Aquaculture International (2024) 32:963-978
https://doi.org/10.1007/510499-023-01196-3

®

Check for

A C-type lectin (PvCTL2) from Penaeus vannamei participates
in antibacterial immune response to Vibrio parahaemolyticus

Huan Zhang'? - Maocang Yan? - Yaohua Wang? - Hui Gao' - Lihua Hu? - Dewei Ji? -
Min Zhang?

Received: 9 March 2023 / Accepted: 22 June 2023 / Published online: 12 July 2023
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2023

Abstract

C-type lectin is a type of calcium-dependent sugar recognition protein, which plays an
important role in recognizing invading microorganisms as non-self and assists in the clear-
ance of pathogenic microorganisms. In this study, a C-type lectin homolog was identified
from Penaeus vannamei (PvCTL2) using RACE-PCR method and functionally charac-
terized in detail. The open reading frame (ORF) of PvCTL2 was 1143 bp, encoding 380
amino acids, which contained a conservative carbohydrate recognition domain (CRD) and
a low-density lipoprotein receptor (LDLR) domain A. The predicted molecular weight
was 41.79 kDa and the theoretical isoelectric point was 6.27. PvCTL2 was relatively high
expressed in muscle, intestine, heart, nerve, and hepatopancreas, and Vibrio parahaemo-
Iyticus challenge could significantly upregulate the expression level of PvCTL2 in muscle.
Agglutination test of recombinant protein of PvCTL2 in vitro showed that rPvCTL2 was
a Ca®*-dependent C-type lectin, which could agglutinate five types of bacteria, including
Gram-negative bacteria and fungi, as well as bind different concentrations of monosaccha-
rides. RNAi-based silencing of PvCTL2 gene resulted in significantly higher mortality rate
when shrimp was challenged with Vibrio parahaemolyticus, and the median lethal time
was significantly shorter than the control. These results suggested that PvCTL2 could be
involved in the immune response against bacterial challenge and contributed to non-self
recognition as a pattern recognition receptor in the innate immune system of shrimp P.
vannamei.
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Introduction

Penaeus vannamei is one of the most economically important shrimp species in the world
(Alfaro-Montoya et al. 2019). With the continuous changes in the number and scale of
shrimp farming, shrimp diseases are continuously emerging, which not only cause direct
economic losses to the aquaculture industry but also pollute the ecological environment
(Bachere 2000; Muthukrishnan et al. 2019). The common diseases of P. vannamei mainly
include viral diseases (white spot virus disease, yellow head virus disease, etc.), bacte-
rial diseases (acute hepatopancreas necrosis, larval vibriosis, etc.), and parasitic diseases
(Enterocytozoon hepatopenaei, EHP) (Walker and Mohan 2009; Abdel-Latif et al. 2022;
Flegel 2019; Geetha et al. 2022). These diseases not only increase the mortality rate of
shrimp but also limit the sustainable development of the prawn farming industry (Asche
et al. 2021). Therefore, in-depth research on disease resistance and immune defense mech-
anisms in shrimp has become an urgent task for healthy shrimp culture and sustainable
development.

In crustacean models (as in other invertebrates), innate immunity mechanisms safe-
guard the host from “non-self” declared pathogens. The pathogen recognition receptors
(PRRs) recognize the pathogen-associated molecular patterns (PAMPs, which are basi-
cally carbohydrates on the surface of invading pathogens) and modulate innate immune
signals to the cell interior (Dalio et al. 2017; Wang and Wang 2013). Several PRRs have
been identified in crustaceans, such as Toll-like receptors (TLRs), peptidoglycan-recogni-
tion proteins (PGRPs), Gram-negative binding proteins (GNBPs), lipopolysaccharide and
B-1,3-glucan-binding proteins (LGBPs), scavenger receptors (SRs), and lectins. Among
the lectin family members, the C-type lectins (CTLs) are the most diverse and best studied
(Chai et al. 2018; Kong et al. 2018; Li and Xiang 2013; Pan et al. 2019; Wei et al. 2012).
CTLs are a class of calcium-dependent carbohydrate-binding proteins, usually containing
one or more carbohydrate recognition domains (CRDs) with 115-130 amino acid resi-
dues (Wei et al. 2018; Zhang et al. 2019). CRDs are circular structures connected by two
disulfide bonds (Li and Wu 2021) and contain four Ca>* binding sites involved in structure
maintenance and carbohydrate binding. Most Ca>* binding sites have conserved “EPN”
and “QPD” motifs that can specifically recognize mannose and galactose, respectively.
The role of CTLs in innate immunity includes prophenoloxidase induction, cell adhesion,
nodule formation, phagocytosis, opsonization enhancement, and cellular encapsulation, as
well as microbial clearance and antiviral activity (Guo et al. 2013; Hoving et al. 2014; Yu
et al. 2005; Li et al. 2015). In recent years, the involvement of CTLs in the innate immune
response of crustaceans has been reported and reviewed (Wang and Wang 2013; Sanchez-
Salgado et al. 2017). A CTL from Portunus trituberculatus named PtCTL9 can function
as an opsonin to promote phagocytosis of blood cells (Kang et al. 2021). PmCL1 from
Penaeus monodon can promote the clearance of bacteria (Qin et al. 2019), and PmCLec
can inhibit the infection of Vibrio harveyi (Wongpanya et al. 2017). PcLec2 transcripts
from Procambarus clarkii participate in the activation of the prophenoloxidase system
(Wang et al. 2011). PcLecl, PcLec3, PcLec4, PcLecS, PcLec6, and PcLT participate in
antibacterial and antiviral responses (Zhang et al. 2018, 2013, 2011). MjGCTL isolated
from Penaeus japonicus can bind blood cells to promote cell adhesion and aggregation
(Alenton et al. 2017).

