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Abstract


The bactericidal permeability-increasing protein (BPI) and lipopolysaccharide binding protein (LBP) are fundamental to innate immunity. However, their functional diversity and evolutionary conservation in ecologically crucial invertebrates, such as oysters, remain largely understudied. In this study, we identify and characterize a novel homolog of BPI/LBP, designated as ChBPI/LBP in the Hong Kong oyster (Crassostrea hongkongensis). Through structural and phylogenetic analysis, we identify ChBPI/LBP as a distinct member of the BPI protein family, with a high isoelectric point (pI of 9.26), indicating potent cationic BPI-like bactericidal function. We found that ChBPI/LBP is constitutively highly expressed at mucosal sites such as the gills and is rapidly upregulated in hemocytes following a challenge with Aeromonas hydrophila. Recombinant ChBPI/LBP demonstrated potent and specific bactericidal activity against Gram-negative pathogens. These findings suggest that ChBPI/LBP is an important antimicrobial peptide (AMP) effector in the oyster’s immune response. This work provides novel perspectives on the evolutionary mechanisms of innate immunity in bivalves and may have implications for disease management in aquaculture.
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Key Contribution: The current work identifies and characterizes ChBPI/LBP, a novel homolog of BPI/LBP in the Hong Kong oyster (Crassostrea hongkongensis), demonstrating its potent bactericidal activity against Gram-negative pathogens. These findings offer new insights into the evolutionary mechanisms of innate immunity in bivalves, with implications for enhancing disease management in aquaculture settings.










1. Introduction


Aquatic pathogens increasingly threaten global aquaculture, highlighting the pressing need to gain a more comprehensive understanding of innate immune mechanisms in economically significant species [1,2]. Oysters are a keystone in the aquaculture industry, providing a vital source of protein and economic stability in coastal regions; however, mass mortality events frequently impede production due to bacterial infections. As filter-feeding bivalves, oysters are constantly exposed to microorganisms and rely exclusively on innate immunity for their defense [3,4]. Pattern recognition receptors (PRRs) are fundamental to this system, recognizing conserved pathogen-associated molecular patterns (PAMPs), such as lipopolysaccharide (LPS) from Gram-negative bacteria [5,6]. The bactericidal permeability-increasing protein (BPI) and LPS-binding protein (LBP) are key PRRs that regulate opposing responses to LPS: the LBP promotes inflammatory signaling, while directly targets bactericidal action and neutralizes LPS. Despite their structural similarities, particularly conserved N- and C-terminal BPI/LBP/cholesteryl ester transfer protein (CETP) domains, their functional divergence is well-recognized in aquatic species such as teleost fish and mammals [7,8,9,10].



For instance, while mammalian BPI and LBP lineages have diverged to serve distinct roles, teleost fish and birds exhibit unique evolutionary trajectories where these functions often overlap [10]. However, in invertebrates, the functional differentiation between BPI and LBP remains less clear, partly due to sequence variability across diverse molluscan species and a lack of comprehensive functional data [11,12]. While vertebrate BPI and LBP have diverged into distinct lineages with separate functions (bactericidal vs. signaling), invertebrate homologs often share characteristics of both, leading to the common designation “BPI/LBP”. While studies have identified BPI/LBP homologs and explored their role in other bivalves, methodological differences (e.g., variations in bacterial challenge models or sampling time-points) and conflicting results on their precise function persist [13]. Homologs have been identified in species like Crassostrea gigas, yet their specific roles in immune defense remain inadequately characterized. The Hong Kong oyster (C. hongkongensis) is the key aquaculture species in Southern China but faces production challenges from disease outbreaks, often caused by Gram-negative bacteria such as Vibrio and Aeromonas spp. [14,15,16]. Furthermore, Aeromonas hydrophila, a ubiquitous aquatic pathogen, is frequently associated with secondary infections in bivalves, serving as a robust model for studying Gram-negative immune responses. Therefore, a molecular-level understanding of its immune components is critically needed for developing effective strategies for disease management.



To date, the functional identity and immunological relevance of BPI/LBP in C. hongkongensis remain entirely undefined. In this study, we aim to resolve this crucial gap by providing a conclusive molecular and functional characterization of a novel BPI/LBP gene, referred to as ChBPI/LBP. Although our functional analysis suggests a primary bactericidal role akin to BPI, we retain the nomenclature ChBPI/LBP to reflect its evolutionary position prior to the distinct duplication event seen in higher vertebrates. We hypothesize that ChBPI/LBP serves as a key antimicrobial effector, playing a pivotal role in the oyster’s immune response against Gram-negative bacteria. The objectives of this work are (1) to define its phylogenetic relationships and structural characteristics to predict its function; (2) to examine its tissue-specific expression pattern with a focus on the gills—the primary filtration and sensing organ—and response to infection; and (3) to experimentally validate its antimicrobial efficacy. This work will delineate the role of ChBPI/LBP in oyster immunity and provide broader insights into the evolution of host defense mechanisms in bivalves.




