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Abstract

C-type lectins (CTLs) are important pattern recognition receptors (PRRs) involved in innate
immune defense in crustaceans. In this study, a novel C-type lectin, designated LvCTL,
was identified and functionally characterized from Litopenaeus vannamei. Sequence analysis
revealed that the open reading frame (ORF) of LvCTL is 495 bp in length and encodes a
164-amino acid polypeptide containing a typical C-type lectin-like domain but lacking the
classical carbohydrate-binding motifs. Notably, two novel EPF motifs were identified in the
CTLD region, suggesting a potential non-canonical ligand recognition pattern. Phylogenetic
analysis revealed that LvCTL clustered with other crustacean CTLs. Tissue expression
analysis revealed that LvCTL exhibited the highest transcript level in the hepatopancreas.
After immune stimulation, LvCTL expression in the hepatopancreas was significantly
regulated by LPS, Vibrio parahaemolyticus, Staphylococcus aureus, WSSV and Poly(I: C),
indicating its involvement in antimicrobial immune responses. RNA interference assays
showed that knockdown of LvCTL significantly increased the bacterial burden and reduced
the survival rate of shrimp after V. parahaemolyticus infection. Furthermore, recombinant
LvCTL displayed broad bacterial binding activity to Gram-negative and Gram-positive
bacteria and induced calcium-dependent agglutination of V. parahaemolyticus and S. aureus.
Taken together, these results demonstrate that LvCTL functions as an important immune
recognition molecule and contributes to antibacterial defense against V. parahaemolyticus
in L. vannamei. These findings broaden our understanding of the functional diversity of
shrimp CTLs and their contributions to crustacean innate immunity.

Keywords: C-type lectins (CTLs); Vibrio parahaemolyticus; Litopenaeus vannamei; agglutination;
immune response

Key Contribution: LvCTL is a hepatopancreas-predominant C-type lectin containing
non-canonical EPF motifs that exhibits broad bacterial binding and calcium-dependent
agglutination activities. Functional analyses reveal that LvCTL promotes bacterial clearance
and enhances shrimp resistance to Vibrio parahaemolyticus infection.
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1. Introduction

As a commercially important crustacean, the Pacific white shrimp (Litopenaeus van-
namei) contributes to global aquaculture and contributes substantially to shrimp production
and economic value worldwide [1]. Nevertheless, the rapid growth of shrimp aquaculture
has led to frequent outbreaks of infectious disease, such as Vibrio parahaemolyticus and white
spot syndrome virus (WSSV), resulting in substantial economic losses [2—4]. Among them,
acute hepatopancreatic necrosis disease (AHPND) is mainly caused by highly pathogenic
Vibrio parahaemolyticus carrying the binary toxins PirA®” and PirB” [5,6]. Because shrimp do
not possess antibody-mediated adaptive immunity, they rely primarily on innate immune
mechanisms to defend against invading pathogens [7,8]. Therefore, identifying key innate
immune molecules and clarifying their functions are essential for understanding shrimp
host—pathogen interactions and developing new strategies for disease control.

C-type lectins (CTLs) belong to the lectin superfamily and are characterized by a
conserved C-type lectin-like domain (CTLD) which mediates ligand binding [9]. The
typical CRD consists of approximately 110-130 amino acid residues and adopts a double-
loop architecture stabilized by two conserved disulfide bonds, enabling calcium-dependent
carbohydrate recognition [10,11]. The EPN and QPD motifs are conserved amino acid
motifs for carbohydrate ligand recognition and determining ligand binding specificity [12].
Moreover, a variety of non-canonical motifs, such as EPA, EPD, QPG, QAP, WND, WYD,
WNH and MND, have been identified in invertebrate CTLs, suggesting that these motif
variations may broaden their ligand recognition capacity [9]. Taken together, these motif
variations may increase the structural diversity of CTLs and support their functional
diversification in different immune processes.

