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A B S T R A C T

Dopamine β-hydroxylase (DBH) is one of key rate-limiting enzymes converting dopamine to norepinephrine. It
locates not only in catecholaminergic neuron system, but also in immunocytes and plays roles in the immune
response of vertebrates. However, the knowledge about the function of DBH in immune system is still very
limited in invertebrates. In the present study, the DBH gene family with seven members was screened from
Crassostrea gigas genome, and their mRNA expressions in various tissues were recorded. Among them, one DBH
(designated CgDBH-1) with high expression level in oyster hemocytes was further characterized. The deduced
amino acid sequence of CgDBH-1 was predicted to contain a transmembrane domain and shared 30.1% and
30.9% similarity with that in Mus musculus and Homo sapiens, respectively. CgDBH-1 was closely clustered with
DBH from Aplysia californica in the phylogenetic tree. The recombinant protein of CgDBH-1 (rCgDBH-1) ex-
hibited significant enzymatic activity (0.54 ± 0.019 pmol L−1 min−1) to synthesize norepinephrine.
Importantly, the mRNA transcript of CgDBH-1 was highly expressed in oyster hemocytes, and the highest ex-
pression level was observed in granulocytes among the three types of hemocytes, which was 8.18-fold
(p < 0.01) of that in agranulocytes. Moreover, the expression of CgDBH-1 in hemocytes was significantly
increased at the late stage of immune response. The CgDBH-1 protein was mainly co-localized with the granules
and endoplasmic reticulum (ER) of granulocytes. These results collectively suggested that CgDBH-1, as a novel
molluscan norepinephrine synthesizing enzyme highly expressed in granulocytes, involved in the late-stage
immune response of oysters, which provided vital insight to understand the crosstalk between neuroendocrine
and immune systems in invertebrates.

1. Introduction

The bi-directional communication of the neuroendocrine and im-
mune systems (NEI systems) plays a vital role in maintaining allostasis
of organisms (Reardon et al., 2018; Verburg-van Kemenade et al.,
2017). Traditionally, hormones or neurotransmitters could be synthe-
sized and released from neuroendocrine system of organisms, and
modulate immune activities through their specific receptors expressed
in immunocytes. Immune system could produce kinds of cytokines to
regulate the activities of nervous system as well (Liu et al., 2018a;
Malagoli and Ottaviani, 2017; Raison et al., 2006). Recently, an in-
creasing number of studies have reported that except this kind of

classical interactions, novel regulation model also exists in specific
immunocytes of vertebrates, in which hormones or neurotransmitters
could be released directly from immunocytes and function on them-
selves in an autocrine or paracrine pattern (Fujii et al., 2017). It has
been realized that the immunocytes-derived neurotransmitters play
important roles in health and disease of human (Reardon et al., 2018).
However, little is known about hormones or neurotransmitters syn-
thesized in invertebrate immunocytes and their physical functions.

Among the neuroendocrine-immune regulatory network, catecho-
lamines (CAs), including dopamine (DA), norepinephrine (NE) and
epinephrine (E), were regarded as one kind of the most important
neurotransmitters in Chordata (Sabban and Kvetňanský, 2001). These
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neurotransmitters are related with each other in biosynthetic processes.
Dopamine β-hydroxylase (DBH), as a key rate-limiting enzyme in the
CAs biosynthetic pathway, can convert the DA to NE in the presence of
molecular oxygen and ascorbic acid (Kvetňanský et al., 2009). The
classical structure of DBH includes N-terminal signal peptide, a DOMON
domain and two catalytic CuH and CuM domains (Vendelboe et al.,
2016). DBH could control the concentrations of DA and NE and regulate
their balance in nervous system, by which it involves in various phy-
siological or neurological diseases, such as Alzheimer's disease, Par-
kinson's disease and Schizophrenia (Tang et al., 2018; Trillo et al.,
2013). DBH also plays important modulatory roles in immune defense
reactions. For example, the mice of DBH knocked-out were more sus-
ceptible to infection and suffered an impaired T cell function and Th1 T
cell-dependent-IgG2a antibody production (Alaniz et al., 1999). Be-
sides, DBH has been discovered to function in immune cells of specific
types. For example, DBH in phagocytes of mice could be significantly
induced by lipopolysaccharide (LPS) stimulation, and promote the de
novo production of NE which could further participate in inflammatory
regulation in an autocrine/paracrine manner but independent of sym-
pathetic nerve modulations (Flierl et al., 2007).

So far, some DBHs have been identified in invertebrates, such as in
Ciona savignyi (Kimura et al., 2003), Trichoplax (Srivastava et al., 2008)
and Aiptasia pallida (Westfall et al., 2000), and their immunomodula-
tion functions were also explored. In scallop Chlamys farreri, the mRNA
expression of DBH in hemocytes could be significantly induced after
LPS stimulation (Zhou et al., 2011). In Litopenaeus vannamei, the DBH-
depleted organisms exhibited immunosuppression and decreased sur-
vival ratio to Vibrio alginolyticus infection (Cheng et al., 2017). In oyster
Crassostrea gigas, the enzyme activity of DBH could be detected in cell
lysates of hemocytes, and the hemocytes-derived NE could execute a
negative regulation on hemocyte phagocytosis and synthesis of immune
effectors (Liu et al., 2018b). However, no given DBH executing these
functions is demonstrate in oyster until now. In oyster C. gigas, three
types of hemocytes have been identified and the granulocytes were
demonstrated to be the main immunocompetent hemocytes (Wang
et al., 2017). Whether the NE synthesized and functioned in hemocytes
of specific types is yet obscure.