2. Materials and Methods


2.1. Animal Husbandry, Bacterial Challenge, and Sample Collection


Healthy 2-year-old oysters (C. hongkongensis) (shell length: 9.5 ± 1.28 cm; n = 300) were sourced from the Dafengjiang Oyster Kulturbasis in Qinzhou, Guangxi Province, China. Health status was assessed by visual inspection of shell integrity and the presence of a rapid closure reflex upon mechanical stimulation. These oysters were acclimatized in 300 L tanks for one week (aerated seawater; temperature: 23–25 °C; salinity: 25 ppt). The seawater was changed daily, and the oysters were fed with a commercial algal diet before the experiment [17]. After acclimatization, these oyster samples were randomly divided into two groups as follows: a bacterial challenge group (BCG) and a phosphate-buffered saline (PBS) control group (n = 150 for each group). To ensure statistical independence and avoid pseudo-replication, the oysters within each of the two treatment groups were distributed across three independent 300 L replicate tanks. After Aeromonas hydrophila was cultivated to the mid-log phase, 100 μL of a suspension (1.0 × 109 QAcfu/mL, confirmed by plate counting) was injected into the adductor muscle of each oyster in the BCG. Injection was performed by carefully notching the shell edge to access the muscle without damaging the mantle, preventing excessive stress. Control-group oysters were injected with an equal volume of sterile PBS (10 mM, pH 7.4). To prevent immediate pathogen expulsion or bleeding, the oysters were kept out of water for 30 min post-injection before being returned to the tanks. The animals were monitored for mortality throughout this experiment, and no mortality was observed during this experiment. For the time-course expression analysis, 5 oysters were randomly sampled from each treatment group at 4, 8, 12, 24, and 48 h post-injection (hpi) [18]. To ensure the sampling was representative, oysters were collected from across the three replicate tanks at each time point. Hemolymph and gill tissues were harvested for qPCR. For the constitutive tissue distribution analysis, eight different tissues (gill, adductor muscle, mantle, hemocytes, lip, heart, and visceral mass) were collected from 5 randomly selected, unchallenged oysters. For histopathology, tissue samples were collected from an additional 5 oysters from both the control and challenged groups at 24 hpi. All collected samples were immediately snap-frozen in liquid nitrogen and preserved at −80 °C until further analysis [19].




2.2. RNA Extraction, cDNA Synthesis, and Gene Cloning


Total RNA was extracted from 30 mg of tissue using the TRIzol® Reagent (Thermo Fisher Scientific, Waltham, USA) in accordance with the manufacturer’s instructions. The concentration and purity of the total RNA were evaluated using a NanoDrop spectrometer (Thermo Fisher Scientific, Waltham, USA), ensuring that all samples exhibited an A260/A280 ratio ranging between 1.9 and 2.1 and an A260/A230 ratio of > 2.0, respectively. To ensure RNA integrity, 1.5% agarose gel electrophoresis was conducted. Subsequently, first-strand cDNA was synthesized from 1 µg of total RNA using a PrimeScriptTM RT reagent kit with gDNA Eraser (Takara, Dalian, China) [20,21]. A partial ChBPI/LBP was retrieved from the C. hongkongensis transcriptome database (NCBI GenBank Accession: BankIt3028464 BSeq#1→ PX662900). To amplify the coding sequence, specific primers ChBPI/LBPF1 and ChBPI/LBPR1 were designed, as presented in Table 1. A 25 µL reaction mixture was prepared, including 2.5 µL of 10 × PCR buffer, 2.0 µL dNTPs (2.5 nM each), 1 µL of each primer (10 µM), 0.2 µL of Taq DNA polymerase (Takara, Dalian, China), 1 µL of the cDNA template, and 17.3 µL of nuclease-free water. The PCR amplification was conducted under the following thermocycling conditions: an initial denaturation at 94 °C for 5 min, followed by 35 cycles of 94 °C for 30 s, 55 °C for 45 s, and 72 °C for 1 min, with a final extension at 72 °C for 10 min. The PCR product was then purified via gel extraction, inserted into the pMD18-T vector (Takara, Dalian, China), and then transformed into Escherichia coli competent cells. Positive clones were verified through colony PCR and Sanger sequencing (Sangon Biotech (Shanghai) Co Ltd., China). To obtain full-length 5′ and 3′ ends, Rapid Amplification of cDNA Ends (RACE) was carried out by the SMARTer® RACE kit (Takara, Dalian, China) [22,23]. The full-length sequence has been deposited into GenBank (Accession No: BankIt3028464 BSeq#1→PX662900).




2.3. Bioinformatic and Phylogenetic Analysis


A similarity analysis was performed with the BLAST algorithm (BLAST v2.14.1) at the National Centre for Biotechnology Information (NCBI) (https://www.ncbi.nlm.nih.gov/blast; accessed on 26 January 2026). Using EXPASY ProtParam online (https://web.expasy.org/protparam/; accessed on 26 January 2026), the theoretical molecular weight (MW) and isoelectric point (pI) of the deduced amino acid sequence were evaluated. Using SMART (http://smart.embl-heidelberg.de/; accessed on 26 January 2026), the domain architecture was predicted. Multiple-sequence alignment (MSA) was conducted using Clustal Omega (v2.a by SignalP 5.1 (http://www.cbs.dtu.dk/services/SignalP/; accessed on 26 January 2026). Molecular Evolutionary Genetics Analysis (MEGA) 7.0 software was utilized to reconstruct a phylogenetic tree from the alignment of full-length amino acid sequences. The Jones–Taylor–Thornton (JTT) model was employed, and tree topology was confirmed by the neighbor-joining (NJ) method with 1000 bootstrap replicates [24,25,26].




2.4. Quantitative Real-Time PCR Analysis


qPCR was conducted using a Bio-Rad Real-Time PCR system with SYBR® Green Premix Pro Taq HS (Accurate Biology, Hunan, China). Each reaction was performed in technical triplicate for 5 biological replicates (n = 5 independent oysters per group at each time point). Normalization was performed using the elongation factor 1-alpha (ef1-α) gene as an internal reference. The stability of ef1-α across experimental conditions was verified, though we acknowledge that utilizing multiple reference genes would strengthen future analysis. The amplification efficiency of each primer pair was evaluated using a serial dilution of cDNA and was confirmed to be within the optimal range of 95–105%, and melt curve analysis showed a single peak for each amplicon, confirming specificity. Relative expression levels were calculated using the 2−ΔΔCT method [27,28].