Accumulating evidence demonstrates that CTLs are extensively participated in innate
immune response of invertebrates, including phagocytosis, agglutination, opsonization,
activation of the proPO cascade, and modulation of immune responses [10,13]. In L. van-
namei, LvVLTLC1 can agglutinate Gram-negative bacteria (Vibrio and Pseudomonas) as well as
Gram-positive bacteria (Staphylococcus aureus) [14]. In echinoderms, the Apostichopus japoni-
cus C-type lectin AjCTL-1 binds to peptidoglycan, promotes bacterial agglutination, and
enhances the phagocytic activity of coelomocytes [15]. Additionally, LvCTL1 was reported
to bind to structure proteins of WSSV (such as VP24, VP26, and VP28) [16]. Moreover,
some crustacean CTLs can regulate antimicrobial peptide expression, promote hemocyte
phagocytosis and participate in the prophenoloxidase cascade, thereby coordinating both
cellular and humoral immune responses [17,18]. Together, these findings demonstrate that
invertebrates CTLs contribute substantially to pathogen sensing, microbial aggregation,
and the modulation of immune responses.

Here, we identified a previously uncharacterized CTL, termed LvCTL in L. vannamei.
Its sequence features, conserved domain composition and phylogenetic relationship were
subsequently characterized. In addition, we detected its expression profile following micro-
bial stimulation, explored its role against V. parahaemolyticus in vivo in shrimp, and assessed
its binding activity and agglutination toward bacteria. These findings provide new evi-
dence for the functional diversity of shrimp CTLs and contribute to a better understanding
of the host defense mechanisms against V. parahaemolyticus infection.

2. Materials and Methods
2.1. Shrimp

Healthy shrimp (5 g) were obtained from a commercial shrimp farm in Rizhao City,
China. Prior to the experiment, randomly sampled individuals were examined for the
presence of V. parahaemolyticus as previously reported [19]. The shrimp were acclimated for
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7 days in an aerated recirculating aquaculture system at 28 °C and 25%. salinity and were
fed a commercial diet before experimental treatment.

2.2. Bacteria

The bacterial strains have been previously characterized and are preserved in our
laboratory [20]. And the Vibrio parahaemolyticus strains contain virulence genes PirABY,
stored in our laboratory. All bacterial strains were grown overnight in the Luria—Bertani
(LB) medium at 30 °C or 37 °C. Bacterial cultures were harvested during the exponential
growth phase by centrifugation, washed with phosphate-buffered saline (PBS), and then

resuspended in fresh PBS for subsequent assays.

2.3. Sequence Analysis of LoCTL

The coding sequence of LvCTL (accession number PZ493557) was amplified using
specific primers designed based on the L. vannamei transcriptome database (Table 1) [21].

The signal peptide and domain analysis were generated by SMART 7.0 [22]. The three-

dimensional structural model was predicted by SWISS-MODEL 4.0. Multiple sequence
alignment was conducted by GENEDOC 2.7 software, and the phylogenetic relationships

were inferred through a neighbor-joining (N]) tree using MEGA X 10.0 software [23].

Table 1. Summary of primers used in this study.

Primers Sequences (5’ to 3)