The Pacific oyster C. gigas is one of most important marine mollusks
and contributes greatly to the aquaculture industry worldwide (Zhang
et al., 2016). As filter feeders, oysters are exposed to high microbial
pathogen loads and experience the ever-changing environment (Evans
et al., 2017). Understanding the intrinsic immune modulatory manner
of oysters is quite important for providing efficient strategies to prevent
disastrous disease. Though plenty of progresses about immune defense
mechanisms of marine invertebrates have been achieved in the past two
decades (Lacoste et al., 2001), the neuroendocrine regulation on im-
mune response is still waiting to be uncovered. In the present study, the
dopamine β-hydroxylase family (designated as CgDBH) was screened
from C. gigas genome with the purposes to (1) analyze the memberships
of DBH family and their expression patterns, (2) identify the DBH
(CgDBH-1) functioning in hemocytes and its expression patterns in
different tissues and hemocyte sub-types, (3) explore the molecular
features and enzyme activity of CgDBH-1, and (4) investigate the pos-
sible regulation role of CgDBH-1 in the immune response of oysters.

2. Materials and methods

2.1. Animals

Pacific oysters (C. gigas, about two years old) were collected from a
local farm in Dalian, Liaoning province, China, and acclimatized in
tanks with filtered and aerated seawater (about 15–20 °C) for at least
one week before processing.

2.2. LPS stimulation and tissues collection

One hundred and sixty oysters were randomly selected and sawed in
the closed side of the oyster shell adjacent to the adductor muscle. After
acclimating for another one week, those oysters were randomly divided
into two groups (80 individuals in each group) and received an injec-
tion of 100 μL phosphate buffer saline (PBS) (0.27 g L−1 KH2PO4,
3.58 g L−1 Na2HPO4·12H2O, 8.00 g L−1 NaCl and 0.20 g L−1 KCI, pH
7.4) or LPS (0.5 g L−1 in PBS, Sigma), respectively. After injection,
those oysters were returned to filtered seawater immediately, and then
nine individuals were randomly sampled in each treatment group at 0,
3, 6, 12, 24, 48, 72 and 96 h post injection.

Nine oysters were equally divided into three parallels with three
individuals in each parallel, and the hemolymphs were individually
collected and pooled together in each parallel. Then the hemolymphs
were centrifuged at 800 g, 4 °C for 10 min to harvest hemocytes. Those
enriched hemocytes were dissolved in Trizol reagent, frozen with liquid
nitrogen immediately and stored at −80 °C for the following RNA
isolation. Besides, tissues including adductor muscle, labial palp, gills,
gonad, hemocytes, mantle, visceral ganglia and hepatopancreas, were
collected from nine untreated oysters, and male and female individuals
were not distinguished as comparable expression levels of CgDBH-1
were indicated according to oyster genome data (Zhang et al., 2012).
These samples were also kept in Trizol reagent at −80 °C for the sub-
sequent RNA isolation.

2.3. Density gradient centrifugation for sub-types separation of hemocytes

In order to separate the three sub-types of oyster hemocytes, the
density gradient centrifugation assay was carried out according to the
previous description (Wang et al., 2017). Briefly, the commercial Per-
coll solution (Sigma) was adjusted to 1000 mOsm by adding
10 × saline (202 g L−1 NaCl, 5 g L−1 KCl, 6 g L−1 CaCl2, 1 g L−1

MgSO4 and 39 g L−1 MgCl2) at the ratio of 9:1 (v/v), which was re-
garded as 100% Percoll gradient. Subsequently, 55% and 30% (v/v)
Percoll gradients were prepared with 100% Percoll and 1 × saline
(20.2 g L−1 NaCl, 0.5 g L−1 KCl, 0.6 g L−1 CaCl2, 1.0 g L−1 MgSO4 and
3.9 g L−1 MgCl2). The hemocytes from untreated oysters suspended in
modified Alsever's solution (MAS, 20.8 g L−1 glucose, 8.0 g L−1 sodium
citrate, 3.36 g L−1 EDTA and 22.5 g L−1sodium chloride, pH 7.5)
(about 107 cells mL−1) were layered onto the top of a Percoll gradient.
After centrifugation at 600 g, 4 °C for 15 min, the hemocytes were
presented at the bottom, the interface and the upper layer of the 55%/
30% gradient, respectively, and those hemocytes in different sub-po-
pulations were separately collected and washed with modified L15
medium (L15 medium supplemented with 10 × saline at the ratio of
9:1 (v/v)). After that, the collected hemocytes in each layer were
layered onto the top of fresh Percoll gradients for the second separation
as former description. Then the hemocytes in the bottom, interface and
upper layer of Percoll gradient were collected as granulocytes, semi-
granulocytes and agranulocytes, respectively, which were immediately
frozen in liquid nitrogen with Trizol regent for following RNA isolation.

2.4. RNA extraction and cDNA synthesis

Total RNA in collected samples was extracted using Trizol
(Invitrogen) according to the manufacturer's protocol. Briefly, oyster
tissues (50–100 mg) were homogenized in Trizol reagent, and then
chloroform was added into the tissue homogenate to separate total
RNA. After being precipitated from aqueous phase using isopropanol,
the total RNA was cleaned by 75% ethanol. Finally, the total RNA was
resuspended by RNase-free water and prepared for cDNA synthesis. The
cDNA synthesis was performed by one-step gDNA removal and cDNA
synthesis supermix kit (Transgen) in accordance with the manufac-
turer's instruction. After reverse transcription, the cDNA mix was stored
at −80 °C for gene clone and quantitative real-time PCR.
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2.5. Genomic screening of DBH gene family, gene clone and sequence
analysis

The DBH genes were searched from annotated oyster genome
(Zhang et al., 2012), and all the genes annotated as dopamine β-hy-
droxylase were selected as members of DBH family. The amino acid
sequences of these genes were retrieved from OysterBase (http://www.
oysterdb.com), and further analyzed for their domain structures by the
simple modular architecture research tool (SMART) version 8.0 (http://
smart.embl-heidelberg.de/). Their expression data (RPKM value, Reads
Per Kilobase per Million mapped reads) were also retrieved from sup-
plementary information of oyster genome to analyze their expression
patterns in different adult tissues.

