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SUMMARY

BCR/TCR-based adaptive immune systems arise in the jawed vertebrates, and B cell receptors (BCRs)

play an important role in the clonal selection of B cells and their differentiation into antibody-secreting

plasma cells. The existence of BCR-like molecule and the activation mechanism of the downstream

response are still not clear in invertebrates. In this study, an ancient BCR-like molecule (designated

as CgIgR) with an immunoreceptor tyrosine-based activation motif (ITAM) in its cytoplasmic tail was

identified from the Pacific oyster Crassostrea gigas to investigate its involvement in immune

response. CgIgR could bind different bacteria through five extracellular Ig domains and formed di-

mers. The activated CgIgR recruited CgSyk to promote CgERK phosphorylation. The CgIgR-mediated

signaling promoted the production of immunoglobulin domain-containing proteins (CgICP-2 and

CgLRRIG-1) through inducing CgH3K4me2. The produced CgICPs eventually facilitated hemocytes

to phagocytize and eliminate V. splendidus. This study proposed that there was an ancient BCR-like

molecule and BCR-like signaling in molluscs.

INTRODUCTION

Adaptive immunity involves a tightly regulated interplay between antigen-presenting cells and T/B cells,

which facilitates pathogen-specific immunologic effector pathways, generation of immunologic memory,

and regulation of immune homeostasis (Bonilla and Oettgen, 2010). B cell receptors (BCRs) are considered

as the key molecules in the adaptive immunity, which can govern the initiation of transcriptional programs

associated with B cell activation (Kwak et al., 2019) and then mediate the production of antibodies through

plasma cells (Konigsberger et al., 2012; Mattila et al., 2013; Yang and Reth, 2010). BCRs comprise the mem-

brane bound immunoglobulin (mIg) and the signal-transducing Iga/Igb heterodimer, which function as the

ligand-binding and signaling subunits, respectively (Monroe, 2006; Reth, 1989). ThemIg recognizes various

antigens via Ig domains and activates the membrane Iga and Igb. The activated Iga and Igb then form

heterodimer to transduce signals through their immunoreceptor tyrosine-based activation motifs (ITAMs)

(DeFranco, 1993; Papavasiliou et al., 1995; Teh and Neuberger, 1997). The clustering of Iga and Igb initially

stimulates the membrane-associated Src protein tyrosine kinases (PTKs) to phosphorylate the ITAM tyro-

sines of Iga and Igb. The phosphorylated Iga and Igb tyrosines then serve as membrane proximal binding

sites for the tandem Src homology 2 (SH2) domains presented in spleen tyrosine kinase (Syk) (Rowley et al.,

1995). This process allows Syk to bind BCRs and phosphorylate the neighboring ITAM tyrosines, thus ampli-

fying the signaling output of the BCRs (Rolli et al., 2002). The signaling mediated by BCRs induces B cell

activation, proliferation, differentiation, and eventually secretions of antibodies (Ollila and Vihinen, 2005;

Werner et al., 2010). The antibodies are a class of Igs found only in vertebrates, which function in multiple

biological processes such as specifically recognizing antigens, participating in neutralizing toxins,

activating the complement pathway, and inducing opsonization (Panda and Ding, 2015). Although the

ancestral cell lineage of Ig-producing B cells is still unknown, fish B cells are confirmed to represent the

cell predecessors for amphibian, reptilian, avian, andmammalian B cells (Jirapongpairoj et al., 2017; Simon

et al., 2019; Smith et al., 2019; Yu et al., 2018). However, there is still no report about BCR in fish, and the

initiation mechanisms of B cells are far from well understood.

The immunological memory in invertebrates as well as the origin and evolution of immunoglobulins have

been in controversy in the past decades (Chang et al., 2018; Torre et al., 2017). The memory of trained im-

munity is defined as a heightened response to a secondary infection (Netea et al., 2011). Although

increasing evidences suggest that there exists trained immunity in invertebrates (Norouzitallab et al.,

2016; Simoes and Dimopoulos, 2015), the underlying molecular and cellular mechanisms still need further
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investigation. As the key component of adaptive immunity, antibodies are assumed to have arisen in the

jawed vertebrates (Smith et al., 2019), whereas their primitive ancestors and functions in invertebrate im-

mune system are still largely unknown. So far, numerous immunoglobulin domain-containing proteins

(ICPs) with one or more Ig-like domains have been identified in invertebrates (Dong et al., 2006; Hemani

and Soller, 2012; Wang et al., 2018). For instance, more than 190 ICPs were annotated in oyster Crassostrea

gigas by screening the available genomic sequence (Zhang et al., 2015). Some of invertebrate ICPs are

found to be alternatively spliced after immune stimuli, which is similar to that of antibodies in mammals

(Parra et al., 2013). For example, Down syndrome cell adhesion molecule (Dscam) in Drosophila and mos-

quito could generate pathogen-splice form repertoires through alternative splicing upon immune chal-

lenge (Dong et al., 2006; Hemani and Soller, 2012). EsDscam in Chinese mitten crab Eriocheir sinensis

potentially produced 30,600 isoforms due to the alternative splice of three Ig domains, which suggested

that EsDscam owned specific recognition capability to different bacteria (Li et al., 2018). A cysteine-rich

motif associated ICP (CgCAICP-1) was also reported to be spliced in C. gigas (Liu et al., 2018). These ev-

idences suggest that the diversified ICPs are created by rearrangement and enable specific recognition

and protection against bacteria (Kurtz and Armitage, 2006). In most invertebrates, circulating hemocytes

are the main immunocytes responsible for recognition, phagocytosis, nodule formation, encapsulation,

and effector synthesis (Christophides et al., 2002; Koiwai et al., 2018; Lau et al., 2017). Many ICPs in inver-

tebrates are found to be expressed in hemocytes and function as pattern recognition receptors (PRRs) and

opsonins. For example, a junctional adhesion molecule A (CgJAM-A-L) and CgCAICP-1 were found to be

located on the hemocyte membrane. Both of them functioned as PRRs to recognize different bacteria and

facilitated phagocytosis of oyster hemocytes (Liu et al., 2016b, 2018). However, the knowledge on the origin

and evolution of BCR molecule as well as their possible ligand-binding mechanism and signaling cascades

to regulate other ICP production in invertebrates is still very limited.

As aquaculture mollusk, oyster is of critically evolutional significance and economic importance and represents

an attractivemodel for studying the immune function and evolution of immune systembecause it is a sessile and

filter-feeder always exposed to tremendous pathogen challenge (Zhang et al., 2012). Hemocytes are important

in the defensemechanisms of oyster (Moreau et al., 2015;Wanget al., 2018a), andmany ICPs functioning as PRRs

and opsonins are highly expressed in the oyster hemocytes. Four CgICPs (CgIgR, CgCAICP-1, CgICP-2, and

CgLRRIG-1) were screened from the transcriptome data of oyster hemocytes after the successive

V. splendidus and lipopolysaccharide (LPS) stimulations, which were suspected to be involved in the trained im-

munity. In the present study, an ancient BCR-likemolecule (CgIgR) was identified fromoyster, and its recognition

and regulation mechanisms to induce CgICP production and phagocytosis toward V. splendidus were investi-

gated with the objectives to comprehensively understand the function of immunoglobulin domain-containing

proteins in the immune systemof invertebrates andprovide some clues for the origin of BCR-mediated antibody

secretions and the evolution of adaptive immunity.

RESULTS

The Phagocytic Rates and CgICP Transcripts Increased Significantly after the Immune

Training with V. splendidus and LPS

The oysters were pre-stimulated with V. splendidus or LPS to train their immune responses. At the eighth

day after the first stimulation, the oysters were stimulated again with V. splendidus and LPS for 6 h, respec-

tively. Control oysters received a first injection with PBS and a second injection with V. splendidus. The he-

mocytes were collected to examine the phagocytic rates and the mRNA transcripts of CgICPs (Figure 1A).

