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ARTICLE INFO ABSTRACT

Keywords: C-type lectin is a type of carbohydrate-binding protein and plays significant roles in innate immune response
C-type lectin against pathogen infection. To date, thousands of C-type lectin had been identified in teleost. In the present
Oplegnathus. punctatus study, we isolated a novel isoform of C-type lectin (OppCTL) from spotted knifejaw (Oplegnathus punctatus). The
Hemagglutination OppCTL encoded a typical Ca®* -dependent carbohydrate-binding protein, and was mainly expressed in liver in a

Antibacterial activity
Anti-inflammatory activity
Immune response

tissue specific fashion. The expression of OppCTL was significantly up-regulated following Vibrio anguillarum
infection in vivo, suggesting involvement in immune response. Hemagglutination analysis showed that the re-
combinant OppCTL (rOppCTL) could agglutinate erythrocyte from Mus musculus, Oplegnathus punctatus, Sebastes
schlegelii and Paralichthys olivaceus. The rOppCTL could bind and agglutinate all tested bacteria. The rOppCTL
possessed capacities of calcium-dependent agglutination to all tested bacteria. Sugar binding assay revealed that
rOppCTL could also bind to the glycoconjugates of the bacterial surface, including lipopolysaccharide and
peptidoglycan. Interestingly, Dual-luciferase analysis revealed that OppCTL could inhibit the activity of NF-xB in
HEK-293T cells after OppCTL overexpression. Taken together, these results indicate that OppCTL has immune
activity capable of defending invading pathogens and possesses potential immunoregulatory activity, enriching
our understanding of the function of C-type lectin.

1. Introduction present on the surface of pathogens, they are also considered as pattern

recognition receptors (PRRs), which play significant roles in non-self-

Lectins are carbohydrate-binding proteins, macromolecules that are
highly specific for sugar moieties of other molecules. They are ubiqui-
tously distributed in living organisms, from viruses to humans [1]. C-
type lectins (CTLs) are proteins that contain a carbohydrate recognition
domain (CRDs) and bind carbohydrates in a Ca2+-dependent manner.
The CRD consists 115-130 amino acids and forms a double-loop
structure that is stabilized by disulfide binds composed of four con-
served cysteine residues [2]. Based on the carbohydrate binding char-
acteristics of CRD domains, CTLs can be divided into two groups,
mannose-specific type with EPN motif and galactose-specific type with
QPD motif. It was reported that calcium was necessary for structure
maintenance and binding activity of lectin [3]. However, many C-type
lectins were reported to be Ca*-independent [2].

As C-type lectins can recognize and bind the specific carbohydrates
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recognition and clearance of invading microorganisms [4]. Besides
function as PRRs, CTLs also participate other immune responses, such
as anti-bacteria, fungi or virus activity [5-7], phagocytosis [8], ag-
gregation [9], encapsulation and melanization [10], the complement
system activation [11], cell adhesion [12] and cytokine release [13],
and many other biological processes. To date, a number of CTLs have
been isolated and functional analyzed in teleost, such as Larimichthys
crocea, Epinephelus coioides, Paralichthys olivaceus and Ctenopharyngodon
idellus [14-17]. Among these species, the immune responses of CTLs to
a variety of pathogenic bacteria were discussed. When facing invading
bacteria, the expression of CTLs was significantly up-regulated in tested
tissues. Meanwhile, the bacterial agglutination activities, binding ac-
tivities, and coagulation activities were also analyzed in these studies.
Furthermore, a CTL in Epinephelus coioides was involved in immune
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Table 1
Primers used in this study.
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Primer name Primer sequences (5’-3")

Amplification target

CTL-F AACACCAAAGAGCAGCGAG

CTL-R TCATCATTGAGTGGTGGTCC

CTL-32a-F CGCGGATCCGCAGACAGTCCAGAGGGAG
CTL-32a-R CCGCTCGAGTCACACAAGCGGGATGG
CTL-GFP-F CCGCTCGAGATGATGAACCTCATCAAACA
CTL-GFP-R TCCCCCGCGGCACAAGCGGGATGGCGTCCT
CTL-Q-F CTGTGTAACCACTACTCCAAAC

CTL-Q-R CGCCAATCTCTGTACACTTATC

ACTB-Q-F GGTCTGTGATGCCCTTAGATGTC

ACTB-Q-R AGTGGGGTTCAGCGGGTTAC

Amplification of CTL partial sequence
Amplification of CTL partial sequence
Construction of recombinant vector
Construction of recombinant vector
Construction of overexpression vector
Construction of overexpression vector
Real-time PCR

Real-time PCR

Real-time PCR

Real-time PCR

response to C. irritans [18].

