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ARTICLE INFO ABSTRACT

Granulocytes are known as the main immunocompetent hemocytes that play important roles in the immune
defense of oyster Crassostrea gigas. In the present study, an alcohol acyltransferase (designed as CgAATase) with
specific expression pattern was identified from oyster C. gigas, and it could be employed as a potential marker for
the isolation of oyster granulocytes. The open reading frame (ORF) of CgAATase was of 1431 bp, encoding a
peptide of 476 amino acids with a typically conserved AATase domain. The mRNA transcripts of CgAATase were
highest expressed in hemocytes, lower expressed in hepatopancreas, mantle, gonad, gill, ganglion, adductor
muscle, and labial palp. The mRNA expression level of CgAATase in hemocytes was significantly up-regulated at
3-12h and reached the highest level (27.40-fold compared to control group, p < 0.05) at 6h after Vibrio
splendidus stimulation. The total hemocytes were sorted as granulocytes, semi-granulocytes and agranulocytes by
Percoll” density gradient centrifugation. CgAATase transcripts were dominantly observed in granulocytes, which
was 8.26-fold (p < 0.05) and 2.80-fold (p < 0.05) of that in agranulocytes and semi-granulocytes, respectively.
The monoclonal antibody against CgAATase was produced and employed for the isolation of granulocytes with
the immunomagnetic bead. CgAATase protein was mainly detected on the cytomembrane of granulocytes. About
85.7 *= 4.60% of the granulocytes were positive for CgAATase and they could be successfully separated by flow
cytometry with immunomagnetic bead coated with anti-CgAATase monoclonal antibody, and 97.7 = 1.01% of
the rest hemocytes (agranulocytes and semi-granulocytes) were negative for CgAATase. The isolated primary
granulocytes could maintain cell activity for more than one week in vitro culture that exhibited numerous fi-
lopodia. These results collectively suggested that CgAATase was a potential marker of oyster granulocytes, and
the granulocytes could be effectively isolated from total circulating hemocytes by immunomagnetic bead coated
with the anti-CgAATase monoclonal antibody.
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1. Introduction

Granulocytes are a class of leukocytes characterized by the presence
of lobulated nuclei and secretory granules filled with a variety of en-
zymes that involved in the attack and digestion of invading pathogens
[1,2]. They are arisen from both the classical lymphoid and myeloid
branches, and released as terminally differentiated cells (eosinophilic,
neutrophilic and basophilic polymorphonuclear cells) into the blood
stream [3-5]. In vertebrates, three different types of granulocytes, eo-
sinophils, neutrophils and basophils, have been described and isolated
from different sites and states with histochemical staining properities
[6] and the cluster of differentiation (CD) antigens [7]. For example,

granulocytes were identified as CD45% cells [8,9], and neutrophils,
eosinophils and basophils which specially expressed cell surface anti-
gens CD15 and CD66b [10], CD69 and CD11b [11], and CD63 and
CD203c [12], respectively. The capability of granulocytes, phagocytosis
of neutrophils, cytotoxic effector functions of eosinophils, as well as
chemotaxis of basophils, has been considered historically as an effective
way to defense the extracellular microorganisms [13,14].

The invertebrate granulocytes are highly conserved with relatively
simple forms [15], and are mainly characterized and identified by their
physical and chemical characteristics with light and electron micro-
scopy combined with gradient centrifugation as well as magnetic acti-
vated cell sorting (MACS) [16-18]. So far, granulocytes have been
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morphologically, structurally, functionally characterized in various in-
vertebrates, such as insects and decapods of arthropod taxa [16,18,19],
bivalve and gastropod of mollusc [20-22]. Generally, granulocytes with
a small nucleo-cytoplasmic (N:C) ratio are abundant of cytoplasmic
granules containing a mixture of hydrolytic enzymes. There are many
reports on the morphology classification of hemocytes in bivalves. It is
accepted that bivalve hemocytes are divided into granulocytes and
agranulocytes based on size and granularity, and the granulocytes are
sub-classified into acidophilic and basophilic granulocytes based on
hematoxylin-eosin staining [23-26]. Despite these general categories,
there is currently no unified nomenclature and method to describe and
identify bivalve granulocytes [27].

The primary potential functions of granulocytes have been evi-
denced in several invertebrates with significant heterogeneity. For ex-
ample, granulocytes were required for phagocytosis and encapsulation
of foreign targets in insects [28,29]. It was also reported that granu-
locytes were the main immune cells performing phagocytosis in mol-
luscs, such as octopus, mussels, scallops, and oysters [30-32]. In Chi-
nese mitten crab, the hemocytes containing granules displayed limited
phagocytic ability, only with approximately 5.0% of granulocytes and
6.3% of semi-granulocytes displaying positive phagocytic ability
against the invading polystyrene beads in vivo [33].

Monoclonal antibody technique combing with immunomagnetic
bead has been applied to isolate cells that express specific antigens. For
example, Xenopus natural killer (NK) cells were identified by novel anti-
NK monoclonal antibodies (1F8, 4D4 and 1G5) [34]. A monoclonal
antibody against porcine hematopoietic stem cells was generated to
identify porcine CD34 on a subset of porcine bone marrow (BM) stem/
progenitor cells [35]. Recently, monoclonal antibody technique has
also been used in identifying hemocyte subpopulations in invertebrates.
The monoclonal antibody specific for all hemocytes or granulocytes
were reported in shrimp Penaeus monodon [36], Fenneropenaeus chi-
nensis [37,38] and Chlamys farreri [22], respectively. However, these
monoclonal antibodies are not strictly specific for single species and
certain type hemocytes. For example, monoclonal antibodies against
granulocytes in C. farreri showed cross-reactivity with hemocytes of
other five bivalve species [22]. Therefore, the specific and membranous
localized granulocyte antigens would be ideal markers for the isolation
and function clarified of granulocytes.

The Pacific oyster C. gigas is one of the most commercially and
ecologically important bivalves worldwide [39]. In our previous study,
three hemocyte subtypes (granulocytes, semi-granulocytes and agra-
nulocytes) in oyster C. gigas were described according to morphology,
ultrastructure and staining properties, and they could be isolated by
flow cytometry and Percoll” density gradient centrifugation. Granulo-
cytes were identified functionally as the main phagocytic and en-
capsulating population with prominent activity of lysosome, superoxide
anion, and nitric oxide [17]. Single cell transcriptome sequencing of
granulocytes revealed that CgAATase was highly and specially ex-
pressed in granulocytes (Unpublished data). In the present study, the
c¢DNA and monoclonal antibody were prepared of CgAATase from the
oyster C. gigas with the main objectives (1) to examine the expression
pattern of CgAATase mRNA in Pacific oyster C. gigas, (2) to determine
the sub-cellular localization of CgAATase protein in oyster granulo-
cytes, (3) to isolate the granulocytes by immunomagnetic bead coated
with the anti-CgAATase monoclonal antibody, and hopefully to find an
effective and specific marker and establish a potential isolation method
of granulocytes for future study on developmental and differentiation.

2. Materials and methods
2.1. Oysters, hemocytes and tissues collection
Adult Pacific oysters, with an average length of 13.0 cm, were col-

lected from a commercial farm in Dalian, Liaoning Province, and ac-
climated in filtered and aerated seawater at 18-20 °C for a week before
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subsequent experiments.