2.5. Expression, Purification, and Verification of Recombinant ChBPI/LBP


The mature peptide-coding sequence was amplified and cloned into pET-30a (+) with an N-terminal 6xHis-tag. The vector was transformed into E. coli Rosetta (DE3) cells. Protein expression was induced with 0.5 mM IPTG at 37 °C for 4 h. The recombinant protein, located in inclusion bodies, was isolated under denaturing conditions (8 M Urea) using Ni-NTA affinity chromatography (Novagen, Inc, Darmstadt Germany). The protein was refolded by stepwise dialysis against a buffer containing decreasing urea concentrations (6 M, 4 M, 2 M, 0 M) in 50 mM Tris-HCL (pH 8.0). To facilitate the formation of the critical disulfide bond (Cys152-Cys194), the refolding buffer was supplemented with a redox shuffling system consisting of 2 mM reduced glutathione (GSH) and 0.2 mM oxidized glutathione (GSSG) during the dialysis steps. To minimize endotoxin contamination, all solutions were prepared with pyrogen-free water and the final protein solution was tested using a Limulus Amebocyte Lysate (LAL) kit (PYROSTARTM ES-F, FUJIFILM Wako Chemicals Europe GmbH, Neuss, Germany), with endotoxin levels below 0.1 EU/mL. The purity of the refolded protein was estimated to be >95% by SDS-PAGE, with a final yield of approximately 2 mg/L culture. Protein identity was confirmed by Western Blot using a monoclonal anti-His tag antibody (Abcam p1c, Cambridge, UK), whose efficacy was validated by the manufacturer for detecting 6xHis-tagged fusion proteins. Concentration was computed by the Bradford method [29,30].




2.6. Antibacterial Activity Assays


The antibacterial activity was assessed following the protocol described by Shafique et al. [31]. The antibacterial activity of recombinant ChBPI/LBP (rChBPI/LBP) was examined by a liquid growth inhibition assay [32]. Gram-negative bacteria, including Vibrio parahaemolyticus, Vibrio alginolyticus, and Aeromonas hydrophila, and a Gram-positive bacterium (Staphylococcus aureus) were grown to mid-log phase and diluted to approximately ~1 × 105 CFU/mL [33]. Twofold serial dilution of rChBPI/LBP (final concentration range: 1.5 to 100 µg/mL) was mixed with bacterial suspensions in a 96-well plate and incubated at 28 °C (an optimal growth temperature for these aquatic pathogens) for 16–18 h. Bacteria incubated with sterile PBS or a purification buffer from empty vector-transformed cells served as negative controls and background controls, respectively. Minimal inhibitory concentration (MIC) was the lowest concentration preventing visible growth, as measured by optical density (OD) at 600 nm (OD < 0.05 was considered no growth) [31]. Additionally, to generate growth curves, bacterial growth was monitored kinetically by measuring OD600 every hour for 5 h. To distinguish between bactericidal and bacteriostatic effects, aliquots from wells with no visible growth were plated on nutrient agar to determine the minimum bactericidal concentration (MBC). This experiment was conducted with three independent biological replicates [34].




2.7. Histopathological Analysis


Tissue samples (gill, adductor muscle, and connective tissue near the labial palps) were fixed, processed and stained with hematoxylin and eosin (H/E). To ensure objectivity, slides were randomized and evaluated by an examiner blinded to the treatment groups. Histopathological changes were assessed using a semi-quantitative scoring system, although for clarity, only qualitative descriptions are presented here.




2.8. Statistical Analysis


All data were analyzed using GraphPad Prism 9.0 and are expressed as means ± standard error of the mean (SEM). Before analysis, data were tested for normality and homogeneity of variances using the Shapiro–Wilk and Levene tests, respectively. For the tissue distribution data, a one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc test was used. The time-course expression data were analyzed using a two-way ANOVA to evaluate the main effects of bacterial challenge and time as well as their interaction. Sidak’s multiple-comparison test was used for post-hoc analysis between the challenged and control groups at each time point. Data from the antibacterial assays were analyzed using a Student t-test or Mann–Whitney U test to compare the treated groups with the controls. A p-value of < 0.05 was considered statistically significant.





3. Results


3.1. Molecular Cloning and Structural Characterization of ChBPI/LBP


Through transcriptome mining and RACE-PCR, we cloned and sequenced the full-length cDNA of ChBPI/LBP (GenBank Accession: BankIt3028464 BSeq#1→PX662900). The 1692 bp sequence contained a 1434 bp open reading frame (ORF) encoding a 477-amino acid polypeptide (Figure 1). The deduced protein had a predicted MW of 52.21 kDa and a theoretical pI of 9.26. Bioinformatic analysis revealed a 19-amino acid signal peptide and two conserved BPI/LBP domains; an N-terminal domain contained a conserved disulfide bond (Cys152-Cys194), a key feature for the function of BPIs (Figure 1).



Phylogenetic analysis placed ChBPI/LBP within a distinct clade of molluscan BPI-like proteins, separate from vertebrate BPIs and LBPs (Figure 2). This evolutionary positioning, supported by high bootstrap values, suggests ChBPI/LBP is an ortholog of bacterial BPIs, a prediction consistent with high pI.




3.2. ChBPI/LBP Is Highly Expressed at Mucosal Surfaces


The tissue-specific expression of ChBPI/LBP was analyzed in eight tissues from unchallenged oysters. The highest expression was observed in the gills (primary environmental interface) and was 15.2 times greater than in the mantle (set as the calibrator tissue) (Figure 3). It is noted that “Lip” in Figure 3 refers to the labial palps. Hemocytes (9.8-fold) and visceral mass (6.5-fold), as well as lip (labial palp), also exhibited significantly higher expression. Moderate expression was found in the adductor muscle, lip and heart, while the lowest levels were in the mantle. These findings indicate that ChBPI/LBP is well-positioned to play a central role in immune defense at high-risk microbial sites.




3.3. Bacterial Challenge Induces a Rapid Transcriptional Response in Hemocytes


To investigate the inducibility of ChBPI/LBP in response to infection, oysters were challenged with the Gram-negative pathogen A. hydrophila, and transcript levels in hemocytes were observed over time. A two-way ANOVA showed significant main effects for both treatment (F (1, 40) = 15.2, p < 0.001) and time (F (4, 40) = 4.5, p < 0.001), as well as a significant interaction (F (4,40) = 3.8, p < 0.001). Post-hoc analysis demonstrated that at 4 h post-infection (hpi), expression of ChBPI/LBP peaked sharply, with a 2.88-fold elevation compared with PBS-injected controls (p < 0.01), and continued to be significantly increased at 8 hpi (2.23-fold) (p < 0.05), as presented in Figure 4. The transcript level was normalized by 12 hpi, demonstrating a rapid acute-phase response. This kinetic pattern indicates the activation of an immediate antimicrobial effector in response to pathogen detection.




