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A B S T R A C T

C-type lectins (CTLs), which bind carbohydrates in a Ca2+-dependent manner, are involved in many cellular
activities, especially immunity. CTLs play important roles in both the antibacterial and the antiviral immune
response and are also associated with autoimmunity. Several CTLs have been investigated in crustaceans, pri-
marily with respect to their function in the immune response. In this study, we cloned a novel CTL gene
(LvCTLU) from Litopenaeus vannamei. LvCTLU is involved in microbe agglutination and phagocytosis.
Downregulating LvCTLU increased the cumulative mortality of L. vannamei after Vibrio parahemolyticus infection.
Similar to other reported CTLs, LvCTLU also had antiviral properties. Downregulation of LvCTLU also increased
the cumulative mortality of L. vannamei after infection with white spot syndrome virus. More importantly,
LvCTLU expression was induced by the unfolded protein response (UPR), which is the key pathway in the
endoplasmic reticulum (ER)-stress response of eukaryotic organism. Our results suggested that this protein might
be involved in the shrimp ER-stress response. Reporter gene assay indicated that LvCTLU was regulated by X-
box-binding protein 1, which is the key transcription factor in the UPR. Our study thus revealed that LvCTLU
plays vital roles in both the anti-pathogen immune response and the ER-stress response.

1. Introduction

Lectins, proteins that bind carbohydrates or glycoproteins without
the involvement of enzymes, occur ubiquitously in animals, plants, and
microorganisms [1]. Based on structural characteristics, calcium ion
dependence, and the types of carbohydrates recognized, animal lectins
can be grouped into four categories: C-type lectins (CTLs), P-type lec-
tins, S-type lectins, and I-type lectins [2]. In general, lectins are asso-
ciated with the regulation of cell adhesion and glycoprotein synthesis;
the binding of soluble extracellular and intercellular glycoproteins; and
the recognition of galactose residues and hydrolytic enzymes [3]. As
lectins are highly selective, they are important in a variety of cellular
physiological processes, particularly the innate immune response [4].
However, some lectins may also mediate the attachment and binding of
bacteria and viruses to their intended targets [5,6].

CTLs are the most well-studied group of lectins. Lectins in the CTL
superfamily have structurally homologous carbohydrate-recognition

domains and often bind to carbohydrates in a Ca2+-dependent fashion
[7]. Based on additional non-lectin domains and overall gene structure,
CTLs can be further subdivided into seven groups: hyalectans, asia-
loglycoprotein receptors, collectins, selectins, NK-group transmem-
brane receptors, macrophage mannose receptors, and simple (single
domain) lectins [8]. CTLs are associated with a diverse range of func-
tions, including cell-cell adhesion, the immune response to pathogens,
and apoptosis [9].

CTLs may also be involved in stress responses or oxidative stress
resistance. For example, a CTL mannose-binding protein in the lectin
complement pathway (LCP) mediates complement activation after
tissue oxidative stress [10], while the CTL Reg3α (HIP/PAP) suppressed
extracellular oxidative stress in a murine model of acute liver failure
[11]. CTLs are also associated with other stress responses: the sialic
acid-binding lectin (leczyme) in bullfrog eggs activated endoplastic
recticulum (ER)-stress-mediated apoptosis [12], and transcriptome
analyses showed that some CTLs were expressed in response to salinity
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stress in the pacific oyster Crassostrea gigas [13].
Due to the great economic value of shrimp aquaculture and the

severe threats posed to this industry by pathogenic infection and en-
vironmental stressors, many studies have focused on shrimp immune
responses and stress resistance mechanisms [CITE]. In particular, sev-
eral recent studies have investigated the function of shrimp CTLs; most
of these specifically concentrated on the functions of CTLs in innate
immunity. For example, galactose-binding CTLs carrying two gluta-
mine-proline-aspartate motifs were isolated from the hemocytes of
Fenneropenaeus merguiensis and shown to participate in immune de-
fense, while in red swamp crayfish, a CTL was identified that acted as
both an antibacterial and an antiviral [14,15]. Other studies have
suggested that shrimp lectins may also be involved in the resistance to
environmental stressors, including high ammonia levels, low tempera-
tures, and low salinities [16,17]. However, the underlying mechanisms
by which shrimp lectins respond to environmental stressors remain
unclear. Here, we show that a Litopenaeus vannamei CTL (LvCTLU) not
only participates in the response to pathogen infection but is also ac-
tivated downstream of the unfolded protein response (UPR), which is a
key pathway conferring environmental stress resistance on L. vannamei
[18–20].