After an adaptation period, hemolymph was extracted from the
hematococoel using a sterile syringe with pre-cooled modified Alsever's
solution (MAS, glucose 20.8 g/L, sodium citrate 8.0 g/L, ethylenedia-
mine tetraacetic acid 3.36 g/L, sodium chloride 22.5 g/L, pH 7.5) at the
ratio of 1:1. After centrifugation at 800x g, 4 °C for 10 min, the he-
mocyte pellets were resuspended in modified L-15 medium (M-L15,
supplemented with 0.54 g/L KCl, 0.6 g/L CaCl,, 1 g/L MgSO,, 3.9 g/L
MgCl,, 20.2 g/L NaCl) for the later cell sorting and immunofluorescence
staining experiments. Meanwhile, the tissues of hepatopancreas,
mantle, gonad, gill, hemocytes, ganglion, adductor muscle and labial
palp were collected from six adult oysters for mRNA and protein ex-
traction.

Three subtypes of hemocytes (granulocytes, semi-granulocytes and
agranulocytes) were separated by the 55%,/30% percoll” density gra-
dient. The hemocyte sub-populations were immersed in TRIzol™
Reagent (Thermo Fisher Scientific, USA) for RNA isolation according to
previous reports [17].

Twenty oysters were randomly divided into experimental and con-
trol groups, and they received an injection of 100 pL live V. splendidus
suspended in PBS (NaCl 137 mmol/L, KCl 2.7 mmol/L, Na,HPO,
4.3 mmol/L, KH,PO,4 1.4 mmol/L, pH 7.4) at 2 X 108 CFU/mL and an
injection of 100 uL PBS, respectively. The hemocytes were randomly
sampled at 0, 3, 6, 9, 12, 24, 48, 72 and 96 h after injection.

2.2. ¢DNA synthesis and gene cloning of full-length cDNA

Total mRNA was extracted from samples using TRIzol™ Reagent
according to the manufacture's protocol. The quality and quantity of
extracted mRNA were evaluated by Nanodrop 2000 and electrophoresis
on 1% agarose gel, respectively. The first strand of cDNA was synthe-
sized using total mRNA (treated with DNase I) as template and oligo dT-
adaptor as primer according to the protocol of manufacturer (TaKaRa,
Japan). The synthesis reaction was performed at 42°C for 1h, and
terminated by heating at 95 °C for 5min. The cDNA template was di-
luted to 1:30 for subsequent experiments and stored at —80 °C.

Specific primers P1 and P2 (Table 1) were designed based on the
predicated CgAATase (GenBank accession number: XM_020065799)
and used to clone the open reading frame (ORF) of CgAATase from C.
gigas. The PCR products were purified and confirmed through sequen-
cing after transformed into competent cells of Escherichia coli Trans5a
(TransGen Biotech, China). The sequences were analyzed with the
Simple Modular Architecture Research Tool SMART 7.0 (http://smart.
embl-heidelberg.de/).

Table 1
Primers used in this paper.

Primers sequence (5’-3")

Clone primers

P1(Forward) ATGGTTGATCCGGGACATTT

P2(Reverse) TTACAAATTACTATAATTCTGTA
Recombination primers

P3(Forward) GGGTTTCATATGGTTGATCCGGGACATTT
P4(Reverse) CCGCTCGAGCAAATTACTATAATTCTGTA
RT primers

P5(Forward) CAACGACTGTCTCAAGATGCGG
P6(Reverse) ACAAACCATCGCCTCCGTCA

P7 (EF-RTF) AGTCACCAAGGCTGCACAGAAAG

P8 (EF-RTR) TCCGACGTATTTCTTTGCGATGT
Sequencing primer

M13-47 CGCCAGGGTTTTCCCAGTCACGAC

RV-M GAGCGGATAACAATTTCACACAGG

T7-T TGCTAGTTATTGCTCAGCGG

T7-P TAATACGACTCACTATAGGG
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2.3. Real-time PCR analysis of CgAATase mRNA expression

Quantitative real-time PCR (qRT-PCR) was carried out with SYBR
Green Master Mix (TaKaRa, Japan) using a Light Cycler 7500 Real-Time
PCR System (Applied Biosystems’, USA). Primers P5 and P6 (Table 1)
were used for the qRT-PCR analysis, and the dissociation curve analysis
of amplification products about 233bp was performed at the end of
each PCR to confirm the specificity. The relative expression levels of
CgAATase in different tissues and three subtypes of hemocytes were
normalized to the expression of CgEF (Elongation Factor)-la, and
analyzed by the 24T method according to previous description [40].

2.4. Recombinant expression and purification of CgAATase protein

PCR was performed using primers P3 and P4 with Ndel and Xhol
sites (Table 1), which were designed according to the ORF sequence of
CgAATase. The amplified product with Ndel and Xhol sites was inserted
into the Ndel/Xhol sites of expression vector pET-22b (Novagen, Ger-
many) using T4 DNA ligase. The recombinant plasmid (pET-22b-
CgAATase) was transformed into E. coli Transetta (DE3) (TransGen
Biotech, China). After induced by isopropy-b-D-thiogalactoside (IPTG),
rCgAATase was purified by Ni®* chelating Sepharose column (Sangon
Biotech, China), pooled by elution with 400 mmol/L imidazole under
denatured condition (8 mmol/L urea). rCgAATase was refolded against
gradient urea dialysis buffer (50 mmol/L NaCl, 50 mmol/L Tris-HCI,
10% glycerol, 0.2 mmol/L oxide glutathione, 2 mmol/L reduced glu-
tathione, a gradient urea concentration of 6, 5, 4, 3, 2, 1, and 0 M, pH
8.0, each gradient at 4°C for 12h). After dialyzed three times in PBS
buffer at 4 °C for 12 h, the resultant protein was detected by reducing
12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE), and visua-
lized with coomassie bright blue R250. The concentration of purified
rCgAATase was quantified by BCA method [41]. The obtained protein
was stored at — 80 °C before use.

2.5. Monoclonal antibody preparation and Western blotting analysis

The preparation of monoclonal antibody was conducted according
to previous report [42] with minor modification. One hundred micro-
liter of rCgAATase (1 mg/mL) was emulsified with 100 pL complete and
incomplete Freund's adjuvant (Sigma, USA) to immunize BALB/C fe-
male mice of six weeks as previous description [43]. Three days after
the fourth boost, the splenocytes were collected from immunized BALB/
C female mice, and fused with SP2/0 myeloma cells at a ratio of 4:1
using pre-warmed polyethylene glycol (PEG 2000) (Roche, Switzer-
land). The hybridoma cells were resuspended with RPMI 1640 medium
(GE, USA) containing HAT (hypoxantin, aminopterin, thymidin)
(Sigma, USA) and 20% Fetal Bovine Serum (Gibco, USA), and then
distributed in 96-wells microplate at a density of 100 pL/well [44].
Three weeks later, the hybridoma cells became macroscopically visible,
and the culture supernatants were screened for positive reactivity by
ELISA. The cells with positive reacting supernatant were selected and
cloned by limiting dilution for three times.