Studies on the involvement of CTLs in the innate immune response of P. vannamei
have also been demonstrated. LvLecl, LvLec2, and LvCLT1 have antiviral activity
(Wei et al. 2012; Zhao et al. 2009); LvCTL4.2 and LvCTLU have antibacterial activity,

@ Springer



Aquaculture International (2024) 32:963-978 965

which can significantly inhibit the growth of V. parahaemolyticus (Huang et al. 2022;
Song et al. 2019); LvLec can promote phagocytosis, agglutinate blood cells, and also
increase the activity of prophenoloxidase (Li et al. 2022); LvLdIrCTL contains a low-
density lipoprotein receptor (LDLR) class A domain that has agglutination activity
against fungi and bacteria, as well as opsonin activity (Liang et al. 2019). Although
some CTLs of P. vannamei have been studied, more CTLs need to be characterized. In
the present study, the cDNA of a P. vannamei CTL (PvCTL2) was identified using the
rapid amplification of cDNA ends (RACE)-polymerase chain reaction (PCR) approach
and the sequence was characterized. The temporal gene expression patterns of PvCTL2
in response to V. parahaemolyticus challenge were tested; the recombinant protein
was synthesized using a prokaryotic expression system to analyze bacterial agglutina-
tion activity and the inhibition of bacterial agglutination by carbohydrates in vitro. In
addition, mortality after silencing of PvCTL2 through RNA interference under V. par-
ahaemolyticus challenge was measured to analyze the role of PvCTL2 in the shrimp
immune system.

Materials and methods
Shrimps

Healthy P. vannamei (3.5+0.5 g, 4.7+0.6 cm) were obtained from Yongxing station of
Zhejiang Mariculture Research Institute (Zhejiang, China). Before and during the immune
challenge, the shrimps were temporarily raised in filtered seawater with 20%o salinity and
continuous aeration at 28.5+0.5 °C. Shrimps were fed with an artificial diet (CP feed,
Beihai, Guangxi, China) three times a day (5% of shrimp weight), and 50% seawater was
changed every day.

Immune challenge and sample collection

For the immune challenge, shrimps were divided into the control and challenge groups
(n=40 each). The V. parahaemolyticus strain (DX160807) used in this study was iso-
lated and stored by our research group. Each shrimp in the challenge group was injected
with 20 pl of 2 x 10" CFU/ml V. parahaemolyticus (48 h LCs) at the abdominal segment,
and 20 pl of 0.9% normal saline was injected into shrimps in the control group. Shrimp
muscle tissues were sampled at 0, 3, 6, 12, 24, 48, and 72 h post-infection (hpi), immedi-
ately frozen in liquid nitrogen, and stored at— 80 °C until further analysis. To eliminate
individual differences, at least three shrimps were sampled at each time point. For distri-
bution analysis of PvCTL2 mRNA in different tissues, shrimps of the control group were
dissected into hemocyte, eyestalk, gill, stomach, hepatopancreas, nerve, heart, intestine,
and muscle.

