunol. 2016;48: 
239-243. 

31. Srivastava P. Roles of heat-shock proteins in innate and adaptive immunity. 
Nat Rev Immunol. 2002;2(3): 185-194. 

32. Feder ME, Hofmann GE. Heat-shock proteins, molecular chaperones, 
and the stress response: evolutionary and ecological physiology. Annu Rev 
Physiol. 1999;61: 243-282. 

33. Cellura C, Toubiana M, Parrinello N, Roch P. HSP70 gene expression 
in Mytilus galloprovincialis hemocytes is triggered by moderate heat 
shock and Vibrio anguillarum, but not by V. splendidus or Micrococcus 
lysodeikticus. Dev Comp Immunol. 2006;30(11): 984-997. 

34. Park H, Ahn IY, Lee HE. Expression of heat shock protein 70 in the 
thermally stressed Antarctic clam Laternula elliptica. Cell Stress Chaperon. 
2007;12: 275-282. 

35. Carroll MC. The complement system in regulation of adaptive immunity. 
Nat Immunol. 2004;5(10): 981-986. 

36. Nonaka M, Yoshizaki F. Evolution of the complement system. Mol 
Immunol. 2004;40(12): 897-902. 

37. Kishore U, Gaboriaud C, Waters P, Shrive AK, Greenhough TJ, Reid 
KBM, et al. C1q and tumor necrosis factor superfamily: modularity and 
versatility. Trends Immunol. 2004;25(10): 551-561. 

38. Smith LC, Chang L, Britten RJ, Davidson EH. Sea urchin genes expressed 
in activated coelomocytes are identified by expressed sequence tags. J 
Immunol. 1996;156(2): 593-602. 

subjects, informed consent has been obtained from the participants 
involved. All authors were contributed equally to this work.

REFERENCES

1. Huang B, Zhang L, Li L, Tang X, Zhang G. Highly diverse fibrinogen-
related proteins in the Pacific oyster Crassostrea gigas. Fish Shellfish 
Immunol. 2015;43(2): 485-490. 

2. Paillard C, Le Roux F, Borrego JJ. Bacterial disease in marine bivalves, 
a review of recent studies: trends and evolution. Aquat Living Resour. 
2004;17(4): 477-498. 

3. Wang Z, Wang B, Chen G, Jian J, Lu Y, Xu Y, et al. Transcriptome analysis 
of the pearl oyster (Pinctada fucata) hemocytes in response to Vibrio 
alginolyticus infection. Gene. 2016;575(2): 421-428. 

4. Song X, Wang H, Xin L, Xu J, Jia Z, Wang L, et al. The immunological 
capacity in the larvae of Pacific oyster Crassostrea gigas. Fish Shellfish 
Immunol. 2016;49: 461-469.

5. Genard B, Miner P, Nicolas JL, Moraga D, Boudry P, Pernet F, et al. 
Integrative study of physiological changes associated with bacterial 
infection in Pacific oyster larvae. PLoS One. 2013;8(5): e64534. 

6. Tirapé A, Bacque C, Brizard R, Vandenbulcke F, Boulo V. Expression of 
immune-related genes in the oyster Crassostrea gigas during ontogenesis. 
Dev Comp Immunol. 2007;31(9): 859-873. 

7. Fleury E, Huvet A. Microarray analysis highlights immune response of 
Pacific oysters as a determinant of resistance to summer mortality. Mar 
Biotechnol. 2012;14(2): 203-217. 

8. de Lorgeril J, Zenagui R, Rosa RD, Piquemal D, Bachère E. Whole 
transcriptome profiling of successful immune response to Vibrio 
infections in the oyster Crassostrea gigas by digital gene Expression Analysis. 
PLoS One. 2011;6(8): e23142. 

9. Zhang G, Fang X, Guo X, Li L, Luo R, Xu F, et al. The oyster genome 
reveals stress adaptation and complexity of shell formation. Nature. 
2012;490(7418): 49-54. 

10. Gueguen Y, Cadoret JP, Flament D, Roumiguière CB, Girardot AL, 
Garnier J, et al. Immune gene discovery by expressed sequence tags 
generated from hemocytes of the bacteria-challenged oyster, Crassostrea 
gigas. Gene. 2003;303: 139-145. 