Spotted knifejaw, Oplegnathus punctatus is a recently introduced
cultured fish species in China. The occurrence of pathogenic diseases
has increased greatly as its cultures have expanded. However, knowl-
edge about the immune system of spotted knifejaw is scarce, which
hinders the environmentally friendly strategies for disease prevention.
Herein, a novel C-type lectin (OppCTL) was characterized and func-
tionally analyzed from Oplegnathus punctatus. We detected the expres-
sion pattern of OppCTL in response to V. anguillarum infection in vivo.
And also, the bacterial agglutination and binding activity, coagulation
activity and anti-inflammation activity were discussed. All the results
confirmed that OppCTL can functions as a PRR and immunosuppressive
factor participating in immune response to bacterial infection. Our
findings further deepened our understanding of the anti-bacterial im-
mune mechanism of Oplegnathus punctatus, especially the anti-bacterial
mechanism of lectins.

2. Materials and methods
2.1. Ethics statement

This research was conducted in accordance with the protocols of the
Institutional Animal Care and Use Committee of the Ocean University
of China (protocol number 11-06) and the China Government
Principles for the Utilization and Care of Vertebrate Animals Used in
Testing, Research, and Training (State Science and Technology
Commission of the People's Republic of China for No. 2, October 31,
1988. http://www.gov.cn/gongbao/content/2011/content_1860757.
htm).

2.2. Fish and cell line

In this study, a total of 57 healthy six-month old spotted knifejaws
(~40g) were collected from LaiZhou MingBo Aquatic Co., Ltd. and
cultured for one week in aerated freshwater tanks in the experimental
station of the Ocean University of China (Qingdao, China). Tissues for
quantitative real-time polymerase chain reaction (QRT-PCR) were col-
lected from three individuals. Samples were snap-frozen in liquid ni-
trogen and stored at —80 °C. Each sample was collected in triplicate.
HEK-293T cell line was cultured in Dulbecco's modified Eagle medium
supplemented with 10% fetal bovine serum and 4 mM L-glutamine at
37 °C in a humidified atmosphere containing 95% air and 5% CO,.

2.3. In vivo challenge and fish sampling

In the challenge experiment, the three healthy individuals above
were used as blank controls and the other 54 individuals were equally
divided into two groups (named groups A and B) for V. anguillarum
challenge and control group, respectively. Each group was reared in
three independent tanks with volumes of approximately 36 L. The
bacteria were suspended in phosphate-buffered saline (PBS, pH = 7.2).
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Fish in groups A and B were intraperitoneally injected with 100 pL of
bacterial suspension [5 X 10° colony forming units/mL (Group A) and
PBS (Group B), respectively]. Three individuals from each group were
randomly sampled at 2, 4, 8, 12, 24, 48, 72, 96, and 120 h post injection
(hpi). Tissues were immediately collected, frozen in liquid nitrogen,
and then stored at —80 °C.

2.4. RNA isolation and cDNA synthesis

Genomic DNA was extracted from dorsal muscles through phenol/
chloroform procedure. Total RNA was isolated using Trizol reagent
(Invitrogen, USA) according to manufacturer's protocol. Quality and
quantity of genomic DNA and RNA were detected by agarose gel elec-
trophoresis and Nanophotometer Pearl (Implen GmbH, Germany).
Then, total RNA was reversed using a reverse transcriptase M-MLV
system (TaKaRa, China).

2.5. Primer design, amplification, and cloning

Primers used in the study were shown in Table 1. All polymerase
chain reaction (PCR) products were ligated into the pMD18-T vector
(Takara, Dalian, China) for sequencing.

2.6. Sequence identification and bioinformatics analysis

cDNA sequence of OppCTL was obtained using local BLAST from
transcriptome. DNASTAR was used to analyze ORF, putative amino acid
sequence, calculated molecular weight, and theoretical isoelectric
point. The transmembrane protein was predicted by Tmpred [19].
Protein domains were predicted using the Simple Modular Architecture
Research Tool [20,21]. All the other sequences were downloaded from
NCBI websites. Alignment of putative amino acid sequences of spotted
knifejaw and other known vertebrates was carried out by clustalX2 with
the default parameters [22]. Phylogenetic tree was constructed by
neighbor-joining method with 1000 bootstrap replicates using MEGA
7.0 [23].