Full-length cDNA isolation of PvCTL2
Total RNA was extracted from muscle tissue using EASYspin Plus tissue/cell

RNA extraction kit (Aidlab, Beijing, China) following the manufacturer’s proto-
col. The quantity and integrity of extracted RNA were measured using a Nano-400
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micro-spectrophotometer (Allsheng Instrument, China) and 1.2% agarose gel electro-
phoresis. The cDNA was synthesized using SMARTer RACE 5'/3' kit (Clontech, USA).
The 5" and 3’ terminals of PvCTL2 cDNA were isolated based on 5' RACE and 3’
RACE. The full length of PvCTL2 was amplified using gene-specific primers (PvCTL2F
and PvCTL2R, Table 1) and PrimerSTAR and Max DNA Polymerase (TaKaRa, Beijing,
China). Then, the purified amplified PCR product was cloned into pEASY®-Blunt Zero
vector (TransGen Biotech, Beijing, China) and sequenced.

cDNA sequence analysis of PvCTL2

The open reading frame (ORF) of PvCTL2 was predicted by the ORF finder function
on the National Center for Biotechnology Information (NCBI) website (https://www.
ncbi.nlm.nih.gov/orffinder/). The theoretical isoelectric point (pI) and molecular weight
(MW) were calculated by ExPASy (https://web.expasy.org/protparam/). The Simple
Modular Architecture Research Tool (SMART) was used to predict the domains of the
deduced PvCTL2 protein. The signal peptide sequence was predicted using SignalP
4.1 (https://services.healthtech.dtu.dk/service.php?SignalP-4.1). The ClustalW Multi-
ple Alignment program was used to conduct multiple sequence alignments of PvCTL2
with other CTLs. The percent identity of PvCTL2 with other CTLs was analyzed by
the ClustalX version 2.1 program. The phylogenetic tree was constructed by using the
neighbor-joining (NJ) method in MEGA 6.0 software based on the CRD sequence of
lectins. The number of bootstrap replicates was maintained at 1000.

Table 1 Sequences of the primers used in this study

Primers Sequence (5'-3") Utilization
PvCTL2F TACATGTTATTTCAGTATCGTGGCGCAATC cDNA cloning
PvCTL2R AACGGATAGGTCTACACACTGACGATGCTT cDNA cloning

PvCTL2pCold-F
PvCTL2pCold-R
PvCTL2-RTF1
PvCTL2-RTR1
EF-la-F
EF-la-R
PvCTL2-ds-T7F

PvCTL2-ds-R
PvCTL2-ds-F
PvCTL2-ds-T7R

GFP-ds-T7F
GFP-ds-R

GFP-ds-F
GFP-ds-T7R

CCCATATGTTATTTCAGTATCGTGGCGCA
CCCAAGCTTTCACGGACTGCCAGCGAGCG
TCCAGGACAGACAAGCACCA
TGGAGCGTGTCGTTGAAGGT
TATGCTCCTTTTGGACGTTTTGC
CCTTTTTCTGCGGCCTTGGTAG

GGATCCTAATACGACTCACTATAGGAAGTCTGGTGCTGG
CAATGGCA

AGAGGAGGGAGAGGCACTTGTT
AAGTCTGGTGCTGGCAATGGCA

GGATCCTAATACGACTCACTATAGGAGAGGAGGGAGAGG
CACTTGTT

GGATCCTAATACGACTCACTATAGGCGACGTAAACGGCC
ACAAGTT

ATGGGGGTGTTCTGCTGGTAG
CGACGTAAACGGCCACAAGTT

GGATCCTAATACGACTCACTATAGGATGGGGGTGTTCTG
CTGGTAG

Protein expression
Protein expression
gRT-PCR
gqRT-PCR
Internal reference
Internal reference

RNA interference

RNA interference
RNA interference
RNA interference

RNA interference

RNA interference
RNA interference
RNA interference
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Tissue expression and immune challenge analysis of PvCTL2 after V.
parahaemolyticus challenge

RNAs of tissue samples and muscle samples from the control and the challenge group
were isolated, and the cDNAs were prepared using the PrimeScript™ RT reagent kit
(with gDNA Eraser). Real-time RT-PCR (RT-qPCR) was performed on a QuantStudio
3 Real-Time PCR System (Applied Biosystems, USA) using the TB Green®Premix Ex
Taq™ II kit (TaKaRa, Beijing, China). The specific primers used in the amplification
reactions are shown in Table 1. Expression data were normalized to EF-1a. The expres-
sion level of PvCTL2 was calculated by 2722T (AACT = ACq pycrro— ACrpr 1) (Livak
and Schmittgen 2001).