The nucleotide sequence of a CgDBH-1 gene (CGI_10026674) was
retrieved from OysterBase and a pair of specific primers P2 and P3
(Table 2) was designed to clone the coding sequence of CgDBH-1. The
PCR product was gel-purified and cloned into the pMD19-T simple
vector (Takara), and then three positive clones were selected and se-
quenced with primers P4 and P5 (Table 2). The nucleotide sequence
was deduced as amino acid sequence by Primer Premier 5, and the
amino acid sequence was analyzed with the Expert Protein Analysis
System (http://www.expasy.org) and the protein domain was predicted
with SMART version 8.0. The amino acid sequences of CgDBH-1
homologies from other species were downloaded from National Center
for Biotechnology Information (NCBI, http://www.ncbi.nlm.gov), and
used to create the multiple sequence alignment by ClustalW Multiple
Alignment program (http://www.ebi.ac.uk/clustalw/). The Maximum
Likelihood (ML) phylogenic tree was constructed based on the deduced
amino acid sequences of DBHs by utilizing Mega 6.06 software and the
reliability of the branching was tested using bootstrap of 1000.

2.6. Quantitative real-time PCR analysis

The mRNA expression of target genes was determined by quanti-
tative real-time PCR (RT-PCR) with ABI Quantstudio sequence detec-
tion system (Applied Biosystems). The primers used in our study were
all listed in Table 2, and two specific primers, P10 and P11, were used
to amplify part of elongation factor (EF) (CGI_10012474) which was
chosen as an internal control in oysters. Two-step method was em-
ployed for the real-time PCR cycling program, and the reaction mixture
and cycling conditions were the same as previous research (Li et al.,
2016). After PCR cycle, dissociation curve was performed to confirm
that only one PCR product was amplified. The 2−ΔΔCT method was used
to analyze the expression level of genes (Livak and Schmittgen, 2001),
and all data were given in terms of relative mRNA expression of
mean ± S.D. (N = 3).

2.7. CgDBH-1 recombination, purification and antibody preparation

The encoding sequence except for the domains of signal peptide and
transmembrane domain was amplified by using primers P12 and P13
(containing enzyme cut site of BamH Ⅰ and Xho Ⅰ, respectively)
(Table 2). Then the PCR fragment was digested by the restriction en-
zymes of BamH Ⅰ and Xho Ⅰ, and further inserted into the pET-22b ex-
pression vector. The recombinant plasmid (CgDBH-1-pET22b) was
transformed into Escherichia coli transetta (DE3) (Transgen) and positive
transformants were incubated in Luria-Bertani (LB) medium at 37 °C
with shaking at 220 rpm. When optical density of the culture medium at
600 nm reached 0.4–0.6, isopropyl-β-D-thiogalactopyranoside (IPTG)
was added into the medium at a final concentration of 0.24 g L−1 to
induce the expression of recombinant protein (designed as rCgDBH-1).
Meanwhile, the control protein rTRX was also induced after null pET-
32a plasmid was transfected into transetta (DE3) strain. Subsequently,
rCgDBH-1 and rTRX were purified by Ni affinity chromatography and
dialyzed out of urea to refold the protein. Finally, the purified rCgDBH-
1 protein was used to immunize 6-week old mice to acquire polyclonal
antibody (anti-rCgDBH-1 antibody) as previous description (Cheng
et al., 2006).

2.8. Western blotting analysis

For verifying the specificity of polyclonal antibody, the protein of
rCgDBH-1 was separated by 12% SDS-PAGE and electrophoretically
transferred onto nitrocellulose membrane. Subsequently, the mem-
branes were blocked by 5% skim milk powder solution at 37 °C for 2 h
and incubated with anti-rCgDBH-1 antibody (diluted 1:500) at 4 °C
overnight. After thoroughly washing with TBST (2.40 g L−1 Tris-HCl,
pH 8.0, 8.80 g L−1 NaCl and 0.05% Tween-20), the membrane was
incubated with horse radish peroxidase (HRP)-conjugated anti-mouse
IgG (ABclonal, diluted 1:2000) at 37 °C for 1 h. After thoroughly
washing with TBST, the membrane was developed with enhanced
chemiluminescent (ECL) detection reagents (Thermo scientific) and
imaged by Amersham Imager 600 (GE Healthcare).

Table 1
Information of DBH genes screened from oyster C. gigas genome.

NO. Gene ID Amino acids Structure domains of protein

CgDBH-1 CGI_10026674 568 Signal peptide + CuH + CuM + transmembrane
CgDBH-2 CGI_10001849 495 CuH + CuM
CgDBH-3 CGI_10002524 522 CuH + CuM
CgDBH-4 CGI_10027734 558 DOMON + CuH + CuM
CgDBH-5 CGI_10020572 725 Signal peptide + DOMON + CuH + CuM + DOMON
CgDBH-6 CGI_10024061 613 Signal peptide + DOMON + CuH + CuM
CgDBH-7 CGI_10013490 850 DOMON + CuH + CuM + DOMON

Table 2
Primers used in this study.

