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Largemouth bass virus (LMBV) poses a significant threat to largemouth bass farming, leading to substantial economic losses. In December 2022, massive largemouth bass juveniles died at a fish farm in the city of Xinxiang, China. Through a series of experiments, we conclusively identified LMBV as the causative pathogen. The affected fish displayed anorexia, lethargy, and hemorrhage at the pectoral and caudal fin base. No parasites or pathogenic bacteria were detected on the body surface or gills, or isolated from the diseased fish. Severe hemorrhage, lymphocyte infiltration, and extensive necrosis were observed in the liver, spleen, intestine, and stomach of the moribund fish. The tissue homogenate from the diseased fish induced epithelioma papulosum cyprini cells (EPC) cell death, while no such effects were observed in grouper spleen (GS) cells. Sequence similarity analysis of the major capsid protein (MCP) indicated the virus shared 100% similarity with the LMBV-FS2021 strain, placing it within the Ranavirus genus. Transmission electron microscopy (TEM) observations revealed plenty of hexagonal virions accumulated in the cytoplasm of infected EPC cells. Artificial infection demonstrated that LMBV-XX01 was highly fatal to Micropterus salmoides juveniles, with an LD50 of 103.081 TCID50/fish. RT-qPCR detection confirmed that LMBV appeared in all sampled tissues of the challenged largemouth bass, with significantly higher viral loads detected in the liver and heart compared to other tissues. Additionally, we successfully obtained a highly purified recombinant MCP of LMBV and developed two strains of monoclonal antibodies targeting MCP of LMBV-XX01. Overall, our findings provide valuable materials and insights for the design of prevention strategies and the development of detection methods for LMBV.
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1 Introduction

Largemouth bass (Micropterus salmoides) is a globally significant fish species that originated in the Mississippi River Basin, United States of America (Junjie and Shengjie, 2019). Largemouth bass has been widely farmed in various countries due to its advantages, such as rapid growth, delicious taste, lack of inter-muscular bones, and strong environmental adaptability (Wang et al., 2019). Since 1983, when largemouth bass was introduced in Guangdong province, its aquaculture scale has been continuously expanding in China, and its annual production in China reached 802,486 tons in 2022, representing a 14.3% increase compared to 2021 (China Fishery Statistical Yearbook, 2023). However, the continuous expansion of the scale and intensity of largemouth bass culture has caused frequent occurrence of viral diseases, resulting in significant economic losses and hindering industry development (Ma et al., 2013; Liu et al., 2023; Qin et al., 2023). To date, at least 10 kinds of viruses have been reported in largemouth bass, with largemouth bass virus (LMBV) and Micropterus salmoides rhabdovirus (MSRV) posing the greatest threats and causing mortalities of approximately 80% and 100%, respectively (Sibley et al., 2016; Godahewa et al., 2018; Waltzek et al., 2019; Zhang et al., 2019; Jia et al., 2020; Cai et al., 2022; Fu et al., 2022; Jin et al., 2022; Liu et al., 2023; Qin et al., 2023; Xu et al., 2023).

The first case of LMBV was reported in 1995 in largemouth bass at Santee-Cooper Reservoir, South Carolina, USA. Since then, LMBV has been detected in various countries and regions, such as Florida, Kansas, Texas, India, and China (Grizzle et al., 2002; Southard et al., 2009; George et al., 2015; Salazar et al., 2022). In addition, studies showed that LMBV can infect not only largemouth bass but also other fish species such as koi (Cyprinus carpio) and mandarin fish (Siniperca chuatsi) (George et al., 2015; Dong et al., 2017; Sivasankar et al., 2017). LMBV is an enveloped virus with an icosahedral structure, approximately 150 nm in diameter, belonging to the Ranavirus genus of the Iridoviridae family (Plumb et al., 1996). The genome of LMBV is composed of a 100 kb double-stranded linear DNA molecule, containing approximately 90 open read frames (ORFs) (GenBank accession nos. MW630113.1, ON936874.1, MK681855, and MK681856).