2. Materials and methods

2.1. Subcellular localization of LvCTLU

Drosophila Schneider 2 (S2) cell maintenance and DNA transfection
were performed as previously described [21]. To perform subcellular
localization, the enhanced green fluorescent protein (eGFP)-fused pro-
tein expression vector for LvCTLU (1–170 aa) was constructed by in-
serting the corresponding DNA fragment into the recombinant vector
pAC-eGFP (the primers used are listed in Table 1). At 48 h post-trans-
fection, the cells on the coverslips were washed twice with PBS and
stained with Hoechst 33258 solution (Beyotime, China). The cells were
then observed using a laser scanning confocal microscope (Leica, Ger-
many).

2.2. Dual-luciferase reporter gene assay

The LvCTLU promoter, which was obtained from the L. vannamei
Genome Sequencing Project (GenBank assembly accession:
GCA_002993835.1), was 669 bp in length. Reporter gene vectors were
constructed based on pGL4-Basic (Promega, USA), and PCR products
were amplified (using the primers listed in Table 1). The expression
vector encoding the splicing form of L. vannamei XBP1 (LvXBP1s) was
constructed as described previously [18]. The S2 cells were cultured at
28 °C with Schneider Insect Medium (Sigma) supplemented with 10%
FBS in 96-well plates for 24 h. Then, 50 ng of firefly luciferase reporter
gene plasmid, 15 ng of pRL-TK renilla luciferase plasmid, and 50 ng of
expression plasmid (the pAC5.1-Basic plasmid was used as the negative
control) were transfected into S2 cells in a single well using FuGENE 6
Transfection Reagent (Promega, USA), following the manufacturer's
instructions, and fluorescence intensity was measured at 48 h post-
transfection. All experiments were repeated three times. The expression
of pAC-LvXBP1s was detected by western-blot analyses with anti-V5
monoclonal antibody (CST, USA), and horseradish peroxidase (HRP)-
conjugated goat anti-mouse IgG antibody (Pierce, USA). Signal is de-
tected with a SuperSignal West Pico Trial Kit (Pierce).

2.3. Synthesis of double-stranded RNAs

The DNA templates of LvCTLU double strand RNA (designated
dsLvCTLU) were PCR amplified using the primer pairs DsRNA-
dsLvCTLU-T7-F/DsRNA-dsLvCTLU-R and DsRNA-dsLvCTLU-F/DsRNA-
dsLvCTLU-T7-R (Table 1). The PCR products were used as RNA tem-
plates and subjected to in vitro transcription and purification using Ri-
boMAXTM Large-Scale RNA Production System-T7 (Promega, USA),
following the manufacturer's protocols. dsLvCTLU was 541 bp in
length. DNA templates for the synthesis of eGFP dsRNA (dseGFP) and L.
vannamei immunoglobulin heavy chain binding protein dsRNA
(dsLvBip) were prepared as previously described [22].

Table 1
Summary of primers used in this study.

Primers Sequence (5′-3′)

For cDNA cloning
LvCTLU-5RACE1 CAGTTGTAACTTCAAAGAAACTCGGAGG
LvCTLU-5RACE2 GGTAGTACATGGAGCACTGTTTACTTCTAAGC
LvCTLU-3RACE1 GAAACGTGCATTGGCCTGAGCGACAGCA
LvCTLU-3RACE2 ACTTGGCTTCCCTCGACTCCACGGCGCA
For genes expressiona