3.4. A. hydrophila Infection Elicits Distinct Tissue Pathologies


Histopathological evaluation revealed notable morphological changes in infected oysters. The most significant changes were in the gills and the adductor muscle (Figure 5). Infected gill filaments showed architectural disruption, edema and lifting of the epithelial layer. Adductor muscle tissue revealed a loss of striation and hyaline degeneration. Connective tissue near the labial palps exhibited minimal pathological changes, though specific staining would be needed to identify the nature of any deposits. These findings confirm the systemic nature of the infection.




3.5. Recombinant ChBPI/LBP Possesses Potent and Specific Antibacterial Activity


The recombinant mature protein (rChBPI/LBP) was expressed and purified in E. coli Rosetta to directly evaluate the functional capacity of ChBPI/LBP (Figure 6). The recombinant protein was expressed in inclusion bodies, purified under denaturing conditions, and refolded, which was verified by SDS-PAGE and Western blot using an anti-His tag antibody. The inclusion of a redox shuffling system during refolding ensured the formation of the intramolecular disulfide bond required for functional stability. The antibacterial activity of rChBPI/LBP was determined against several pathogens. rChBPI/LBP demonstrated potent, dose-dependent bactericidal effects against three selected bacteria (Vibrio parahaemolyticus, Vibrio alginolyticus, A. hydrophila), with minimum inhibitory concentration (MIC) values ranging from 6.25 to 12.5 µg/mL (Figure 7A–C). Subsequent plating confirmed that these concentrations were also bactericidal (MBC values were identical to MIC values). By contrast, rChBPI/LBP exhibited no significant growth inhibition against the Gram-positive bacterium S. aureus at the highest concentration tested (100 µg/mL) (Figure 7D), further emphasizing its selective activity against Gram-negative pathogens. No bacterial growth inhibition was observed with control treatments using the purification buffer or protein purified from empty-vector transformants. Specific bactericidal activity against LPS-bearing bacteria unequivocally identifies ChBPI/LBP as a functional BPI-like bactericidal effector in the oyster’s immune defense.





4. Discussion


The current research transcends basic characterization of immune genes, providing strong functional evidence that ChBPI/LBP is a cornerstone of the innate immune response in the Hong Kong oyster. Most importantly, ChBPI/LBP is not merely a conserved homolog but a potent, specifically optimized antimicrobial effector, with a significant role at the host–environment interface. The present study’s findings greatly enhance our knowledge by delineating a crucial mechanism for the recognition and clearance of Gram-negative bacteria and provide valuable contributions to the understanding of bivalve immunity, which has broad implications for evolutionary biology and sustainable aquaculture.



The molecular structure of ChBPI/LBP presents compelling clues to its function. Two ChBPI/LBP/CETP modules coupled with a conserved disulfide bond map cleanly onto known lipid-A-binding domains, which is in line with prior reports [8]. Crucially, we employed a glutathione-based redox refolding method to preserve this disulfide linkage in our recombinant protein, which is essential for BPI functionality. The observed bactericidal activity confirms that the structural integrity was maintained, validating the importance of this conserved cystine bridge (Cys152-Cys194). However, the high pI (9.26) is an important feature, firmly indicating that ChBPI/LBP functions as a BPI-like bacterial effector rather than an LBP-like sensor, which mirrors the findings of a previous study by Luo et al. [7]. Moreover, this cationic trait is a defining feature of antimicrobial peptides [9], which electrostatically target the anionic LPS of Gram-negative bacteria [10]. While we designated this protein as ChBPI/LBP to reflect its phylogenetic position within the invertebrate BPI/LBP superfamily, its structural properties and direct bactericidal activity align it functionally with BPI rather than LBP. This correlation holds strongly; however, further investigation using direct biophysical assays, like surface plasmon resonance, is needed to measure the binding affinity of ChBPI/LBP for different LPS chemotypes and to fully characterize its endotoxin-neutralizing capabilities.



Regarding nomenclature, our findings show that ChBPI/LBP acts functionally as a BPI. However, we have retained the “BPI/LBP” designation to reflect the evolutionary lineage of the molecule. In mammals, BPI and LBP are distinct paralogs arising from a gene duplication event, facilitating separate bactericidal and signaling roles (via CD14/TLR4). In contrast, aquatic invertebrates, including mollusks, possess ancestral homologs that often predate this duplication. Consequently, invertebrate BPI/LBP molecules may exhibit overlapping functions, although ChBPI/LBP appears to have specialized significantly toward the BPI-like bactericidal role.



The expression profile of ChBPI/LBP provides a crucial insight into its immune defense strategy. Its constitutive expression in the gills, the main mucosal interface, designates it as a sentinel molecule that is constantly primed to detect waterborne pathogens, consistent with the earlier literature [11]. This expression pattern mirrors observations in teleost fish, where BPI/LBP homologs are also abundantly expressed in gill tissues, serving as a first line of defense against waterborne microbes. In contrast, the low expression in the mantle suggests this tissue may rely on other immune effectors or physical barriers (the shell) for protection or simply faces a lower direct pathogen load compared to the filter-feeding gills. This adaptation is a rational response for a filter-feeder that faces constant microbial exposure [13]. The rapid, transient upregulation in hemocyte expression after challenges with A. hydrophila further reinforces its function as an acute-phase effector, which mirrors findings from the previous study reported by Afsharnia [35]. This kinetic pattern, peaking within hours, reflects a hallmark of immediate antimicrobial response, activating cellular defense for phagocytosis or systemic release [36,37]. The observed gill damage in histopathological analysis during infection reveals the intensity of the immune responses at this barrier and stresses the importance of rapid effector cells to preserve tissue integrity.



The most conclusive evidence of ChBPI/LBP’s role was observed with the recombinant protein, which demonstrated potent and specific bactericidal activity against Gram-negative pathogens. This specificity is rooted in the mechanism of targeted binding to LPS, a component not present in Gram-positive bacteria, as reported in a previous study [15]. Given the low microgram/milliliter range in MICs, ChBPI/LBP is strongly identified as a high-efficacy endogenous antimicrobial effector in oysters, further evidenced by the previous literature [38,39]. This functional data, along with the structural and expressional evidence, forms a cohesive model in which ChBPI/LBP functions as a secreted and/or hemocyte-derived cationic protein that neutralizes Gram-negative pathogens by disrupting their outer-membrane integrity, serving as an inducible first-line defender.