c¢DNA cloning

LvCTL-ORF-F ATGAGAGGCATATTTCCTTC
LvCTL-ORF-R TCACAGTTCGGGCACGGGGT

Protein expression ?
Pet32a-LvCTL-F
Pet32a-LvCTL-R

CGGAATTCCTGTGTCCTGAGCCTTTCGA
CCCTCGAGTCACAGTTCGGGCACGGGGT

qPCR analysis

LvCTL-F CCTCTTTGGGGACAAACCGA
LvCTL-R GTCGTGCAGGTAATAGCGGT
EF-1a-F CCTATGTGCGTGGAGACCTTC
EF-1a-R GCCAGATTGATCCTTCTTGTTGAC

Vibrio parahaemolyticus 16s-F
Vibrio parahaemolyticus 16s-R

GGTGTAGCGGTGAAATGCGTAG
CCACAACCTCCAAGTAGACATCG

dsRNA production
dsLvCTL-F CTGTGTCCTGAGCCTTTCG
dsLvCTL-R CAGTTCGGGCACGGGGTCGA

dsLvCTL-T7-F
dsLvCTL-T7-R
dsGFP-F
dsGFP-R
T7-dsGFP-F
T7-dsGFP-R

GGATCCTAATACGACTCACTATAGGCTGTGTCCTGAGCCTTTCG
GGATCCTAATACGACTCACTATAGGCAGTTCGGGCACGGGGTCGA
ATGGTGAGCAAGGGCGAGGAG

TTACTTGTACAGCTCGTCCATGCC
GGATCCTAATACGACTCACTATAGGATGGTGAGCAAGGGCGAGGAG
GGATCCTAATACGACTCACTATAGGTTACTTGTACAGCTCGTCCATGCC

@ Nucleotides in bold in primer sequence indicate restriction sites introduced for cloning.

2.4. Expression Pattern of LoCTL

For tissue distribution analysis, shrimp samples including eyestalk, stomach, hep-
atopancreas, epidermis, antenna, gill, heart, appendage, intestine, muscle, nerve, and
hemocytes were aseptically collected from 15 healthy shrimp (each sample comprised
5 shrimp). For the immune challenge, each shrimp received a 50 uL PBS injection including
LPS (5 pg/shrimp), Poly (I: C) (5 ug/shrimp), V. parahaemolyticus (containing virulence
genes PirAB?), 10° CFU/mL S. aureus, or WSSV in 50 uL PBS. Hepatopancreas of chal-
lenged shrimps were collected at 0, 4, 8, 12, 24, 36, 48, 72 h post injection, pooled from
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15 shrimp (each sample comprised 5 shrimp). Quantitative real-time reverse transcrip-
tion PCR (qPCR) was conducted as described previously [24]. Relative LvCTL transcript
abundance was determined using the 2~#4“t method, with L. vannamei EF-1a (GU136229)
serving as the internal reference gene using the gene-specific primer (Table 1).

2.5. RNA Interference

DsRNA-LvCTL (dsLvCTL) and dsRNA-GFP (with dsGFP as a control) were generated
by in vivo transcription with a T7 RiboMAX Express RNAi System kit (Promega, Shanghai,
China), as previously reported [25], using the gene-specific primer (Table 1). The lengths
of LvCTL and dsGFP were 495 and 504 bp, respectively. The integrity of dsSRNA was
verified by 1.5% agarose gel electrophoresis, and the concentration was determined using
a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).
For RNA interference, shrimp in the experimental group were injected with dsLvCTL
(10 pg per shrimp in 50 uL PBS), with dsGFP or PBS as a control, respectively. After 48 h,
hepatopancreas tissues were sampled from the five shrimp per group to determine the
RNA interference efficiency by qPCR.

2.6. Survival Rate

For the survival assay, shrimp were challenged with 1 x 10° CFU of V. parahaemolyticus
(containing virulence genes PirAB”) at 48 h after dsLvCTL administration, while control
shrimp received an equal volume of PBS. Shrimp were randomly assigned to the experi-
mental groups. For the sampling experiment, each group was maintained in a separate tank
containing 30 shrimp. An additional independent tank containing 30 shrimp per group
was used for the survival assay. Mortality was recorded every 4 h, and survival curves
were compared using the Mantel-Cox log-rank test in GraphPad Prism 8.0. Bacterial loads
were quantified as described previously [19].