The phagocytic rates of hemocytes toward V. splendidus were apparently enhanced in V. splendidus and

LPS training oysters, which were 1.58-fold and 1.52-fold (p < 0.05) higher than that in PBS training oysters

(Figures 1B–1E). The flow cytometry assay also confirmed that the phagocytic rates of hemocytes toward

V. splendidus increased significantly (1.73-fold and 1.79-fold of that in PBS training oysters, p < 0.05,

respectively) in V. splendidus and LPS training oysters (Figure 1F). The mRNA transcripts of CgICPs (CgIgR,

CgCAICP-1, CgICP-2, CgLRRIG-1) (Figure S1) increased significantly in V. splendidus training oysters (3.07-

fold, p < 0.01; 2.69-fold, 2.35-fold, and 2.16-fold, p < 0.05) and LPS training oysters (3.56-fold, 2.93-fold,

2.71-fold, and 1.94-fold, p < 0.05), compared with that in PBS training oysters, respectively (Figures 1G–1N).

No Significant Changes of Hemocyte Phagocytosis and CgICPs Transcripts Were Observed in

CgIgR-RNAi Oysters after the Immune Training with V. splendidus and LPS

The phagocytosis of oyster hemocytes and mRNA expressions of CgICPs were examined after CgIgR was

knocked down to study its possible function in training immunity. CgIgR-RNAi oysters were first stimulated
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with V. splendidus and LPS for immune training and stimulated with V. splendidus and LPS again at eighth

day after the first stimulation as described above. Hemocytes in CgIgR-RNAi oysters were collected at 6 h

after the second stimulation to examine the phagocytic rates and the mRNA transcripts of CgICPs (Fig-

ure 2A). There were no significant changes of hemocyte phagocytic rates toward V. splendidus and the

mRNA transcripts of CgICPs (CgIgR, CgCAICP-1, CgICP-2, CgLRRIG-1) observed in V. splendidus and

LPS training groups, compared with that in the PBS training group, respectively (Figures 2B–2K).

The Molecular Features of CgIgR and Its Potential Functions in Antibacterial Immunity

In the present study, CgIgR was screened from 190 ICPs in oyster C. gigas. There were five extracellular Ig

domains, a TM domain, as well as a classical ITAM in its cytoplasmic tail in CgIgR (Figure S2). CgIgR was

expressed in all the tested tissues with relatively higher expression level in hemocytes (12.9-fold of that

in muscle, p < 0.05) (Figure 3A). The mRNA transcripts of CgIgR increased significantly from 6 to 48 h after

V. splendidus and LPS stimulations and reached the highest level at 12 h (13.1-fold of that in the PBS group,

p < 0.01) and 24 h (6.13-fold of that in the PBS group, p < 0.01) (Figures 3B and 3C), respectively.

The five Ig domains of CgIgR with Trx-his tag (Trx-his-53Ig) and Trx-his-tag were expressed and purified

from E. coli (Figure 3D). After the recombinant Trx-his-53Ig (rTrx-his-53Ig) was incubated with G� bacteria

(E. coli and V. splendidus) and G+ bacteria (S. aureus andM. luteus), positive bands were revealed by west-

ern blotting with anti-His tag mouse monoclonal antibody, whereas no bands were observed in Trx-his tag

(control) groups (Figure 3E). The bands for G� bacteria were obviously thicker than those for G+ bacteria.

The rTrx-his-53Ig displayed relatively higher binding affinity toward LPS in a dose-dependent manner (Fig-

ure 3F), and the maximum binding parameter to bacteria (Bmax) was 0.83 (data not shown).

Western blotting assay of the oyster hemocytes with anti-CgIgR antibody revealed that there was a distinct

band of 80 kDa (Figure 3G), indicating the high specificity of anti-CgIgR antibody. There were two bands of

80 and 160 kDa observed in the hemocyte sample by using cross-linking assay with CgIgR antibody after

V. splendidus stimulation (Figure 3H). There was a distinct band about 80 kDa for rCgIgR revealed by

SDS-PAGE assay (Figure 3I), and there was another band about 160 kDa for rCgIgR observed by using

native PAGE (Figure 3J). The positive signals of CgIgR were observed in green fluorescence by using

anti-CgIgR antibody, which were mainly distributed on the hemocyte membrane. The hemocyte nuclei

stained with DAPI were in blue fluorescence (Figure 3K).

After CgIgR was silenced by RNAi, the mRNA expressions of CgICPs were investigated to reveal the potential

immune function ofCgIgR. ThemRNA transcripts ofCgIgR decreased significantly (0.31-fold of that in the EGFP

group, p < 0.05) afterCgIgR was silenced by dsRNA (Figure S3). InCgIgR-RNAi oysters, themRNA transcripts of

CgCAICP-1, CgICP-2, and CgLRRIG-1 decreased significantly after V. splendidus stimulation (0.48-fold, 0.60-

fold, and 0.56-fold of that in the EGFP group, p < 0.05, respectively) (Figure 3L) and LPS stimulation (0.29-

fold, 0.60-fold, and 0.42-fold of that in the EGFP group, p < 0.05, respectively) (Figure 3M). Meanwhile, the ex-

pressions of CgICPs were examined after CgIgR was blockaded by using CgIgR antibody. After the injection of

CgIgR antibody, the mRNA transcripts of CgCAICP-1, CgICP-2, and CgLRRIG-1 in CgIgR antibody-blockaded

oysters were down-regulated significantly at 6 h after V. splendidus stimulation (0.24-fold, p < 0.01; 0.63-fold and

0.55-fold, p < 0.05) (Figure 3N) and LPS stimulation (0.23-fold, p < 0.01; 0.57-fold and 0.55-fold, p < 0.05),

compared with that in the control group, respectively (Figure 3O).

CgIgR Could Induce CgICP Production by Interacting with CgSyk after V. splendidus and LPS

Stimulations

CgSyk was identified from oyster C. gigas with two src homology 2 (SH2) domains and a TyrKc domain (Fig-

ure 4A). It was expressed in all the tested tissues with relatively higher expressions in gills and hemocytes

Figure 1. Hemocyte Phagocytosis and CgICPs Participated in Trained Immunity of Oysters

(A) Schematic overview of trained immunity methodology. The oysters were stimulated with V. splendidus or LPS. At the eighth day after the first stimulation,

the oysters were re-stimulated with V. splendidus or LPS for 6 h.

(B–F) Hemocyte phagocytic rates detected by using the immunocytochemistry and flow cytometry in V. splendidus or LPS training oysters, respectively. (C) and (E)

were the statistical analysis of (B) and (D), respectively. The hemocytes containing labeled bacteria were counted as phagocytosed cells (n = 3). Scale bar: 4 mm.

(G–N) ThemRNA transcripts ofCgIgR (G),CgCAICP-1 (I),CgICP-2 (K), andCgLRRIG-1 (M) detected by using qPCR in V. splendidus training group (n = 3). The

mRNA transcripts of CgIgR (H), CgCAICP-1 (J), CgICP-2 (L), and CgLRRIG-1 (N) detected by using qPCR in LPS training group (n = 3). Data were

representative of three independent experiments and shown as mean G SD. *: p < 0.05, **: p < 0.01 (t test).

See also Figure S1.
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(3.34-fold and 3.89-fold of that in adductor muscle, p < 0.05, respectively) (Figure 4B). ThemRNA transcripts

of CgSyk in hemocytes increased significantly from 3 to 48 h after V. splendidus stimulation and peaked

(17.6-fold of that in the PBS group, p < 0.01) at 12 h (Figure 4C). After LPS stimulation, CgSyk mRNA tran-

scripts increased significantly from 6 to 48 h and reached the highest level (27.0-fold of that in the PBS

group, p < 0.01) at 24 h (Figure 4D). The TyrKc domain of CgSyk was expressed and purified from E. coli

(Figure 4E). Western blotting assay of the hemocyte sample with CgSyk antibody revealed that there

was a distinct band of 72 kDa (Figure 4F). After V. splendidus and LPS stimulations, the bands of native

CgSyk co-immunoprecipitated by CgIgR and CgIgR co-immunoprecipitated by CgSyk both became

thicker (Figures 4G and 4H). The expression level of CgSyk was knocked down to 0.39-fold of that in the

EGFP group (p < 0.05) (Figure S3). In CgSyk-RNAi oysters, the mRNA transcripts of CgCAICP-1, CgICP-

2, and CgLRRIG-1 decreased significantly, which were 0.34-fold (p < 0.01), 0.52-fold (p < 0.05), and 0.64-

fold (p < 0.05) after V. splendidus stimulation (Figure 4I) and 0.53-fold (p < 0.05), 0.40-fold (p < 0.01),

and 0.42-fold (p < 0.05) after LPS stimulation, compared with that in the EGFP group, respectively (Fig-

ure 4J). In R406-injected oysters, the mRNA transcripts of CgCAICP-1, CgICP-2, and CgLRRIG-1 decreased

significantly after V. splendidus stimulation (0.59-fold, 0.36-fold, and 0.43-fold of that in the DMSO-injected

Figure 2. CgIgR Promoted Hemocyte Phagocytosis and CgICP Production in V. splendidus or LPS Immune Training Oysters

(A) Schematic overview of trained immunity methodology in CgIgR-RNAi oysters. CgIgR-RNAi oysters were stimulated with V. splendidus or LPS. At the

eighth day after the first stimulation, the oysters were re-stimulated with V. splendidus or LPS for 6 h.