From an evolutionary perspective, ChBPI/LBP’s phylogenetic placement within a molluscan-specific clade, separate from the vertebrate BPI and LBP lineages, points to an ancestral gene that has diversified along lineage-specific paths, aligning with prior studies [3,12]. While the LBP-CD14-TLR4 signaling axis is highly conserved in mammals, it is absent or modified in many non-mammalian lineages. Birds and fish possess BPI/LBP homologs, but the specific co-receptor function of CD14 is not universally conserved in invertebrates. Insects, for example, utilize different LPS-recognition proteins (like PGRPs). The potent bactericidal activity of ChBPI/LBP suggests that in the absence of the classic mammalian LBP-driven inflammation pathway, bivalves rely heavily on direct pathogen neutralization by BPI-like molecules. Moreover, the sustained bactericidal activity in oysters suggests the intense evolutionary pressure imposed by Gram-negative pathogens in aquaculture settings [40]. In this way, ChBPI/LBP exemplifies a primordial form of humoral immunity, functionally conserved over millions of years, underscoring the essential role of LPS-targeting mechanisms in metazoan host defense [11,41].



However, this work has several limitations that open avenues for future research. The statistical power of our in vivo experiment was limited by a sample size of five; while this is common in this field, larger cohorts would provide stronger conclusions. Our qPCR analysis relied on a single reference gene; the use of multiple reference genes would improve data normalization. The histopathological analysis was primarily qualitative and would benefit from a standardized, quantitative scoring system. Moreover, while we minimized endotoxin contamination in our recombinant protein, more sensitive quantification and functional blocking experiments would definitively rule out any confounding effects. Finally, our in vitro assays could not fully replicate the complex host environment.



Despite these limitations, this integrated analysis identifies ChBPI/LBP as a key player in the antimicrobial defense of C. hongkongensis. By correlating its cationic structure, strategic expression and potent Gram-negative-specific bactericidal activity, we provide a mechanistic basis for understanding innate immunity in bivalves. This knowledge enriches the field of comparative immunology and opens possibilities for practical applications, such as selective breeding for disease resistance or the development of novel antimicrobial agents for aquaculture.




5. Conclusions


This study delivers the first definitive molecular and functional analysis of BPI in C. hongkongensis. Our findings demonstrate that ChBPI/LBP is a potent and cationic antimicrobial effector, strategically expressed at mucosal surfaces and promptly deployed in hemocytes to mount a targeted defense against Gram-negative bacteria. The recombinant protein’s potent bactericidal activity reinforces its function as a critical element of the oyster’s innate immune defense. This study defines the functional role of a critical immune gene in an economically important species and provides essential insights into the evolution of LPS-recognition mechanisms in invertebrates. The characterization of ChBPI/LBP not only broadens our understanding of bivalve immunity but also paves the way for applied research, including exploiting its therapeutic potential or employing its expression as a biomarker for breeding disease-resistant oyster populations.
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Figure 1. Full-length cDNA and deduced amino acid sequences of ChBPI/LBP. Nucleotides are numbered on the left, and amino acids are numbered below the nucleotide numbers. The initiation codon (ATG) is marked with M, and the termination codon (TGA) is marked with an asterisk. The signal peptide is indicated by a dotted underline. The N-terminal and C-terminal BPI/LBP/CETP domains are indicated by a solid underline (black) and shaded boxes (gray), respectively. The N-terminal domain contains a conserved disulfide bond circled in red (Cys152-Cys194). 
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Figure 2. Phylogenetic analysis. Neighbor-joining (NJ) phylogenetic tree of ChBPI/LBP sequences from various species, constructed using the Jones–Taylor–Thornton (JTT) model. C. hongkongensis is highlighted in red. Bootstrap values from 1000 replicates are shown at nodes. The scale bar indicates genetic distance. 
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Figure 3. Tissue-specific expression patterns of ChBPI/LBP. The relative expressions of ChBPI/LBP mRNA in different tissues of unchallenged C. hongkongensis. Transcript levels were determined by qRT-PCR (n = 5 biological replicates). The expression levels were normalized to the elongation factor 1-alpha (ef1-α) gene and are expressed as means ± standard error of the mean (SEM). Individual data points are shown as dots; letters indicate significant differences between tissues (One-way ANOVA with Tukey’s post-hoc test; * p < 0.05, ** p < 0.01). 
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Figure 4. Temporal expression of ChBPI/LBP in hemocytes after Aeromonas hydrophila challenge. The relative expression of ChBPI/LBP in hemocytes of C. hongkongensis challenged with Aeromonas hydrophila over a time course. Oysters were injected with Aeromonas hydrophila or PBS (control), and hemocytes were sampled from 5 oysters/each group (n = 5 biological replicates per group per time point). Data are expressed as means ± standard error of the mean (SEM). Significant differences between the challenged group and control group at each time point (Sidak’s multiple-comparison test following two-way ANOVA, * p < 0.05, ** p < 0.01). 
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Figure 5. Histopathological changes in C. hongkongensis tissues following challenges with Aeromonas hydrophila. Tissues from control (PBS-injected) and challenged oysters are shown. Arrows indicate areas of histopathological changes, such as epithelial lifting in gills and myofiber degeneration in adductor muscle. Scale bar = 50 µm. Note: the connective tissue samples correspond to the lip (labial palps) region described in the tissue-distribution analysis. 
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Figure 6. SDS-PAGE analysis of recombinant ChBPI/LBP expression and purification. Lane M, protein molecular weight marker; Lane 1, uninduced bacterial cells; Lane 2, induced bacterial cells; Lane 3, supernatant after sonication; Lane 4, inclusion bodies; Lane 5, purified protein after Ni-NTA affinity chromatography (elution fraction 1); Lane 6, purified protein after Ni-NTA affinity chromatography (elution fraction 2). The red arrow indicates the target recombinant ChBPI/LBP. 
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Figure 7. Antibacterial activity of recombinant ChBPI/LBP against various bacterial strains. Growth curves of (A) Vibrio parahaemolyticus, (B) Vibrio alginolyticus, (C) Aeromonas hydrophila, and (D) Staphylococcus aureus in the presence of recombinant ChBPI/LBP (dashed line) or PBS (control, solid line). Bacterial growth was monitored by measuring OD600 nm at 1 h intervals for 5 h. The data are expressed as means ± SD (n = 3 biological replicates). Individual data points are shown as dots. Significant differences between the ChBPI/LBP-treated group and the control group (t-tests; * p < 0.05, ** p < 0.01). 
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Table 1. Sequences of the primers used in the current study.
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	Primer Name
	Sequence (5′→3′)
	Tm (°C)
	Purpose (Target Amplicon)