2.6. Immunomagnetic bead separation

To isolate high purity and live granulocytes, immunomagnetic
beads (Sangon Biotech, China) were balanced with 3 mL magnetic ac-
tivated cell sorting (MACS) buffer (M-L15 medium containing 2 mM
EDTA and 0.5% BSA) according to the manufacturer's instructions.
They were incubated with anti-CgAATase monoclonal antibody at room
temperature for 1h. Meanwhile, the hemocytes were blocked with
MACS buffer at room temperature for 1 h. The anti-CgAATase antibody-
coated beads were then incubated with the hemocytes at room tem-
perature for 1 h. After three times rinse with MACS buffer and magnetic
adsorption, the magnetically labeled and unlabeled hemocytes were
collected, resuspended in M-L15 medium, and analyzed by FCM,
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respectively.

2.7. Immunofluorescence assay of C. gigas granulocytes

Sub-cellular localization of CgAATase on isolated granulocytes was
determined by immunohistochemistry. The granulocytes, harvested
from the labeled magnetical hemocytes as mentioned above, were de-
posited on the clean slides in the wet chamber, and incubated for 3 h to
adhere the surface of glass slides. The supernatant was dislodged, and
4% PFA (Sangon Biotech, China) was used to fix the granulocytes at
room temperature for 1 h. After three times of washing with PBST, the
slides were blocked with 200 pL of 3% BSA in PBST at 37 °C for 1 h. The
supernatant was removed, and the slides were incubated with 200 pL
monoclonal antibody of anti-CgAATase (diluted 1:1000 in blocking
buffer). After washing three times with PBST, the slides were incubated
with Alexa Fluer 488-labeled goat-anti-rat antibody (diluted 1:2000 in
locking buffer, Sigma, USA) as the second antibody at 37 °C for 1h.
After three times washing with PBST, DAPI (diluted 1:1000 in PBS,
Solarbio life sciences, China) and Dil (diluted 1:1000 in PBS, Beyotime
technology, China) were added on the surface of slides to stain the
nucleus and membrane, respectively. After the final three times of
wash, the slides were mounted with buffered glycerin (50%) for ob-
servation by Fluorescence microscope (ZEISS, Germany).

2.8. In vitro cultivation of C. gigas granulocytes

Primary culture of the isolated granulocytes was cultivated in 12-
wells microplate with 2mLM-L15 medium (supplemented with 1%
gentamycin and 1% streptomycin) at 28 °C. The medium was replaced
every fourth day by replacing 3/4 of the spent medium with an equal
volume of fresh and pre-warmed medium [45].

2.9. Statistical analysis

All data were subjected to analyze and graph by ANOVA and
Student's t-test. Differences were considered as significant atp < 0.05.
All data were represented as mean * standard error (N = 3).

3. Results
3.1. The characters of CgAATase gene

The complete ORF of CgAATase gene was of 1431 bp, encoding a
peptide of 476 amino acids with a predicted molecular weight of
54.5kDa (Fig. 1). There was an AATase domain from 25 to 389 amino
acids in protein sequence of CgAATase (Fig. 2).

3.2. Recombinant protein of CgAATase and the specificity of its monoclonal
antibody

The recombinant protein of CgAATase (rCgAATase) containing
AATase domain was expressed and purified by the His-tag Protein
Fusion and Purification System. A distinct band with molecular weight
of 56 kDa was revealed by SDS-PAGE, which was consistent with the
predicted molecular mass of CgAATase (54.5kDa) together with a
“LEHHHHHH-” tag (about 1.6 kDa) (Fig. 3A).

According to the hybridoma technology, the positive hybridoma
cells were selected after the fusion, and cloned by limiting dilution for
the first time. The single hybridoma cell cluster that secreted mono-
clonal antibody reacting specifically with granulocytes was obtained,
and then the stable and single hybridoma cell cluster was cloned by
limiting dilution for two times (Table 2). The specificity of monoclonal
antibody was investigated by Western blotting assay, and there was a
clear reaction band about 54.5 kDa (Fig. 3B).
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1 ATGGTTGATCCGGGACATTTTCATTTTCAATACAACGACTGTCTCAAGATGCGGTATGAA
1 M VDPGHTFHTFQYNDTCLTEKUMEPRYE
61 AGAAAACTGGGACCTCTAGAAACCATGTACCATGTTTATTACATTCGTGGTGTAGACATC
20 R KLGPLETMYHYYYTIRGVDTI
121 TATGCCCAAATGGCTACCCTGATGTGCGAAAAATTTGTCACCAAAGCGGAAGTGACGGAG
41 AR TAE TS I ENECEE T K P I K AT E VTR
181 GCGATGGTTTGTTTGTTAAAAAGACACCCAATGT TGAGGATGACAATCAAAGAAACAGAC
61 ATV UL T RO PN RN T T K BT D
241 AAGGAATACCCCGAGTTTAAATTCGTCGAAATGAACCCTGTCAAACTTGACATTCAAGTT
81 e LR A L S T ) D e e R ) R R G ) ) ) i L
301 TCTTCTTCTTGTGACAAAGAAACTCTATTACACGACGAATCGTGCAAATCCTTTGCTGTA
101 ESTESTSTCIDEKEEN AL LT DR S ECTKTS T RIATY.
361 AAAGACGGTCCGTTATGGAGACTGACGATCGTGAGAAATACGAATGGAGAACCAATTGGA
121 pkmbatsPElEVaRElntnlsVaRENELaNESHEsREImG
421 CCAAGAGCAAACGGCCACGAGTTTTCTTTCGTGTTCTGTTTTCATCACAGTT TAGCTGAT
141 P R ANG HEFSFVFCFHHSLAD
481 GGAATTTACCTTCGGACTCTCTTTGCCGATTTCATTGAATTCTTGGACATGGTTCAAAGA
61 ¢ T YL RTILTFEFADTFTIETFILUDMYGR
541 GAGACGATAGATGCGAGTTCTGTGAAAGAAATCGAGATTCTTCOCGCCATTGAGTACCTC
181 "E T I D A SS VoK E L E I L P A I E Y L
601 CTTCCCTTATTAAACCCCAATCGCAGGGTGGTCTCTTTGGATTGTAACAGOGGAGATCCT
201 (PR TENSPENSRERENVE VTS S ShlcON TS TP
661 TCAAAATTCATOGATGCTCTTCCAGCGTATGAGGCACACTTCTATGATGAAATCGAACAG
221 'S KF IDALPAYEAHRTFYDETITEAQ
721 TTACGGAACCAAAAACAATOGACAAAGTOCATTCGATCCCATTTACAGTCAACGAAGTCT
241 BEERENEQEETQESEIEKSEISRESERANENQESETIEETS
781 AAGAAATTCCTACTGCAATGCAAGCAAAACAGTGTGACAGTTACGGGTGCCTGCATTGCG
b/ WL e S T TR, B T I R S T B W
841 GCGTCTTGTATTGOGTTTGGACAGTTGATCAAATCTTCAATAGCAGACGATGTTAAAGTC
281 ARSI CEIIATE CHQi T K S ST TATDED VK
901 TTAATGATTCCAGTGGAGATTATGGTAAATATGAGGCGTTATACGCAGCAAAACAGCTTG
301 L M I PV ETIMYVNMRRYT® QQNSL
961 TATCAAGCCTACCCAGGGGTCGCTGCCGTACACCTTCCGTTAACAGTCAAACTTCCGCTC
EVA QIS A B Ji e TR B e i I A B e
1021 GTTGAGAACCCGCGGGAACACTTTTGGTACCTTGCAAAACAGTGCACTGACGATATTAAT
341 VARENCPRERAR SRS W B AR QG D NN
1081  AACAAGATCATATCCGGTTATCCCTTGGAATATATGTOCACOGAGGTAGCCCAAGAAATT
361 INEKRINIFSECEYEPILEEEYENESETNREVANqEERT
1141 CACTCCACGCCCAACACGGGAAAATCTCCCTACGTCCTGTGCATAACCAATATGTCGACA
3Bl '"HS TPNTGKSPYVLCITNMST
1201 GTTGATGGCATOGTGAAGCCAAACCAGAGGGCGCGGTTCCAGTTGAAGGAGTTTCCCGCC
401 VD GIVKPNQRARTFA QLI KETFTPA
1261 ATGACGCAAATCGGAATCGACGACATGCCGATTTTCTATGTCGGGATTTTATCCATGGCG
421 M T QI G I DDMPTIFYVGILSHMA
1321 CAGGAACTTCATTTGGATATCGGACACTGTCAACGATATACGTCACAATCTACGGCGGCC
441 Q ELHLDTIGHTCU QRYTSQSTAA
1361 AAATTCTCGTGGAATGTAATGTCCATGTTACAGAATTATAGTAATTTGTAA
461 K F S WNUV MS MLQNYSNL -