(B–E) Hemocyte phagocytic rates detected by using the flow cytometry (C) and immunocytochemistry (E) in CgIgR-RNAi oysters after the immune training

with V. splendidus and LPS (n = 3). (B) and (D) were used as control for (C) and (E), respectively.

(F–K) The mRNA transcripts of CgCAICP-1 (F), CgICP-2 (H), and CgLRRIG-1 (J) in CgIgR-RNAi oysters detected after the immune training with V. splendidus.

The mRNA transcripts of CgCAICP-1 (G), CgICP-2 (I), and CgLRRIG-1 (K) in CgIgR-RNAi oysters detected after the immune training with LPS (n = 3).

Data were representative of three independent experiments and shown as mean G SD.
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Figure 3. The Potential Functions of CgIgR after V. splendidus and LPS Stimulations

(A–C) The tissue distribution of CgIgR (A) and its temporal expression patterns after V. splendidus (B) and LPS (C) stimulations (n = 3). PBS was used as control.

(D) The rTrx-his-53Ig and Trx-his tag (control) expressed and purified from E. coli. LaneM, protein marker; Lane 1, rTrx-his-53Ig and Trx-his tag of E. coliwith

recombinant vectors before induction with IPTG; Lanes 2 and 5, after IPTG induction; Lanes 3 and 6, purified rTrx-his-53Ig and Trx-his tag.

(E and F) The binding activity of rTrx-his-53Ig to different bacteria (E) and LPS (F) using anti-His antibody (n = 3).

(G) The molecular mass of native CgIgR detected with polyclonal antibody of anti-CgIgR (n = 3).

(H) Dimer of CgIgR detected with anti-CgIgR antibody in vivo treatment of hemocytes after V. splendidus stimulation with a cross-linker (BS3) by western

blotting (n = 3).

(I and J) Purification of recombinant CgIgR (I) and the native PAGE of rCgIgR (J). Purified rCgIgR was analyzed using native PAGE.

(K) Subcellular localization of CgIgR in hemocytes (n = 3). Scale bar: 5 mm.

(L and M) The mRNA transcripts of CgCAICP-1, CgICP-2, and CgLRRIG-1 in CgIgR-RNAi oysters detected after V. splendidus (L) and LPS (M) stimulations (n = 3).

(N and O) The mRNA transcripts of CgCAICP-1, CgICP-2, and CgLRRIG-1 in CgIgR antibody-blockaded oysters detected after V. splendidus (N) and LPS (O)

stimulations (n = 3).

Data were representative of three independent experiments. Error bars represented SD. *: p < 0.05, **: p < 0.01 (t test). Different letters: p < 0.05 (one-way

ANOVA). See also Figure S2.
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group, p < 0.05, respectively) (Figure 4K) and LPS stimulation (0.52-fold, 0.59-fold, and 0.55-fold of that in

the DMSO-injected group, p < 0.05, respectively) (Figure 4L).

IgR/Syk Pathway InducedCgERKPhosphorylation to Promote the Production ofCgICPs after

V. splendidus and LPS Stimulations

The phosphorylation of CgERK was examined to study the involvement of IgR/Syk pathway in regulating

CgICP production. The bands of phospho-CgERK in CgIgR- and CgSyk-RNAi oysters became thinner,

and the count values of these bands decreased significantly after V. splendidus (0.24-fold, p < 0.01;

0.27-fold, p < 0.05) (Figure 5A) and LPS stimulations (0.10-fold and 0.07-fold, p < 0.001) (Figure 5B),

compared with that in EGFP-RNAi oysters, respectively. After CgIgR was blockaded by anti-CgIgR anti-

body, the bands of phospho-CgERK became thinner, and after V. splendidus and LPS stimulations, the

count values of these bands were 0.17-fold (p < 0.05) and 0.12-fold (p < 0.01) of that in the pre-serum group,

respectively (Figures 5C and 5D). The bands of phospho-CgERK in R406- and PD98059-injected oysters also

became thinner, and the count values of these bands decreased significantly after V. splendidus (0.37-fold,

Figure 4. The Potential Functions of CgSyk after V. splendidus and LPS Stimulations

(A) The domain architecture of oyster CgSyk.

(B–D) The tissue distribution of CgSyk (B) and its temporal expression patterns after V. splendidus (C) and LPS (D) stimulations (n = 3).

(E) The rTyrKc domain of CgSyk was expressed and purified from E. coli. Lane M, protein marker; Lane 1, rTyrKc of E. coli with recombinant vectors before

induction with IPTG; Lane 2, after IPTG induction; Lane 3, purified rTyrKc.

(F) The molecular mass of native CgSyk detected with polyclonal antibody of anti-CgSyk (n = 3).

(G and H) The interaction of CgIgR with CgSyk after V. splendidus (G) and LPS (H) stimulations (n = 3).

(I and J) The mRNA transcripts of CgCAICP-1, CgICP-2, and CgLRRIG-1 in CgSyk-RNAi detected after V. splendidus (I) and LPS (J) stimulations (n = 3).

(K and L) The mRNA transcripts of CgCAICP-1, CgICP-2, and CgLRRIG-1 in R406-injected oysters detected after V. splendidus (K) and LPS (L) stimulations (n = 3).

Data were representative of three independent experiments. Error bars represented SD. *: p < 0.05, **: p < 0.01 (t test). Different letters: p < 0.05 (one-way

ANOVA). See also Figure S3.
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Figure 5. CgIgR-CgSyk Pathway Promoted the Phosphorylation of CgERK to Induce CgICP Production

(A) The phospho-CgERK in CgIgR- or CgSyk-RNAi oysters detected after V. splendidus stimulation (n = 3). Histogram was statistical analysis of (A) after

digitization with ImageJ.

(B) The phospho-CgERK inCgIgR- orCgSyk-RNAi oysters detected after LPS stimulation (n = 3). Histogramwas statistical analysis of B after digitization with ImageJ.

(C and D) The phospho-CgERK in CgIgR antibody-blockaded oysters detected after V. splendidus and LPS stimulations (n = 3). The statistical analysis of C and D.

(E and F) The phospho-CgERK in R406- or PD98059-injected oysters detected after V. splendidus and LPS stimulations (n = 3). The statistical analysis of E and F.

(G and H) The mRNA transcripts of CgCAICP-1, CgICP-2, and CgLRRIG-1 in CgERK-RNAi oysters detected after V. splendidus (G) and LPS (H) stimulations (n = 3).

(I and J) The mRNA transcripts of CgCAICP-1, CgICP-2, and CgLRRIG-1 in PD98059-injected oysters detected after V. splendidus (I) and LPS (J) stimulations (n = 3).

Data were representative of three independent experiments. Error bars represented SD. *: p < 0.05, **: p < 0.01, ***: p < 0.001 (t test).
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p < 0.05; 0.08-fold, p < 0.001) (Figure 5E) and LPS stimulations (0.11-fold and 0.07-fold, p < 0.001),

compared with that in the DMSO-injected group, respectively (Figure 5F).