	ChBPI/LBP-F1
	TGTTGTGTGAAAAGCCACA
	58.2 °C
	Gene Cloning (Partial CDS)



	ChBPI/LBP-R1
	TATATCCGTCTTCTGTGAAAAA
	54.1 °C
	Gene Cloning (Partial CDS)



	ChBPI/LBP -qF1
	ACCAAAACTGAATGAACTCGG
	59.5 °C
	qRT-PCR (108 bp fragment)



	ChBPI/LBP -qR1
	GCAATCAAAAGCGTGTCCTT
	59.8 °C
	qRT-PCR (108 bp fragment)



	ef1-α-qF1
	GCCCAGGTCATCATCTTGAA
	59.5 °C
	qRT-PCR Internal Control (87 bp)



	ef1-α-qR1
	GCAGGCAATGTGAGCAGTG
	60.1 °C
	qRT-PCR Internal Control (87 bp)



	ChBPI/LBP -bF1
	ATGAATCACAAAGTGCATCATCATCATCATCATATGAAGACCCCGGGCCTGCAGACCCGC…(NdeI)
	
	Expression Vector (Mature Peptide)



	ChBPI/LBP -bR1
	GATTCTGTGCTTTTAAGCAGAGATTACCTATCTAGATTAGCCACTATATTTCAGATCGGT…(XbaII)
	
	Expression Vector (Mature Peptide)







Note: The restriction enzyme sites Ndel (for ChBPI/LBP-bF1) and Xball (for ChBPI/LBP-bR1) are in bold, where “F” indicates the forward primer and “R” indicates the reverse primer. The full sequence of ChBPI/LBP-bF1 includes an N-terminal His-tag encoding sequence (not fully displayed here for space).



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2026 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license.



























media/file13.jpg
0
o
0
0
o5
o
0
02
o

ODsonm

-4 CHBPLLBY 4= Conel

1. parchemoltcus

-+ CIBPLLB? - Conol

[ T S

A Iychophila

S

s

0

-o+-- CHBPILEP - Concol

[ T )
V. alginolyticus

--+-- CHDPLLEP - Conol

Saureus





media/file4.png
100

100 [ Crassostrea gigas ACQ72915.1

e — [C rassostrea hongkongensis ]
—i_ Crassostrea virginica XP 022338352.1

Ostrea edulis XP 0487659631

100

Saccostrea echinata XP 061 180287.1
100 Crassostrea angulata XP 052716805.1
Mytilus coruscus CAC5383920.1

100 Mbytilus galloprovincialis VDI31206. 1
100 — Mytilus edulis CAG2229516.1

Pinctada imbricata KAK3085539.1
[ Anadara sativa Q1D90274.1

36

44 99

1 B

78

100 Anadara broughtonii AFQ02695.1 4
100 | Pomacea canaliculata PVD20874 .1

100

Littorina littoreaQNL15278.1

Haliotis rufescens XP 046381035.2

Lottia gigantea XP 009052399.1
| Patella vulgata XP 055956006.1

100 Patella vulgata XP 050397637.1
10 ™ Ruditapes philippinarum QBL56987.1

100

Ruditapes philippinarum XP 060574385.1
Mercenaria XP 053402306.1

Dreissena polymorpha KAH3768675.1

100

Sinohyriopsis cumingii ARV86003.1
Sinohyriopsis cumingii ARV86002.1

Potamilus streckersoni KAK3580325.1
7 [ Potamilus streckersoni KAK3597547.1
100 Potamilus streckersoni KAK3597546.1 <

100

100

Oryctolagus cuniculus AAA99235.1

0.050

100

Mus musculus AAWS0819.1
Homo sapiens CAD99178.1

99 L__ Canis lupus familiaris XP 5344172
91 [ Bos indicus x Bos taurus XP 027414015.1

100 | Bos taurus CAA36797.1 .

Pomacea canaliculata XP 0251149321

Lamellibranchia

Gastropoda

Lamellibranchia

Elysia crispata KAK3743634.1 ] Gastropoda
Mytilus edulis CAG2208614.1 1 Lamellibranchia
Paralichthys olivaceus ACV74252.1 1 Pisces

Mammalia






nav.xhtml


  fishes-11-00087


  
    		
      fishes-11-00087
    


  




  