Fig. 1. The Nucleotide and deduced amino acid sequence of CgAATase.
The nucleotides and amino acids are numbered along the left margin. The dash
(—) indicates the stop codon. The AATase domain is shadowed.

3.3. The expression pattern of CgAATase

qRT-PCR was performed to analyze the mRNA expression of
CgAATase. The mRNA transcripts of CgAATase were expressed in all the
eight tested tissues including hepatopancreas, mantle, gonad, gill, he-
mocytes, ganglion, adductor muscle, and labial palp. The significant
highest expression of CgAATase mRNA was detected in hemocytes,
which was about 37.31-fold (p < 0.05) higher than that in
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hepatopancreas. There were no significant differences among the other
seven tested tissues (Fig. 4A).

The three subtypes of hemocytes were separated by Percoll” gra-
dient with optimized concentration and volume. Three distinct layers
were separated after centrifugation. The granulocytes, semi-granulo-
cytes and agranulocytes accounted for 32.27 *= 2.61%,
40.01 * 1.92% and 27.63 * 1.60% of the total hemocytes, respec-
tively [17]. The mRNA expressions of CgAATase in three subtypes of
hemocytes were further examined by qRT-PCR. The highest expression
level of CgAATase mRNA was detected in granulocytes, which was
about 8.26-fold (p < 0.05) and 2.80-fold (p < 0.05) of that in agra-
nulocytes and semi-granulocytes, respectively (Fig. 4B).

3.4. The temporal mRNA expression of CgAATase post V. splendidus
stimulation

The mRNA expressions of CgAATase in hemocytes were detected at
0, 3, 6, 12, 24, 48, 72 and 96 h after V. splendidus stimulation. The
expression level of CgAATase was gradually up-regulated from 3 h post
V. splendidus stimulation, and ascended to the peak level at 6 h, which
was 27.40-fold (p < 0.05) higher than that in control group. Then, it
was gradually decreased, and still significantly higher than that in
control group (12 h: 20.96-fold, p < 0.05; 24 h: 11.29-fold, p < 0.05;
48 h: 7.25-fold, p < 0.05; 72h: 9.20-fold, p < 0.05). At 96 h after V.
splendidus stimulation, the expression level of CgAATase recovered to
the normal level with no significant difference compared with that in
the control group (0.81-fold, p > 0.05) (Fig. 5).

3.5. The isolation and characterization of granulocytes via anti-CgAATase
monoclonal antibody

Two subpopulations of C. gigas hemocytes, P1 and P2 (P1: agranu-
locytes and semi-granulocytes; P2: granulocytes), were separated by the
surface marker of granulocytes, and they were scattered in separated
plots according to the granule intensity MC_Ch06 and Normalized
Frequency. Agranulocytes and semi-granulocytes accounted for a high
percentage (88.1 * 3.94%) of the total hemocytes, while granulocytes
made up a low percentage of 11.2 + 3.63% (Fig. 6). After incubated
with anti-CgAATase antibody-coated bead, the magnetically labeled
and unlabeled hemocytes were separated by immunomagnetic bead
with magnetic adsorption. The P2 magnetically labeled hemocytes
displayed the same morphologic characters as the granulocytes with
high granule intensity. MC_Ch06 and the biggest cell size approxi-
mately 12-15um in diameter, numerous large granules in cytoplasm,
and a relatively small N:C ratio under the flow cytometry. The mem-
brane of labeled hemocytes was also observed coating with many im-
munomagnetic beads (Fig. 7A), and the CgAATase positive hemocytes
accounted for 85.7 *+ 4.60% of the total hemocytes (Fig. 7B). The P1
unlabeled hemocytes were consistent with agranulocytes and semi-
granulocytes in a low granule intensity_. MC_Ch06, and characterized
with smaller cell size (5-12pm) and fewer granules, no im-
munomagnetic bead on the membrane (Fig. 7C), and the purity rate
was up to 97.7 = 1.01% (Fig. 7D).
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Fig. 2. The protein domain of CgAATase predicted by SMART (http://smart.embl.de/).
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116 0KD

66 2KD

45.0KD

35.0KD

25.0KD

18.4KD

14.4KD

Table 2
Positive values of monoclonal antibodies.

Hybridoma cell First generation Second generation Third generation

1.04 1.53 0.96 1.09

Negative value (PBS) = 0.09.
3.6. The sub-cellular localization of CgAATase in C. gigas granulocytes

The sub-cellular localization of CgAATase on granulocytes was de-
termined by immunohistochemistry assay. After incubation of granu-
locytes with anti-CgAATase monoclonal antibody, the positive signals of
FITC labeled antibody were detected in green fluorescence, which were
mainly located on the membrane of granulocytes. Dil and DAPI were
employed to stain membrane and nucleus of granulocytes in red and
blue fluorescence, respectively (Fig. 8).

3.7. Invitro cultivation of C. gigas granulocytes

The isolated granulocytes were cultured in M-L15 medium, and
their morphological features were examined everyday with light mi-
croscope. After one week cultivation, granulocytes still maintained
good cell viability. Highly viable and a dynamic development of filo-
podia relating to adherence were observed under light microscope
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Fig. 3. The recombination protein of CgAATase and
the specificity of its monoclonal antibody.

A: SDS-PAGE analysis of rCgAATase. Lane M:
Standard protein molecular weight marker; Lane 1:
Negative control (without IPTG induction); Lane 2:
The supernatant of induced rCgAATase; Lane 3: The
sedimentation of induced rCgAATase; Lane 4: The
purified rCgAATase;

B: Western bolt of rCgAATase protein with CgAATase
monoclonal antibody. Lane M: Standard protein
molecular weight marker; Lane 1: rCgAATase pro-
tein.

w7 pBs

{1/ V. splendidus

Relative mRNA expression level of CgAATase

Hemocyte

Fig. 5. The mRNA expression pattern of CgAATase after V. splendidus stimula-
tion.