pAC-eGFP-Kpn I-F ATAGGTACCATGGTGAGCAAGGGCGAGG
p AC-eGFP-EcoR I-R TTAGAATTCACCTTGTACAGCTCGTCCATGC
p AC-LvCTLU-Xba I-F CGGGTCTAGAGATGTATCGTCTGGAAAGATTACTCA
p AC-LvCTLU-SacⅡ-R CGGCCGCGG CTTCTGTGGGTAAGCCCTGCACA
pET32a-LvCTLU-Kpn I-F TATGGTACCCAGTGCCCCGATACCTTCTT
pET32a-LvCTLU-EcoR I-R TTAGAATTCCTTCTGTGGGTAAGCCCTGCAC
For real-time RT-PCR
QPCR- LvCTLU-F GTCGTAGACACCGGCGACAC
QPCR- LvCTLU-R GGGAAGCCAAGTCCACAGTCC
QPCR-LvEF1a-F GCTGATTGCGCCGTACTCAT
QPCR-LvEF1a-R TCACGGGTCTGTCCGTTCTT
For dsRNA templates amplification
DsRNA-LvCTLU-541-T7-F1 GGATCCTAATACGACTCACTATAGGGTGCAGGGCTTACCCACAGA
DsRNA-LvCTLU-541-R1 GCACCATTCCCAGTCTCACA
DsRNA-LvCTLU-541-F2 GTGCAGGGCTTACCCACAGA
DsRNA-LvCTLU-541-T7-R2 GGATCCTAATACGACTCACTATAGGGCACCATTCCCAGTCTCACA
For reporter gene assayb

pGL3-CTLU-Kpn I-F ATTGGTACCGCACGTGTGTGATTATATACATTTG
pGL3-CTLU-Bgl I-R CCGAGATCTGGTCCCGGCCACGGCGATAGC
pGL3-CTLUmATF/CRE-F gtcatgacACAACTATGGCCATTAGGAGCGT
pGL3-CTLUmATF/CRE-R TGACGTGACAGAAAAGAAATCAATA

a Nucleotides in bold indicate restriction sites introduced for clonin
b Nucleotides in lower-case are the mutant sites.
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2.4. Pathogenic challenge, UPR activation, and the preparation of templates
for real-time RT-PCR

L. vannamei were raised in a shrimp farm in Guangzhou City,
Guangdong Province, China. Healthy shrimp (~6 g) were collected and
acclimated in a recirculating water tank system filled with air-pumped
seawater (4.5% salinity) at ~28 °C. Shrimp were allowed to acclimatize
for at least one week before experimentation. To investigate the gene
expression profiles of LvCTLU in shrimp infected with white spot syn-
drome virus (WSSV) or Vibrio parahaemolyticus, healthy L. vannamei
were injected intramuscularly at the second abdominal segment with
50 μL WSSV inoculum (~105 virions) or 50 μL of V. parahaemolyticus
(7.0× 105 CFU/g). Gills, intestine and hepatopancreas from five
shrimp infected with WSSV were collected at 0, 6, 12, 24, 36, 48, 72
and 96 h post-infection (hpi); gills, intestine and hepatopancreas from
five shrimp infected with V. parahemolyticus were collected at 0, 6, 12,
24, 36 and 72 hpi were pooled together as one sample. Samples from
five shrimps were injected with PBS and used as the control.

To investigate UPR activation, 150 healthy L. vannamei were in-
tramuscularly injected at the second abdominal segment with 6 μg
dsLvBip or 6 μg dseGFP (control) in a total volume of 50 μL. Total RNA
from the hemocytes of each injected shrimp was isolated at 0, 4, 8, 12,
24, 36, 48, 72, and 96 h post-injection. At each time point for each type
of injection, hemocytes from five shrimp were pooled. Each data point

represented three parallel samples.
Total RNA was extracted using RNeasy Mini Kits (Qiagen, Germany)

and reverse transcribed into cDNA using PrimeScript RT Reagent Kits
(TaKaRa, Japan). Real-time RT-PCR assays were performed with a
LightCycler 480 System (Roche, Germany). The results were calculated
using the 2-ΔΔCt method after normalization to LvEF-1a (GenBank
Accession No. GU136229).