11. Liu H, He J, Chi C, Lv Z. Identification and analysis of HSP70 from 
Sepiella maindroni under stress of Vibrio harveyi and Cd2+. Gene. 
2015;572(1): 146-152. 

12. Fujita T, Endo Y, Nonaka M. Primitive complement system-recognition 
and activation. Mol Immunol. 2004;41(2-3): 103-111. 

13. Beutler B. Innate immunity: an overview. Mol Immunol. 2004;40(12): 
845-859. 

14. Schmidt BZ, Colten HR. Complement: a critical test of its biological 
importance. Immunol Rev. 2000;178: 166-176. 

15. Guo X, Ford SE. Infectious diseases of marine molluscs and host 
responses as revealed by genomic tools. Philos Trans R Soc Lond B Biol 
Sci. 2016;371(1689): 5. 

16. Mukherjee J, Wong KK, Chandramouli KH, Qian PY, Leung PTY, Wu 
RSS, et al. Proteomic response of marine invertebrate larvae to ocean 
acidification and hypoxia during metamorphosis and calcification. J Exp 
Biol. 2013;216(24): 4580-4589. 

17. Iizuka M, Nagasaki T, Takahashi KG, Osada M, Itoh N. Involvement of 
Pacific oyster CgPGRP-S1S in bacterial recognition, agglutination and 
granulocyte degranulation. Dev Comp Immunol. 2014;43(1): 30-34. 

18. Adema CM, Hertel LA, Miller RD, Loker ES. A family of fibrinogen-
related proteins that precipitates parasite-derived molecules is produced 
by an invertebrate after infection. Proc Natl Acad Sci. 1997;94(16): 8691-
8696. 