The oyster Elongation Factor (EF, GenBank accession NM_001305313) gene
was used as an internal control to calibrate the ¢cDNA template for all the
samples. Each value was shown as mean + S.D. (Vertical bars represent the
mean * S.D.) (N = 3).
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Fig. 4. Expression of CgAATase mRNA in various tissues and three sub-types of oyster hemocytes.
A: CgAATase mRNA expression levels (relative to Elongation Factor) in different tissues hepatopancreas, mantle, gonad, gill, hemocytes, ganglion, adductor muscle
and labial palp were normalized to that of hepatopancreas. Vertical bars represent the mean = S.D. (N = 3) for each tissue. The different letters (a, b) indicated

significant differences (p < 0.05, ANOVA). Vertical bars represent the mean
cytes.
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Fig. 6. The total hemocytes analyzed by Flow cytometry.
R1: semi-granulocytes and agranulocytes; R2: granulocytes.

(Fig. 9). Dead cells loosed adherence were observed floating, and they
were pipetted off during replacement of medium.

4. Discussion

Granulocytes have been morphologically characterized in Pacific
oyster C. gigas, and considered as the main immunocompetent hemo-
cytes. However, the specific immunological function, ontogenesis as
well as differentiation of granulocytes are remained unclear, in part due
to the limitation of specific markers. In the present study, CgAATase
was identified as a potential surface marker for granulocytes in Pacific
oyster C. gigas, which could be used for cell sorting of high purity
granulocytes and further molecular cytological studies.

The AATases are bisubstrate enzymes to catalyze the transfer of acyl
chains from an acyl-coenzyme A (CoA) donor to an acceptor alcohol
[46,47]. A number of AATases and orthologs containing AATase do-
main have been identified in yeasts [48], plants [49] and bacteria
species [50], and they are confirmed to be involved in metabolic en-
gineering of ester biosynthesis and enzyme engineering [51]. However,
the relevant report about AATases is still very limited in animal
kingdom. In the present study, an AATase (CgAATase) with a typical
AATase domain was first identified in C. gigas, and its potential function
was further investigated.

The biological functions of AATase are of membrane dependent, and
it play roles in ester biosynthesis and metabolic engineering [52,53]. A
series of investigations have now defined the contribution of AATase to
ester production in Saccharomyces cerevisiae at the cellular level [46].
The esters are central part of metabolism and play critical roles in im-
mune system [54]. The esters have been identified to regulate the im-
mune cell activation and differentiation in the Macrophages and T
lymphocytes [55,56]. The function and phenotype of immune cell are
related of various esters. For example, the pathways promoting ester
synthesis and accumulation tend to drive a pro-inflammatory pheno-
type, while pathways enhancing ester efflux push immune cells toward
an anti-inflammatory phenotype [55]. In the present study, CgAATase
was found to be highly expressed in hemocytes compared to that in
other tissues, and its mRNA expression level in hemocytes was
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significantly up-regulated after V. splendidus stimulation, indicating its
involvement in immune response.

Immune defense is an energy consuming process, and the organism
has to reallocate energy metabolism to meet the demands of immune
response, in return, the systemic metabolic switch is regulated by
adenosine released from immune cells [57]. AATase has been reported
that regulated the energy during the immune response by mediating
ester biosynthesis and hydrolysis. The energy metabolic pathways are
distinctive in different types of immune hemocytes or the same type
immune hemocytes under different conditions [58,59]. Interestingly,
CgAATase was found to be mainly expressed in granulocytes, and
granulocytes had been demonstrated as the most immune-active he-
mocytes in oyster [17]. Immunofluorescence assay corroboratively re-
vealed that CgAATase was located at the cell membrane of granulo-
cytes. Immune cells require ester during proliferation to maintain and
remodel cell membrane during the immune response. It was assumed
that CgAATase might play a certain role through the regulation of en-
ergy metabolism pathway in the immune system. In addition, CgAATase
is also necessary for production of esters which comprise the cellular
membrane derived signaling mediators. CgAATase provides a potential
molecular marker in vivo to study the metabolic changes and their
regulation during immune response. Specific cell markers have been
proved to be effective in clarifying the function of hemocytes. In ver-
tebrates, CDs are usually used as the specific molecular markers of
different type granulocytes, such as CD11b, CD16 and CD66b for neu-
trophils, CD69 and CD11b for eosinophils, and CD63 and CD203c for
basophils. In the silkworm Bombyx mori, BmintegrinaPS3, a subunit of
integrin, was specifically expressed in larval granulocytes, and de-
monstrated to be a specific marker for granulocytes [39]. Taken to-
gether, CgAATase could be used as specific marker for the isolation of
oyster granulocytes, which would allow the identification to be based
on molecular feature rather than morphological criteria. It also provides
a useful tool to separate sub-populations of hemocytes and go into their
origin, development, and more immunological roles [60].

Magnetic bead with the ability to bind a variety of antibodies has
been applied to positive selection of cells. For example, approximately
98% of rat sinusoidal endothelial cells (SEC) could be isolated by virtue
of a monoclonal antibody (SE-1) that recognized a membranous antigen
expressed in SECs [61]. Similarly, the granulocytes were successfully
separated using immunomagnetic bead coated with anti-CgAATase
monoclonal antibody, and exhibited active cell viability after cultivated
in vitro. Cultivation of cells in vitro has established numerous cell lines of
insect species (silkworm and mosquito) as diverse as plants and hu-
mans, and provides a helpful tool in attain a deeper understanding of
developmental biology, biochemistry, and functional genomics [45].
However, due to the sensitivity and reactivity of mollusc hemocytes, it
is difficult to perform functional studies because the coagulation reac-
tion and uncontrolled cell activation regularly occur when the mixed
hemocyte samples are investigated in vitro. Only one mollusk cell line
has been established [62,63], and the primary cell culture from a
variety of molluscan species have to be used for the studies of complex
physiological processes. CgAATase could provide a cell surface bio-
marker to enrich or purify the granulocytes from oyster.

In conclusion, a potential cell surface marker CgAATase for granu-
locytes was identified for the first time in oyster C. gigas. CgAATase was
membrane associated and special highly expressed in granulocytes. The
mRNA expression of CgAATase was significantly increased after V.
Splendidus stimulation, suggesting that CgAATase might play significant
role in the immune response. With the aid of anti-CgAATase mono-
clonal antibody, oyster granulocytes could be separated effectively with
highly purity, which provide a useful tool for the biological analysis of
granulocytes.

Acknowledgements

The authors thank all laboratory members for valuable discussions.



M. Dong et al.

Fish and Shellfish Inmunology 87 (2019) 96-104

B S
4-
>
2 R2
)
g3
w
g o-
S
E
(e}
Z1-
0 -t—1— LI MR — )
-1€3 0 1e3 1e4 1e5 1e6 1e7
Intensity_MC_Ch06
Intensity_MC_Ch06
Population Count Y%Gated
All 534 100
R2 480 85.7+4.60
D
2.5+
3
§ 2-
3
g
L 1.5- R1
°
N
g
2
0.5+
- N AL BB LLLL LA IR LI
-1e3 0 1e3 1e4 1e5 1e6 1e7

Intensity_MC_Ch06
Intensity_MC_Ch06

Population Count %Gated
All 3832 100
R1 3744 97.7%1.01

Fig. 7. The characterization of the labeled and unlabeled magnetical hemocytes separated with immunomagnetic bead by Flow cytometry analysis
A: The labeled granulocytes with the immunomagnetic bead on their membrane; B: The purity of labeled granulocytes; C: The unlabeled semi-granulocytes and

agranulocytes; D: The purity of semi-granulocytes and agranulocytes.