The mRNA transcripts ofCgICPs were assessed by qRT-PCR afterCgERK was knocked down to 0.26-fold of

that in the EGFP-RNAi group (p < 0.05) (Figure S3). The mRNA transcripts of CgCAICP-1, CgICP-2, and

CgLRRIG-1 in the CgERK-RNAi group decreased significantly after V. splendidus stimulation (0.57-fold,

0.66-fold, and 0.49-fold, compared with that in the EGFP-RNAi group, respectively, p < 0.05) (Figure 5G)

and LPS stimulation (0.53-fold, 0.50-fold, and 0.65-fold, p < 0.05) (Figure 5H). PD98059 was used to inhibit

ERK activity, and the mRNA expressions of CgICPs were examined to evaluate the function of CgERK in

mediating CgICP production. In PD98059-injected oysters, the mRNA transcripts of CgCAICP-1, CgICP-

2, and CgLRRIG-1 were down-regulated significantly after V. splendidus stimulation, which were 0.49-

fold, 0.28-fold, and 0.22-fold (p < 0.05) of that in the DMSO-injected group, respectively (Figure 5I). Simi-

larly, the mRNA transcripts of CgCAICP-1, CgICP-2, and CgLRRIG-1 decreased significantly in PD98059-in-

jected oysters after LPS stimulation, which were 0.20-fold (p < 0.01), 0.26-fold (p < 0.05), and 0.22-fold (p <

0.01) of that in the DMSO-injected group, respectively (Figure 5J).

CgIgR Induced CgH3K4me2 to Promote the Production of CgICPs after V. splendidus and

LPS Stimulations

After the oysters were stimulated with V. splendidus and LPS, the hemocytes were collected to detect the

CgH3K4me2 proteins and the enrichment of CgH3K4me2 on CgICP promoters. The bands of CgH3K4me2

became thicker and the count values of these bands increased significantly (3.72-fold and 4.50-fold, p <

0.05) after V. splendidus and LPS stimulations, compared with that in the PBS group, respectively (Figures

6A and 6B). The values of CgH3K4me2 enrichment on CgICP-2 (2.92-fold and 3.43-fold, p < 0.05) and

CgLRRIG-1 (2.95-fold and 2.70-fold, p < 0.05) promoters increased significantly after V. splendidus and

LPS stimulations, compared with that in the PBS group, respectively (Figure 6C). The bands of CgH3K4me2

in CgIgR-RNAi oysters became thinner after V. splendidus and LPS stimulations, compared with that in the

PBS group, respectively (Figures 6D and 6F). The values of CgH3K4me2 enrichment on CgICP-2 and

CgLRRIG-1 promoters decreased significantly after V. splendidus stimulation (0.22-fold and 0.45-fold of

that in the EGFP-RNAi group, p < 0.05, respectively) (Figure 6E) and LPS stimulation (0.37-fold and 0.36-

fold of that in the EGFP-RNAi group, p < 0.05, respectively) (Figure 6G). In CgIgR antibody-blockaded oys-

ters, the bands of CgH3K4me2 became thinner after V. splendidus and LPS stimulations, compared with

that in the pre-serum group, respectively (Figures 6H and 6J). The enrichment values of CgH3K4me2 on

CgICP-2 and CgLRRIG-1 promoters decreased significantly after V. splendidus stimulation (0.42-fold and

0.24-fold, p < 0.05) and LPS stimulation (0.26-fold and 0.29-fold, p < 0.05), compared with that in the

pre-serum group, respectively (Figures 6I and 6K).

The Phagocytic Rates of Hemocyte toward V. splendidus Decreased Significantly in CgICP-2-

and CgLRRIG-1-RNAi Oysters

After CgICP-2 and CgLRRIG-1 were knocked down by RNAi, their mRNA transcripts decreased to 0.40-fold

and 0.42-fold (p < 0.05) compared with that in the EGFP-RNAi group, respectively (Figure 7A). In CgICP-2-

and CgLRRIG-1-RNAi oysters, the phagocytic rates of hemocytes toward V. splendidus were apparently

reduced (0.46-fold and 0.59-fold of that in the EGFP-RNAi group, p < 0.05, respectively) (Figures 7B and

7C). The flow cytometry assay also confirmed that the rates of hemocyte phagocytosis toward

V. splendidus in CgICP-2- and CgLRRIG-1-RNAi oysters decreased significantly (0.32-fold and 0.44-fold,

p < 0.05), compared with that in the EGFP-RNAi group, respectively (Figure 7D). The hemocytes collected

from CgICP-2- and CgLRRIG-1-RNAi oysters were incubated with FITC-labeled V. splendidus, and the co-

localization of the phagocytized bacteria with lysosomes was detected by immunocytochemical analysis.

The FITC-labeled V. splendidus was co-localized with lysosomes stained with LysoTracker red and the

co-localization signals in CgICP-2-RNAi and CgLRRIG-1-RNAi oysters were all weakened, compared with

that in the EGFP-RNAi group, respectively (Figure 7E).

DISCUSSION

The BCRs, characterized by a complex hetero-oligomeric structure in which ligand binding and signal

transduction are compartmentalized into distinct receptor subunits, are essential for the activation of B

cells to induce the production of antibodies (Mattila et al., 2013; Yang and Reth, 2010). The BCR/TCR-based

adaptive immune strategy is known to have evolved in jawed species and is mediated by B and T cell
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receptors. Jawless fish (agnathans) represent the most primitive living vertebrates, whereas BCRs and B

cells have not been identified in these species (Parra et al., 2013). Although accumulating evidences sug-

gest that invertebrate species could have some memory and specificity in their immune responses, there is

still no report about B cells, BCRs, and Igs in invertebrates. In the present study, an ancient BCR-like mole-

cule (defined asCgIgR) was identified from oyster, and its involvement in immune recognition, regulation of

CgICP production, hemocyte phagocytosis, as well as the trained immunity was investigated.

Figure 6. CgIgR Promoted CgH3K4me2 to Induce the mRNA Transcripts of CgICPs after V. splendidus and LPS Stimulations

(A and B) CgH3K4me2 after V. splendidus and LPS stimulations (A). (B) was the statistical analysis of CgH3K4me2 after digitization with ImageJ (n = 3).

(C) CgH3K4me2 enrichments for CgICP-2 and CgLRRIG-1 promoters after V. splendidus and LPS stimulations (n = 3).

(D and F) CgH3K4me2 in CgIgR-RNAi oysters after V. splendidus (D) and LPS (F) stimulations (n = 3).

(E and G) CgH3K4me2 enrichments on CgICP-2 and CgLRRIG-1 promoters in CgIgR-RNAi oysters after V. splendidus (E) and LPS (G) stimulations (n = 3).

(H and J) CgH3K4me2 in CgIgR-blockage oysters after V. splendidus (H) and LPS (J) stimulations (n = 3).

(I and K) The enrichments of CgH3K4me2 on CgICP-2 and CgLRRIG-1 promoters in CgIgR antibody-blockaded oysters after V. splendidus (J) and LPS (K)

stimulations (n = 3).

Data were representative of three independent experiments. Error bars represented SD. *: p < 0.05 (t test).
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Innate immunity, known as the non-specific immunity or in-born immunity, is an important component of the host

defense against a wide variety of pathogens, serving as the front line and providing immediate response in pre-

venting infection. The innate immune responses exhibit memory characteristics after the first encounter with the

pathogen (Neteaetal., 2016;Saz-Lealet al., 2018;Ueharaetal., 2018). For instance, thehumanmonocytesormac-

rophages exposed continuously to certain pathogen-associated molecular patterns (PAMPs) for a week

Figure 7. CgICP-2 and CgLRRIG Promoted Hemocyte Phagocytosis and Degradation toward V. splendidus

(A) The mRNA expressions of CgICP-2- and CgLRRIG-1 in hemocytes after the injection of their specific dsRNA,

respectively (n = 3).

(B–D) Hemocyte phagocytic rates toward V. splendidus detected by using the immunocytochemistry (B) and flow

cytometry (D) in CgICP-2- or CgLRRIG-1-RNAi oysters (n = 3). (C) was the statistic analysis of (B). EGFP was used as the

control. Scale bar: 5 mm.

(E) Co-localization of V. splendidus and lysosomes in CgICP-2- or CgLRRIG-1-RNAi oysters. EGFP was used as the control

(n = 3). Scale bar: 5 mm.