2.5. Analysis of the microbe agglutinating specificity of LvCTLU

Gram-negative bacteria (V. parahaemolyticus) and gram-positive
bacteria (Streptococcus agalactiae) were labeled with 5 μg/mL fluor-
escein isothiocyanate (FITC) and resuspended in TBS-Ca buffer (50mM
Tris-HCl, 100mM NaCl, 10mM CaCl2, pH 7.5) to a density of 106 CFU/
mL. Next, 10 μL of each bacteria suspension was mixed with either
20 μL of signal-peptide-free LvCTLU (0.1mg/mL) or 20 μL of the control
protein (0.1 mg/mL; a 21-kDa 6×His fusion protein expressed by the
pET32a vector). The mixtures were incubated at 25 °C for 1 h. The
agglutination of FITC-labeled cells was observed with a TE2000 mi-
croscope (Nikon, Japan) at 488 nm. To determine whether the observed
agglutination was calcium-dependent, FITC-labeled microbes were in-
cubated with LvCTLU in TBS-EDTA buffer (50mM Tris-HCl, 100mM
NaCl, 4 mM EDTA, pH 7.5) as described above.

Fig. 1. Nucleotide and deduced amino acid sequence of LvCTLU. The ORFs of the nucleotide sequences are shown in uppercase letters; the 5′- and 3′-UTRs are
shown in lowercase letters. Nucleotides and amino acids are numbered on the left of the sequences. The conserved domains were shaded, and signal peptide was
colored red. The conserved domains are shaded. The poly (A) signals (aataaa) were italic representation. The 3′-UTR instability motifs (attta) were boxed. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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2.6. Analysis of phagocytosis using flow cytometry

Phagocytic activity was measured as previously described [23].
Briefly, shrimp were injected with dsLvCTLU or dseGFP. At 48 h post-
injection, hemocytes were extracted from healthy shrimp and washed
three times with 2×Leibovitz's L-15 medium (Gibco, USA). Washed
hemocytes were then incubated with FITC-labeled V. parahaemolyticus
at a ratio of 1 hemocyte:100 bacterial cells. After incubation at 28 °C for
1 h, FITC signals and forward scatter (FSC) values in the hemocytes
were measured using cytometry. The FSC threshold was determined by
detecting free FITC-labeled V. parahaemolyticus in order to eliminate the
influence of cell debris and bacteria, and the fluorescence boundary was
set based on levels of self-fluorescence in untreated hemocytes. A total
of 150,000 events were detected for each sample.

2.7. Cumulative mortality test LvCTLU-knockdown shrimp following WSSV
or V. parahaemolyticus infection

The gene expression level of LvCTLU was reduced using RNA in-
terference (RNAi) mediated by sequence-specific dsLvCTLU, and real-
time RT-PCR was performed 72 h after dsRNA injection to measure
RNAi efficiency in haemocytes of shrimp. LvEF1a was used as the in-
ternal control. To determine the cumulative mortality of LvCTLU-
knockdown shrimp, healthy shrimp (n=50 per group) were injected at
the second abdominal segment with 6 μg of dsLvCTLU, dseGFP, or PBS.
Approximately 48 hpi, shrimp were injected with 50 μL of WSSV in-
oculum or V. parahaemolyticus.

3. Results

3.1. LvCTLU cloning and sequence analysis

The full-length cDNA of LvCTLU was 1324 bp, including a 151 bp 5′-
untranslated region (UTR) and a 663 bp 3′-UTR with a poly (A) tail
(Fig. 1). The open reading frame (ORF) of LvCTLU was 510 bp, en-
coding a putative protein of 170 aa with a calculated molecular weight
of 18.82 kDa (Fig. 1). Conserved domain analysis using SMART (http://
smart.embl-heidelberg.de/) indicated that LvCTLU carried a putative
signal peptide at the amino end. In addition, the CTL or carbohydrate-
recognition (CLETC) domain was almost as long as the entire poly-
peptide (Fig. 2A).