media/file2.png
CCGCTACTTTGTTGTGTGAAGCCACAAAGGAGAAAAAAAAATTGCGCATTTTCAAATCATTTTAAACCT TCCGGAAAACGGGAA
TCATGCAGCAAGTGTGYTTGCTTACTGTAGTGTCCCTGTTTGTGACG TCAGCCCAATGTAAGACCCCCGGCTTACAGACAAGAA
MA QN _C_ L L TV L_S_L_F. YT S A_Q.C KTPGLGQTHZR
TCACTGACAGGGCCCTTGAATATGCTACAGACGTGGCCCTTGATATTTTGTCCAAACAAGTGACGGGTCAGCAAATACCAGACC
1. T DR ALEYATDV ALDILSEKOQVTITGQQ I PWD
AGCATGGCCAATCCGGTGACGTCAAGTTCGACATTACGGGAATGAATG TTAATCAGTTCACAAAGCCCAGCAGTAGAGTATCCC
Q HGQ S GDV KFDITGMNVNQFTIEKZPSSURUVS
TGATTCAGAACGTCGGTCTGTCGTGGTCCACGAGTGGAACTGGTCTTGCTATACATGGAAACTTCAAATACAAATACAGGAAAG
L I Q NV GLSWSTSGTGULATIHGNTFIEKYZ KTYREK
GAATAATCAAAATT TCTGATTCGGG TAGCTTTGACTTGAAAGCGAATGGTATCAATTTCCAGATAAAGATAGAGATAGGAATGG
G I 1L K1 S DS GSFDLEKANGINTFEFEOIKIETILGWM
ACGGCAGTGGACGCCCTACTATGAAGGCTGTAGGGTGTAGCTGTAATGTCGGGTCAGCAGACATAAAAT TCCACGGAGGTGCAG
D G S GRPTMEKAVGEOS CNV GSADI KFHGGA
CGTGGATCTATAACCTGTTTTCAGGGAAACTCGAAGATAAACTGAAAGATATGGTTGGAGGCGGAGATGGATTACTTTGCAAAC
AW I YNLPFSGEKLEDIEKTLIEDMVYGGGD G L LK
AATTGAATACTTTGATAGATGTAAATGGAATGAAGAGT T TACAGAAATTACCTGTAACTG TGCAAMTTGCAAAGAGGTTTTTAC
Q L N T L I DV NGWMWEKSLOEKILPVTIT VO AKUEREFL
TGGATTACAGATTTTTATCGAAACCCTCATTTCAAACAAAATTTATGGAAACTTATCACAAGGGAGAGGTTTACTGGAATGCAG
L DY RFLSEKPSFOQTEKIFMETYHEKGEVY W NA
ATCCCTTGGATGCCCCATTTGCAGCCCCCCCTTTGTTGAAATCCGCAGATACTTCCAGAATGATGTATATCTGGCTATCTGATT
DPLDAPTFAAPPLLIEKSADT SR RMMYTIUWLSD
ACATCTTCAATACGATGTCATACAATGCATTGAAATATAACCAACTGCAATATAATGTTACAAATAAAGATCTTCCATCGGGTG
YR RN S N A Y AN O O NV T NN DI P S
TATTAAATACGACTTGTCCTCAATCAACATGCATTGGGAAAATAATAAAATCAATTGGCACCAAATTCCCAAACACCACAGTGA
YN DT R PN O S T I G T S GETR RN RN PENETE Y
TGTTATACATGAAATCTACATCTATGCCAAACATGACGGTACTGAACGGATCTACGATGGTAAACGCTGCCGGGGACATCATGT
(BRSSP NN Y NS YN A AN GE
TCTTTGCACAACAACCAGGAGGAAAATATACCTACTTCCTAACGCTGTCAGCTACGATGTCAACCACGATTTCTCTGATGATAC
DI AN @2 G E YN IR I LS A TS o e S I 3T
AGAACGAGAAAGTGTTCGCTAAAGTCCTCAAATTACCTATT TCAGTAACTGTGAAAGATTCGAAAATTCCGGTTTCGTCGGAGG
O SR NN I I 2 e SN I DS I 2SS
GGCTCAATTTCATCGTGAAAGGCATTGTTTCCGTCTTTGTCGAACCAAAACTGAATGAACTCGGGGCAGCGGGATTCCCTCTTC
CEIENEERI YN G ESEYEEBYEEE PRI N EE NG N AN GCEREPED
CGGTCATTAATTCCGTGCATTTCATCAACACACAACTGACCGTCGCTAAGGACACGCTTTTGATTGCAACAGATCTGAAATACA
PN S N T O YT T D L K Y
GTGGCTGATACAATACATGTGCAATTTTCAAAAAGACACTTTTGGAAATCGAATTTCTAAATTAATTTGAAGAGAGAGAGAGAG
S G #
AGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAATCGTTTTACTTAAGACACATATGTAAMACTAATTAGCATTTTT
TTCACAGAAGACGGATATAAAGGGCAGCTCAATCGCCCTATAGGAGTCA






media/file5.jpg
a2 v + oo

JEVIdEUD JO UOISSaIdXa oANE[aI Y L





media/file3.jpg
1@ [~ Crassostrea gigas ACQT91S.1
=
o Crassostrea virginica XP 0223383521
129, Ostrea edulis XP 0487659631
L
Crassostrea angulata XP 052716805.1
e

o M glprorcal VL3126
Myl duls CAG2229516 1

Lamellibranchia

o e kACS591
- — L
| pre

o[ Pomacea canalcada PYD20ST4. 1

Pomacea canalculata XP 025114932.1
Littorina ltorea QNLIS278 1

T

L Halios rafscens XP 046381035 2 [Ev—,
g Lot giganea XP 0090523991
L [ Pala o XP0s59560061
w Patlla vlgata XP 0503976371
(" Rudiapes phipinarum QBLSO8T1
X L Pociapes philpnaram XP 060S73385 |

—
e { e —

Stnohyriopis cumingi ARVS003 1 | Lamellibranchia
Sinolyriopss cumingii ARVS6002.1
Potamilus srclersoni KAK 3530525 1
L[ rotamitssrecheront KAK3S97547.1
0 Potamibssreckerson KAK3397546.1
Eysia crispata KAK3743634.1 1 Gastropoda
Ml s CAG2208614.1 ] Lamellibranchia
Paralichysolvaceus ACV142521 1 Piscgs
Oryetlagus cunicuus AAASS235.1

Mus musculus AAWSO819.1
Homo sapiens CADO9ITS |
Canis s familiris XP 344172

= Bos indicusx Bos aurus XP 0274140151
@ Bos taurus CAA36T97.1

Mammualia

0050





media/file1.jpg
GTTGTGTGAGECACAMGGAGAAAMAMATTGCGCATTTTCAANTCATT TTAMCCTTCCGGAMACGGGAN
TCATGCAGCMGTGTGTTTGCTTACTGTAGTGTCCCTOTTTGTGACGTCAGCCCANTGTANGACCCCCGGCTTACAGACAGAY