This research was supported by a grant from National key R&D Program
of China (2018YFD0900502), National Science Foundation of China
(U1706204), Dalian High Level Talent Innovation Support Program
(2015R020), the Research Foundation for Aoshan Talent Cultivation

Bright Field) |
g

Program Supported by Qingdao National Laboratory for Marine
Science, Earmarked Fund (CARS-49) from Modern Agro-industry

Technology Resea

rch System, and Technology and Talented Scholars in

Dalian Ocean University, and Natural Science Foundation of Liaoning,

Merge Fig. 8. Subcellular localization of CgAATase in C.

102

gigas granulocytes.

rCgAATase was found to be located on the cell
membrane of C. gigas granulocytes in green con-
jugated to Alexa-fluor 488. The contour of cells was
shown in bright field. The nucleuses were stained
with DAPI in blue, and the membrane was stained
with Dil in red. (For interpretation of the references
to colour in this figure legend, the reader is referred
to the Web version of this article.)



M. Dong et al.

Fig. 9. Cultured granulocytes of oyster C. gigas in vitro.

China (20170520056).

References

[1]

[2]
[31
[4]
[5]
[6]

[7

—

(8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

K.D. Patel, E. Lorant, D.A. Jones, M. Prescott, T.M. Mcintyre, G.A. Zimmerman,
Juxtacrine interactions of endothelial cells with leukocytes: tethering and signaling
molecules, Behring Inst. Mitt. 92 (92) (1993) 144-164.

L.T. Yam, C.Y. Li, W.H. Crosby, Cytochemical identification of monocytes and
granulocytes, Am. J. Clin. Pathol. 55 (3) (1971) 283-290.

B. Geering, C. Stoeckle, S. Conus, H.U. Simon, Living and dying for inflammation:
neutrophils, eosinophils, basophils, Trends Immunol. 34 (8) (2013) 398-409.

R. Reinhart, S. Wicki, T. Kaufmann, In vitro differentiation of mouse granulocytes,
Methods Mol. Biol. 1419 (2016) 95-107.

M.E. Selsted, Investigational approaches for studying the structures and biological
functions of myeloid antimicrobial peptides, Genet. Eng. 15 (5) (1993) 131-147.
M. Bleyer, C. Curths, F. Dahlmann, J. Wichmann, N. Bauer, A. Moritz, A. Braun,
et al., Morphology and staining behavior of neutrophilic and eosinophilic granu-
locytes of the common marmoset (Callithrix jacchus), Exp. Toxicol. Pathol. 68 (6)
(2016) 335-343.

P. Engel, L. Boumsell, R. Balderas, A. Bensussan, V. Gattei, V. Horejsi, B.Q. Jin,
et al., CD nomenclature 2015: human leukocyte differentiation antigen workshops
as a driving force in immunology, J. Immunol. 195 (10) (2015) 4555-4563.

L. Zhou, R. Somasundaram, R.F. Nederhof, G. Dijkstra, K.N. Faber,

M.P. Peppelenbosch, G.M. Fuhler, Impact of human granulocyte and monocyte
isolation procedures on functional studies, Clin. Vaccine Immunol. 19 (7) (2012)
1065-1074.

A. Gorgens, S. Radtke, M. Mollmann, M. Cross, J. Diirig, P.A. Horn, B. Giebel,
Revision of the human hematopoietic tree: granulocyte subtypes derive from dis-
tinct hematopoietic lineages, Cell Rep. 3 (5) (2013) 1539-1552.

F.S. Lakschevitz, S. Hassanpour, A. Rubin, N. Fine, C. Sun, M. Glogauer,
Identification of neutrophil surface marker changes in health and inflammation
using high-throughput screening flow cytometry, Exp. Cell Res. 342 (2) (2016)
200-209.

K. Nakahigashi, A. Otsuka, Y. Miyachi, K. Kabashima, M. Tanioka, A case of Churg-
Strauss syndrome: flow cytometric analysis of the surface activation markers of
peripheral eosinophils, Acta Derm. Venereol. 93 (1) (2013) 100-101.

C.H. Bridts, V. Sabato, C. Mertens, M.M. Hagendorens, L.S. De Clerck, D.G. Ebo,
Flow cytometric allergy diagnosis: basophil activation techniques, Methods Mol.
Biol. 1192 (2014) 147-159.

R. Shamri, J.J. Xenakis, L.A. Spencer, Eosinophils in innate immunity: an evolving
story, Cell Tissue Res. 343 (1) (2011) 57-83.

M. Kanoh, S. Maruyama, Y. Asano, Listeria infection inhibits IgE production in
regional lymph nodes by suppressing chemotaxis of basophils to lymph nodes,
Microbiol. Immunol. 57 (12) (2013) 842-848.

B.L. Makepeace, C. Martin, J.D. Turner, S. Specht, Granulocytes in helminth in-
fection — who is calling the shots? Curr. Med. Chem. 19 (10) (2012) 1567-1586.
J. Xing, Y. Chang, X. Tang, X. Sheng, W. Zhan, Separation of haemocyte sub-
populations in shrimp Fenneropenaeus chinensis by immunomagnetic bead using
monoclonal antibody against granulocytes, Fish Shellfish Immunol. 60 (2017)
114-118.

W. Wang, M. Li, L. Wang, H. Chen, Z. Liu, Z. Jia, L. Qiu, L. Song, The granulocytes
are the main immunocompetent hemocytes in Crassostrea gigas, Dev. Comp.
Immunol. 67 (2017) 221-228.

S. Lv, J. Xu, J. Zhao, N. Yin, B. Lu, S. Li, Y. Chen, H. Xu, Classification and pha-
gocytosis of circulating haemocytes in Chinese mitten crab ( Eriocheir sinensis ) and
the effect of extrinsic stimulation on circulating haemocytes in vivo, Fish Shellfish
Immunol. 39 (2) (2014) 415-422.

H. Kwon, K. Bang, S. Cho, Characterization of the hemocytes in Larvae of Protaetia
brevitarsis seulensis: involvement of granulocyte-mediated phagocytosis, PLoS One 9
(8) (2014) €103620.

M. Ray, N.S. Bhunia, A.S. Bhunia, S. Ray, A comparative analyses of morphological

103

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]
[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

Fish and Shellfish Immunology 87 (2019) 96-104

variations, phagocytosis and generation of cytotoxic agents in flow cytometrically
isolated hemocytes of Indian molluscs, Fish Shellfish Immunol. 34 (1) (2013)
244-253.

J.A. Cueto, C. Rodriguez, I.A. Vega, A. Castro-Vazquez, Immune defenses of the
invasive apple snail Pomacea canaliculata (Caenogastropoda, ampullariidae): pha-
gocytic hemocytes in the circulation and the kidney, PLoS One 10 (4) (2015)
€0123964.