2.7. Expression and Purification of Recombinant Proteins

The LvCTL coding sequence lacking the N-terminal signal peptide and termination
codon was amplified with gene-specific primers and cloned into the pET-32a(+) expression
vector (Merck Millipore, Darmstadt, Germany). The resulting recombinant construct
was subsequently introduced into Escherichia coli Rosetta (DE3) cells (TransGen Biotech,
Beijing, China). Recombinant protein expression was induced with 0.1 mM isopropyl 3-D-
1-thiogalactopyranoside (IPTG, Beyotime Biotechnology, Shanghai, China) at 16 °C for 12 h.
The bacterial cells were subsequently collected by centrifugation and lysed by sonication.
After centrifugation, the soluble supernatant was recovered, and the recombinant protein
was purified by Ni-NTA affinity chromatography with an elution buffer (0.5 M NaCl,
20 mM Tris—Cl pH 7.4, and 300 mM imidazole) following an established protocol [26],
and the thioredoxin (TRX), as a control protein, expressed and purified under the same
conditions as rLvCTL.

2.8. Western Blotting

The purified recombinant LvCTL was characterized by SDS-PAGE and Western blot-
ting following previously established procedures [27]. Protein samples (1 pg) were sep-
arated by 10% SDS-PAGE and electrotransferred onto PVDF membranes under the set
conditions (200 mA, 2 h). After blocking with 5% nonfat milk (Beyotime Biotechnology)
prepared in TBST for 1 h, the membranes were incubated with a mouse anti-6 x His an-
tibody (Cell Signaling Technology, Danvers, MA, USA) diluted 1:1000 at 25 °C for 1 h.
Following three washes with TBST, the membranes were incubated with horseradish
peroxidase (HRP)-conjugated goat anti-mouse IgG (H+L) secondary antibody (Promega,
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Shanghai, China) at a dilution of 1:2000. The immunoreactive bands were detected using
the SuperSignal West Pico PLUS (Thermo Fisher Scientific).

2.9. Bacterial Binding Activity of rLvCTL

The bacterial binding capacity of rLvCTL was evaluated according to a previously
established protocol [28]. In brief, bacteria were grown to the logarithmic phase and
adjusted to 1 x 108 CFU/mL. The bacterial suspension (200 pL) was then mixed with
5 ug rLvCTL and incubated with shaking for 2 h at 25 °C, while an equivalent amount
of TRX protein was used as the negative control. After washing six times with PBS, the
bacterial pellet was subsequently recovered and analyzed by Western blotting with an
anti-6 x His antibody.

2.10. The Bacterial Agglutination Assay of rLvCTL

Bacterial agglutination activity was examined according to a previously described
method [29]. Briefly, an aliquot of FITC-labeled bacterial suspension (50 pL) was combined
with the same volume of rLvCTL, TRX protein, or a control TBS-Ca?* buffer (50 mM Tris-
HCl, 100 mM NaCl, 10 mM CaCly, pH 7.4) containing or not containing 4 mM EDTA. The
bacterial cells were subsequently fixed in 4% paraformaldehyde (Beyotime Biotechnology),
washed with PBS, transferred onto glass slides, and then examined by confocal laser
scanning microscopy (Leica TCS-SP5, Wetzlar, Germany).

2.11. Statistical Analysis

Data are presented as the mean =+ standard deviation (SD). Differences between two
groups were evaluated using Student’s ¢-test.

3. Results
3.1. Sequence Characteristics of LoCTL

The open reading frame (ORF) of LvCTL (the nucleotide sequence has been deposited
in GenBank under accession number PZ493557) was 495 bp in length and encoded a protein
of 164 amino acids, with a predicted molecular weight of 18.58 kDa and a theoretical
isoelectric point of 4.42. Sequence analysis showed that LvCTL contained an N-terminal
signal peptide and a conserved C-type lectin-like domain (CTLD) (Figure 1A,B). Notably,
LvCTL lacked the canonical QPD, EPN, and WND motifs associated with carbohydrate
recognition and Ca?* coordination. Instead, two unique EPF motifs were identified in this
region, suggesting that they may function as non-canonical motifs involved in carbohydrate
recognition (Figure 1A). The predicted three-dimensional structure showed that LvCTL
possessed a typical CTL-like fold (Figure 1C). Phylogenetic analysis indicated that LvCTL
was grouped within the invertebrate CTL clade (Figure 2). Sequence comparison revealed
that LvCTL exhibited 12-50% amino acid identity with CTL homologs identified in other
species, with the lowest identity to Scylla paramamosain CTL2 (12%, AE092002) and the
highest identity to Salmo salar CTL (50%, AC168944.1) (Figure 3).