MO 0\ .C.L 1 TV X.S.L FY.L.8.4.0.CKTPGLQTER
TOACTOACAGGRCCCTTGAATATCCTACAACGTGOCCCTTGATATITTGICCICANGTGACGGGTCAGCAAATACCAGACC.
LIDEALEYATDYVALDILSKOVIGOOIPD
AGCATCGCEANTCCUTGACETCANGTTCGACNTTACCGOTGANTG T TAATCAGT TCACRMGECCAGEAGTAGGTATCCC
QU GoSGDYKFDITGUNYNQFTEPSSRYS
TORTTCAGRACGI TG TC TCTCRTOGTCCACGRGTCURACTOG TCT TGCTRICATCGARACT ICARTACRATTACRGGAAG
L1ONYGLSYSTSGTGLAINGNFEYKYREK
CRATRATCARTTCTGATTCGOGTACTTTOACT TG RN GAN TGO T ICAATT TCCAA TGN RGAGA TRCGRATC6

¢ 11K 1SDSGSEDLY 6 1N FolK1ElGu
ACTOCAGTOOACHTCCTACTATGMGGCTGTAGGETGTAGCTGTAATGTCHRTCAGCAGACNTAMARTTCCACGGAGATECAG
D6 S GRPTUKAYGOSCNVECSADIKFNGGCA

COTGEATCTATACCTGTTTTCAGGGAARCTCGANGA AV TGAARGATATGGTTCGAGGCTGGATGGHT CTTIGCAMC
AN I YNLESGKLEDKLKDUY G DL 1Ok
ARTTGATACTTTeATRGATC T TGO TGRAGAGTT TGN TACCTCTRACTGTECAA TTECRAGRGOT TTTTAC

TGATTACKGATFTTTATCGAACCCTCAT TTCAVAC AN TTATCGARACTTATCACMGEGAG AGE TTTACTGANTECAG
LD Y EF L SKPSFOTKFUETY UKGEY Y ENA

ATOCCTIGGATGCCCCAT ITGCRCCCCCCTT TGT TGANTCCOCRGATRCTTCCAGRAGATGTATA TCTGRCTATCTGATT
DPLDAPFAAPPLLESADTSRUNY I ¥LSD

ACATCTTCATACGATGTCATACATGCATTGAATATARCCACTGCARTATARTGTTACAMTAMGATCTTCCATEGGGTG.
YTENTHSYNALKYNQLAQYNVTINKDLEPSG

TATTAMTACGACTTGTCCTCARTCAACATOCATTGGGAVATANT MANTCAATTGGCACCMATTCCCAAACACCACAGTG
VN T T P QNS T Gl G K R S CTE KE EA PRI

TOTTATACATGAMTCTACATCTATCCCAMCATGACGGTACTGACGGATCTACGATCGTAMCGCTGCCOGGGACATCATGT
WEYWKSTSUPNUTVENGSTUVNAAGDIN

TCTTTGOACMEMCCAGGAGGAMATATACCTACTTCCTMCGCTTCAGCTACGATGTCANCCACGATTTCTCTGATGATAC
FFAQQPGGKYTYFLTLSATWSTTISLWI

AGMCGAGUGTGTTCGCTAMAGTCCTCAMITACCTATTTCAGTAACTG TGAAGATICEMANTTCCGGTTTCGTCORAGG
OQNEKYVFEAKVLELPISVTYVEDSEKLIPYSSE

GGCTCANTTTCATCGTGARAGGCATTGTTTCCGTCTTTGTCGAACCAMACTGAATGAACTCGGGGCAGCRRGATICCCTCTTC:
GNPV G TRV S VRV B PSRN B LI GRANAY GRS Pl

COTCATTANTCCGTGCATTTCATCAACACACAACTGACCGTCCTAGGACACGCTTTTGATTGCACAGATCTGAMATAC
POV NUSTVEHUE TN TEQUL T V- ACK DT LUL TAST D L K ¥

GTGECTOTACMTACATGTGCARTTTTCAAMAGACACTTTTCGAANTCGANTTTCTAMTTARTTTGAAGAGAGAGAGAGAG
SG e

GGG GAGAGIGAGAGAGAGAGAGAGAGAGAGNGAGAGATCGTTTTACTTAAGACACATATGTAMCTANTTAGCATTTTT
TICACAGAMGACGGATATAMGGGCAGCTCANTCECCCTATAGGAGTCA






media/file7.jpg
Relative expression of ChBPI/LBP

35

25

4n

= PBS
* A. hydrophila

12h
Tlme post-challenge





media/file10.png
Control A. hydrophila infection

Epithelium Epithelium

%

Muscle fibers Muscle fibers
A

Connective tissue Connective tissue

4 /






media/file15.png





media/file12.png
kDa M 1 2 3 4 5 6
116.0

66.2

45.0
35.0

25.0

18.4
14.4





media/file9.jpg
Control . hydrophila infection

Epitheium: Epithefiufi

2

Adductor muscle
Muscle fibers

74

Connective tissue Connettivetissue

4 1






media/file0.png





media/file14.png
ODsoonm

ODsooniim

- -8-~- ChBPI'LBP —— Control - -8~ ChBPI'LBP —4— Control

ODsoonm
s 2 2o 2o 2
o 5N o o~ e |

[

=
—

<=

| 2 3 4 5 (h) 0 1 2 3 4 5 (h)
V. parahemolyticus V. alginolyticus

- -#-- ChBPI'LBP —#— Control - -#- - ChBPI'LBP —#— Control

ODsoonnm

] 2 3 1 5 (h) 0
A. hydrophila S.aureus





media/file8.png
Relative expression of ChBPI/LLBP

F o'

P

® PBS

I % A. hydrophila
4h 8h 12h 24h 48h

Time post-challenge






media/file11.jpg





media/file6.png
* K

—
o
)

=
1
—

oy
a8
N
:
@)
S
o B
S
2 6
£
5 47 T
2 2- T
©
5 0. %
W Ny N > S
g %Q\ %l\ \)c"o oﬁ\fb Q‘\"b‘
= R
xO ®