Data were representative of three independent experiments. Error bars represented SD. *: p < 0.05 (t test).
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displayed strong immune responses to defend against pathogen invasion (Bekkering et al., 2016). This induction

of non-specific memory in innate immune cells is termed as trained immunity (Moorlag et al., 2018). As inverte-

brates lack bonafideB/T cells andantibodies, theydepend, to a large extent, on their innate system to recognize

and clear invading pathogens. Recently, the trained immunity has also been found in invertebrates. After a pri-

mary immunization,mosquito exhibitedgreater resistance to a subsequent infectionwith the samepathogen (Si-

moes and Dimopoulos, 2015). The resistance of brine shrimp Artemia against V. campbellii invasion was signifi-

cantly increased when it encountered the homologous bacteria (Norouzitallab et al., 2016). Similarly, in shrimp

Litopenaeus vannamei, the hemocyte phagocytosis against V. alginolyticus was enhanced when the shrimps

were re-stimulated with V. alginolyticus (Lin et al., 2013). Apart from this, Dscam in Drosophila and mosquito

also had alternative splicing upon immune stimulus, similar to that of mammalian antibodies (Dong et al.,

2006; Hemani and Soller, 2012). In the present study, hemocyte phagocytosis increased significantly in

V. splendidus and LPS training oysters, which was consistent with the previous reports in oysters (Zhang et al.,

2014) and scallops (Wang et al., 2013), indicating the presence of training immunity in mollusks. Ig isotypes

have been identified in cartilaginous and teleost fishes (Bengten and Wilson, 2015), whereas there is no report

about immunoglobulins in invertebrates to date (Parra et al., 2013). The analysis of transcriptome data indicated

that the expression levels of fourCgICPs (CgIgR,CgCAICP-1,CgICP-2,CgLRRIG-1) were higher in hemocytes of

V. splendidus training oysters, compared with that in the PBS training group. Further qRT-PCR analysis also

confirmed that the transcripts of CgIgR, CgCAICP-1, CgICP-2, and CgLRRIG-1 increased significantly in hemo-

cytes of V. splendidus training oysters. These results indicated that CgIgR, CgCAICP-1, CgICP-2, and

CgLRRIG-1 were involved in the trained immunity induced by V. splendidus or LPS. It was reported that

CgCAICP-1 could generate diverse isoforms and mediate hemocyte phagocytosis to different bacteria (Liu

et al., 2018).CgLRRIG-1might function as a PRR to recognize different bacteria and induce the production of tu-

mor necrosis factor 1 (CgTNF-1) and interleukin 17-5 (CgIL17-5) (Wanget al., 2017b). These results suggested that

CgICPs in oysters might display some similar functions with that of the antibodies in mammals. After CgIgR was

knocked down by RNAi, the mRNA transcripts of CgCAICP-1, CgICP-2, and CgLRRIG-1, as well as hemocyte

phagocytosis inV. splendidusorLPStrainingoysters,decreasedsignificantly. These resultscollectively suggested

that CgIgR participated in the trained immunity in oyster by regulating CgICP expressions and hemocyte

phagocytosis.

The essential component for BCR/TCR-based adaptive immunity, including T cells, B cells, Igs, and major

histocompatibility complex (MHC), has been so far identified in cartilaginous and teleost fishes (Bengten

and Wilson, 2015). The accumulating evidence indicates that annelids and mollusks have evolved special-

ized immune cells (Koiwai et al., 2018; Wang et al., 2017a). In most invertebrates, hemocytes play important

roles in mediating the immune responses to defend against pathogen invasion, and the granulocytes are

the main immunocompetent hemocytes (Christophides et al., 2002; Wang et al., 2017a). The recognition is

the key initiation step of the immune response, which is mediated by the PRRs on the surface of immune

cells to recognize self and non-self. Some ICPs with TM domain, such as EsDscam in crabs, CgCAICP-1

and CgSiglec-1 in oysters, are found to be highly expressed in hemocytes and function as PRRs to recog-

nize invading bacteria (Li et al., 2018; Liu et al., 2016a, 2018). In the present study, an ancient BCR-like mole-

culeCgIgR was identified fromC. gigas, which possessed five extracellular Ig domains, a TM domain, and a

cytoplasmic tail. The cytoplasmic tail of CgIgR contained a sequence (EGDYTELGQCDPETPYEKL) that was

consistent with the classical ITAM sequence (D/ExxYxxL/Ixx(6-12)YxxL/I) in mammalian BCR Iga/Igb (Mon-

roe, 2006). CgIgR protein was found to be located on the membrane of oyster hemocytes, similar to many

other invertebrate ICPs with TM domain (Li et al., 2018; Liu et al., 2016a, 2018). The Ig domain mediates a

variety of functions, including pathogen recognition, cell adhesion, and regulation of immune system

(Teichmann and Chothia, 2000). Invertebrate ICPs can recognize bacteria and polysaccharides through

their Ig domains (Liu et al., 2018). In the present study, the Ig domains of CgIgR displayed binding activities

to various bacteria with higher binding activity to G� bacteria and LPS. These results indicated that the Ig

domains could endow CgIgR with recognition and binding activity toward invading bacteria. It was worth

noting that CgIgR could form dimers in response against V. splendidus stimulation, which was similar to

mammalian BCR Iga/Igb complex. After recognizing antigens, mammalian mIg could interact with BCR

Iga/Igb to form BCR Iga/Igb complex, which could further transduce signals via their intracellular ITAM (De-

Franco, 1993; Monroe, 2006; Reth, 1989), and finally led to the activation of B cells. The recognition capa-

bility of extracellular Ig domains and the presence of the classical ITAM in the cytoplasmic tail of CgIgR

encouraged us to suspect that invertebrates might have evolved the similar recognition and regulation

mechanism of the hemocyte surface receptor as the vertebrate BCRs even if they lacked BCR/TCR-based

adaptive immunity.
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BCR Iga/Igb complex occurs through binding of cognate antigen to induce downstream signal transduction,

which eventually promotes B cell activation and differentiation (De et al., 2017; Monroe, 2006; Panda and Ding,

2015). Upon ligandbinding, the activatedBCR Iga/Igb complex recruits Syk toactivate thedownstreamsignaling

cascades, including theMEK-ERK1/2 and PLC-NF-kBpathways (Ivashkiv, 2009; Niiro andClark, 2002; Yang et al.,

2015). In invertebrates, the research about ICP functions ismainly focusedon cell phagocytosis (Donget al., 2006;

Li et al., 2018; Liu etal., 2018),whereas the signalingmediatedby those ICPshas notbeen reported. In thepresent

study, the activatedCgIgR with a classical ITAM in the cytoplasmic tail was found to interact withCgSyk, demon-

strating that the signaling mediated by the recognition receptors with ITAM was relatively conserved in verte-

brates and invertebrates. In mammals, Syk recruited by the membrane receptors with ITAM participates in the

activation of ERK. For example, BCR Iga/Igb complex and membrane receptor Dectin-1 could recruit Syk to

induceERKphosphorylation (DrummondandBrown, 2013;Monroe, 2006). In thepresent study,CgIgRwas found

to interact with CgSyk through its intracellular ITAM to promote CgERK phosphorylation in oyster, which was

similar to BCR Iga/Igb in inducing Syk-ERK pathway in mammals. These results suggested that there existed

an IgR-Syk-ERK signaling pathway in the primitive mollusks, which was similar to BCR Iga/Igb-mediated Syk-

ERK signaling in the mammals.

The activation of BCR Iga/Igb complex can activate B cells to differentiate into plasmocytes to promote the

generation of antibodies in mammals (Mattila et al., 2013; Netea et al., 2016; Yang and Reth, 2010). It has

been reported thatCgCAICP-1 displays binding activity to different bacteria and functions as an opsonin in

mediating hemocyte phagocytosis against bacteria (Liu et al., 2018), and CgLRRIG-1 is also able to recog-

nize various bacteria (Wang et al., 2017b). In the present study, CgIgR could form dimers after recognizing

bacteria and activate CgSyk and CgERK to induce the production of CgICPs, which might function like

mammalian BCR Iga/Igb complex to transduce signaling to intracellular adaptor to induce the secretions

of antibodies (Mattila et al., 2013; Yang and Reth, 2010). All these results suggested that membrane recep-

tor CgIgR in molluscs might be the primitive ancestors of the mammalian BCR Iga/Igb complex and could

activate CgSyk and CgERK to generate CgICPs.