3.2. Expression Profile of LuCTL

LvCTL transcripts were detected across all tissues examined, with the greatest abun-
dance observed in the hepatopancreas, followed by hemocytes, whereas LvCTL transcripts
were present at comparatively low levels in the gills (Figure 4A). To explore the partic-
ipation of LvCTL in immune defense, its expression profiles were analyzed in the hep-
atopancreas post different challenges. Following LPS injection, the expression of LvCTL
was significantly increased at 12 h (Figure 4B). Following V. parahaemolyticus infection,
LvCTL expression was significantly reduced at 48 and 72 hpi (Figure 4C). Following S.
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aureus challenge, LvCTL transcription showed a transient increase at 12 hp (Figure 4D). In
response to Poly (I: C) stimulation, the expression of LvCTL was significantly increased
at 4-12 h (Figure 4E). WSSV challenge elicited a marked increase in LvCTL expression,
with the strongest induction observed at 4 hpi (Figure 4F). Collectively, these observations
indicate that LvCTL is preferentially expressed in immune-associated tissues and may
contribute to antimicrobial defense in shrimp.

1M R G I F P S I F Y I F F L K V S V Q G
1 ATGAGAGGCATATTTCCTTCGATTTTCTATATTTTCTTTCTGAAAGTCTCTGTGCAAGGT
22L ¢C Pp E P F E SV Q D K CY Y F E L E V
61 CTGIGTCCTGAGCCTTTCGAAAGTGTGCAAGACAAGTGCTACTACTTTGAGTTGGAAGTG
41 s R T W D N C R A R C Q s L G A D UL A I
121 TCCAGGACATGGGACAACTGCAGGGCGAGGTGCCAGAGCCTCGGCGCCGACCTGGCCATT
61L N T ¢C E E F s L L V K H I H I S Q L E
181 CTCAACACGTGCGAAGAATTCAGTCTTCTCGTGAAACACATCCATATTTCACAACTGGAA
81T P D N F S F F V. G G T DR G DE G V W
241 ATTCCTGACAATTTTTCTTTCTTCGTCGGCGGCACCGACAGGGGGGACGAAGGAGTCTGG
101 Yy w v b G S P V XM GV P L W G Q T D F
301 TACTGGGTCGACGGTTCGCCCGTGAAGATGGGCGTTCCTCTTTGGGGACAAACCGACTTT
122 I A E P S G G T E @ N C A T L N K A N R
361 ATAGCAGAGCCATCTGGGGGCACGGAGCAGAACTGCGCCACGCTCAACAAGGCCAACCGC
141 Y Y L H D G E ¢ D K N G Y A I C Q I D P
421 TATTACCTGCACGACGGCGAGTGCGACAAGAACGGGTACGCCATCTGCCAGATCGACCCC
161 V P E L *
481_GTGCCCGAACTGTGA

B C )