Vaccination is considered an ideal approach for preventing LMBV infection. Although some candidate vaccines and herbal extracts have been proven to be potent for defending against LMBV infection under laboratory conditions, there is no licensed vaccine or antiviral drug available for preventing or treating LMBV infection (Jia et al., 2022; Yao et al., 2022; Cheng et al., 2023; Wang et al., 2023; Zhang et al., 2023). Therefore, rapid detection and early diagnosis of LMBV remain crucial strategies to prevent the disease’s spread and mitigate economic loss. However, diagnosing LMBV solely based on clinical signs is challenging as it is influenced by the LMBV strains and the size of the infected fish (Liu et al., 2023). For instance, the LMBV-LS1809 strain causes severe ulceration and muscle necrosis, while the strain isolated by Liu et al. causes surface bleeding and spleen swelling in infected fish (Zhao et al., 2020; Liu et al., 2023). To date, some traditional and classical detection methods, such as RT-PCR, enzyme-linked apta-sorbent assay (ELASA), and quantitative polymerase chain reaction (qPCR), have been developed and utilized for LMBV diagnosis, but several limitations hinder their practical application in the field, such as being technically demanding, expensive instruments and reagents, and time-consuming procedures (Montelongo-Alfaro et al., 2019; Zhu et al., 2020; Guo et al., 2022; Zhang et al., 2022). Therefore, the development of new detection methods for LMBV is urgently needed. Immunoassay strips have increasingly garnered attention due to their rapidity, affordability, ease of use, and suitability for on-site detection (Li et al., 2021; Shen et al., 2021). The selection of targets and the production of antibodies are two crucial aspects in the development of immunoassay strips as they directly influence their specificity and sensitivity (Li et al., 2021; Shen et al., 2021). The MCP, which is the most abundant structural protein carrying virus-specific antigens, has emerged as an ideal target for genetic relationship identification, vaccine research, antibody production, development of detection methods, and systematic survey (Montelongo-Alfaro et al., 2019; Guo et al., 2022; Jia et al., 2022; Yao et al., 2022; Qin et al., 2023; Zhang et al., 2023). Thus, we developed the monoclonal antibodies against MCP and assessed their specificity, providing valuable material for the development of immunoassay strips for LMBV detection.

In this study, a strain of LMBV named LMBV-XX01 was isolated and identified from diseased juvenile largemouth bass collected in December 2022 at a fish farm in Xinxiang, Henan, China. We investigated the replication kinetics, tissue lesions, dynamic distribution, and pathogenicity of the LMBV-XX01 strain. Additionally, we successfully generated and characterized two strains of a monoclonal antibody targeting the MCP of LMBV. Our findings will contribute new information and resources for further exploring the pathogenesis of LMBV and for the development of detection methods for LMBV.




2 Materials and methods



2.1 Ethics statement

All animal experiments were strictly conducted following the guidelines of the Ethics Committee of Nanyang Normal University (Permit Number: NYSY007). To guarantee the best animal welfare and minimize pain, experimental fish and mice were anesthetized using tricaine methanesulfonate (MS-222) or ether before the experiment.




2.2 Case history, sample collection, and pathological examination

In December 2022, a fish farm in the city of Xinxiang, Henan province, China experienced a mass death of juvenile largemouth bass (~7 cm in length, ~5 g in weight). Moribund fish exhibited unnatural behaviors, including anorexia, insensitivity, abdominal distension, spiral swimming, and fin base hemorrhage. The diseased fish started dying on the second day, with the peak mortality occurring 5-7 days after the onset of abnormal behavior, and the cumulative mortality rate was approximately 70%. Diseased fish were immediately transported to the laboratory under low-temperature conditions for further examination. First, the gills and mucus were collected for parasite detection under a microscope. Subsequently, livers and spleens were sampled and homogenized using sterility tools. After centrifugation, the supernatant was used for bacteria detection and virus isolation. Additionally, tissues from diseased fish were sampled for section preparation and RT-PCR detection using previously described methods (Qin et al., 2023), and the tissues from healthy fish were utilized as negative controls.