The epigenetic modulation is an important characteristic of the immune protection against pathogen

infection, and it plays crucial roles in trained immunity. As a kind of epigenetic modification, histone

methylation mainly promotes gene transcription through enrichment on gene promoters (Soares

et al., 2017). In murine RAW264.7 cells and bone marrow-derived macrophages (BMDMs), H3K4me1,

H3K4me2, and H3K4me3 increased after LPS stimulation and the histone methylation in particular

H3K4me2 played a critical role in regulating the expressions of IL-6 and TNF-a after LPS stimulation

(Zhao et al., 2018). The activated C-type lectin Dectin-1 could promote histone methylation, leading

to immune training of monocytes (Quintin et al., 2012) and productions of IL-1b, IL-6, and TNF-a

(Saz-Leal et al., 2018). In invertebrates, the study about epigenetic modulation in immunity is still

in its infancy, and there is only one report in Caenorhabditis elegans about the enhanced mono-

methylation of Histone H1 variant HIS-24 and the association with daf-21 promoter after Bacillus

thuringiensis stimulation (Studencka et al., 2012). In the present study, the level of CgH3K4me2 and

its enrichment on the promoters of CgICP-2 and CgLRRIG-1 were found to increase significantly after

V. splendidus and LPS stimulations. These results indicated that the methylation of CgH3K4 could be

induced by CgIgR and participated in the immune response by inducing the expression of CgICPs in

oyster.

Phagocytosis is a major mechanism used to remove pathogens and cell debris, and the phagocytized

pathogens are degraded by lysosomes (Krokowski et al., 2018; Li et al., 2016). The phagocytized path-

ogens form phagosomes in macrophages, and the phagosomes subsequently fuse with intracellular

granules to form the phagolysosome. In the phagolysosome, microbial killing is achieved by a combi-

nation of non-oxidative and oxidative mechanisms (Pluddemann et al., 2011; Stuart and Ezekowitz,

2005). In the present study, the co-localization of phagocytized V. splendidus and lysosomes was

observed in hemocytes, which suggested that the phagocytized V. splendidus could be degraded

by lysosomes in oyster hemocytes. After CgICP-2 and CgLRRIG-1 were silenced by RNAi, the hemo-

cyte phagocytic rates toward V. splendidus were reduced and the co-localization of V. splendidus with

lysosomes was less observed, indicating that CgICPs might act as cell surface receptors and opsonins

to participate in hemocyte phagocytosis and regulate the degradation of bacteria. The above results

demonstrated that CgIgR-mediated signaling could induce the expressions of CgCAICP-1, CgICP-2,

and CgLRRIG-1 to promote the hemocyte phagocytosis and clearance of bacteria, which acted as
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the similar signaling mediated by BCR Iga/Igb in promoting antibody secretions to induce bacterial

elimination (Niiro and Clark, 2002; Teh and Neuberger, 1997).

In conclusion, an ancient BCR-like molecule CgIgR was identified in oyster C. gigas, which was

involved in the trained immunity induced by V. splendidus and LPS through promoting the transcrip-

tions of CgICPs and hemocyte phagocytosis. CgIgR with five Ig domains could serve as a hemocyte

membrane receptor to recognize different bacteria. The activated CgIgR formed dimers and then in-

teracted with CgSyk through its classical ITAM in cytoplasmic tail. The association of CgIgR with CgSyk

could promote CgERK phosphorylation and induce the dimethylation at CgH3K4, which eventually

induced the production of CgCAICP-1, CgICP-2, and CgLRRIG-1. The produced CgICPs could initiate

the hemocyte phagocytosis toward V. splendidus, and the phagocytized V. splendidus were finally

degraded in hemocyte phagolysosomes (Figure 8). It was suggested that CgIgR in oyster might be

one of ancient molecules of mammalian BCR Iga/Igb complex, and CgIgR-mediated signaling in

inducing CgICP production was similar to that of BCR Iga/Igb-mediated signaling in promoting anti-

body secretions. The results demonstrated an ancient BCR-like signaling (CgIgR-mediated signaling) in

inducing CgICP secretions and elucidated the function of CgIgR in trained immunity and the role of

CgICPs in degrading bacteria, indicating the existence, evolution, and functions of ancient BCR-like

molecule in molluscs. Although significant disparities are evident between jawed vertebrate immune

system and invertebrate immune system, the study of BCR-like signaling will probably unveil the

conserved structural and functional aspects of B cell biology among these animals having been sub-

jected to very similar selective pressures.

Limitations of the Study

The study clearly demonstrated an ancient BCR-like signaling (CgIgR-mediated signaling) in inducing

CgICP secretions and the phagocytosis and degradation of bacteria. An ancient BCR-like molecule was

identified in oyster, but potential memory cells like B/T cells are still not found in oyster and other inverte-

brates. CgIgR is defined as one of ancient BCR-like molecules found in oyster, and there might exist other

ancient BCR-like molecules in oyster, which still need further investigation in the future. Multiple CgICPs

were found to participate in trained immunity of oyster, and CgIgR could regulate CgICP secretions and

hemocyte phagocytosis in the successive V. splendidus and LPS stimulations. However, the involvement

of CgIgR-mediated signaling in oyster trained immunity still needs to be further investigated.

Figure 8. CgIgR-Mediated Pathway Induced CgICP Production to Promote Hemocyte Phagocytosis and

Degradation of V. splendidus

Upon recognizing V. splendidus and LPS, CgIgR formed dimers and transferred signals to intracellular CgSyk. The

activated CgSyk induced CgERK phosphorylation, which then promoted the enrichments of CgH3K4me2 on CgICP

promoters to induce the production of CgICPs. CgCAICP-1, CgICP-2, and CgLRRIG-1 all containing a TM domain could

locate on hemocyte membrane to recognize V. splendidus and promote hemocyte phagocytosis toward V. splendidus,

which were then degraded by lysosomes in hemocytes. CgIgR upon recognizing V. splendidus and LPS could activate

Syk-ERK pathway to induce CgICP production, which eventually promoted hemocytes to phagocytize and eliminate the

invading bacteria.
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METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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Supplementary information 29 

Supplemental Figures and Figure legends 30 

Figure S1. 31 

 32 

Figure S1. Schematic representations of CgICPs indicating different domains, Related to 33 

Figure 1. CgIgR contained a signal peptide (SP), five immunoglobulin (Ig) domains, a 34 

transmembrane (TM) domain and cytoplasmic tail with a classical ITAM. CgCAICP-1 35 

contained a SP, three Ig domains and a TM domain. CgICP-2 contained an Ig domain, a 36 

fibronectin type 3 (FN3) domain, a TM domain and cytoplasmic tail. CgLRRIG-1 contained 37 

three leucine-rich repeat (LRR) domains, an Ig domain and a TM domain. 38 

 39 

 40 

 41 

 42 

 43 

 44 

 45 

 46 

 47 



Figure S2. 48 

 49 

Figure S2. The protein sequence of CgIgR, Related to Figure 3. The sequence was 50 

subjected to online SMART analysis. The amino acids were numbered. The signal peptide 51 

was underlined, five Ig domains were bolded, a TM domain was shadowed and the classical 52 

ITAM in cytoplasm tail was boxed with red. 53 

 54 

 55 

 56 

 57 

 58 

 59 

 60 

 61 



Figure S3. 62 

 63 

Figure S3. RNAi efficiencies of CgIgR, CgSyk and CgERK were analyzed by qRT-PCR 64 

(n=3), Related to Figure 4. EGFP-RNAi group was used as control. Data were representative 65 

of three independent experiments. Error bars represented SD. *p < 0.05, **p < 0.01 (t-test). 66 

 67 

 68 

 69 

 70 

 71 

 72 

 73 

 74 

 75 

 76 

 77 

 78 



Supplemental Table 79 

Table S1. Sequences of the primers used in this study, related to Figure 1 to Figure 7. 80 

 81 



Transparent methods 82 

Oysters and cultivation 83 

Pacific oysters, C. gigas (shell length 12-16 cm each), purchased from a local farm in Dalian, 84 

Liaoning, China, were cultured in aerated seawater at 15 ± 2°C for one week. The food of 85 

powdered algae (commercially purchased) was added to the water every other day. The 86 

seawater in the aquaria was replaced every day. 87 

 88 

cDNA cloning and sequence analysis 89 

The sequence information of CgIgR (XM_011422710.2) was acquired from NCBI database 90 

(https://www.ncbi.nlm.nih.gov/) and the primers of CgIgR (Table 1) were designed to clone 91 

the full-length sequence of CgIgR. A translation tool (http://web.expasy.org/translate/) was 92 

used to predict the amino acid sequence and Swiss model (https://swissmodel.expasy.org) 93 

were used to predict protein domains of CgIgR.  94 

 95 

Immune challenge and sample collection  96 

A total of 240 oysters were employed and randomly divided into three groups, control group, 97 