] [ ECT

mm Signal peptide ® CTL domain

Figure 1. Nucleotide and deduced amino acid sequence of LvCTL. (A) The ORF of the nucleotide
sequence is shown in upper-case letters; the amino acid sequence is represented with one-letter codes
above the nucleotide sequence. The signal peptide is shown in red, and the CLECT domain is shown
in black underline. * indicates the termination codon. (B) Schematic representation of the LvCTL
protein, including a signaling peptide and a conserved CLECT domain. (C) The three-dimensional
model was generated by homology modeling using the SWISS-MODEL.
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Figure 2. Phylogenetic tree analysis of LvCTL. The phylogenetic tree was constructed with MEGA X
with the neighbor-joining method, and the bootstrap was based on 1000 replications. The scale bar
indicates the number of amino acid substitutions per site.
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Figure 3. Amino acid sequence alignment of LvCTL and its homologs. Multiple sequence alignment
of CTL proteins, highly conserved amino acid residues and cysteine residues are highlighted in black.
Grey color reflects amino acid conservation, darker shades indicate higher conservation. * represents
a 20-amino-acid interval.
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Figure 4. Expression of LvCTL analysis by qPCR. (A) Expression profile of LvCTL in L. vannamei
tissues analyzed by qPCR. Data were presented as fold values relative to the expression level
in gills (set as 1.0). (B-F) Temporal expression patterns of LvCTL in the hepatopancreas after
stimulation with LPS (B), V. parahaemolyticus (C), S. aureus (D), Poly (I: C) (E), and WSSV (F). Relative
mRNA expression levels of LvCTL were determined by qPCR and normalized to the EF-1a gene.
The statistical significance was calculated using Student’s t-test. *, p < 0.05 and **, p < 0.01. All
experiments were done three times and yielded similar results.
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3.3. Involvement of LvCTL in Antibacterial Immunity

To investigate the role of LvCTL in antibacterial immunity, RNAi was performed using
dsLvCTL; dsGFP was used as a control. The expression of LvCTL was significantly reduced
after dsLvCTL treatment, confirming the successful knockdown of LvCTL (Figure 5A).
At 12 h after V. parahaemolyticus challenge, shrimp treated with dsLvCTL exhibited a sig-
nificantly greater bacterial burden than those receiving dsGFP (Figure 5B). Consistently,
LvCTL knockdown markedly decreased the survival rate following V. parahaemolyticus chal-
lenge, whereas the PBS group showed no mortality during the experiment (30 individuals
per group) (Figure 5C). Collectively, these results suggest that LvCTL contributes to the
immune defense of L. vannamei against V. parahaemolyticus infection.
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Figure 5. The involvement of LvCTL in anti-V. parahaemolyticus immunity. (A) The knockdown
efficiency of LvCTL was confirmed by qPCR in hepatopancreas after dsLvCTL treatment. dsGFP
was used as the control. (B) The number of V. parahaemolyticus in hepatopancreas post treatment
with LvCTL was analyzed by qPCR. The statistical significance was calculated using Student’s t-test.
**, p < 0.01 by two-tailed unpaired Student’s t-test. (C) The survival rates of V. parahaemolyticus-
infected shrimp (30 individuals per group) after treatment with dsLvCTL were analyzed by the
Kaplan-Meier method. All experiments were done three times and yielded similar results.

3.4. Binding Activity of LoCTL Toward Bacteria

To explore its functional properties, recombinant LvCTL-His was successfully ex-
pressed and purified, with two major bands corresponding to the predicted monomeric
and dimeric forms (Figure 6A). In addition to the major band corresponding to the LvCTL
monomer (“35 kDa), a weaker band of approximately 70 kDa was also observed. Based on
its apparent molecular weight, this band is likely to represent a dimeric form of recombinant
LvCTL. Western blotting further confirmed the specificity of the monomeric and dimeric
forms of LvCTL protein (Figure 6B). To evaluate its bacterial binding activity, LvCTL-His
was incubated with different Gram-negative and Gram-positive bacteria. LvCTL-His was
detected in the bacterial pellets of all tested strains (Figure 6C). And the TRX tag alone
showed no detectable binding to the tested bacteria, confirming that the observed bacterial
binding activity was attributable to recombinant LvCTL rather than the TRX fusion tag.
These results indicate that LvCTL possesses broad bacterial binding activity and may
participate in pathogen recognition during immune responses.