Primer name Sequence (5′-3′)

Clone primers
P1 (oligo dT-adaptor) GGCCACGCGTCGACTAGTACT
P2 (CgDBH-1-forward) ATGGAAATGAGAACTAGTGTAATTTGC
P3 (CgDBH-1-reverse) GAACATAATGGTTACAAAGAAATACATAGTAT
Sequence primers
P4 (M13-47) CGCCAGGGTTTTCCCAGTCACGAC
P5 (RV-M) GAGCGGATAACAATTTCACACAGG
P6 (T7-F) TAATACGACTCACTATAGGG
P7 (T7-R) TGCTAGTTATTGCTCAGCGG
RT primers
P8 (CgDBH-1-RT-forward) TCCTTTCAATGCCAGGCTCTTCG
P9 (CgDBH-1-RT-reverse) ATGCTGGGGCTCCGTTGTAGATA
P10 (CgEF-RT-forward) AGTCACCAAGGCTGCACAGAAAG
P11 (CgEF-RT-reverse) TCCGACGTATTTCTTTGCGATGT
Recombination primers
P12 (CgDBH-1-Exp-22b-

forward)
CGCGAATCCGTTCTCATTTTTCGCGGAAAAAAT

P13 (CgDBH-1-Exp-22b-
reverse)

CCGCTCGAGATTGTTCGACGAATTGTCATCGTTT
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2.9. Immunocytochemical assay

Immunocytochemical assay was conducted according to previous
report (Li et al., 2018) to analyze the distribution of endogenous
CgDBH-1 in oyster hemocytes. Briefly, hemolymphs were collected from
sinus of six oysters and deposited onto a glass slide directly. One hour
later, the supernatant was discarded and attached hemocytes were fixed
with 4% paraformaldehyde (PFA) at room temperature for 15 min.
After washing with PBST (PBS with 0.05% Tween-20), hemocytes were
permeabilized with 0.5% Triton-100 for 5 min and blocked with 3%
BSA in PBST at 37 °C for 2 h. After that, the slides were incubated with
the antiserum against CgDBH-1 (diluted 1: 500) at 37 °C for 2 h. Fol-
lowing washed with PBST, hemocytes were incubated with Alexa Fluor
488-conjugated goat anti-mouse secondary antibody (ABclonal, diluted
1:2000) at 37 °C for 1 h in dark. Finally, the hemocytes nuclei were
stained with DAPI (Beyotime, diluted 1:10000) for 5 min. After washing
with PBST, the slides were observed under fluorescence microscope
(Axio Imager A2, Zeiss).

In order to further explore the definite localization of CgDBH-1, the
hemocytes on slides were co-incubated with the antiserum against
CgDBH-1 (diluted 1: 500) and antibody of endoplasmic reticulum (ER)
marker molecule, GRP78 (Beyotime, derived from rabbit and diluted at
1: 300). After washing with PBST, hemocytes were co-incubated with
Alexa Fluor 488-conjugated goat anti-mouse secondary antibody
(ABclonal, diluted 1:2000) and Alexa Fluor 555-conjugated goat anti-
rabbit secondary antibody (Sangon, diluted 1:1000) at 37 °C for 1 h in
dark. After staining with DAPI (Beyotime, diluted 1:10000) for 5 min,
the hemocytes were observed under fluorescence microscope (Axio
Imager A2, Zeiss).

2.10. Enzyme activity determination

The enzyme activity of rCgDBH-1 was determined according to
previous report with little modification (Liu et al., 2018b; Nagatsu and
Udenfriend, 1972). Briefly, the enzymatic reaction mixture was pre-
pared as following: 100 μL sodium acetate buffer (1.0 mol L−1, pH 5.0),
25 μL sodium fumarate (0.2 mol L−1), 25 μL freshly prepared ascorbic
acid (0.2 mol L−1), 25 μL catalase (1.0 mg mL−1), 25 μL tyramine
(0.4 mol L−1), 25 μL pargyline (20.0 mmol L−1), and 75 μL N-ethyl-
maleimide (0.2 mol L−1). After fully premixing, 50 μL (50 μmol L−1)
rCgDBH-1 or rTRX was added into the mixture, respectively. The boiled
protein of rCgDBH-1 (95 °C for 5 min) was used as blank. The reaction
mixture was incubated at 37 °C for 60 min in a water bath with con-
tinual shaking. Subsequently, the concentration of octopamine was
quantified by octopamine ELISA Kit (TSZ) based on the manufacturer's
instruction. Fifty microliter samples were added into a 96 micro-well
plate and incubated at 37 °C for 45 min. After washing with washing
buffer for four times, 50 μL biotinylated anti-IgG of octopamine and
50 μL streptavidin-HRP were respectively added and incubated in the
96 micro-well plate. Then tetramethylbenzidine (TMB) chromogenic
substrate was added and incubated for 15 min at 37 °C, and the
fluorescence intensity in each micro-well was measured at 450 nm
(Tecan). The concentration of octopamine was determined based on
standard curves, and the dopamine-β-hydroxylase activity was calcu-
lated according to the manual.

2.11. Statistical analysis

All data were presented as mean ± S.D., and analyzed by statistical
package for social sciences (SPSS) 16.0. Statistical differences between
samples were tested using ANOVA (Duncan's test), and differences were
considered statistically significant at p < 0.05 and extremely sig-
nificant at p < 0.01.

3. Results

3.1. The DBH family screened from oyster genome

According to the oyster genome information (Zhang et al., 2012),
seven DBH genes with varied molecular mass were screened and their
basic information were shown in Table 1. The protein domain analysis
revealed that, all members contained two conserved Cu2_monooxygen
domains. There were one or two additional DoH (DOMON) domain
identified in CgDBH-4~CgDBH-7 (Fig. 1). Among the seven DBHs, only
CgDBH-1 was identified to contain a transmembrane domain.