2.7. Quantitative expression analysis of OppCTL

The expression of OppCTL mRNA in different tissues and different
time points after V. anguillarum challenge were analyzed by qRT-PCR
using a Roche Light Cycler 480 machine (Roche, Forrentrasse,
Switzerland). B-actin was selected as reference gene. Relative expres-
sion levels of the target gene were calculated as ratios of the target gene
copy number to f-actin copy number. Fold changes were calculated as
ratios of treated to control groups. qRT-PCR conditions were as follows:
pre-denaturation at 95°C for 30s, followed by 45 cycles of 95 °C for
15s, annealing at 60 °C for 45s. Considering individual genetic varia-
bility, samples from three fishes were mixed, and each experiment was
repeated in triplicate. The relative quantities were quantified on a re-
lative scale by the 2724°T method.
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2.8. Expression and purification of recombinant OppCTL

To construct the expression vector, the cDNA fragment encoding the
mature peptide of OppCTL were amplified using specific primer
(Table 1) containing the restriction enzyme sites BamHI and Xhol, re-
spectively. The PCR products were inserted into the pET-32a (+)
vector. The constructed expression vector, pET-32a (+)-OppCTL, was
transformed into E. coli BL21 (DE3) cells for IPTG-induced recombinant
expression. The expression, purification and refolding of rOppCTL were
performed according to the methods of Qu et al. [9]. To express re-
combinant His-tag (rTRX) as control, E. coli BL21 (DE3) cells were also
transformed by plasmid pET-32a (+) and induced with IPTG at a final
concentration of 0.5 mM at 37 °C for 8 h. The peptide rTRX was purified
and processed as above.

The purity of the eluted samples and purified proteins were ana-
lyzed by a 12% SDS-PAGE and stained with Coomassie brilliant blue R-
250. The concentrations of the recombinant proteins were determined
by BCA method.

2.9. Western blotting

The purified proteins rOppCTL as well as the extracts of E. coli BL21
(DE3) containing pET-32a/OppCTL before and after IPTG induction
were run on a 12% SDS-PAGE gel. The proteins on the gels were elec-
troblotted onto PVDF membrane (Amersham) by a semi-dry technique
(Bio-Rad). After blocking with phosphate-buffered saline (TBS, 10 mM
Tris and 150 mM NaCl, pH 8.0) containing 5% nonfat milk for 1 h at
room temperature, the membranes were incubated with anti-His-tag
rabbit antibody (CWBIO) diluted 1:4000 with TBS containing 5%
nonfat milk at 4 °C overnight. After washing five times with TBS con-
taining 0.1% Tween-20 (TBST), the membranes were incubated with
horseradish peroxidase, the membranes were incubated with horse-
radish peroxidase conjugated goat anti-rabbit IgG Ab (CWBIO) diluted
1:8000 with TBS containing 5% nonfat milk at room temperature for
40 min. The bands were visualized using DAB kit (CWBIO) according to
the manufacturer's instruction. Subsequently, digital images were cap-
tured with Bio-Rad ChemiDoc MP imaging system.

2.10. Bacterial binding assay

To test the bacterial binding activity of rOppCTL, four Gram-nega-
tive bacterium Escherichia coli, V. anguillarum, Edwardsiella tarda and
Aeromonas hydrophila, and two Gram-positive bacterium Staphylococcus
aureus and Bacillus subtilis were cultured to mid-logarithmic phase and
collected by centrifugation at 6000 rpm for 5min. The bacteria were
washed twice in TBS and resuspended in TBS giving a density of
1 x 108 cells/ml. Aliquots of 200 pl of bacterial suspensions were mixed
with 100 ul of rOppCTL (200 pg/ml). The mixtures were incubated at
24 °C for 1 h in the presence or absence of 10 mM CacCl, and centrifuged
at 6000 rpm for 5min. The bacterial pellets were washed three times
with TBS and resuspended in 100 ul TBS. The bacterial suspensions
were subjected to 12% SDS-PAGE and the binding activity was de-
termined by Western blotting.

2.11. Polysaccharide binding assay

ELISA was performed to detect the direct binding of rOppCTL to
lipopolysaccharides (LPS) (E. coli 055:B5) and peptidoglycan (PGN) (S.
aureus, Sigma, USA). Aliquots of 50 ul of 40 ug/ml LPS and PGN were
applied to each well of a 96-well microplate and air-dried at 25 °C
overnight. The plates were incubated at 60 °C for 30 min to fix the li-
gands, and then each well was blocked with 100 pl of 10 mg/ml BSA in
TBS at 37 °C for 3h. After washing four times with TBST, a total of
100 pl TBS containing 0.1 mg/ml BSA and different concentrations (O,
0.390625, 0.78125, 1.5625, 3.125, 6.25, 12.5 and 25pg/ml) of
rOppCTL were added into each well in the presence of 10 mM CacCl, and
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incubated at room temperature for 3h. The wells were washed as
aforementioned and then incubated with 100 ul of rabbit anti-His-tag
antibody (CWBIO) diluted 1:5000 with 1 mg/ml BSA in TBS at 37 °C for
1 h. After washing four times with TBST, each well was incubated with
100 ul of peroxidase-conjugated goat anti-rabbit IgG Ab (CWBIO) di-
luted 1:8000 with 1 mg/ml BSA in TBS at room temperature for 1 h. The
plate was washed four times as previously described, and color was
developed by adding 100 ul TMB (Solarbio). The reaction was stopped
by adding 2 M H,SO,4, and the absorbance was read at 450 nm. The
negative control used TBS instead of recombinant protein. The assay
was repeated thrice.