LPS group, and V. splendidus group. The oysters in the three groups individually received an 98 

injection with 100 μL of 0.5 mg mL-1 phosphate-buffered saline (PBS) (0.14 M NaCl, 2.7 mM 99 

KCl, 10 mM Na2HPO4, and 1.8 mM KH2PO4), 100 μL of V. splendidus (106 CFU mL-1) and 100 

100 μL of LPS (0.5 mg mL-1) from Escherichia coli (O222:B44, Sigma) dissolved in PBS, 101 

respectively. Nine oysters were randomly sampled from each group and the hemolymphs 102 

were collected at 0, 3, 6, 12, 24, 48, 72 and 96 h after injection with PBS, LPS and V. 103 



splendidus, respectively. The hemolymphs collected from three oysters were pooled together 104 

as one sample, and there were three samples for each time point. The hemocytes were 105 

harvested by centrifugation at 800 g, 4°C for 10 min. The total RNA was extracted from the 106 

collected hemocytes to detect the temporal expression patterns of CgIgR and CgSyk 107 

(XM_011448334.2).  108 

Different tissues (hemocytes, adductor muscle, gills, mantle and hepatopancreas) were 109 

collected from nine untreated oysters for RNA extraction using Trizol reagent (Invitrogen) to 110 

examine the distributions of CgIgR and CgSyk mRNAs in different tissues. 111 

 112 

Quantitative real-time PCR (qRT-PCR) analysis 113 

qRT-PCR was performed to detect the tissue distribution of CgIgR and CgSyk mRNAs by 114 

using primers CgIgR-RT-F and -RT-R, and CgSyk-RT-F and -RT-R (Table S1), respectively. 115 

CgEF (NP_001292242.2) amplified with primers CgEF-RT-F and -R (Table S1) was 116 

employed as reference. The mRNA expression profiles of CgIgR and CgSyk in hemocytes of 117 

oysters after V. splendidus or LPS stimulation were detected by qRT-PCR. qRT-PCR was 118 

programmed at 95°C for 10 min, followed by 40 cycles at 95°C for 10 s, and 60°C for 45 s. 119 

The final product was analyzed via melting analysis from 65°C to 95°C. Chromatin 120 

immunoprecipitation (ChIP) was performed using antibodies against H3K4me2, and the 121 

ChIPed DNA was processed further for qRT-PCR analysis with the primer pairs (CgICP-2-PF 122 

and -PR; CgLRRIG-1-PF and -PR) (Table S1). The relative expression levels were evaluated 123 

by using the 2-ΔΔCt method (Livak and Schmittgen, 2001), and the data were statistically 124 

analyzed with t-text. Significant differences were accepted at p < 0.05. 125 



 126 

Recombinant protein expression, purification, and antiserum production 127 

The sequences of five Ig domains in CgIgR and the TyrKc domain in CgSyk were separately 128 

amplified from oyster hemocytes using the primers (CgIgR-ExF and -ExR; CgSyk-ExF and 129 

-ExR) (Table S1) (Sun et al., 2019). The PCR procedure was as follows: one cycle at 95°C for 130 

3 min; 35 cycles at 94°C for 30 s, 54°C for 45 s, and 72°C for 70 s; and one cycle at 72°C for 131 

10 min. The PCR products were inserted into the pET-30a or pET-32a expression vectors. The 132 

recombinant proteins were purified by affinity chromatography using Ni-NTA His-Bind resin 133 

following the manufacturer's instructions. 134 

Purified recombinant proteins (100 μg) were diluted with TBS to a final volume of 100 μL 135 

then mixed with complete Freund’s adjuvant (100 μL). The emulsified mixture was then 136 

subcutaneously injected into mouse four times (one injection/week). Blood samples from 137 

treated mouse were collected after the forth booster and then placed at room temperature for 4 138 

hours to obtain the antiserum. The hemocyte samples from oyster were then used to detect the 139 

specificity of CgIgR and CgSyk antibody by using western blotting. 140 

 141 

Western blotting analysis 142 

The amino acid sequences of oyster CgERK (XP_011436159.1) and CgTubulin 143 

(NM_001305363.1) were relatively higher conserved with that of mammalian β-Tubulin. The 144 

phospho-ERK sites (GFLTEYVAT) in CgERK were identical to that of human phospho-ERK 145 

sites. The antibodies of human phospho-ERK from Cell Signaling Technology (USA) and 146 

Tubulin from Beyotime Biotechnology (China) were used for western blot assay. The 147 



hemocyte proteins were extracted and separated by 15% SDS-polyacrylamide gel 148 

electrophoresis, and then transferred onto nitrocellulose membrane by mini transfer tank for 149 

electrophoresis. After blocked with 3% nonfat milk in TBST (10 mM Tris-HCl pH 7.5, 150 150 

mM NaCl, 0.2% Tween-20) for 1 h, the membranes were separately incubated with 1/1000 151 

diluted antiserum against CgIgR, CgSyk, CgERK, CgpERK and CgTubulin in TBST with 3% 152 

nonfat milk at room temperature for 3 h. Alkaline phosphatase-conjugated goat anti-mouse 153 

IgG (Beyotime Biotechnology) (1/10,000 diluted in TBST) was incubated with the 154 

membranes at room temperature for 3 h. After washing three times, the membranes were 155 

finally dipped in the reaction system (10 mL of ddH2O with 45 µL of NBT and 35 µL of BCIP) 156 

in the dark for about 30 min. The signal bands were imaged by Amersham Imager 600 (GE 157 

Healthcare). 158 

 159 

Immunocytochemical assay 160 

Four milliliters of hemolymph obtained from oysters were fixed with 4 ml of a mixture 161 

containing 2 ml of anticoagulant (pH 7.4) and 2 ml of 4% paraformaldehyde (Sun et al., 2017). 162 

The hemocytes were collected by centrifugation at 600 g, 4°C for 10 min, and deposited onto 163 

polylysine coated glass slide at room temperature for 40 min to adhere. The slides were 164 

washed with PBS (140 mM NaCl, 10 mM sodium phosphate, pH 7.4) and incubated in 0.2% 165 

Triton X-100 at 37°C for 5 min. After washed with PBS, the hemocytes on the glass slides 166 

were blocked with 3% BSA (30 min, 37°C) and separately incubated with anti-CgIgR (1:400 167 

in 3% BSA) at 4°C overnight. The hemocytes were then washed with PBS six times and 168 

incubated with the Alexa Fluor 488-conjugated second antibody to rabbit (Beyotime 169 



Biotechnology; 1:1,000 ratio, diluted in 3% BSA) at 37°C in the dark for 1 h. After washed 170 

with PBS again, they were incubated with 4'-6-diamidino-2-phenylindole dihydrochloride 171 

(Beyotime Biotechnology; 1 µg mL-1 in PBS) at room temperature for 10 min. The slides 172 

were examined under inversion fluorescence microscope (Axio Imager A2; ZEISS).  173 

 174 

RNA interference 175 

The 3'-terminal sequences (about 500 bp) amplified by the primers Fi and Ri linked to the T7 176 

promoter (Table S1) were used as templates for the dsRNA synthesis of CgIgR, CgSyk, 177 

CgERK, CgICP-2, and CgLRRIG-1 (Sun et al., 2019). The cDNA fragment of EGFP used for 178 

dsRNA synthesis was amplified using the primers EGFP-Fi and EGFP-Ri (Table S1). The 179 

dsRNA was synthesized using T7 polymerase (Takara) at 16°C overnight according to the 180 

instruction. The in vitro transcription system was consisted of 2 µL 10 × transcription Buffer, 181 

2 µL (ATP + GTP + CTP + UTP solution separately), 0.5 µL RNase inhibitor, 2 µL T7 RNA 182 

polymerase, 2 µL (1 µg) linear template DNA, and 5.5 µL RNase free dH2O. A total of 150 183 

oysters were employed and equally divided into six groups. The dsRNAs (50 µg) for CgIgR, 184 

CgSyk, CgERK, CgICP-2, CgLRRIG-1 and EGFP were injected into each oyster, 185 

respectively. To enhance the RNAi effect, a second injection was performed at 12 h after the 186 

first injection. Nine oysters were sampled from each group at 24 h after the second injection 187 

and the hemolymphs collected from three individuals were pooled together as one sample. 188 