https://link.springer.com/chapter/10.1007/978-3-319-20819-0_5
https://elifesciences.org/articles/51708
https://elifesciences.org/articles/51708
https://www.sciencedirect.com/science/article/abs/pii/S1050464815000352
https://www.sciencedirect.com/science/article/abs/pii/S1050464815000352
https://www.sciencedirect.com/science/article/abs/pii/S1050464815001102
https://www.sciencedirect.com/science/article/abs/pii/S1050464815001102
https://www.sciencedirect.com/science/article/abs/pii/S1050464815001102
https://www.sciencedirect.com/science/article/abs/pii/S1050464815001102
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1600-065X.1998.tb01185.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1600-065X.1998.tb01185.x
https://www.sciencedirect.com/science/article/pii/S0092867400801725
https://www.sciencedirect.com/science/article/pii/S0092867400801725
https://www.sciencedirect.com/science/article/pii/S0092867400801725
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0156649
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0156649
https://www.sciencedirect.com/science/article/pii/S0145305X16302270
https://www.sciencedirect.com/science/article/pii/S0145305X16302270
https://www.sciencedirect.com/science/article/pii/S0145305X16302270
https://www.frontiersin.org/articles/10.3389/fimmu.2019.01826/full
https://www.frontiersin.org/articles/10.3389/fimmu.2019.01826/full
https://www.frontiersin.org/articles/10.3389/fimmu.2019.01826/full
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0076464
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0076464
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0076464
https://www.nature.com/articles/nature00858
https://www.nature.com/articles/nature00858
https://www.sciencedirect.com/science/article/abs/pii/S1050464815302576
https://www.sciencedirect.com/science/article/abs/pii/S1050464815302576
https://www.sciencedirect.com/science/article/abs/pii/S1050464815302576
https://www.nature.com/articles/nri749
https://www.annualreviews.org/doi/abs/10.1146/annurev.physiol.61.1.243
https://www.annualreviews.org/doi/abs/10.1146/annurev.physiol.61.1.243
https://www.sciencedirect.com/science/article/pii/S0145305X06000024
https://www.sciencedirect.com/science/article/pii/S0145305X06000024
https://www.sciencedirect.com/science/article/pii/S0145305X06000024
https://www.sciencedirect.com/science/article/pii/S0145305X06000024
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1971231/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1971231/
https://www.nature.com/articles/ni1113
https://www.sciencedirect.com/science/article/abs/pii/S0952791500001849
https://www.sciencedirect.com/science/article/abs/pii/S147149060400239X
https://www.sciencedirect.com/science/article/abs/pii/S147149060400239X
https://journals.aai.org/jimmunol/article/156/2/593/110968/Sea-urchin-genes-expressed-in-activated
https://journals.aai.org/jimmunol/article/156/2/593/110968/Sea-urchin-genes-expressed-in-activated
https://www.sciencedirect.com/science/article/abs/pii/S1050464815000352
https://www.sciencedirect.com/science/article/abs/pii/S1050464815000352
https://www.cambridge.org/core/journals/aquatic-living-resources/article/abs/bacterial-disease-in-marine-bivalves-a-review-of-recent-studies-trends-and-evolution/99BF6956CF14D82D4FA74CB0622526EC
https://www.cambridge.org/core/journals/aquatic-living-resources/article/abs/bacterial-disease-in-marine-bivalves-a-review-of-recent-studies-trends-and-evolution/99BF6956CF14D82D4FA74CB0622526EC
https://www.sciencedirect.com/science/article/abs/pii/S037811191501094X
https://www.sciencedirect.com/science/article/abs/pii/S037811191501094X
https://www.sciencedirect.com/science/article/abs/pii/S037811191501094X
https://www.sciencedirect.com/science/article/abs/pii/S1050464816300092
https://www.sciencedirect.com/science/article/abs/pii/S1050464816300092
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0064534
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0064534
https://www.sciencedirect.com/science/article/pii/S0145305X07000080
https://www.sciencedirect.com/science/article/pii/S0145305X07000080
https://link.springer.com/article/10.1007/s10126-011-9403-6
https://link.springer.com/article/10.1007/s10126-011-9403-6
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0023142
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0023142
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0023142
https://www.nature.com/articles/nature11413
https://www.nature.com/articles/nature11413
https://www.sciencedirect.com/science/article/pii/S0378111902011496?casa_token=zAtj7xWXkRwAAAAA:vc_Ynva0M4PrhlZtuZslMiWPRkfwVV5e927Urs7MZltmj_YJzS3By6pagjU7tbUGZY3DO9L1hF_OPA
https://www.sciencedirect.com/science/article/pii/S0378111902011496?casa_token=zAtj7xWXkRwAAAAA:vc_Ynva0M4PrhlZtuZslMiWPRkfwVV5e927Urs7MZltmj_YJzS3By6pagjU7tbUGZY3DO9L1hF_OPA
https://www.sciencedirect.com/science/article/pii/S0378111902011496?casa_token=zAtj7xWXkRwAAAAA:vc_Ynva0M4PrhlZtuZslMiWPRkfwVV5e927Urs7MZltmj_YJzS3By6pagjU7tbUGZY3DO9L1hF_OPA
https://www.sciencedirect.com/science/article/abs/pii/S0378111915008811
https://www.sciencedirect.com/science/article/abs/pii/S0378111915008811
https://www.sciencedirect.com/science/article/abs/pii/S016158900400080X
https://www.sciencedirect.com/science/article/abs/pii/S016158900400080X
https://www.sciencedirect.com/science/article/abs/pii/S016158900300316X
https://europepmc.org/article/med/11213801
https://europepmc.org/article/med/11213801
https://royalsocietypublishing.org/doi/full/10.1098/rstb.2015.0206
https://royalsocietypublishing.org/doi/full/10.1098/rstb.2015.0206
https://journals.biologists.com/jeb/article/216/24/4580/11837/Proteomic-response-of-marine-invertebrate-larvae
https://journals.biologists.com/jeb/article/216/24/4580/11837/Proteomic-response-of-marine-invertebrate-larvae
https://www.sciencedirect.com/science/article/pii/S0145305X13003029
https://www.sciencedirect.com/science/article/pii/S0145305X13003029
https://www.sciencedirect.com/science/article/pii/S0145305X13003029
https://www.pnas.org/doi/abs/10.1073/pnas.94.16.8691
https://www.pnas.org/doi/abs/10.1073/pnas.94.16.8691
https://www.pnas.org/doi/abs/10.1073/pnas.94.16.8691


15

Fang J, et al. OPEN ACCESS Freely available online

Immunotherapy (Los Angel), Vol.8 Iss.6 No:1000207

39. Paulchamy R, Sreeramulu B, Karuppiah H, Arumugam G, Sundaram 
J. A serine protease-associated lectin in the cytolytic system of blowfly 
(Chrysomya megacephala) larvae: Evidence and characterization. Arch 
Insect Biochem Physiol. 2019;2019: e21623. 