The expression pattern of the seven DBHs was analyzed according to
the transcription data released by Zhang (Zhang et al., 2012), and a
tissue specific expression pattern was validated (Fig. 2). Among the
seven members, CgDBH-1 was shown to be dominantly expressed in
hemocytes (Hem), while CgDBH-2 was overwhelmingly expressed in
gills (Gil) and labial palp (Lpa), and CgDBH-7 was mainly expressed in
digestive gland (Dgl) (Fig. 2). By comparison, CgDBH-3 and CgDBH-5
was moderately expressed in mantle (MO and MI) and digestive gland,
respectively. The transcripts of CgDBH-4 and CgDBH-6 were hardly
undetectable in these adult tissues. To further explore the possible
regulatory role of DBH in immune response, the CgDBH-1, which was
highly expressed in hemocytes, was cloned for further research.

3.2. The sequence characters and phylogeny relationship of CgDBH-1

The coding sequence of CgDBH-1 was amplified with primers P2 and
P3, which was of 1707 bp encoding a protein with 568 amino acids. The
molecular mass of CgDBH-1 was predicted to be 64.7 kDa with a the-
oretical isoelectric point of 5.56. SMART analysis revealed that CgDBH-
1 contained an N-terminal signal peptide (Met1-Gly19), two CuH and
CuM domains (Asn151-Ser270 and Ala289-Phe438) and a C-terminal
transmembrane domain (Gly545-Met567). The deduced amino acid se-
quence of CgDBH-1 shared 30.1% similarity with DBH from Mus mus-
culus (NP_620392), and 30.9% with that of Homo sapiens (NP_000778).
Nine conserved cysteine residues were identified in CgDBH-1 by mul-
tiple alignment (Fig. 3). The conserved cysteine residues were marked
with blue filled triangles. The active sites of CuH (His197, His198 and
His262) and CuM (His333, His335 and Met408) domain were indicated
with red balls and red filled triangles, respectively.

Fig. 1. The protein domain structure of DBH family members screened from
oyster C. gigas genome. The oyster genome with gene annotation was conducted
to screen members of dopamine β-hydroxylase (DBH) family. Seven members
(CgDBH-1~CgDBH-7) were identified and their amino acid sequences were
retrieved from OysterBase, which were further used for prediction of protein
domains by SMART version 8.0. The conserved Cu2_monooxygen domain and
DoH (DOMON) domain were identified, and a transmembrane domain was also
predicted in CgDBH-1.

M. Li, et al. Developmental and Comparative Immunology 104 (2020) 103563

4



A phylogenetic tree was constructed to analyze the molecular evo-
lutionary relationship of CgDBH-1 with DBHs from other species by
using Maximum Likelihood (ML) method. Those DBHs were distinctly
separated into two major groups: vertebrate branch and invertebrate
branch. The CgDBH-1 was closely clustered with DBH from mollusk
Aplysia californica, and then joined into the invertebrates group (Fig. 4).

3.3. The recombinant protein and polyclonal antibody of CgDBH-1

The recombinant plasmid (CgDBH-pET22b) was constructed and
transformed into E. coli transetta (DE3) to prokaryotically express
rCgDBH-1. The whole cell lysate of positive clone strain after IPTG in-
duction was analyzed by SDS-PAGE. A distinct band with a molecular
mass of nearly 64.0 kDa was revealed as predicted (Fig. 5). The purified
rCgDBH-1 protein was used to obtain polyclonal antibody. The antibody
specificity was tested by western blotting and a clear band was revealed

(Fig. 5).

3.4. The enzyme activity of rCgDBH-1 protein

The enzyme activity of rCgDBH-1 protein was estimated by the
production of octopamine and calculated based on the standard curve.
The enzyme activity of rCgDBH-1 protein was 0.54 ± 0.019 pmol L−1

min−1 and it was significantly higher (p < 0.01) than that in rTRX
group (0.098 ± 0.034 pmol L−1 min−1) and blank group where the
enzyme activity of DBH was nearly undetectable (Fig. 6).

3.5. The validation of CgDBH-1 expression pattern in various tissues and
three subtypes of hemocytes

Quantitative real-time PCR was employed to validate the mRNA
expression of CgDBH-1 in different tissues of oyster, including hepato-
pancreas, mantle, gonad, adductor muscle, gills, hemocytes, labial palp
and visceral ganglia. The highest expression level of CgDBH-1 transcript
was detected in hemocytes, which was 90.48 ± 41.87 fold (p < 0.01)
of that in gonad (Fig. 7). CgDBH-1 was also highly expressed in visceral
ganglia and hepatopancreas, which was 35.76 ± 20.37 fold and
18.89 ± 2.30 fold (p < 0.01) of that in gonad, respectively (Fig. 7).
There was no significant difference on the mRNA expression of CgDBH-
1 among the rest tissues, including mantle, gonad, adductor muscle,
gills and labial palp (Fig. 7).

The mRNA expressions of CgDBH-1 were also examined in the se-
parated hemocytes of three subtypes. The expressions of CgDBH-1 in
granulocytes and semi-granulocytes were significantly higher than the
average level in the total hemocytes (Fig. 8), which was 3.93 ± 0.28
fold (p < 0.01) and 2.16 ± 0.37 fold (p < 0.01) of that in the total
hemocytes, respectively. The mRNA expression of CgDBH-1 was lowest
in agranulocytes, compared with that in other cell sub-populations,
which was 0.48 ± 0.03 fold (p < 0.01) of that in the total hemocytes
(Fig. 8).