3.2. Phylogenetic analysis

To investigate the relationships among LvCTLU and its homologs, a
multiple sequence alignment was constructed (Fig. 2C); analysis
showed that LvCTLU was highly similar to other CTLs in invertebrates
and some lower vertebrates (Fig. 2B). A phylogenetic tree was gener-
ated using the neighbor-joining (NJ) method. In the resultant phylo-
geny, the CTLs and associated proteins fell into three classes (Fig. 3B):
class 1 contained lower vertebrate and invertebrate CTLs (XtCTL,
XtCTL2, LoCTL, XtAR2L, XtMrc1, EcCTL, SdALA, CmCTL, McCTL,
SpuCTL, and MaCTL); class 2 contained the three shrimp CTLs (PcCTL2,
PcCTL3, and PchCTL); and class 3 contained five crustacean CTLs
(LvCTLU, EsCTL, SpCTL, and PpCTL). Although asialoglycoprotein re-
ceptor 2-like (XtAR2L), XtMrc1, and antigen-like protein A (SdALA)
have not previously been specifically identified as CTLs, these proteins

Fig. 2. Multiple sequence alignment of
the CTL proteins CLETC domain, and
phylogenetic analysis of the CTL pro-
teins. (A) Schematic representation of the
structural domain of L. vannamei LvCTLU
protein. (B) Phylogenetic tree of CTLs:
XtCTL, Xenopus tropicalis CTL (GenBank ac-
cession No. XP_012815689); XtCTL2,
Xenopus tropicalis CTL2 (GenBank accession
No. NP_001011225); LoCTL, Lepisosteus
oculatus CTL (GenBank accession No. XP_
006627571); XtAR2L, Xenopus tropicalis
AR2L (GenBank accession No. XP_
017945793); XtMrc1, Xenopus tropicalis
Mrc1 (GenBank accession No. AAH77648);
EcCTL, Esox lucius CTL (GenBank accession
No. NP_001290572); SdALA, Seriola du-
merili ALA (GenBank accession No. XP_
022612965); CmCTL, Callorhinchus milii
CTL (GenBank accession No. XP_
007907578); MnCTL, Mesocentrotus nudus
CTL (GenBank accession No. ACV41410);
SpuCTL, Strongylocentrotus purpuratus CTL
(GenBank accession No. XP_003725900);
MaCTL, Mastacembelus armatus CTL
(GenBank accession No. XP_026172418);
PcCTL3, Procambarus clarkii CTL3 (GenBank
accession No. ADK27312); PcCTL2,
Procambarus clarkii CTL2 (GenBank acces-
sion No. AGL46986); LvCTLU, L. vannamei
LvCTLU (GenBank accession No.
MK952741); PchCTL, Penaeus chinensis CTL
(GenBank accession No. ACJ06431); PcCTL,
Procambarus clarkii CTL (GenBank accession
No. AGI92548); EsCTL, Eriocheir sinensis
CTL (GenBank accession No. ADH53777);

SpCTL, Scylla paramamosain CTL (GenBank accession No. AHM25604); PpCTL, Portunus pelagicus CTL (GenBank accession No. ABM65757). (C) Multiple sequence
alignment of the CLETC domain in CTL proteins. The result shows a high homology of amino acid sequences at this domain.
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contained the CLECT domain.

3.3. LvCTLU was constitutively transcribed in various tissues and was
localized in the cytoplasm

Real-time RT-PCR analysis indicated that LvCTLU was expressed in

all tissues examined herein. LvCTLU was extremely highly expressed in
the shrimp hepatopancreas: ~2390-fold greater than the expression
level in the nerve. LvCTLU was also highly expressed in pyloric caecum
and hemocytes, 48- and 22-fold higher than the expression level in the
nerve, respectively (Fig. 3A).

The subcellular locations of proteins may provide essential clues to
their functions. To better understand the functions of LvCTLU, we de-
termined the subcellular distribution of LvCTLU-eGFP in SF9 cells
(Fig. 3B). We found that LvCTLU-eGFP was widely distributed in cy-
toplasm and was possibly somewhat aggregated in nucleus. In contrast,
unfused eGFP was uniformly distributed (Fig. 3B).

3.4. LvCTLU expression was induced by WSSV or V. parahemolyticus
infection

The expression levels of LvCTLU were measured using real-time RT-
PCR assays. The gene expression levels of LvCTLU in the gill and he-
patopancreas increased from 36 to 96 h post WSSV injection. In the
intestine, LvCTLU expression began to increase from 6 h post WSSV
infection, peaking at 36 hpi (at ~9.1-fold greater than the expression
level of the control; Fig. 4A).