2.3 RT-PCR detection and DNA sequencing

The tissues from diseased or healthy fish were used to extract total RNA using a total RNA kit (NCM Biotech, China) according to the manufacturer’s directions, and the resulting RNA was used to synthesize cDNA using SweScript RT I First Strand cDNA Synthesis Kit (With gDNA Remover) (Servicebio, China). Then, the PCR assays were performed using the obtained cDNA with the specific primers of reported viruses in largemouth bass (Table 1). The resulting PCR products were electrophoretically separated with 2% agarose gel and visualized using an ultraviolet imaging system. Furthermore, the coding sequence (CDS) of the MCP of LMBV was obtained by PCR amplification using the primers designed according to the public genome of LMBV. The PCR product was purified using Gel DNA Extraction Kit (Servicebio, China), and digested with restriction endonucleases Hind III and Xho I. The resulting DNA was then fused into the pET28a plasmid to construct the pET28-MCP plasmid, which was transformed into E. coli DH5α competent cells (Sangon Biotech, China). Positive clones from colony PCR were further confirmed with DNA sequencing. The resulting sequence was analyzed through BLAST, and a phylogenetic analysis was performed with MEGA 11.


Table 1 | The information on primers used in the study.






2.4 Real-time quantitative PCR

The RT-qPCR assay was carried out as previously described (Qin et al., 2023). The primers for RT-qPCR are listed in Table 1, and the 40s ribosomal (40s) protein served as an internal reference gene. The fold induction of the target gene was calculated and normalized to the mRNA level of the 40s gene using the 2- ΔΔCt algorithm. All experiments were carried out in triplicate and replicated independently three times.




2.5 Virus isolation

Virus isolation was conducted as per a previous method with slight modifications (Qin et al., 2020). Briefly, tissues from moribund fish were homogenized in filtered phosphate buffer solution (PBS, pH=7.4) supplemented with Penicillin-Streptomycin of a final concentration of 100 U/mL (Biosharp, China) at a volume ratio of 1:9. After centrifugation at 12000×g for 15 min under 4°C, the supernatant was collected and filtered to remove bacteria. The filtered liquid was then diluted 1:10 and 1:100 in M199 or L15 medium and inoculated on confluent epithelioma papillosum cyprini cells (EPC) kindly bestowed by professor Xiuzhen Sheng (College of Fisheries, Ocean University of China) (Zhong et al., 2019) and grouper spleen (GS) cells kindly provided by Professor Qiwei Qin (College of Marine Sciences, South China Agricultural University) (Zheng et al., 2022), respectively. In the control EPC or GS cells, an equal volume of M199 or L15 medium was added, respectively. After a 2-hour attachment at 28°C, the supernatant was discarded, and 1 mL of maintenance medium was added. Then, the cells were maintained at 28°C and examined daily for cell status under an inverted microscope. When >80% of the cells showed cytopathic effect (CPE), the cells and supernatants were harvested and freeze-thawed for three cycles. After centrifugation (12000g, 10min), the supernatant was harvested and subsequently stored at -80°C.




2.6 Transmission electron micrograph observation

Infected EPC cells showing clear CPE were harvested and fixed in a 2.5% glutaraldehyde buffer (pH=7.4) for 12 hours. Subsequently, they were immersed in a 1% osmium tetroxide buffer for 2 hours and subjected to gradient dehydration using ethanol. Then, the samples were entrapped into epoxy resin, cut, and dyed with lead citrate and uranyl acetate. Ultimately, virus particles were examined using a transmission electron microscope (Hitachi HT-7800, Japan).