J. Xing, X. Tang, Y. Ni, W. Zhan, Application of monoclonal antibody against
granulocytes of scallop Chlamys farreri on granulocytes occurrence at different de-
velopmental stages and antigenic cross-reactivity of granulocytes in five other bi-
valve species, Fish Shellfish Immunol. 36 (1) (2014) 315-319.

E.C. Wootton, R.K. Pipe, Structural and functional characterisation of the blood
cells of the bivalve molluse, Scrobicularia plana, Fish Shellfish Immunol. 15 (3)
(2003) 249-262.

E.A. Dyrynda, R.K. Pipe, N.A. Ratcliffe, Sub-populations of haemocytes in the adult
and developing marine mussel, Mytilus edulis, identified by use of monoclonal an-
tibodies, Cell Tissue Res. 289 (3) (1997) 527-536.

W. Zhang, X. Wu, J. Sun, D. Li, Micro- and ultra- structural characterization of
haemocytes in scallop Chlamys farreri, J. Trop. Oceanogr. 26 (3) (2007) 57-62.
W. Zhang, X. Wu, M. Wang, Morphological, structural, and functional character-
ization of the haemocytes of the scallop, Argopecten irradians, Aquaculture 251 (1)
(2006) 19-32.

E.A. Pila, J.T. Sullivan, X.Z. Wu, J. Fang, S.P. Rudko, M.A. Gordy, P.C. Hanington,
Haematopoiesis in molluscs: a review of haemocyte development and function in
gastropods, cephalopods and bivalves, Dev. Comp. Immunol. 58 (2016) 119-128.
L.L. Pech, M.R. Strand, Granular cells are required for encapsulation of foreign
targets by insect haemocytes, J. Cell Sci. 109 (Pt 8) (1996) 2053-2060.

V.J. Marmaras, M. Lampropoulou, Regulators and signalling in insect haemocyte
immunity, Cell. Signal. 21 (2) (2009) 186-195.

S. Castellanos-Martinez, M. Prado-Alvarez, A. Lobo-da-Cunha, C. Azevedo,

C. Gestal, Morphologic, cytometric and functional characterization of the common
octopus ( Octopus vulgaris ) hemocytes, Dev. Comp. Immunol. 44 (1) (2014) 50-58.
A. Tame, T. Yoshida, K. Ohishi, T. Maruyama, Phagocytic activities of hemocytes
from the deep-sea symbiotic mussels Bathymodiolus japonicus, B. platifrons, and B.
septemdierum, Fish Shellfish Immunol. 45 (1) (2015) 146-156.

J. Sun, X. Wu, W. Zhang, Morphological, structural and functional characteristics of
the hemocytes of the oyster, Crassostrea ariakensis, J. Shellfish Res. 25 (1) (2006)
55-64.

S. Lv, J. Xu, J. Zhao, N. Yin, B. Lu, S. Li, Y. Chen, H. Xu, Classification and pha-
gocytosis of circulating haemocytes in Chinese mitten crab (Eriocheir sinensis) and
the effect of extrinsic stimulation on circulating haemocytes in vivo, Fish Shellfish
Immunol. 39 (2) (2014) 415-422.

T.L. Horton, R. Minter, R. Stewart, P. Ritchie, M.D. Watson, J.D. Horton, Xenopus
NK cells identified by novel monoclonal antibodies, Eur. J. Immunol. 30 (2) (2000)
604-613.

D.S. Layton, A.D. Strom, T.E. O'Neil, M.M. Broadway, G.L Stephenson, K.R. Morris,
M. Muralitharan, et al., Development of an anti-porcine CD34 monoclonal antibody
that identifies hematopoietic stem cells, Exp. Hematol. 35 (1) (2007) 171-178.

H. Sung, P. Wu, Y. Song, Characterisation of monoclonal antibodies to haemocyte
subpopulations of tiger shrimp ( Penaeus monodon ): immunochemical differentia-
tion of three major haemocyte types, Fish Shellfish Immunol. 9 (3) (1999) 167-179.
Y. Lin, W. Zhan, Q. Li, Z. Zhang, X. Wei, X. Sheng, Ontogenesis of haemocytes in
shrimp ( Fenneropenaeus chinensis ) studied with probes of monoclonal antibody,
Dev. Comp. Immunol. 31 (11) (2007) 1073-1081.

W. Zhan, X. Wei, J. Xing, Z. Zhang, Characterization of monoclonal antibodies to
haemocyte types of the shrimp, Fenneropenaeus chinensis, Crustaceana 81 (8) (2008)
931-942.

K. Zhang, J. Tan, M. Xu, J. Su, R. Hu, Y. Chen, F. Xuan, et al., A novel granulocyte-
specific a integrin is essential for cellular immunity in the silkworm Bombyx mori, J.
Insect Physiol. 71 (2014) 61-67.

K.J. Livak, T.D. Schmittgen, Analysis of relative gene expression data using real-
time quantitative PCR and the 2(-Delta Delta C(T)) Method, Methods 25 (4) (2001)
402-408.

H. Shen, N. Wu, Z. Liu, H. Zhao, M. Zhao, Epigallocatechin-3-gallate alleviates
paraquat-induced acute lung injury and inhibits upregulation of toll-like receptors,
Life Sci. 170 (2017) 25-32.

Q. Li, Y. Li, H. Li, Y. Wang, D. Xu, Production, characterization and application of
monoclonal antibody to spherulocytes: a subpopulation of coelomocytes of
Apostichopus japonicus, Fish Shellfish Immunol. 29 (5) (2010) 832-838.

Z. Jia, T. Zhang, S. Jiang, M. Wang, Q. Cheng, M. Sun, L. Wang, et al., An integrin
from oyster Crassostrea gigas mediates the phagocytosis toward Vibrio splendidus
through LPS binding activity, Dev. Comp. Immunol. 53 (1) (2015) 253-264.

E. Gabor, G. Cinege, G. Csordas, T. Torok, K. Folkl-Medzihradszky, Z. Darula,

1. Ando, et al., Hemolectin expression reveals functional heterogeneity in honey bee
(Apis mellifera) hemocytes, Dev. Comp. Immunol. 76 (2017) 403-411.

B. Monica, N. Kari, R.M. Aamodt, Long-term maintenance of in vitro cultured
honeybee (Apis mellifera) embryonic cells, BMC Dev. Biol. 6 (1) (2006) 17-17.

B. Nancolas, I.D. Bull, R. Stenner, V. Dufour, P. Curnow, Saccharomyces cerevisiae
Atflp is an alcohol acetyltransferase and a thioesterase in vitro, Yeast 34 (6) (2017)
239-251.

S. Galaz, L. Morales-Quintana, M.A. Moya-Ledn, R. Herrera, Structural analysis of
the alcohol acyltransferase protein family from Cucumis melo shows that enzyme
activity depends on an essential solvent channel, FEBS J. 280 (5) (2013)
1344-1357.