40. Cerenius L, Söderhäll K. Arthropoda: Pattern recognition proteins in 
crustacean immunity. Adv Immunol. 2018;2018: 213-224. 

41. Chen D, Yao Y, Zhang Y. Identification and characterization of two 
mannan-binding lectin associated proteins in lectin complement pathway 
of grass carp. Dev Comp Immunol. 2019;103: 103497. 

42. Gorbushin AM. Immune repertoire in the transcriptome of Littorina 
littorea reveals new trends in lophotrochozoan proto-complement 
evolution. Dev Comp Immunol. 2018;84: 250-263. 

43. Cui Y, Wei Z, Shen Y, Li C, Shao Y, Zhang W, et al. A novel C1q-domain-
containing protein from Razor Clam Sinonovacula Constricta mediates 
G-bacterial agglutination as a pattern recognition receptor. Dev Comp 
Immunol. 2018;79: 166-174. 

44. Xu T, Xie J, Li J, Luo M, Ye S, Wu X. Identification of expressed genes in 
cDNA library of hemocytes from the RLO-challenged oyster, Crassostrea 
Ariakensis Gould with special functional implication of three complement-
related fragments (CaC1q1, CaC1q2 and CaC3). Fish Shellfish Immunol. 
2012;32(6): 1106-1116. 

45. Kimura A, Sakaguchi E, Nonaka M. Multi-component complement system 
of Cnidaria: C3, Bf, and MASP genes expressed in the endodermal tissues 
of a sea anemone, Nematostella vectensis. Immunobiology. 2009;214(3): 
165-178. 

46. Song Y, Guo Q, Gao S, Hua K. Tripartite motif-containing protein 3 
plays a role of tumor inhibitor in cervical cancer. Biochem Biophys Res 
Commun. 2018;498(3): 686-692. 

47. Craig A, Ewan R, Mesmar J, Gudipati V, Sadanandom A. E3 ubiquitin 
ligases and plant innate immunity. J Exp Bot. 2009;60(4): 1123-1132. 

48. Rossi M, De Laurenzi V, Munarriz E, Green DR, Liu YC, Vousden KH, 
et al. The ubiquitineprotein ligase Itch regulates p73 stability. EMBO J. 
2005;24(4): 836-848. 

49. Hatakeyama S. TRIM Family Proteins: Roles in Autophagy, Immunity, 
and Carcinogenesis. Trends Biochem Sci. 2017;42(4): 297-311. 

50. Sawyer SL, Emerman M, Malik HS. Discordant evolution of the adjacent 
antiretroviral genes TRIM22 and TRIM5 in mammals. PLoS Pathog. 
2007;3(12): e197. 

51. Reymond A, Meroni G, Fantozzi A, Merla G, Cairo S, Luzi L, et al. The 
tripartite motif family identifies cell compartments. EMBO J. 2001;20(9): 
2140-2151. 

52. Rajsbaum R, Stoye JP, O’Garra A. Type I interferon-dependent and 
-independent expression of tripartite motif proteins in immune cells. Eur 
J Immunol. 2008;38(3): 619-630. 

53. Uchil PD, Hinz A, Siegel S, Coenen-Stass A, Pertel T, Luban J, et al. 
TRIM protein-mediated regulation of inflammatory and innate immune 
signaling and its association with antiretroviral activity. J Virol. 2013;87(1): 
257-272. 

54. Kawai T, Akira S. Regulation of innate immune signalling pathways by 
the tripartite motif (TRIM) family proteins. EMBO Mol Med. 2011;3(9): 
513-527. 