2.12. Bacterial agglutination and hemagglutination assay

The bacteria agglutination assay was performed according to a
previously described method by Qu et al. [9]. Six bacterium were cul-
tured and collected as above. The bacteria were washed three times in
PBS and resuspended in TBS yielding a density of 2 x 10% cells/ml.
Aliquots of 25ul bacterial suspensions were mixed with 25ul of
rOppCTL (200 pg/ml) or rTRX (control) in TBS, incubated at 24 °C for
1h in the presence or absence of 10 mM CaCl,, and observed under a
microscope.

A hemagglutination assay was performed according to the method
described by Zhang et al. [24]. Peripheral blood was collected with
medical blood vessels containing sodium citrate and then erythrocytes
were derived via centrifugation at 3000 rpm for 5 min. After washing
four times with TBS, these erythrocytes were resuspended with 2% TBS.
25yl pretreatment half diluted rOppCTL (500 pg/mL) and 25pl cell
suspension were mixed and cultured for 1 h in a 96 well microtiter plate
in the presence or absence of 10 mM CaCl,. Then, hemagglutination
results were obtained.

2.13. Dual-luciferase reporter assay

The amplified ORF of OppCTL containing the restriction enzyme
sites XhoI and Sacll was inserted into pEGFP-N1 vector to construct the
expression vector. For the dual-luciferase reporter assays, HEK-293T
cells were transiently co-transfected with NF-kB reporter vectors (100
ng/well), pRL-TK vectors (20 ng/well) and targeted recombined vectors
(500 ng/well). The Renilla luciferase pRL-Tk vector (Promega) was
used as an internal control. The cells were lysed at 12, 24 and 48 h post-
transfection and measured using a luciferase reporter assay system
(Promega, USA). Each experiment was repeated six times. To eliminate
the influence of the differences in transfection efficiency, the relative
luciferase values were calculated by normalized the firefly luciferase
activity on basis of activity of the Renilla luciferase activity. The ex-
perimental results are expressed as fold stimulation changes relative to
the empty vector control. To detect the effect of concertration of re-
combined vectors to the activation level of NF-kB, we set up a series of
concentration gradients (100, 200 and 500 ng/well). The cells were
lysed at 48 h post-transfection and measured using a luciferase reporter
assay system (Promega, USA) as above.

2.14. Statistical analysis

All the experiments were conducted three repeats. Statistical ana-
lysis were performed using the SPSS 20.0 (IBM, NY, USA). The sig-
nificance of difference was determined by two-way ANOVA/unpaired
Student's t-test. Difference at p < 0.05 was considered significant.
3. Results

3.1. Sequence identification and analysis

OppCTL were identified based on the transcriptome analysis of
Oplegnathus punctatus [25]. As shown in Fig. 1, OppCTL contains
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Fig. 1. A: Nucleotide sequence of OppCTL cDNA and
deduced amino acid sequence. The N-terminus pep-
tide is underlined. The coiled coil region is shown in
green shadow and the lectin domain is shown in pink
shadow. The predicted N-glycosylation sites are
marked with double-underlines and the conserved
EPD motif is boxed. The numbers represent nucleo-
tides and amino acids, respectively. B: The domains
of OppCTL predicted by SMART program. The red
box represents the signal peptide. The coiled coil
region is indicated with green rectangle, and the
lectin domain indicated with pink hexagon. (For in-
terpretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article.)

1 aacaccaaagagcagcgaggggaagccaaagctcecttcectattggectgacagacATGATGAA
1 M M N
61 CCTCATCAAACAGAAAGGCACCCTGGGAATCAGAGGCCACGCCATCCTCTGTGTTCTCAT
4 L I K @ K 6 T L 6 I R G H A I L C V L I
121 CGGCCTGCTGGTTTCTGAAGCCTCGTCTCAGGCTGCAGACAGTCCAGAGGGAGAGCTGTC
24 G L L v S E A S S Q AA D S P E G E L S8
181 CTCGCTGAAGCTGAAACTAGACCTTTTGAAGAATCACTACAGAGAGCTGTGTAACCACTA
44 s L K L K L DL L K NUH Y R EL C N H Y
241 CTCCAAACTGGAACCCTCCTGCTCAGCTCCAGTGATCAACTGCACCGAGTGTCCTGACGG
64 s K L EP S C S A P V I N C T E