Expression and purification of recombinant PvCTL2 protein

The ORF of PvCTL2 was amplified by PCR using specific primers (pCold I-PvCTL2F
and pCold I-PvCTL2R) containing Ndel and HindlIII sites (Table 1). The PrimerSTAR
and Max DNA Polymerase were used, and the purified PCR product was ligated into
the pEASY®-Blunt Zero vector and sequenced. Then, PvCTL2 was excised from the
PEASY®-Blunt Zero vector by restriction endonucleases Ndel and Hindlll, respectively,
and ligated to pCold I by T4 ligase to obtain a recombinant plasmid pCold I-PvCTL2.

The recombinant plasmid pCold I-PvCTL2 was transformed into Escherichia coli
chaperone-competent cells pTf16/BL21. After transformation, bacterial colonies har-
boring pCold I-PvCTL2 were selected for rPvCTL2 expression. Cells were cultured in
10 ml Luria—Bertani (LB) medium supplemented with ampicillin (50 pg/ml) and chlo-
ramphenicol (20 pg/m1l) overnight at 37 °C. The next day, the bacterial solution was
inoculated into 500 ml LB medium supplemented with ampicillin (50 pg/ml), chloram-
phenicol (20 pg/ml), and L-arabinose (0.5 mg/ml) until ODg, reached 0.6. The culture
broth was placed at 15 °C for 30 min and the expression was continued to be induced by
adding 0.5 mM IPTG for 24 h. Cells were harvested and resuspended in breaking buffer
(20 mM PB, 0.5 M NaCl, 1% Tween 20, 1 mM PMSF) and disrupted by sonication in an
ice bath. Then, the proteins were purified by Ni-TED Sefinose™ Resi according to the
manufacturer’s instructions. The purified proteins were detected using 12% SDS—poly-
acrylamide gel electrophoresis (SDS-PAGE). The protein concentration was determined
by the Bradford assay. To increase the protein concentration, a Amicon® Ultra-4 centrif-
ugal filtration unit (Sigma-Aldrich, Shanghai, China) was used and the purified rPvCTL2
was ultra-filtered according to the manufacturer’s instructions. The recombinant protein
was stored at —20 °C until use.

Bacterial agglutination and sugar inhibition assays

For testing bacterial agglutination activity, Gram-positive bacteria (Lactococcus gar-
vieae strain Y180707), Gram-negative bacteria (E. coli, V. parahaemolyticus strain
DX160807, V. anguillarum strain DX210705, V. tubiashii strain DX170701), and fungi
(Saccharomyces cerevisiae) were used; all these strains were stored by our group. Bacte-
ria at the logarithmic phase were collected, stained with 4’,6-diamidino-2-phenylindole
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(DAPI), then washed three times with TBS and resuspended at the concentration of
2% 10 CFU/ml. Equal volume of microorganisms-TBS was incubated with purified
recombinant rPvCTL2-TBS (final concentration from 20 to 200 pg/ml) in the presence
of 10 mM CaCl, or 10 mM EDTA at 37 °C for 50 min (Kwankaew et al. 2018; Zhang
et al. 2009). Agglutination was observed by microscopy. All the assays were performed
in triplicate.

To further analyze the inhibitory effect of different sugars on rPvCTL2 agglutinat-
ing bacteria, E. coli was tested for inhibitory agglutination in the presence of 10 mM
CaCl,. Equal amounts of rPvCTL2, E. coli, and different concentrations of sugars were
mixed and incubated at 37 °C for 50 min, and the agglutination was observed under a
microscope. The sugars used in the test included D-mannose, D-fructose, D-glucose,
D-galactose, sucrose, alginose, and maltose, and the experiments were slightly modi-
fied by referring to the method of Liu et al. (2012). All the assays were performed in
triplicate.

RNA interference of PvCTL2 and mortality analysis after V. parahaemolyticus
challenge

Double-stranded RNAs (dsRNAs) specific to PvCTL2 (dsPvCTL2) and green fluores-
cent protein (dsGFP, as control) were synthesized by in vitro transcription using a T7
RiboMAX™ Express RNAi System (Promega, USA) based on the primers listed in
Table 1. The integrity of dsSRNA was confirmed by 1.2% agarose gel electrophoresis, and
the concentration and purity were analyzed using a Nano-400 micro-spectrophotometer
(Allsheng Instrument, China). RNA interference efficiency of PvCTL2 or GFP dsRNA
was measured by RT-qPCR (EF-1a as an internal reference). The experimental group
was injected with dsPvCTL2 (2 pg/g shrimp), while the control group was injected with
dsGFP. Shrimps were collected at 0 hpi, 24 hpi, and 48 hpi, and five shrimps were col-
lected at each time point. The muscle of each shrimp was sampled, and the expression
level of PvCTL2 was measured.