55. Rosani U, Varotto L, Domeneghetti S, Arcangeli G, Pallavicini A, Venier P. 
Dual analysis of host and pathogen transcriptomes in ostreid herpesvirus 
1-positive Crassostrea gigas. Environ Microbiol. 2015;17(11): 4200-4212. 

56. Cheng Q, Wang H, Jiang S, Wang L, Xin L, Liu C, et al. A novel ubiquitin-
protein ligase E3 functions as a modulator of immune response against 
lipopolysaccharide in Pacific oyster, Crassostrea gigas. Dev Comp Immunol. 
2016;60: 180-190. 

57. Seo JK, Lee MJ, Go HJ, Kim GD, Jeong HD, Nam BH, et al. Purification 
and antimicrobial function of ubiquitin isolated from the gill of Pacific 
oyster, Crassostrea gigas. Mol Immunol. 2013;53(1-2): 88-98. 

58. Li J, Zhang Y, Zhang Y, Xiang Z, Tong Y, Qu F, et al. Genomic 
Characterization and Expression Analysis of Five Novel IL-17 Genes in 
the Pacific Oyster, Crassostrea Gigas. Fish Shellfish Immunol. 2014;40(2): 
455-465. 

59. Rouvier E, Luciani MF, Mattéi MG, Denizot F, Golstein P. CTLA-
8, cloned from an activated T cell, bearing AU-rich messenger RNA 
instability sequences, and homologous to a herpesvirus saimiri gene. J 
Immunol. 1993;150(12): 5445-5456. 

60. Vizzini A, Di Falco F, Parrinello D, Sanfratello MA, Mazzarella C, 
Parrinello N, et al. Ciona intestinalis interleukin 17-like genes expression is 
upregulated by LPS challenge. Dev Comp Immunol. 2015;48(1): 129-137. 

61. Jin W, Dong C. IL-17 cytokines in immunity and inflammation. Emerg 
Microbes Infect. 2013;2(9): e60. 

62. Roberts S, Gueguen Y, de Lorgeril J, Goetz F. Rapid accumulation of an 
interleukin 17 homolog transcript in Crassostrea gigas hemocytes following 
bacterial exposure. Dev Comp Immunol. 2008;32(9): 1099-1104. 

63. Kim D, Pertea G, Trapnell C, Pimentel H, Kelley R, Salzberg SL. TopHat2: 
accurate alignment of transcriptomes in the presence of insertions, 
deletions and gene fusions. Genome Biol. 2013;14(4): R36. 

64. Trapnell C, Williams BA, Pertea G, Mortazavi A, Kwan G, Baren 
MJ, et al. Transcript assembly and quantification by RNA Seq reveals 
unannotated transcripts and isoform switching during cell differentiation. 
Nat Biotechnol. 2010;28(5): 511-515. 