3.6. The subcellular distribution of CgDBH-1 protein in oyster hemocytes

Immunofluorescence assay was conducted to explore the expression
pattern of CgDBH-1 in hemocytes of three subtypes and its subcellular
localization in hemocytes. The positive signal of CgDBH-1 protein was
observed in green, which was mainly distributed in some (not all)
granulocytes, while no positive signal was detected in semi-

Fig. 2. The varied expression level of CgDBH members in different tissues of
adult oysters. The expression level of each gene was expressed as RPKM (Reads
Per Kilobase per Million mapped reads) value, of which the data were retrieved
from previous transcriptomic data of oyster (Zhang et al., 2012). MO, outer
edge of mantle; MI, inner pallial part of mantle; Dgl, digestive gland; Fgo, fe-
male gonad; Gil, gills; Amu, adductor muscle; Hem, hemocytes; Lap, labial palp.

Fig. 3. Multiple sequence alignment analysis of
CgDBH-1 with DBHs from Homo sapiens and Mus
musculus. The amino acid sequences of DBHs from
Homo sapiens (NP_000778) and Mus musculus
(NP_620392) were retrieved from GenBank. These
sequences together with that of CgDBH-1 were used
for multiple sequence alignment analysis. The iden-
tical amino acid residues were shaded in black and
the similar amino acid were shaded in grey. The
conserved cysteine residues were marked with blue
filled triangles. The active sites of CuH (His197, His198
and His262) and CuM (His333, His335 and Met408) do-
main were identified and indicated with red balls and
red filled triangles, respectively.
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granulocytes or agranulocytes (Fig. 9A). The green signal of CgDBH-1
protein was distributed in the cytoplasm and partly co-localized with
granules of granulocytes (Fig. 9A). After the ER was labeled with an-
tibody of marker protein GRP78 (red), the positive signal of en-
dogenous CgDBH-1 protein (green) was also co-localized with ER in
oyster hemocytes (Fig. 9B).

3.7. The temporal mRNA expression of CgDBH-1 after LPS stimulation

The dynamic mRNA expression of CgDBH-1 in oyster hemocytes
post LPS stimulation was detected by quantitative real-time PCR. The
expression level of CgDBH-1 was up-regulated significantly at 24 and
48 h after LPS stimulation, which was about 2.99-fold (p < 0.01) and
2.56-fold (p < 0.01) of that in PBS group, respectively (Fig. 10). And
there was no significant expression difference of CgDBH-1 transcript
between the PBS and LPS group at 0, 3, 6, 12, 72 and 96 h post sti-
mulation (Fig. 10).

Fig. 4. Maximum likelihood (ML) phylogeny tree
based on the amino acid sequences of different DBHs.
The DBHs from different organisms used for phylo-
genetic analysis include: Homo sapiens (NP_000778),
Mus musculus (NP_620392), Danio rerio (AAI63055),
Rattus norvegicus (AAA41091), Anopheles sinensis
(KFB49424), Penaeus vannamei (ANA78437), Anser
cygnoides domesticus (AMN15063), Aplysia californica
(NP_001191657) and Azumapecten farreri
(ADP08787). Their amino acid sequences retrieved
from GenBank were used for construction of phylo-
geny tree by using Maximum Likelihood (ML)
method. The CgDBH-1 was closely clustered with
DBH from mollusk Aplysia californica, and joined into
the invertebrate group. The scale bar represented
conversion of branch length to genetic distance be-
tween clades.

Fig. 5. SDS-PAGE and western-blot analysis of rCgDBH-1. The recombinant
plasmid containing encoding sequence of CgDBH-1 was transformed into
Escherichia coli transetta (DE3). rCgDBH-1 was prokaryotically expressed in
transetta (DE3) and purified by Ni affinity chromatography, which was further
used for preparing the polyclonal antibody against rCgDBH-1. The whole pro-
teins of transetta (DE3) before and after induction were analyzed by SDS-PAGE,
and the specificity of prepared antibody was validated by western-blot. The
distinct band of rCgDBH-1 was revealed in transetta (DE3) after induction, and a
specific band was shown by prepared polyclonal antibody. Lane 1 and 5: pro-
tein molecular standard; Lane 2: negative control for transetta (DE3) without
induction; Lane 3: whole protein of transetta (DE3) with induction; Lane 4:
purified rCgDBH-1; Lane 6: western-blot based on the sample of lane 4 with
prepared polyclonal antibody against rCgDBH-1.

Fig. 6. The enzyme activity of recombinant CgDBH-1 protein. The enzyme ac-
tivity was validated by production of NE, and the amount of product was cal-
culated based on standard curve. The boil-inactivated rCgDBH-1 protein was
regarded as blank and rTRX protein was used as control. Significant enzyme
activity of rCgDBH-1 was detected. Vertical bars represented the mean ± S.D.
and asterisks indicated extremely significant differences (p < 0.01, ANOVA).
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4. Discussions

Functional interactions between the neuroendocrine and immune
systems are well-identified in both vertebrate and invertebrate animals
(Demas et al., 2011; Kawli et al., 2010). In vertebrates, the neu-
roendocrine and immune systems are mainly linked by two primary
pathways: (i) the sympathoadrenal system (SAS), via either direct
neural innervation of lymphoid tissue or CAs release from the adrenal
medulla and (ii) the hypothalamo-pituitary-adrenal (HPA) axis and
subsequent release of glucocorticoids from the adrenal cortex (Demas
et al., 2011; Padgett and Glaser, 2003). However, in invertebrates, the
neuroendocrine system is far more primitive than that of vertebrates,
and most invertebrates own open circulatory system without blood

brain barrier, such as bivalve oyster C. gigas (Bourne et al., 1990;
Bundgaard and Abbott, 1992). Therefore, the circulatory immune cells,
which could synthesize and secret neurotransmitters, might play an
extremely important role for hemostasis maintaining, and might be a
vital breakthrough point to explore the functional integrity of NEI
network in invertebrates.