3.5. Microbial Agglutination Activity of LoCTL

To determine whether LvCTL could agglutinate bacteria, FITC-labeled V. parahaemolyti-
cus and S. aureus were incubated with rLvCTL in the presence or absence of Ca?* (10 mM).
Compared with the PBS and TRX control groups, rLvCTL induced obvious aggregation of
both Gram-negative V. parahaemolyticus and Gram-positive S. aureus. Notably, the EDTA
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V. parahaemolyticus

S. aureus

PBS

(4 mM) largely reduced the agglutination effect (Figure 7). These findings suggest that
LvCTL mediates bacterial agglutination in a Ca?*-dependent manner.
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Figure 6. The binding activity of LvCTL towards bacteria. (A) SDS-PAGE analysis of recombinant
LvCTL expression and purification. Lane 1, uninduced E. coli transformed with LvCTL; Lane 2,
induced E. coli transformed with LvCTL; Lane 3, supernatant of ultrasonically lysed E. coli expressing
LvCTL; Lane 4, precipitate of lysed E. coli expressing LvCTL; Lane 5, purified recombinant LvCTL
protein (black arrow). The recombinant protein was detected mainly as monomer and a dimer.
(B) Western blotting analysis of purified recombinant LvCTL using anti-6 x His antibody. Lane 1,
LvCTL protein. (C) Bacterial binding activities of rLvCTL. Lanes 1-4 represent the Gram-negative
bacteria, including V. parahaemolyticus, Escherichia coli, Aeromonas hydrophila, and Pseudomonas aerugi-
nosa, respectively. Lanes 5-8 represent the Gram-positive bacteria, including S. aureus, Enterococcus
faecalis, Bacillus subtilis, and Micrococcus luteus, respectively. All experiments were done three times
and yielded similar results.

TRX rLvCTL rLvnCTL+EDTA

Figure 7. The agglutination ability of LvCTL towards FITC-labeled bacteria. The agglutination
activity of recombinant LvCTL against V. parahaemolyticus and S. aureus were observed by fluorescence
microscopy. FITC-labeled V. parahaemolyticus and S. aureus were treated with rLvCTL or TRX (as a
control) in Ca®*-containing TBS buffer (10 mM) with or without EDTA (4 mM). Scale bar, 100 um. All
experiments were done three times and yielded similar results.
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4. Discussion

C-type lectins function as key pattern recognition receptors (PRRs) and play central
functions in invertebrate innate immunity [30]. Here, a previously uncharacterized C-type
lectin, designated LvCTL, was identified and functionally characterized in L. vannamei.
LvCTL showed typical features of the C-type lectin superfamily and exhibited high ho-
mology with crustacean CTLs. We characterized its tissue-specific expression pattern and
explored the role of LvCTL in immune recognition and antibacterial defense.

In classical CTLs, carbohydrate specificity is often associated with conserved motifs
(such as EPN, QPD, and WND) within the carbohydrate recognition region [31]. For
example, the EPN motif is generally related to mannose-type ligand recognition, and the
QPD motif is associated with galactose-type ligand recognition, whereas the WND motif is
responsible for calcium ion coordination [12,32]. Notably, the CTLD of LvCTL lacked the
conserved QPD, EPN, and WND motifs typically associated with carbohydrate recognition
and Ca?* coordination; instead, two EPF motifs were identified in this region. Similar
variations in the canonical motifs, such as EPK, EPD, EPQ, EPS, QPN and QPT, have also
been reported in shrimp CTLs, suggesting that crustacean CTLs may have undergone
extensive diversification in their carbohydrate recognition sites [9,33,34]. Therefore, the
presence of EPF motifs in LvCTL may indicate a non-canonical recognition pattern, which
could allow LvCTL to recognize a broader or different spectrum of microbial surface glycans.
However, their contribution to ligand recognition and immune function remains unclear.
Future studies employing molecular docking, site-directed mutagenesis, carbohydrate-
binding assays, and structural analyses will be required to determine whether these atypical
motifs confer altered ligand specificity or recognition properties.