To test the effect of PvCTL2 in the immune process of P. vannamei, the shrimps were
divided into the experimental group (dsPvCTL2+ V.P.), control group (dsGFP + V.P.),
negative control group (PBS+V.P.), and blank control group (PBS+PBS), with 30
shrimps in each group. The experimental group was injected with 20 ul dsPvCTL2
(2 pg/g shrimp), the control group was injected with 20 ul dsGFP, and the negative
control group and blank control group were injected with 20 ul PBS. After 24 h, the
experimental group, the control group, and the negative control group were injected with
20 pl of V. parahaemolyticus at a concentration of 5 X 10% CFU/ml, and the blank control
group was injected with 20 pl of PBS again. Mortality of shrimp was recorded at differ-
ent time points within 48 h after the second injection.

Statistical analysis

Data on gene expression level and cumulative mortality were processed using the SPSS
package (version #16.0) and one-way analysis of variance (ANOVA), followed by the
least significant difference (LSD) on the datasets, with the mean value and standard
error of the mean (S.E.). The RT-qPCR data and cumulative mortality were plotted
using Sigma Plot (version #10).
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Results
Characterization of the full-length cDNA of PvCTL2

The full-length cDNA of PvCTL2 (Accession No. OQ470535) was 1560 bp with an ORF
of 1143 bp encoding 380 amino acids. The predicted relative molecular mass of the pro-
tein was 41.78 kDa, and the theoretical isoelectric point was 6.27. Analysis result of the
SMART program predicted a low-density lipoprotein receptor domain class A (LDLR, 38
aa) at the N-terminal and a CRD of 158 aa at the C-terminal of PvCTL2 (Fig. 1A, C). Mul-
tiple alignments of CRDs in PvCTL2 with other CTLs showed that PvCTL2 contained a
“QAP” motif that can specifically bind carbohydrates, and four conserved cysteine residues
(Cys230, Cys340, Cys356, and Cys364), which could form two disulfide-bonds to stabilize
the CRD structure (Fig. 1B).

Percentage identify matrix from multiple alignment analysis of ClustalX version 2.1
showed that PvCTL2 showed 85% and 84% homology with PmLdlr of P. merguiensis
(AUB13319.1) and PjCTL2 of P. japonicus (AFJ59946.1), respectively. Phylogenetic tree
analysis of CRDs showed that PmLdIr and PjCTL?2 were closely clustered together, formed
a sister group to PvCTL2, and relatively close to the CTLs from other crustacean species;
CTLs of Azumapecten farreri, Macrobrachium rosenbergii, Xenopus laevis, Homo sapiens,
and Mus musculus formed a separate branch in the phylogenetic analysis, and CTLs of
Penaeus merguiensis and Eriocheir sinensis formed a completely separate branch in the
phylogenetic tree (Fig. 2).

Expression level analysis of PvCTL2 in different tissues and after inoculation
with Vibrio parahaemolyticus

As shown in Fig. 3A, PvCTL2 mRNA was ubiquitously expressed in all examined tis-
sues. While the highest expression was noticed in muscle, strikingly lower expression
was observed in hemocytes and eyestalk. Furthermore, the response of PvCTL2 expres-
sion in the muscle of pathogen-infected shrimp at different time intervals was also deter-
mined (Fig. 3B), the results showed that the mRNA level of PvCTL2 was significantly
upregulated from 3 to 24 hpi, then subsequently decreased to the normal level from 48 to
72 hpi, and the highest expression levels were observed at 6 hpi and 12 hpi which were
more than tenfold higher than that at O hpi.