S.M. Saerens, K.J. Verstrepen, S.D. Van, A.R. Voet, P. Van, F.R. Delvaux,

J.M. Thevelein, The Saccharomyces cerevisiae EHT1 and EEB1 genes encode novel


http://refhub.elsevier.com/S1050-4648(19)30003-8/sref1
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref1
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref1
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref2
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref2
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref3
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref3
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref4
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref4
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref5
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref5
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref6
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref6
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref6
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref6
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref7
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref7
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref7
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref8
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref8
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref8
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref8
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref9
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref9
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref9
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref10
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref10
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref10
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref10
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref11
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref11
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref11
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref12
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref12
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref12
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref13
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref13
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref14
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref14
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref14
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref15
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref15
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref16
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref16
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref16
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref16
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref17
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref17
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref17
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref18
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref18
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref18
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref18
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref19
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref19
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref19
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref20
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref20
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref20
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref20
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref21
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref21
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref21
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref21
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref22
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref22
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref22
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref22
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref23
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref23
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref23
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref24
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref24
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref24
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref25
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref25
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref26
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref26
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref26
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref27
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref27
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref27
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref28
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref28
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref29
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref29
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref30
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref30
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref30
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref31
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref31
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref31
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref32
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref32
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref32
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref33
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref33
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref33
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref33
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref34
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref34
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref34
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref35
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref35
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref35
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref36
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref36
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref36
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref37
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref37
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref37
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref38
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref38
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref38
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref39
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref39
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref39
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref40
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref40
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref40
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref41
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref41
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref41
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref42
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref42
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref42
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref43
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref43
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref43
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref44
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref44
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref44
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref45
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref45
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref46
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref46
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref46
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref47
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref47
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref47
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref47
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref48
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref48

M. Dong et al.

[49]

[50]

[51]

[52]

[53]

[54]

[55]

enzymes with medium-chain fatty acid ethyl ester synthesis and hydrolysis capa-
city, J. Biol. Chem. 281 (7) (2006) 4446-4456.

G. Cumplido-laso, L. Medina-puche, E. Moyano, T. Hoffmann, Q. Sinz, L. Ring,

C. Studart-wittkowski, et al., The fruit ripening-related gene FaAAT2 encodes an
acyl transferase involved in strawberry aroma biogenesis, J. Exp. Bot. 63 (11) (2012)
4275-4290.

R. Kalscheuer, A. Steinbiichel, A novel bifunctional wax ester synthase/acyl-CoA:
diacylglycerol acyltransferase mediates wax ester and triacylglycerol biosynthesis
in Acinetobacter calcoaceticus ADP1, J. Biol. Chem. 278 (10) (2003) 8075-8082.
J. Lin, J. Zhu, I. Wheeldon, Rapid ester biosynthesis screening reveals a high ac-
tivity alcohol-O-acyltransferase (AATase) from tomato fruit, Biotechnol. J. 11 (5)
(2016) 700-707.

S.M.G. Saerens, F.R. Delvaux, K.J. Verstrepen, J.M. Thevelein, Production and
biological function of volatile esters in Saccharomyces cerevisiae, Microb. Biotechnol.
3(2) (2010) 165-177.

J. Zhu, J. Lin, L. Palomec, L. Wheeldon, Microbial host selection affects intracellular
localization and activity of alcohol-O-acetyltransferase, Microb. Cell Factories 14
(1) (2015) 35.

C.M. Dowds, S.C. Kornell, R.S. Blumberg, S. Zeissig, Lipid antigens in immunity,
Biol. Chem. 395 (1) (2014) 61-81.

M.J. Hubler, A.J. Kennedy, Role of lipids in the metabolism and activation of

104

[56]

[57]

[58]
[59]
[60]

[61]

[62]

[63]

Fish and Shellfish Immunology 87 (2019) 96-104

immune cells, J. Nutr. Biochem. 34 (2016) 1-7.

D. Howie, B.A. Ten, A.S. Necula, S.P. Cobbold, H. Waldmann, The role of lipid
metabolism in T lymphocyte differentiation and survival, Front. Immunol. 8 (2017)
1949.

A. Bajgar, K. Kucerova, L. Jonatova, A. Tomcala, I. Schneedorferova, J. Okrouhlik,
T. Dolezal, Extracellular adenosine mediates a systemic metabolic switch during
immune response, PLoS Biol. 13 (4) (2015) €1002135.

S.K. Biswas, Metabolic reprogramming of immune cells in cancer progression,
Immunity 43 (3) (2015) 435-449.

J. Kim, Regulation of immune cell functions by metabolic reprogramming, J.
Immunol. Res. 10 (2018) (2018) 8605471.

H. Sung, R. Sun, Use of monoclonal antibodies to classify hemocyte subpopulations
of tiger shrimp (Penaeus monodon), J. Crustac Biol. 22 (2) (2002) 337-344.

T. Tokairin, Y. Nishikawa, Y. Doi, H. Watanabe, T. Yoshioka, M. Su, Y. Omori, et al.,
A highly specific isolation of rat sinusoidal endothelial cells by the im-
munomagnetic bead method using SE-1 monoclonal antibody, J. Hepatol. 36 (6)
(2002) 725-733.

E.L. Hansen, A cell line from embryos of Biomphalaria glabrata (pulmonata): es-
tablishment and characteristics, Invertebr. Tissue Cult. 55 (1) (1976) 75-99.

T.P. Yoshino, U. Bickham, C.J. Bayne, Molluscan cells in culture: primary cell
cultures and cell lines, Can. J. Zool. 91 (6) (2013) 391-404.


http://refhub.elsevier.com/S1050-4648(19)30003-8/sref48
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref48
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref49
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref49
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref49
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref49
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref50
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref50
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref50
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref51
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref51
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref51
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref52
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref52
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref52
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref53
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref53
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref53
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref54
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref54
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref55
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref55
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref56
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref56
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref56
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref57
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref57
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref57
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref58
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref58
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref59
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref59
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref60
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref60
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref61
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref61
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref61
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref61
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref62
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref62
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref63
http://refhub.elsevier.com/S1050-4648(19)30003-8/sref63

	CgAATase with specific expression pattern can be used as a potential surface marker for oyster granulocytes
	Introduction
	Materials and methods
	Oysters, hemocytes and tissues collection
	cDNA synthesis and gene cloning of full-length cDNA
	Real-time PCR analysis of CgAATase mRNA expression
	Recombinant expression and purification of CgAATase protein
	Monoclonal antibody preparation and Western blotting analysis
	Immunomagnetic bead separation
	Immunofluorescence assay of C. gigas granulocytes
	In vitro cultivation of C. gigas granulocytes
	Statistical analysis

	Results
	The characters of CgAATase gene
	Recombinant protein of CgAATase and the specificity of its monoclonal antibody
	The expression pattern of CgAATase
	The temporal mRNA expression of CgAATase post V. splendidus stimulation
	The isolation and characterization of granulocytes via anti-CgAATase monoclonal antibody
	The sub-cellular localization of CgAATase in C. gigas granulocytes
	In vitro cultivation of C. gigas granulocytes

	Discussion
	Acknowledgements
	References