In the gill, LvCTLU expression increased from 24 h post V. para-
hemolyticus infection, peaking at 48 hpi (4.7-fold greater than the ex-
pression level of the control). In the intestine, LvCTLU was expressed
from 12 hpi and peaked at 48 hpi (7.2-fold greater than the expression
level of the control). In the hepatopancreas, LvCTLU was expressed
from 24 hpi and peaked at 48 hpi (4.7-fold greater than the expression
level of the control; Fig. 4B).

3.5. Regulation of microbe agglutination and phagocytosis by LvCTLU

The agglutinating activity of the recombinant LvCTLU protein was
investigated using FITC-labeled microbes. The gram-negative microbe
V. parahaemolyticus and the gram-positive bacteria S. agalactiae were
agglutinated after incubation with 60 μg/mL LvCTLU in the presence of
Ca2+, but agglutination was not observed when Ca2+ was chelated
with EDTA. This suggested that LvCTLU-mediated agglutination was
Ca2+-dependent (Fig. 5A). The influence of LvCTLU on hemocyte
phagocytosis was investigated using flow cytometry. We observed less
hemocyte-induced phagocytosis of V. parahaemolyticus in the LvCTLU-

Fig. 3. Expression profile of LvCTLU in tissues and subcellular localization
of LvCTLU. (A) Total RNA extracted from different tissues were reverse-tran-
scribed to cDNAs to serve as templates. Relative expression levels were nor-
malized to LvEF1α. The results are based on three independent experiments and
expressed as mean values ± S.D. Statistical significance was determined by
one-way ANOVA. Bars with different letters indicate statistical differences
(p < 0.05). (B) S2 cells were transfected with pAC-eGFP-LvCTLU expression
plasmids. At 48 h post-transfection, the cells were stained with Hoechst 33258
and visualized with confocal microscope.

Fig. 4. Microbes aggregation and phagocytosis functions of LvCTLU. FITC-labeled V. parahemolyticus (1× 106 CFU/mL) and S. aureus (1× 106 CFU/mL) were
treated with purified recombinant LvCTLU protein (2 μg) for 1 h in the presence of 10mM CaCl2 with or without EDTA at room temperature and examined under
fluorescence microscopy. NC, Negative control (the control pET32a + expression protein). (B) Effects of LvCTLU on phagocytosis of hemocytes. The phagocytic
activity of hemocytes from dsLvCTLU and dseGFP treated shrimp against FITC-labeled V. parahaemolyticus analyzed by flow cytometry.
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knockdown shrimp as compared to the control (Fig. 5B).

3.6. Knockdown of LvCTLU increased the cumulative mortality of V.
parahemolyticus-infected, but not WSSV-infected, shrimp

As the results of real-time RT-PCR showed, dsLvCTLU but not
dseGFP injection significantly reduced expression of LvCTLU in L.
vannamei haemocytes at 72 h post dsRNA injection (Fig. 6A). To better
understand the anti-pathogen properties of LvCTLU, we investigated the
cumulative mortality of wild-type and LvCTLU-knockdown L. vannamei
following V. parahemolyticus infection. In the infected shrimp injected
with dsLvCTLU, cumulative mortality was 7%, 50%, and 97% at 8, 12,
and 20 hpi, respectively (Fig. 6A). In the infected shrimp injected with
dsLveGFP, cumulative mortality was 4%, 33%, and 50% at 8, 12, and
20 hpi, respectively (Fig. 6B).

In contrast, the knockdown of LvCTLU did not seem to significant
impact the cumulative mortality of WSSV-infected shrimp. In the
WSSV-infected shrimp injected with dsLvCTLU, cumulative mortality
was 55%, 65%, and 80% at 36, 44, and 52 hpi, respectively (Fig. 6C). In
the WSSV-infected shrimp injected with dsLveGFP, cumulative mor-
tality was 30%, 40%, and 55% at 36, 44, and 52 hpi, respectively
(Fig. 6C).