301 ATGGCTTCACGTAGGCGACCAATGCTTCATCCTCGTCACTGACAGGCAGAACTGGTCTAA
4 W LHVGEDQCEFTITLYVTDRGONT S SN
361 CAGTACAGATAAGTGTACAGAGATTGGCGGCCATCTCGCCACCTTGACCACCAGAGAACA
- s TDEKCTETIGGHTLATLTTRE.?Q
421 GCATGATGCAGTGGAAAAAGAAGGCAAAAGGATCGCAGGGTTATACACAAACTACTGGAT
. HDAVEKTEGEKRTIAGTLTYTNSZYGUWTI
481 CGGACTGAATGACATTGAGAGTGAAGGAGACTGGAAATGGGTGGACAACTCAACACTTCA
111 6 L NDTESTEGDWEKTHYVDNSTLQ
541 AACCCCGTTTTGGAACACGTTGAGATCAGAGCCGGACAACAACCAGTCTGGTGGGGAGGA
150 T PFWNTLRSETPDNINOSGGEE
601 GGGAGAGGACTGTGTGGTGGTGGACAGCTACAGCCAGATCTGGTACGATGTTCCCTGTTC
2 6 EDCVVVDSYSOQOI®WYDVEPECS
661 CTTCGCGTATCCCCGAATCTGTCAGAAGGACGCCATCCCGCTTGTGTGAgccccgeccaca
204 K D A I P L V *

721 ccactgcaggaccaccactcaatgatga

A '

0 100 200

218 amino acid residues and has a calculated molecular mass of
24.4kDa and a theoretical pI of 4.69. Protein domain prediction by
SMART showed OppCTL has a conserved C-type lectin/carbohydrate-
recognition domain (CRD) formed by residues 80-211 and a coiled coil
region formed by residues 39-61. An N-terminal signal peptide formed
by residues 1 to 34 was predicted by SignalP v4.0 program.

3.2. Multiple sequence alignments and phylogenetic tree analysis

The sequences of CRD among different species were extracted by
SMART, and six conserved cysteine residues were found in CRD
domian. Meanwhile, two cysteine residues located at N-terminus (po-
sitions Cys 80 and Cys 91) indicating that CRD of OppCTL was long-
form. Besides, a EPD motif with Ca®>* binding sites were observed
(Fig. 2).

The phylogenetic tree was constructed by neighbor-joining method
to show the relationship among different species (Fig. 3). Two distinct
groups were separated in the phylogenetic tree. The CTLs of vertebrates
were clustered into a branch and invertebrates formed another branch.
In this phylogenetic tree, OppCTL was clustered together with CTL from
Oplegnathus fasciatus. These results suggested that OppCTL had a closer
evolutionary relationship with the vertebrate lectins than the in-
vertebrate lectins.

3.3. Tissue distribution of OppCTL and response to V. anguillarum challenge

The distribution of OppCTL in tissues was analyzed by qRT-PCR. The
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expression of OppCTL was mainly detected in liver and low expression
level in the heart, spleen, kidney, brain, gill, muscle and intestine was
observed (Fig. 4A). To examine the effect of bacterial infection on
OppCTL expression, the fish were challenged with V. anguillarum. Then
the change of OppCTL expression in liver was analyed at 2, 4, 8, 12, 24,
48, 72, 96 and 120 hpi. The results showed that OppCTL expression was
significantly up-regulated at 4 and 8 hpi after V. anguillarum infection,
and the peak appeared at 8 hpi (4.1 -fold). The expression of OppCTL
significantly increased at 4 and then fell back to the normal level after
72 hpi (Fig. 4B).

3.4. Expression and purification of recombinant OppCTL

rOppCTL was successfully expressed in E. coli BL21 (DE3) as in-
clusion bodies (Fig. 5). The concentration of purified rOppCTL was
about 0.5mg/ml. The predicted molecular mass of OppCTL was ap-
proximately 20.76 kDa. The rOppCTL had an apparent molecular mass
of 38.54 kDa with a rTRX tag. The rTRX tag was approximately 18 kDa.

3.5. Binding activity of rOppCTL

The binding assay was carried out to analyze the ability of rOppCTL
to bind microbes. As shown in Fig. 6, a clear band was detected for B.
subtilis, S. aureus, E. coli, V. anguillarum, E. tarda and A. hydrophila, re-
spectively. To characterize the PAMP recognition capacity of rOppCTL,
ELISA was used to measure the binding ability of rOppCTL to LPS and
PGN. Different concentrations of recombinant protein were used during
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Oplegnathus punctatus
Oplegnathus fasciatus
Sebastes schlegeli
Lutjanus sanguineus
Epinephelus coioides
Epinephelus akaara
Paralichthys olivaceus

Oplegnathus punctatus FTLQTPFENTLR--
Oplegnathus fasciatus BTLQTPFYNTLR--
Sebastes schlegelii MKLRTPFIYEA----
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Epinephelus coioides  TLKTSFSVTDRI Ti#ZDNIN Q AG[EQE[iA]e V|
Epinephelus akaara BITLETSFIYS I TER I DS Q AG[E QEiAsle v