Purification of rPvCTL2, bacterial agglutination, and sugar-binding specificity
of rPvCTL2

As shown in Fig. 4A, a distinct band of approximately 45 kDa was detected by SDS-
PAGE, which indicated that rPvCTL2 was successfully expressed in vitro (Fig. 4A,
lane 2, lane 3). Then, rPvCTL2 was successfully purified through a Ni-TED Sefinose™
Resi (Fig. 4B, lane 4). Thereafter, higher purity and concentration of recombinant pro-
tein was obtained by an Amicon® Ultra-4 centrifugal filtration (Fig. 4B, lane 5). In the
bacterial agglutination analysis, rPvCTL2 (in the presence of 10 mM CaCl,) aggluti-
nated Gram-negative bacteria (E. coli, V. parahaemolyticus, V. anguillarum, V. tubi-
ashii) and fungi (S. cerevisiae) (Fig. 5). Agglutination was not observed for all micro-
organisms tested, in the presence of 10 mM EDTA, suggesting calcium-dependent
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Fig. 1 Sequence analysis of PvCTL2. A Nucleotide and deduced amino acid sequences of PvCTL2. The
nucleotide (top case) and deduced amino acid (below case) sequences were shown and numbered on the
left. Predicted LDLR structures are shaded gray and CRDs are shaded yellow. The start codon and stop
codon are surrounded by red boxes. Disulfide bonds are in bold italics. QAP motif is in black box. B
Alignment of PvCTL2 with C-type lectins from other organisms. P. vannamei (AEH05998.1); P. mer-
guiensis (AUB13319.1); P. monodon (ABI197373.1); Homarus americanus (KAG7167775.1); P. chinensis
(ACJ06428.1). C The schematic structure of PvCTL2 predicted by SMART program
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agglutination process. The minimum concentration required for agglutination was
demonstrated against E. coli and V. parahaemolyticus, followed by V. tubiashii and S.
cerevisiae. The agglutination activity was less against V. anguillarum, with no aggluti-
nating activity against L. garvieae (Table 2).

Furthermore, the results of sugar-binding specificity showed that agglutinating activ-
ity of rPvCTL2 against E. coli could be inhibited by the polysaccharide component. The
agglutinating activity of rPvCTL2 was found to be inhibited by different concentrations
of D-glucose, D-mannose, D-galactose, and D-fructose and not by maltose, trehalose,
and maltose (Table 3).

RNA interference of PvCTL2 and its role in innate immunity

To validate the putative role of PvCTL2 in shrimp innate immunity, RNAi-mediated
gene silencing of the transcripts was performed. RT-qPCR results demonstrated that
injection of 2 pg/g dsPvCTL2 suppressed 69% mRNA level of PvCTL2 in muscle after
48 h (Fig. 6A). After PvCTL2 was knocked-down, V. parahaemolyticus was injected
into muscle tissue and the mortality rate was recorded. When compared with the PBS
or dsGFP injected groups, cumulative mortality in the dsPvCTL2 injected group under

50 ‘|: PjCTL2
100 PmLdlr
30 A pyCTL2
HaCTL2

55 PvCTL

— PmCTL
23
100 L—— peCTL2

| PmCTL1
77

MnCTL

100

AfCTL
35 MiCTL
XICTL
73 MmCTL
47 HsCTL19A
PmCTLD
!

Eslectin

98

s |
0.1

Fig.2 Phylogenetic tree analysis of CRD region of C-type lectins. PvCTL2 is marked by A. The C-type
lectin sequences were selected from the following representative species: Penaeus monodon (PmCTL,
ABI97373.1), Penaeus chinensis (PcCTL, ACJ06428.1), Penaeus merguiensis (PmCTLD, AEB96259.1;
PmLdlr, AUBI13319.1), Eriocheir sinensis (Eslectin, ADB10837.1), Palaemon modestus (PmCTLI1,
AGZ95685.1), Macrobrachium nipponense MMnCTL, ARH56436.1), P. vannamei (PvCTL, AEH05998.1),
Homarus americanus (HaCTL2, KAG7167775.1), Penaeus japonicus (PjCTL2, AFJ59946.1), Azu-
mapecten farreri (AfCTL, AAT77680.1), Macrobrachium rosenbergii (MrCTL, QJS38721.1), Xeno-
pus laevis (XICTL, BAN13409.1), Mus musculus (MmCTL, AAD05125.1), Homo sapiens (HsCTL19A,
NP_001243649.1)
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Fig.3 Expression level analysis of PvCTL2 in different tissues and under immune challenge of V. para-
haemolyticus. A mRNA level of PvCTL2 in hemocyte, eyestalk, gill, stomach, hepatopancreas, nerve, heart,
intestine, and muscle. B Time-course expression of PvCTL2 in muscle of shrimp challenged by V. para-
haemolyticus was quantified by real-time RT-PCR. The EF-1a was used as an internal standard. Bars repre-
sented standard errors of mean values. Different letters indicated significant difference (p <0.05, n=3)

V. parahaemolyticus challenge was significantly higher. Mortality rates at 48 hpi were
44%, 67%, and 90%, and the final mortality rates (72 hpi) were 44%, 67%, and 100%
for PBS + V.P., dsGFP + V.P., and dsPvCTL2 + V.P., respectively (Fig. 6B).