Analysis of tissue-specific expression revealed that LvCTL transcripts were most
abundant in the hepatopancreas, a key organ involved in innate immune responses, and
is known to synthesize multiple immune-related factors, including lectins, antimicrobial
peptides and other humoral immune molecules [35,36]. Previous studies have shown that
shrimp CTLs are mainly expressed in the hepatopancreas and hemocytes and participated
in antimicrobial and antiviral responses [37]. It is worth noting that some studies reported
on L. vannamei and Procambarus clarkii showed that some CTLs are mainly distributed
in the stomach tissue and involved in the immune response to bacteria [38,39]. After
immune stimulation, LvCTL expression was significantly regulated by V. parahaemolyticus,
suggesting that LvCTL may be involved in host defense during V. parahaemolyticus infection,
especially in the hepatopancreas, where pathogen-induced tissue damage and immune
regulation frequently occur.

The in vivo RNA interference assay provided direct evidence for the protective role
of LvCTL against V. parahaemolyticus. After LvCTL knockdown, the number of V. para-
haemolyticus in hepatopancreas was significantly increased, and the survival rate was
markedly reduced, indicating that LvCTL contributes to bacterial clearance and host resis-
tance. Similarly, knockdown of LvCTL4, LvCTLS5, or Fenneropenaeus merguiensis FmLC6
significantly increased shrimp mortality after bacterial infection [17,40,41]. Moreover,
recombinant LvCTL displayed broad-spectrum binding capacity against bacteria and
mediated pronounced agglutination of V. parahaemolyticus and S. aureus [34]. Although
LvCTL knockdown resulted in increased bacterial burden and reduced shrimp survival,
the underlying mechanisms remain to be elucidated. Future studies should investigate
whether LvCTL contributes to host defense by directly promoting bacterial clearance, en-
hancing phagocytosis, or regulating the expression of downstream immune effectors, such
as antimicrobial peptides and other immune-related genes.

Agglutination of bacteria is an important immune mechanism through which lectins
can immobilize invading microorganisms, enhance pathogen aggregation, and promote the
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clearance of them by immune cells [14,29,42]. Similar calcium-dependent bacterial binding
and agglutinating activities have been reported for other invertebrate CTLs, such as Urechis
unicinctus CTL6, which exhibits calcium-dependent broad-spectrum bacterial binding
capacity [43], and GCTL from Marsupenaeus japonicus, which mediates Ca?*-dependent
agglutination of bacteria [31]. In the presence of EDTA, LvCTL-mediated aggregation
disappeared or weakened, further indicating that calcium remains essential for LvCTL’s
bacterial aggregation activity even without the classic EPN/QPD/WND domain. This
suggests that LvCTL may utilize a nonclassical calcium-dependent mechanism to recognize
microbial surface components, but the specific mechanism requires further investigation in
the future.

In summary, our findings demonstrate that LvCTL is a newly identified hepatopancreas-
predominant CTL, including a conserved CTLD and non-canonical EPF motifs, and that it
plays a significant role against V. parahaemolyticus. LvCTL exerted important functions in
anti-V. parahaemolyticus immune response. Collectively, these findings provide additional
evidence for the structural and functional diversity of shrimp CTLs and their roles in
antibacterial immunity.

5. Conclusions

In this work, we identified and functionally characterized a previously uncharacterized
C-type lectin, designated LvCTL, that is predominantly expressed in the hepatopancreas.
LvCTL contains a conserved C-type lectin-like domain but lacks the classical QPD, EPN
and WND motifs, whereas two non-canonical EPF motifs were identified within this region.
LvCTL was responsive to multiple microbial challenges, and its knockdown increased bac-
terial loads and reduced shrimp survival following V. parahaemolyticus infection. Moreover,
recombinant LvCTL displayed broad bacterial binding activity and mediated calcium-
dependent agglutination of V. parahaemolyticus and Staphylococcus aureus. These findings
demonstrate that LvCTL is an important immune recognition molecule involved in antibac-
terial defense and shed new light on the structural and functional diversity of crustacean
C-type lectins.
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