3.7. LvCTLU was induced by UPR

We constructed pGL4-LvCTLU and pGL4-LvCTLUmATF/CRE vec-
tors, carrying the 669 bp promoter region of LvCTLU containing either
the putative ATF/CRE binding motif (−575 to 567 bp; tcacgtca) or the
mutant one [Fig. 7A (a)]. The dual-luciferase reporter assay indicated
that the over-expression of LvXBP1s significantly increased pGL3-
LvCTLU activity but had no significant impact on pGL4-LvCTLUmATF/
CRE activity [Fig. 7A (b)]. In shrimp injected with dsLvBip, which ac-
tivates shrimp UPR, LvCTLU was upregulated in the hemocytes from 24
hpi and continued to increase throughout the remainder of the ex-
periment. At 96 h post dsLvBip injection, LvCTLU expression in the

shrimp hemocytes was about 6.59-fold greater than that of the control.
In contrast, LvCTLU expression levels remained relatively stable in
shrimp injected with dseGFP (Fig. 7B).

4. Discussion

CTLs are known to recognise specific carbohydrate structures, act as
pattern recognition receptors (PRRs), and regulate a diverse range of
physiological functions, especially those associated with the immune
response. Yet few studies have investigated the relationship between
CTLs and the UPR. In this study, a novel CTL (LvCTLU) was cloned from
L. vannamei. This CTL had Ca2+-dependent bacterial agglutinating
properties. Moreover, LvCTLU expression was regulated by LvXBP1s,
which is the key transcription factor of the UPR, suggesting that LvCTLU
is a downstream gene of the L. vannamei UPR.

Members of the CTL family possess at least one carbohydrate re-
cognition domain (CRD), which mediates carbohydrate-binding activity
and has two highly conserved disulfide bonds [24]. Our multiple se-
quence alignment suggested that LvCTLU could form two disulfide
bonds as this protein carries four cysteinyl residues in its CRD. In ad-
dition, Predictprotein.com [25] analysis suggested that two disulfide
bonds were likely to form within the LvCTLU CRD, with the first dis-
ulfide bond between C20 and C32, and the second between C52 and
C163.

Although not all the CRD-containing proteins belong to the CTL
family, CTL proteins are always Ca2+-dependent because the specific
amino acid residues that coordinate Ca2+ and bind to sugar hydroxyl
groups are conserved [7]. This key functional aspect distinguishes CTLs
from other types of lectins. Here, the microbe agglutinating activity of
LvCTLU was Ca2+-dependent, indicating that this protein falls into the
CTL family.

CTL proteins are known to be associated with immune functions,
particularly antibacterial activities. CTL antibacterial functions pri-
marily have to do with binding the carbohydrates of the host or of the
intruders [26]. Some CTLs act as signal transduction molecules,

Fig. 5. Expression of LvCTLU in gills, in-
testine and hepatopancreas of immune
challenged shrimps. (A) The mRNAs were
collected at 0, 6, 12, 24, 36, 48, 72 and 96 h
after WSSV infection; and (B) at 0, 6, 12, 24,
36 and 48 h after V. parahemolyticus infec-
tion. The relative expression of LvCTLU
upon WSSV or V. prahaemolyticus infection
were normalized with LvEF1α and com-
pared against time zero. The bars represent
the mean values ± S.D. of three replicates.
The statistical significance was calculated
using Student's t-test (*indicates p < 0.05,
**indicates p < 0.01).
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mediating immune signal by interacting with the glycosyl groups of
glycoproteins. For example, CTL interacts with the transmembrane
glycoprotein receptor β-integrin to enhance hemocytic encapsulation in
the cotton bollworm, Helicoverpa armigera [27]. In addition, macro-
phage inducible CTL (Mincle) recognizes the glycosylated surface (S)-
layer of Tannerella forsythia and may play a critical role in regulating
the host immune response to this bacterium [28]. Here, LvCTLU

regulated the microbe agglutination activity of shrimp hemocytes,
suggesting that LvCTLU might bind to the carbohydrates on the surfaces
of the invading bacteria. Furthermore, LvCTLU also participated in the
regulation of phagocytic activity. As report, CTLs could be involved in
phagocytic in several ways. CTLs, such as Dectin-1 can directly re-
cognise pathogen associated molecular patterns (PAMPs) on the surface
of microbes and mediate phagocytosis [29]. Alternatively, soluble CTLs,