65. Anders S, Huber W. Differential expression analysis for sequence count 
data. Genome Biol. 2010;11(10): R106. 

https://onlinelibrary.wiley.com/doi/abs/10.1002/arch.21623
https://onlinelibrary.wiley.com/doi/abs/10.1002/arch.21623
file:///E:/Share/23-12-2022/IMT%20Vol-8%20Iss-6-IMT-22-20383/Content/IMT-22-20383_Q1%20approved/10.1007/978-3-319-76768-0_10
file:///E:/Share/23-12-2022/IMT%20Vol-8%20Iss-6-IMT-22-20383/Content/IMT-22-20383_Q1%20approved/10.1007/978-3-319-76768-0_10
https://www.sciencedirect.com/science/article/pii/S0145305X19303179
https://www.sciencedirect.com/science/article/pii/S0145305X19303179
https://www.sciencedirect.com/science/article/pii/S0145305X19303179
https://www.sciencedirect.com/science/article/pii/S0145305X17306705
https://www.sciencedirect.com/science/article/pii/S0145305X17306705
https://www.sciencedirect.com/science/article/pii/S0145305X17306705
https://www.sciencedirect.com/science/article/pii/S0145305X17305311
https://www.sciencedirect.com/science/article/pii/S0145305X17305311
https://www.sciencedirect.com/science/article/pii/S0145305X17305311
https://www.sciencedirect.com/science/article/abs/pii/S105046481200109X
https://www.sciencedirect.com/science/article/abs/pii/S105046481200109X
https://www.sciencedirect.com/science/article/abs/pii/S105046481200109X
https://www.sciencedirect.com/science/article/abs/pii/S105046481200109X
https://www.sciencedirect.com/science/article/abs/pii/S0171298509000096
https://www.sciencedirect.com/science/article/abs/pii/S0171298509000096
https://www.sciencedirect.com/science/article/abs/pii/S0171298509000096
https://www.sciencedirect.com/science/article/abs/pii/S0006291X18305205
https://www.sciencedirect.com/science/article/abs/pii/S0006291X18305205
https://academic.oup.com/jxb/article/60/4/1123/569715
https://academic.oup.com/jxb/article/60/4/1123/569715
https://www.embopress.org/doi/full/10.1038/sj.emboj.7600444
https://www.sciencedirect.com/science/article/abs/pii/S0968000417300026
https://www.sciencedirect.com/science/article/abs/pii/S0968000417300026
https://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.0030197
https://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.0030197
https://www.embopress.org/doi/full/10.1093/emboj/20.9.2140
https://www.embopress.org/doi/full/10.1093/emboj/20.9.2140
https://onlinelibrary.wiley.com/doi/full/10.1002/eji.200737916
https://onlinelibrary.wiley.com/doi/full/10.1002/eji.200737916
https://journals.asm.org/doi/full/10.1128/JVI.01804-12
https://journals.asm.org/doi/full/10.1128/JVI.01804-12
https://www.embopress.org/doi/full/10.1002/emmm.201100160
https://www.embopress.org/doi/full/10.1002/emmm.201100160
https://sfamjournals.onlinelibrary.wiley.com/doi/abs/10.1111/1462-2920.12706
https://sfamjournals.onlinelibrary.wiley.com/doi/abs/10.1111/1462-2920.12706
https://www.sciencedirect.com/science/article/pii/S0145305X16300763
https://www.sciencedirect.com/science/article/pii/S0145305X16300763
https://www.sciencedirect.com/science/article/pii/S0145305X16300763
https://www.sciencedirect.com/science/article/abs/pii/S0161589012003495
https://www.sciencedirect.com/science/article/abs/pii/S0161589012003495
https://www.sciencedirect.com/science/article/abs/pii/S0161589012003495
https://www.sciencedirect.com/science/article/abs/pii/S1050464814002678
https://www.sciencedirect.com/science/article/abs/pii/S1050464814002678
https://www.sciencedirect.com/science/article/abs/pii/S1050464814002678
https://journals.aai.org/jimmunol/article/150/12/5445/26072/CTLA-8-cloned-from-an-activated-T-cell-bearing-AU
https://journals.aai.org/jimmunol/article/150/12/5445/26072/CTLA-8-cloned-from-an-activated-T-cell-bearing-AU
https://journals.aai.org/jimmunol/article/150/12/5445/26072/CTLA-8-cloned-from-an-activated-T-cell-bearing-AU
https://www.sciencedirect.com/science/article/pii/S0145305X14002468
https://www.sciencedirect.com/science/article/pii/S0145305X14002468
https://www.tandfonline.com/doi/full/10.1038/emi.2013.58
https://www.sciencedirect.com/science/article/pii/S0145305X08000451
https://www.sciencedirect.com/science/article/pii/S0145305X08000451
https://www.sciencedirect.com/science/article/pii/S0145305X08000451
https://genomebiology.biomedcentral.com/articles/10.1186/gb-2013-14-4-r36
https://genomebiology.biomedcentral.com/articles/10.1186/gb-2013-14-4-r36
https://genomebiology.biomedcentral.com/articles/10.1186/gb-2013-14-4-r36
https://www.nature.com/articles/nbt.1621?ref=https://githubhelp.com
https://www.nature.com/articles/nbt.1621?ref=https://githubhelp.com
https://www.nature.com/articles/npre.2010.4282.1
https://www.nature.com/articles/npre.2010.4282.1