Paralichthys olivaceus BTLENPSIINILK--
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Fig. 2. Multiple alignment of CRDs sequences from OppCTL and other fishes. The conserved sugar binding site EPD motif is boxed and the conserved cysteine
residues are marked with triangle and circular. Accession numbers are as follows: Oplegnathus fasciatus (ACY66647.1), Sebastes schlegelii (AOH96654.1), Lutjanus
sanguineus (AGT37609.1), Epinephelus coioides (AC006100.1), Epinephelus akaara (ACJ38233.1), Paralichthys olivaceus (FAA00689.1).

the ELISA to dicover the binding ability of rOppCTL. It was investigated
that rOppCTL exhibited binding affinity towards LPS (EC50 = 3.443)
and PGN (EC50 = 107.2) in a dose-dependent manner (Fig. 7). The
binding curve fits the logarithmic curve, showing that the binding be-
tween recombinant proteins and polysaccharides was saturable. It was
also implied that LPS had the highest binding affinity to rOppCTL
compared with PGN.

3.6. Agglutination and hemagglutinating activities of rOppCTL

Six bacterial strains, including B. subtilis, S. aureus, E. coli, V. angu-
illarum, E. tarda and A. hydrophila, were employed to investigate the
bacterial agglutination activity of rOppCTL. Agglutination assay
showed rOppCTL could agglutinate both all the selected bacterial
strains in the presence of calcium compared to control group (Fig. 8).
Interestingly, agglutination activities completely disappeared in Ca®*-
depleted groups (EDTA supplementary groups), indicating that this
agglutination occurred in a Ca®*-dependent manner.

Hemagglutination assay showed that rOppCTL could cause agglu-
tination of red blood cells (RBCs) from Mus musculus, Oplegnathus
punctatus, Paralichthys olivaceus and Sebastes schlegelii in the presence of
calcium but not in the absence of calcium (Fig. 9). Of the three different
types of RBCs, Sebastes schlegelii RBCs appeared to be more sensitive to
rOppCTL than the other three kinds of RBCs.

3.7. Inhibition of TLR/IL-1R signal pathways mediated by OppCTL

To assess the effects of OppCTL on the TLR/IL-1R signaling path-
ways, luciferase reporter gene assay was performed. Compared to the
empty vector pEGFP-N1, The recombined pEGFP-OppCTL plasmid
could significantly inhibit the activity of NF-kB luciferase reporters in
HEK-293T cells at 12, 24 and 48h post transfection (Fig. 10A). As
shown in Fig. 10B, overexpression of the OppCTL induced a dose-de-
pendent activation of NF-kB.

100 |optegnathus punctatus | -

|_77
S0

ACY66647.1 Oplegnathus fasciatus
AOH96654.1 Sebastes schiegelii
ACJ38233.1 Epinephelus akaara
{ACOOM 00.1 Epinephelus coioides
AGT37609.1 Lutjanus sanguineus
XP 015805738.1 Nothobranchius furzeri

XP 005816042.1 Xiphophorus maculatus
FAA00689.1 Paralichthys olivaceus

72 [ XP 022612403.1 Seriola dumerili

100 XP 023282202.1 Seriola lalandi dorsalis

I
100l

BAC65234.1 Mus musculus

AJQ21493.1 Mytilus galloprovincialis

=

BAF75353.1 Crassostrea gigas —
AEE36500.1 Argopecten irradians

| |
020

. Vertebrates

AAG00516.1 Homo sapiens
AEW43448.1 Solen grandis
Invertebrates

ABI97374.1 Penaeus vannamei —

Fig. 3. Construction of phylogenetic tree with the protein sequences of C-type lectin. The phylogenetic tree was drawn by MEGA 7.0 neighbor-joining method based
on multiple sequence alignment by ClustalW. The reliability of each node was estimated by bootstrapping with 1000 replications. The numbers shown at each node

indicate the bootstrap values (%).
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Fig. 4. A: OppCTL expression in fish tissues under normal physiological conditions. OppCTL expression in the heart, liver, spleen, kidney, brain, gills, muscle and
intestine of spotted knifejaw was determined by quantitative real time RT-PCR. The expression level of OppCTL in kidney was set as 1. Values are shown as

means *

SEM (N = 3). N, the number of times the experiment was performed. B: OppCTL expression in response to bacterial challenge. Spotted knifejaw were

infected with V. anguillarum or PBS (control) and OppCTL expression in liver was determined by quantitative real time RT-PCR at different times of infection. Values
are shown as means = SEM (N = 3). N, the number of times the experiment was performed. **p < 0.01,*p < 0.05.
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Fig. 5. SDS-PAGE analysis and Western blotting detection of recombinant
protein rOppCTL. Lane M: marker; lane 1: extracts from expressing strains be-
fore IPTG induction; lane 2: extracts from IPTG induced expressing strains; lane
3: purified rOppCTL; lane 4: Western blot of purified rOppCTL.