Hemocytes were collected by centrifugation at 1500 rpm, 4°C for 8 min. The total RNA of 189 

hemocytes was extracted and assessed by qRT-PCR with specific primers RT-F and RT-R 190 



(Table S1) to evaluate the RNAi efficacy. The qRT-PCR reactions were carried out on Quan 191 

Studio 6 Flex (Thermo Fisher, USA) using SYBR premix ExTaq (RR420, Takara, Dalian). 192 

In CgIgR-, CgSyk- and CgERK-RNAi oysters, the mRNA transcripts of CgCAICP-1 193 

(XM_011420933.2), CgICP-2 (XM_011441342.2) and CgLRRIG-1 (XM_020071501.1) in 194 

hemocytes were detected by qRT-PCR with specific primers RT-F and -R (Table S1) at 24 h 195 

after V. splendidus and LPS stimulations, respectively. The relative expression levels of genes 196 

were calculated as described above. The data were statistically analyzed and significant 197 

differences in the unpaired sample t-test were accepted at p < 0.05. 198 

 199 

Recombinant protein binding assay 200 

Gram-negative bacteria (E. coli and V. splendidus) and Gram-positive bacteria 201 

(Staphylococcus aureus and Micrococcus luteus) were used to test the binding activity of 202 

recombinant five Ig domains of CgIgR with Trx-his tag (rTrx-his-5×Ig). Trx-His tag was used 203 

as control. Bacteria were cultured in 3 ml of Luria-Bertani (LB) medium (1% tryptone, 0.5% 204 

yeast extract, and 1% NaCl) overnight and collected by centrifugation at 1000 g for 5 min. 205 

After washed three times with TBS, the collected bacteria were resuspended in TBS and 206 

adjusted to an OD600 of 1.0. The bacteria suspension (400 μL) was separately incubated with 4 207 

mΜ purified protein of rTrx-his-5×Ig at room temperature with rotation for 1 h. The bound 208 

proteins were dissociated from the microorganisms by loading buffer and subjected to 15% 209 

SDS-PAGE. The proteins in the gel were transferred to a nitrocellulose membrane for western 210 

blotting analysis. Anti-his antibody (1:1000 dilution in TBST containing 3% nonfat milk) was 211 

used as the primary antibody, and secondary antibody was alkaline phosphatase-conjugated 212 



horse anti-mouse IgG (1:2000 dilution in TBST containing 5% nonfat milk). 213 

An enzyme-linked immunosorbent assay (ELISA) was used to test the direct binding activity 214 

of rTrx-his-5×Ig to LPS from E. coli with His-tag as control. Each well of the microplate was 215 

coated with 2 μg of LPS and incubated at 37°C overnight. The microplate was incubated at 216 

60°C for 30 min, blocked with bovine serum albumin (BSA) (1 mg mL-1, 200 μL) at 37°C for 217 

2 h, and washed with TBS (200 μL). The purified protein of rTrx-his-5×Ig (0, 0.001, 0.01, 218 

0.05, 0.1, 1 and 2 μM dissolved in TBS with 0.1 mg mL-1 BSA) was added to each well of the 219 

coated plates and incubated at room temperature for 3 h. The plate was then washed four 220 

times with TBS, and alkaline phosphatase-conjugated horse anti-mouse IgG (1:3000 dilution 221 

in binding buffer containing 0.1 mg mL-1 BSA) was added (100 μL per well) and incubated at 222 

37°C for 2 h. After the plate was washed four times with TBS, the color was developed with 223 

p-nitro-phenyl phosphate (1 mg mL-1 in 10 mM diethanolamine and 0.5 mM MgCl2) at room 224 

temperature for 30 min. The OD value was recorded at 405 nm. Each binding assay was 225 

performed three times. 226 

 227 

Co-immunoprecipitation (Co-IP) analysis 228 

Proteins from oyster hemocytes were extracted with lysis buffer (150 mM NaCl, 1.0% 229 

Nonident-P40, 0.1% SDS, 50 mM Tris, pH 8.0) and incubated with protein A+G for 10 min 230 

to remove non-specific binding proteins. The proteins were separately incubated with 231 

antibodies specific for CgIgR or CgSyk at room temperature for 3 h, and then incubated with 232 

protein A+G at room temperature for 3 h. After washed with TBS for five times, the resulting 233 

pellet (bound protein, antibody and protein A+G) was analyzed by western blotting. 234 



 235 

The blockage of CgIgR with antibody  236 

CgIgR antibody (30 μL) was injected into the oysters with the same volume of pre-serum as 237 

control. One hour later, the CgIgR-blockage oysters received an injection with 100 μL of V. 238 

splendidus (106 CFU mL-1) and LPS (0.5 mg mL-1), respectively. The total RNA was 239 

extracted from hemocytes, and the mRNA transcripts of CgICPs were examined by qRT-PCR. 240 

The hemocyte proteins were extracted from the treated oysters and analyzed by western 241 

blotting with anti-ERK or anti-pERK antibodies as the first antibody, respectively. 242 

 243 

The oyster immunity was trained by twice immune stimulations 244 

The oysters were firstly stimulated by an injection with 100 μL of V. splendidus (106 CFU 245 

mL-1) or LPS (0.5 mg mL-1). On the 8th day after the first injection, the oysters were 246 

stimulated again with the same volume and concentration of V. splendidus and LPS, 247 

respectively. The mRNA transcripts of CgICPs in the hemocytes were examined at 6 h after 248 

the second injection. The phagocytosis of hemocytes in V. splendidus or LPS immune training 249 

oysters at 6 h after the second injection were examined by incubation with FITC-labeled V. 250 

splendidus and analyzed by flow cytometry and fluorescence microscope.  251 

 252 

The treatments of R406 and PD98059 253 

R406 (Syk inhibitor, Beyotime) and PD98059 (ERK inhibitor, Beyotime) were used to inhibit 254 

the activations of CgSyk and CgERK, respectively. The oysters treated with 50 μL of R406 255 

(0.1 μg μL-1 diluted in PBS containing 1% DMSO) and PD98059 (0.02 μg μL-1 diluted in 256 



PBS containing 1% DMSO), respectively, with the same volume of 1% DMSO as control. At 257 

1 h after the inhibitor injection, the oysters were stimulated with injections of 100 μL of V. 258 

splendidus and LPS, respectively. PBS was used as control. The total RNA and protein were 259 

extracted from oyster hemocytes for qRT-PCR and western blotting assays to examine the 260 

mRNA transcripts of CgICPs and phospho-CgERK, respectively. 261 

 262 

Flow cytometry assay of the hemocyte phagocytic rates 263 

V. splendidus (106 CFU mL-1) were labeled with FITC (Sigma) at 37°C for 1.5 h. After twice 264 

washing with PBS and fixation in 4% paraformaldehyde for 30 min, the FITC-labeled V. 265 

splendidus were incubated with oyster hemocytes for 1 h, and collected by centrifugation at 266 

600 g, 4°C for 5 min. The phagocytic rates of hemocytes were determined by using flow 267 

cytometry (Amnis ImageStream MKII). 268 

 269 

Co-localization of fluorescent-labeled V. splendidus and lysosomes 270 

LysoTracker Red (Beyotime) was used to stain lysosomes in oyster hemocytes following the 271 

manufacturer's protocol. The oyster hemocytes collected from three oysters were incubated 272 

with LysoTracker Red (1:20000 diluted in TBS) and FITC-labeled V. splendidus at room 273 

temperature for 1 h, followed by six times of washing with TBS. The hemocytes were 274 

collected and spread onto slides for observation under fluorescence microscope. 275 

 276 

Crosslinking assay  277 

Subric acid bis sodium salt (3-sulfo-N-hydroxysuccinimide ester, BS3; Sigma-Aldrich, USA) 278 



is chemical compounds used for cell-surface protein crosslinking (Niu et al., 2019; Yang et al., 279 

2016). A crosslinking assay was performed in vivo to detect oligomerization, according to the 280 

manufacturer's protocol. Hemocytes from oysters were collected and washed three times with 281 

ice-cold TBS. BS3 was then added to the resuspended hemocytes to a final concentration of 5 282 

mM and the reaction mixture was incubated at 4°C for 1 h. The mixture was then terminated 283 

by adding SDS-PAGE sample loading buffer and then was treated in a boiling water bath for 284 

8 min followed by SDS-PAGE and western blotting. 285 

 286 
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