CAs have often been regarded as immunosuppressive hormones or
transmitters (Elenkov et al., 2000), and could be synthesized in lym-
phocytes and phagocytes in vertebrates to participate in immune reg-
ulation via an autocrine loop (Bergquist et al., 1994; Flierl et al., 2007).
DBH is an important rate-limiting enzyme involved in the synthesis of
CAs by catalyzing the conversion of DA to NE (Scanzano and Cosentino,
2015). The expressions of DBH have been identified in macrophages
and neutrophils from rats (Bergquist et al., 1994; Flierl et al., 2007).
The DBH activity was also detectable in hemocytes of invertebrates,
such as oysters (Liu et al., 2018b). In order to identify the molecular
basis for NE synthesizing in oyster hemocytes, the DBH gene family was
analyzed after screening from the genome of oyster C. gigas. Total of
seven DBH family members with varied molecular mass were identified
in oyster genome, and they all possessed two conserved CuH and CuM
domains. The CuH and CuM domains were the most important func-
tional domain of DBH family and responsible for their enzymatic ac-
tivities (Torres Pazmiño et al., 2010). Except for the conserved CuH and
CuM domains, one or two additional DoH (DOMON) domains were
identified in CgDBH-4–7. DoH domain was a possible catecholamine-
binding domain present in a variety of eukaryotic proteins, whose
function remains unknown at present (Vendelboe et al., 2016). As DoH
domain was not present in all DBH members, it might not be an in-
dispensable functional domain in DBH family. Different from other
DBHs in oyster, a transmembrane domain was predicted in C-terminal
of CgDBH-1. The DBHs in vertebrates were reported to exist in soluble
or membrane-bound form, which were encoded by the same gene
(Lewis and Asnani, 1992). The presence of transmembrane domain in
CgDBH-1 suggested that it might exist as a membrane-bound form in
oyster. It was suspected that there were other DBH members without
transmembrane domain might function as soluble form in oyster. The
two forms of DBHs were encoded by different genes in oysters, which
was quite different from that in vertebrates. These results collectively
suggested that CgDBH-1 was a novel membrane-bound form DBH in
mollusk. Moreover, a tissue specific expression pattern of CgDBH
members in adult tissues was validated in the present study, possibly
indicating the functional differentiations within members of DBH fa-
mily in oyster. Among them, CgDBH-1 was dominantly high expressed
in hemocytes, which was far more richness than other members. All
these results gave a clue that CgDBH-1 was a hemocyte-specific type of
DBH in oysters, which was chosen for further investigating the neuro-
transmitters derived from immunocytes and their modulation function
in the immune response.

The molecular characteristics of CgDBH-1 were explored by mul-
tiple alignment analysis. The deduced amino acid sequence of CgDBH-1
shared 30.1% and 30.9% similarity with that of M. musculus and H.
sapiens, respectively. The conserved cysteine residues in CuH (His197,
His198 and His262) and CuM (His333, His335 and Met408) domain were
also identified in CgDBH-1, which were inferred to be important for the
catalytic activity of DBH. CgDBH-1 was closely clustered with DBH from
Aplysia californica in the phylogenetic tree, and then joined in the group
of invertebrates. Those results collectively suggested that CgDBH-1
might be a homologue of DBH family in mollusk. To validate the
physical function of CgDBH-1, the recombinant CgDBH-1-pET22b was
prokaryotically expressed, and rCgDBH-1 could promote the production
of NE, indicating that rCgDBH-1 possessed the catalytic activity of DBH
family. These results confirmed that the CgDBH-1 was a member of
DBH family with the activity to synthesize NE.

Generally, DBH was mostly distributed in chromaffin cells and
adrenergic neurons of vertebrates (Oyarce and Eipper, 2000). To vali-
date the distribution of CgDBH-1 in oyster, its expression pattern in

Fig. 7. The mRNA expression level of CgDBH-1 in different tissues of adult
oysters. The mRNA expression level was detected by RT-PCR and CgDBH-1 was
significantly high expressed in hemocytes. Data were represented as the ratio of
the CgDBH-1 mRNA level to that of EF and normalized to that of in gonad.
Vertical bars represented the mean ± S.D. (N = 3) and the letters (a, b, c and
d) indicated extremely significant differences (p < 0.01, ANOVA).

Fig. 8. The mRNA expression level of CgDBH-1 in different subtypes of he-
mocytes. The three subtypes of hemocytes (granulocytes, semi-granulocytes
and agranulocytes) were separated and used for detection the expression level
of CgDBH-1. CgDBH-1 was significant highly expressed in granulocytes. Data
were represented as the ratio of the CgDBH-1 mRNA level to that of EF and
normalized to that of total hemocytes. Vertical bars represented the
mean ± S.D. (N = 3) and the letters (a, b, c and d) indicated extremely sig-
nificant differences (p < 0.01, ANOVA).
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adult tissues was monitored in the present study, and similar expression
pattern was also detected. CgDBH-1 was higher expressed in visceral
ganglia and hepatopancreas, compared with that in tissues of gonad,
labial palp, adductor muscle, mantle and gills. Interestingly, as in-
dicated in the genomic data, CgDBH-1 was detected to be highest ex-
pressed in oyster hemocytes, which was even 2.53-fold of that in visc-
eral ganglia. Circulating hemocytes are the main immunocytes in
mollusk which play a major role in immune defense and homeostasis
maintaining (Wang et al., 2013). In oysters, the hemocytes derived NE
was reported to regulate immune response after LPS stimulation (Liu
et al., 2018b). In vertebrates, DBH was also reported to be expressed in
the specific types of immunocytes and could mediate the production of
NE which played important roles in immune regulation (Bergquist
et al., 1994; Flierl et al., 2007). The circulating hemocytes of oysters
were mainly classified into three types: granulocytes, semi-granulocytes