4. Discussion

It has been approved that CTLs serves as key components of innate
immunity through pathogen recognition [26]. Recently, more and more
CTLs have been discovered in aquatic animals, including fish [16,27],

shrimp [8,28-301, crab [31-33] and scallop [34]. These CTLs display
either antibacterial activity or bacterial binding capacities and mod-
ulate the activation of various immune events. In this study, a novel C-
type lectin (OppCTL) was characterized and functionally analyzed from
Oplegnathus punctatus. It contained a single CRD with characteristic EPD
motif indicative of mannose-binding specificity, and four cysteine re-
sidues formed two disulfide bridges in CRD, which was similar with
other CTLs [35]. It was reported that two form CRD motifs were
identified according to the number of cysteine residues [2]. In our
study, the OppCTL belongs to “long-form” type based on the char-
acterization. It was the same as CTLs from other fish [16,17,36].

Structural analysis revealed that a signal peptide exists in the N-
terminas of OppCTL, which suggested that OppCTL might function as a
soluble protein secreted as defense molecule. The conserved glutamic
acid-proline-asparagine (EPN) tripeptide motif is crucial to the sugar
molecules binding activity of CRDs. EPN motif positions side chain
carbonyl groups in the binding site to engage in calcium ion co-
ordination and to interact with diequatorial vicinal ring hydroxyl
groups of the glycan ligand [37,38]. In invertebrate, diversity of var-
iants enhances the ability of hosts to recognize microorganisms. How-
ever, mutation of the EPN motif in many CTLs appears not to affect
their bacterial agglutinating activity or specificity [39]. In this study,
the EPN motif of OppCTL is changed to EPD, which suggested that
OppCTL is a microbial binding lectin.

In fish, a number of CTLs were reported to be prominently expressed
in the spleen, such as CTLs from Salmo salar and Ctenopharyngodon
idellus [40,41]; or in gills, such as a CTL from Larimichthys crocea [16].
In this study, the highest expression of OppCTL was observed in liver,
moderate expression was observed in spleen, brain and gills. It is well
known that liver is a major organ in response to immune stimulation
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Fig. 6. The microbe binding activity of rOppCTL revealed by western blotting. Lane M: pre-stained marker (kDa); Lane 1: positive control; Lane 2: B. subtilis; Lane 3:
S. aureus; Lane 4: E. coli; Lane 5: A. hydrophila; Lane 6: V. anguillarum; Lane 7: E. tarda.
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Fig. 7. The binding activity of rOppCTL to PAMPs. ELISA assay was performed to determine the binding dissociated constant of rOppCTL. Plates were coated with
two PAMPs, then incubated with rOppCTL with different concentrations, respectively. The interactions between rOppCTL and PAMPs were detected following the

instructions of TMB Single-Component Substrate solution (Solarbio) at 450 nm.

and produces a large number of immune-related proteins in mammals.
Similarly, in fish, liver is equally crucial for immunity as it is the main
production site for immune-related genes [42-44]. Previous study had
revealed that CTLs played important roles in innate immunity, pro-
tecting the host against pathogen infection [42]. The similar expression
profile of C-type had been investigaed in fish, such as Oncorhynchus
mykiss [45], Scophthalmus maximus [46] and Ictalurus punctatus [47].
Interestingly, there is no liver in invertebrates which is replaced by
hepatopancreas [48,49]. Moreover, many CTLs isolated from in-
vertebrates mainly expressed in hepatopancreas. Hence, it was reson-
able that OppCTL was predominately transcribed in liver. As a secretory
extracellular protein, OppCTL might be synthesized in liver and se-
creted to other tissues through blood stream to exert their effects.

To further investigate the crucial role of OppCTL in the immune
response to bacteria, the modulation of OppCTL expression after sti-
mulation with V. anguillarum was investigated. Significantly

V. anguillarum

E. tarda

TBS BSA+Ca*
B- SUbt”is - -
s. o - -
E‘ co’i -
A. hydrophila -
-
-

Fig. 8. Agglutination activity of rOppCTL to bacteria. B. subtilis, S. aureus, E. coli, V. anguillarum, E. tarda and A. hydrophila were incubated with TBS buffer; BSA in

TBS buffer, in TBS buffer with Ca®*; with rTrx in TBS buffer, in TBS buffer with Ca®*

upregulation of OppCTL was detected in liver in a manner that de-
pended on the infection stage. Previous studies in teleost showed that
CTL were significantly induced after stimulation with pathogens. For
example, the expression of TfCTLI1 in Trachidermus fasciatus was sig-
nificantly induced by LPS chanllenge [50]. In Sebastes schlegelii, upon V.
anguillarum infection, SsCTL4 transcripts were upregulated in all tested
tissues [27]. In the present study, significantly upregulation of OppCTL
in liver post bacterial infection suggested that OppCTL plays an im-
portant role in immune response to bacteria.