(A)

130kDa 130kDa

91kDa
91kDa

65kDa
65kDa

48kDa
48kDa

32kDa
32kDa

25kDa
25kDa

20kDa
20kDa

15kDa

Fig. 4 SDS-PAGE analysis of the rPvCTL2 protein. (A) rPvCTL2 induction; (B) purification and concen-
tration of rPvCTL2. Lane M: the protein molecular weight marker; lane 1: uninduced E. coli transformant
expressed pCold I-PvCTL2; lane 2 and lane 3: the supernatant and precipitated proteins, respectively,
from E. coli with pCold I-PvCTL2; lane 4: the supernatant purified by Ni-TED Sefinose™ Resi; lane 5:
rPvCTL2 passed through Amicon® Ultra-4 centrifugal filtration ultrafiltration. The red arrow indicated the
location of rPvCTL2
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BSA+ Ca®

rPvCTL2+ Ca?

rPvCTL2+ EDTA

Fig.5 Agglutination activity of rPvCTL2 on microorganisms. Gram-negative bacteria including E. coli, V.
parahaemolyticus (DX160807), V. anguillarum (DX210705), V. tubiashii (DX170701), and fungi (Saccha-
romyces cerevisiae) were used for agglutination analysis. The concentration of rPvCTL2 was 200 pg/ml and
the BSA (200 pg/ml) was used as a control

Discussion

CTLs are important PRRs, which mediate pathogen recognition and participate in innate
immunity. Functional analysis of CTLs in P. vannamei has revealed the roles in the immune
response to YHV, V. parahaemolyticus, and WSSV (Junkunlo et al. 2012; Li et al. 2015,

Table 2 Pathogens agglutinating

activity of rPvCTL2 Microorganism 1('};;/?1;13_,2
G+
Lactococcus garvieae NA
G-
Escherichia coli 20
Vibrio parahaemolyticus 20
Vibrio tubiashii 75
Vibrio anguillarum 200
Fungi
Saccharomyces cerevisiae 75

NA, no agglutination, recombinant protein could not agglutinate bacte-
ria under the maximum detectable concentration (200 pg/ml)
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Table 3 Carbohydrate

recognition activity of rPvCTL2 Saccharides TPvCTL2

D-glucose 200 mM
D-mannose 400 mM
D-galactose 50 mM
D-fructose 200 mM
Maltose NI
Trehalose NI
Maltose NI

NI, no inhibition, recombinant protein could not inhibit the bacte-
rial agglutination under the maximum detectable concentration

(>400 mmol/l)
(A) 1.4 (B)IOO
3 = dsGFP o —e—PBS+PBS
S 12 mdsPvCTL2 N
4 < 80 ——PBS+V.P
5: 1 é‘ —+—dsGFP+V P *k
o =
= € % —a—dsPVCTL2+V.P
> 08 S
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] 5 20
= &)
s 02
E /._’0—0”’4—./'
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Time after injection with dsRNA (h) Time after V. parahaemolyticus challenge (in h)

Fig.6 Silencing analysis of PvCTL2 in P. vannamei. A Test the knockdown effect of PvCTL2 gene by
using GFP as control. Examination of PvCTL2 gene knockdown was conducted using RT-qPCR with
EF-1a as an internal reference. B Shrimps of silenced group were injected with dsPvCTL2 and followed
by V. parahaemolyticus. Shrimps of control group, negative control group, and blank control group were
injected in a similar manner. Bars represent standard errors of mean values. Asterisks indicate significant
differences (**: p<0.01, n=3)

2014; Zhao et al. 2009; Song et al. 2019). In current study, we identified and characterized
the function of a new CTL named PvCTL2 in an immune challenge.