Fig. 6. Cumulative mortality following
treatment with dsLvCTLU plus immune
challenged. (A) Real-time RT-PCR analysis
of gene expression of LvCTLU, the internal
control was LvEF1α. Samples were taken
72 h after injection with indicated dsRNA;
Shrimps (n=50) were injected in-
tramuscularly with dseGFP (control) or
dsLvLvCTLU. At 48 h after the initial injec-
tion, shrimps were infected with V. para-
hemolyticus (B) or WSSV (C). Cumulative
mortality was recorded every 3 or 4 h.
Differences in mortality levels between
treatments were analyzed by Kaplane-Meier
plot (log-rank Х2 test). Significant differ-
ences in L. vannamei mortality were marked
with asterisks (**indicates p < 0.01).

F. Song, et al. Fish and Shellfish Immunology 93 (2019) 977–985

983



such as mannose-binding lectin (MBL) can interact directly with pa-
thogens to promote opsonisation of the microbe, which can subse-
quently be phagocytosed via specific receptors [30]. Furthermore, some
CTLs can activate complement leading to its deposition on the microbial
surface and phagocytosis mediated by complement receptors [31]. In
addition, CTLs can cause upregulation of other phagocytic receptors,
independently of their binding to the microbe. For example, MBL up-
regulation of scavenger receptor A (SR-A) [31]. Yet how LvCTLU is
engaged in phagocytosis still unclear. These results indicated that
LvCTLU might be a pattern recognition receptor, recognizing micro-
organisms and mediating the immune response in L. vannamei.

Similarly, CTLs also elicit and shape the adaptive immune response

to viral invasion to inhibit viral spread; some viruses exploit CTLs in
order to enter host immune cells and avoid immune recognition. For
example, chicken lung lectin is a functional CTL that inhibits the hae-
magglutination of the influenza A virus [32]. In contrast, the human
immunodeficiency virus-1 envelope triggers polyclonal Ig class switch
recombination via a CD40-independent mechanism that involves B cell-
activating factors and CTL receptors [33]. Here, we showed that
LvCTLU was involved not only in the antibacterial response but also in
the anti-viral (WSSV) response. This was consistent with several pre-
vious studies demonstrating that crustacean CTLs act as both antivirals
and antibacterials, such as a CTL harboring an additional low-density
lipoprotein receptor (LDLR) class A domain (LdlrCTL) in L. vannamei, as
well as PcLEC6 and PcLT in Procambarus clarkii [14,34,35].

In addition to pathogens, shrimp are also subject to various en-
vironmental stressors. The UPR, which is initiated in the ER, is a me-
chanism used by eukaryotic cells to resist stresses [36]. The UPR is a
cascade of responses that prevent the accumulation of unfolded or
misfolded proteins in the ER lumen. This mechanism is highly con-
served from human to yeast [37,38]. The UPR contributes to cell sur-
vival during ER-stress by enhancing the protein folding capacity of the
ER [39]. Previously, we showed that the UPR is important for en-
vironmental stress resistance in shrimp [18–20]. Shrimp CTLs may also
be involved in resistance to environmental stress. For example, CTLs
were expressed in response to bacterial infection and ammonia nitrogen
stress in tiger shrimp [40]. In addition, several transcriptional and
histological analyses have indicated that CTLs may be involved in
shrimp environmental stress responses [16,41,42]. Here, we demon-
strated that LvCTLU was a downstream gene of the UPR and was
regulated by LvXBP1s. These results indicated that LvCTLU might also
play a vital role in the environmental stress response. However, the
specific functions of LvCTLU during the stress response require further
study.

In summary, we cloned a CTL gene from L. vannamei (LvCTLU) with
both antibacterial and antiviral properties. Moreover, the expression of
this gene was induced by the UPR and regulated by LvXBP1.
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