The ability of C-type lectins to react with bacterial or viral patho-
gens has been previously reported in fish. Most C-type lectins in fish
implemented the function depending on Ca®*, but some are Ca®*-
independent. In our study, rOppCTL could bind to all the types of tested
microorganisms in the presence of Ca®>*. In order to determine the
binding ability of rOppCTL to the major constituents of the outer
membranes of Gram-negative and Gram-positive bacteria, LPS and

Trx+Ca® CTL+Ca* CTL+Ca*+EDTA

; with rOppCTL in TBS buffer, in TBS buffer with Ca®”, in TBS with Ca®* plus

EDTA. The mixture was placed at room temperature for 1 h. The cells were observed with a microscope.
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Fig. 9. The animal erythrocytes coagulation activity of rOppCTL. The erythrocytes were added into a 96 V-shape plates and incubated with rOppCTL and rTrx. And
the agglutination was visually detected in rOppCTL group after 1 h at room temperature.

PGN, ELISA assay was performed. The results showed that rOppCTL
exhibited binding affinity towards LPS and PGN in a dose-dependent
manner and the binding ability was also Ca®"-dependent. Structural
analysis revealed that OppCTL also has the specific residues essential
for coordinating a Ca®>* ion. Hence, OppCTL is a Ca**-dependent C-
type lectin.

Several reports indicated that C-type lectins displayed agglutination
to bacteria or fugi [13,17,46,51]. In this study, rOppCTL was able to
agglutinate multiple bacteria tested in the presence of Ca*>™. In vivo, C-
type lectins bind specifically, non-covalently, and reversibly to carbo-
hydrate material on the surface of exogenous organisms, causing a
series of immune responses that effectively resist the invasion of pa-
thogenic microorganisms [52-55]. Hemagglutination assays suggested
that the rOppCTL was a Ca®*-dependent lectin, which exhibited a po-
sitive effect on hemagglutination of fish erythrocytes. Except for lectins,
antibodies and other serum components were shown to agglutinate
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pathogenic cells. Actually, fish are the most primitive vertebrates and
they lack antibody diversity. Fortunately, diversity of lectins in fish may
compensate for their poor secondary immune response, and may en-
hance the capacity of innate immune recognition [56].

When suffered from pathogens infection, excessive inflammation
can break the body's homeostasis. Previously, studies on fish lectins are
focused on its role in the immune response to pathogen infection, and
little was known of the function of lectins in anti-inflammatory reac-
tion. Dual-luciferase reporter assay revealed that OppCTL is a potential
inhibitory factor to TLR/IL-1R signal pathways by inhibiting the ac-
tivity of NF-kB. Several lectins isolated from plants have been proved to
possess the aibility of anti-inflammatory [57-60]. Among of these lec-
tins, lectin purified from Lonchocarpus campestris seeds can inhibit in-
flammatory nociception and lectin obtained from Bryothamnion trique-
trum expressed anti-inflammatory activity in mice [60]. Besides lectins
from plants, downregulation in IL-1$, TNF-a, and Mx expression was
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Fig. 10. Effects of over-expressed OppCTL on the activation of NF-kB. (A) The 500 ng OppCTL-EGFP with 100 ng NF-kB luciferase reporter plasmids were co-
transfected into HEK-293T cells. Luciferase detection was applied at 12, 24 and 48 h after transfection, respectively. (B) The 100, 200 and 500 ng OppCTL-EGFP were
co-transfected with 100 ng NF-kB luciferase reporter plasmids into HEK-293T cells, respectively. Luciferase detection was applied at 48 h after transfection. Data was
shown as mean + SD (N = 6). Bars with asterisk symbol were significantly different (*p < 0.05, **p < 0.01).
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observed in the brain of Dicentrarchus labrax simultaneously injected
with nodavirus and rSbgalectin-1 compared with those infected with
nodavirus alone, which suggests a potential anti-inflammatory, pro-
tective role of Sbgalectin-1 during viral infection [4]. In this study, the
inhibition activity of OppCTL to NF-kB revealed its potential anti-in-
flammatory activity. It is worth noting that the anti-inflammatory ac-
tivity of fish lectins have rarely been discussed and our findings may
provide a prospective view to the future studies.

5. Conclusion

To date, the immune mechanisms of spotted knifejaw, Oplegnathus
punctatus are arely studied. In the present study, a novel C-type lectin
OppCTL was characterized and functional analyzed. The response
characteristics to bacterial infection and interaction with bacteria re-
vealed that OppCTL is a typical molecular participating in innate im-
munity of fish. Notebly, OppCTL can function as a potential im-
munosuppressive factor in anti-inflammatory reaction protecting host
from injury of excessive inflammatory reaction. In conclusion, our
study enriched the study of immune function of fish lectins and provide
a breakthrough for future research.
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