PvCTL2 is a protein composed of 380 amino acids; the predicted protein sequence con-
tains an LDLR class A domain and a CRD. This LDLR functions in regulating choles-
terol homeostasis through receptor-mediated endocytosis of lipoproteins particles (May
et al. 2007). The LDLR class A domains are known to bind low-density lipoprotein and
calcium (Fass et al. 1997). The immune effects of CTLs that contain LDLR domain in
crustaceans include the activation of phenoloxidase progenitor system, antibacterial, and
antiviral responses (Junkunlo et al. 2012; Huang et al. 2014; Xu et al. 2014). Among these
CTLs, LdIrCTL and LvCTLD are from P. vannamei, and deletion of LDLR in LvLdl-
rCTL results in lower phagocytosis of hemocytes which indicates its potential role in the
immune response. Further investigation of the LDLR domain in the immune response is
still required. The CTLD is located at the C-terminal of PvCTL2 and its structure is mainly
maintained by four conserved cysteine residues that form two disulfide bonds (Zelensky
and Gready 2005). CTLs are generally thought to possess a CRD of 115-130 amino acids,
but the CRD of PvCTL2 is longer than the normal range, with 158 amino acids. In the

@ Springer



Aquaculture International (2024) 32:963-978 975

phylogenetic tree, PvCTL2 was clustered together CTLs from P. japonicus and P. mer-
guiensis. The structural features and relationships displayed in the BLAST results and
phylogenic tree suggested that PvCTL2 is a new member of the CTL superfamily of P.
vannamei.

Aggregation activity is the most important feature of CTLs. In the presence of cal-
cium, rPvCTL2 agglutinated Gram-negative bacteria (E. coli, V. parahaemolyticus,
V. anguillarum, V. tamari) and fungi (S. cerevisiae). According to previous studies,
other CTLs containing LDLR domains also agglutinate bacteria. For example, both
MnCTLDcp2 from Macrobrachium nipponense (Xiu et al. 2015) and EsCTLDcp from
Eriocheir sinensis (Huang et al. 2014) can agglutinate Gram-positive (S. aureus) and
Gram-negative bacteria (Aeromonas hydrophila and V. parahaemolyticus). Compared
with the reported CTLs, rPvCTL2 showed a broader spectrum of pathogenic bacteria
agglutinating activity. Most CRDs possess “EPN” and “QPD” binding motifs that are
specific for mannose and galactose, respectively. Although PvCTL2 had a “QPD” muta-
tion in the “QAP” motif, sugar inhibition assays revealed that rPvCTL2 could bind to
D-fructose, D-galactose, D-glucose, and D-mannose, thereby inhibiting the binding of
rPvCTL2 with E. coli. These results showed that rPvCTL2 had agglutinating activity
and was involved in defense against various bacterial pathogens in a calcium-dependent
and carbohydrate-dependent manner.

PvCTL2 was expressed in wide range of tissues suggesting its importance in immune
defense of the host. Furthermore, high PvCTL2 mRNA level was found in muscle, intestine,
heart, nerve, and hepatopancreas, which was quite different from other CTLs in P. vannamei
since most of them were highly expressed in hepatopancreas, gill, or hemocyte. However,
relative high expression level of Lvlectin-1 and LvCTL7 also have been found in muscle tis-
sue (Wei et al. 2012; Luo et al. 2023). Furthermore, after V. parahaemolyticus challenge,
the expression level of PvCTL2 in muscle was significantly upregulated from 3 to 24 hpi.
Although the muscle is not the immune organ in the shrimp, the result indicated that PvCTL2
played an important role in bacteria defense in this tissue. However, the role of PvCTL2 in
immune defense still needs to be studied in detail since we did not determine the mRNA level
change in other tissues. Considering the result that rPvCTL2 could bind V. parahaemolyticus
in vitro, this study suggested that PvCTL2 could be efficiently induced by V. parahaemolyti-
cus to promote recognition or clearance of invading bacteria. Similarly, for most other CTLs
from P. vannamei, bacterial or viral challenge can also effectively induce the expression of
these CTLs. Furthermore, RNAi was used to analyze the function of PvCTL2 in vivo. The
result showed that injection of dsPvCTL2 into the muscle of P. vannamei could efficiently
reduce the expression of PvCTL2, and silence of PvCTL2 significantly increased the cumula-
tive mortality after V. parahaemolyticus challenge. These results suggested the involvement
of PvCTL2 in shrimp immunity against bacterial challenge.

Conclusions

In summary, a new LDLa domain-containing CTL (PvCTL2) was cloned from P. van-
namei. The expression level of PvCTL2 was regulated by bacterial challenge, and the
recombinant protein agglutinated various bacteria in a calcium-dependent manner. All
these results suggested that PvCTL2 could function as a PRR involved in the agglutination
and antibacterial immunity of P. vannamei.
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