and agranulocytes (Wang et al., 2017). CgDBH-1 transcript could be
detected in all kinds of hemocytes with highest expression level in
granulocytes. Granulocytes in oysters were demonstrated to be the
main cell-type functioning in phagocytosis and production of cytokines
(Wang et al., 2017). The surprisingly high expression level of CgDBH-1
in granulocytes suggested that CgDBH-1 might be involved in the im-
mune regulation of phagocytosis and inflammation, which was similar
with phagocytes-specific DBH in mice (Flierl et al., 2007). The sub-
cellular localization of CgDBH-1 protein in oyster hemocytes was fur-
ther confirmed that the transmembrane CgDBH-1 protein was mainly
located in the cytoplasm of granulocyte and co-localized with granules
and ER. In vertebrates' chromaffin cells at resting state, there are two
isoforms of DBH protein encoded by same gene, the membrane and the
soluble DBH, which are located in secretory granules (catecholamine-
containing organelles) membrane and within granules, respectively
(Markoglou and Wainer, 2001; Wick et al., 1997). After chromaffin
cells are activated, the membrane of granules is fused with cytomem-
brane, and the soluble DBH inside granules is secreted and functions in
hemolymph. Then the cytomembrane-fused membrane DBH is recycled,
transported back and fused with fresh granules membrane, and further
functions in hemocytes (Wick et al., 1997). Therefore, the DBH in
vertebrates could exist as membrane and soluble form and work in both
hemolymph and hemocytes. While in oysters, there were seven DBH
family members annotated in oyster genome and only CgDBH-1 had a
transmembrane domain. As CgDBH-1 protein was mainly distributed in
the cytoplasm of oyster hemocytes, it was inferred that the transmem-
brane CgDBH-1 functioned in oyster hemocytes. It was suspected that
there was other soluble DBHs encoded by other genes working in he-
molymph. CgDBH-1 protein was co-localized with ER of oyster hemo-
cytes, indicating that it was a secretory membrane protein to be pro-
cessed and matured in ER (Hurtley, 1993). The result was consistent
with the subcellular localizations of vertebrates’ DBH when they were
expressed in AtT-20 corticotrope tumor cells and Chinese hamster ovary
cells (Oyarce and Eipper, 2000; Xin et al., 2004).

DBH was reported to participate in immune response and could be
significantly induced after immune stimulation to promote the pro-
duction of NE. In mice, the DBH in phagocytes could be un-regulated by
LPS stimulation (Flierl et al., 2007). In the present study, the expres-
sions of CgDBH-1 in hemocytes after LPS stimulation were significantly
increased at 24 h and 48 h, which was consistent with dynamic change
of NE in hemolymph supernatant of oysters after LPS stimulation (Liu
et al., 2017). These results indicated that CgDBH-1 could respond to
immune stimulation and might function at the late phase of immune
response in oysters. Recently, NE was reported to execute a negative
regulation on hemocyte phagocytosis and synthesis of immune effectors
in oysters (Liu et al., 2018b). The highly expressed CgDBH-1 in the late
phase of immune reaction could promote the production of NE, which
could down-regulate immune response and avoid over reaction.
Therefore, all those results implied that NE could be synthesized by
CgDBH-1 in oyster granulocytes and execute immunosuppressive
function at the late phase of immune stimulation to avoid excessive
immune response.

In conclusion, one novel DBH with a transmembrane domain was
identified in oysters, and it possessed the enzymatic activity for syn-
thesizing NE. The mRNA of CgDBH-1 was highly expressed in the he-
mocytes, especially in the granulocytes of oysters. Moreover, the
CgDBH-1 protein was mainly co-localized with the granules and en-
doplasmic reticulum (ER) of granulocytes. The expression of CgDBH-1
in hemocytes was significant increased at the late stage of immune
stimulation. Those results collectively suggested that, CgDBH-1, as a
novel invertebrate NE synthesizing enzyme, was highly expressed in
granulocytes and involved in immune response of oysters, which pro-
vided a novel insight to understand the crosstalk between neuroendo-
crine and immune systems in invertebrates.

Fig. 9. The subcellular distribution of CgDBH-1 in oyster hemocytes detected by
fluorescence microscope. (A) The nuclei of hemocytes were strained with DAPI
(blue) and the positive signal of CgDBH-1 was visualized by Alexa Fluor 488-
conjugated goat anti-mouse IgG (green). The CgDBH-1 protein was mainly
detected in granulocytes. (B) The nuclei of hemocytes were strained with DAPI
(blue) and the positive signal of CgDBH-1 was visualized by Alexa Fluor 488-
conjugated goat anti-mouse IgG (green). The ER marker molecule GRP78 was
visualized by Alexa Fluor 555-conjugated goat anti-rabbit (red) and the positive
signal of CgDBH-1 overlapped with ER marker molecule GRP78 was in yellow.
The CgDBH-1 protein was mainly detected to be co-located with ER in granu-
locytes.

Fig. 10. Temporal mRNA expression change of CgDBH-1 in oyster hemocytes
after LPS stimulation. The expression levels of CgDBH-1 in hemocytes were
monitored at 0, 3, 6, 12, 24, 48, 72 and 96 h after LPS stimulation, with PBS
stimulation group as control. CgDBH-1 was significantly induced in hemocytes
at 48 and 72 h after LPS stimulation. Data were represented as the ratio of the
CgDBH-1 mRNA level to that of EF and normalized to 0 h. Vertical bars re-
present the mean ± S.D. (N = 3) and the letters (a, b and c) indicated ex-
tremely significant differences (p < 0.01, ANOVA).
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