2.7 Plaque purification

To isolate and obtain a single LMBV clone, the plaque purification assay was performed as per a previously described method with minor modifications (Qin et al., 2023). Briefly, the LMBV stock suspension was 10-fold serially diluted using M199 medium and then added to an EPC cell monolayer. After a 2-hour attachment at 28°C, the virus was aspirated, and the cells were washed one time using serum-free M199 prior to being overlaid with M199 maintenance medium added with 1.5% sodium carboxymethyl cellulose (Biosharp, China). Once the plaques appeared, the overlaying media over the tagged plaques were transferred and mixed into 1 mL serum-free M199 medium. This process was repeated twice for further plaque purification. Finally, the resulting single clones were identified with RT-PCR assays.




2.8 Viral titer determination

The viral titers were determined in EPC cells using the 50% tissue culture infectious dose (TCID50) assay with slight modifications to a previous method (Qin et al., 2020). In brief, eight independent confluent EPC cell wells in 96-well plates (Labselect, China) were inoculated with 100 μL of 10-fold gradient virus dilutions (10-1-10-8). The CPE was counted daily under an inverted microscope for 7 days after infection and the titer was represented as TCID50 according to the Reed-Muench calculation method.




2.9 Viral growth kinetics in EPC cells

To facilitate studies, such as antiviral drug screening and investigation of antiviral mechanisms, it is crucial to understand the detailed growth patterns of the virus in permissive cells. Therefore, we conducted a systematic evaluation of LMBV-XX01 growth kinetics in EPC cells by examining intracellular viral RNA synthesis and extracellular infectious progeny virus. This experiment was undertaken as per a previous method (Qin et al., 2023). Briefly, 106 cells EPC cells were inoculated in 12-well plates for 12 hours before LMBV-XX01 infection at an MOI of 0.01. After adsorption for 2 hours, the viral inoculum was discarded, and unadsorbed viruses were removed by washing three times with an M199 medium. M199 maintenance medium containing 2% FBS was added to the infected EPC cells prior to being cultured at 28°C in an incubator containing 5% CO2. The cells and supernatants were collected at designated time points post-infection. Then, the total RNA extracted from the cell monolayers was used to determine intracellular LMBV RNA level through RT-qPCR, while the infectious virus in the supernatants was quantified using a TCID50 assay.




2.10 Experimental infection

Healthy largemouth bass juveniles without obvious surface damage were purchased from a fish farm without a history of LMBV infection in the city of Nanyang, Henan province, China. Three fish were collected randomly and confirmed to be negative for LMBV, MSRV, NNV, ISKNV, VHSV, and SVCV by RT-PCR and temporarily reared in fresh water at 25°C for two weeks prior to the infection experiment. A total of 120 fish were divided randomly into six groups with 20 fish each. Fish in groups 1-5 were intraperitoneally injected with equal volume M199 medium containing 5×104, 104, 2×103, 4×102, or 8×101 TCID50 of the LMBV-XX01 strain, respectively. Group 6 served as uninfected control and was mock injected with an equal dose of M199 medium. After the challenge, these fish were kept at 25°C for 14 days, and their behaviors and mortality were recorded daily.




2.11 Tissue distribution of LMBV

A parallel challenge experiment was conducted to investigate the tissue tropism and target organs of LMBV. Fish showing typical clinical signs were washed three times with sterile PBS and euthanized using MS-222. Tissues from the liver, spleen, kidney, intestine, gill, muscle, brain, heart, eye, and stomach were collected and stored in a Magzol medium at -80°C until used. Total RNA was extracted from the tissues, and the MCP mRNA levels of LMBV in the sampled tissues were quantified and compared using the RT-qPCR assay.




2.12 Expression and purification of MCP

The CDS of MCP of LMBV was obtained by PCR amplification and purified using the Gel Extraction Kit (Sangon Biotech, China). The PCR production was then digested with restriction endonucleases Hind III and Xho I, and subsequently linked into pET28a plasmid to construct pET28-MCP fusion plasmid, which was then transformed into E. coli strain Trans5α (TransGen, China). After PCR verification and DNA sequencing, the positive plasmid was extracted from the positive clone and transformed into Trans BL21 (DE3) (TransGen, China). Then, the positive clone of BL21 containing the pET28-MCP expression vector was cultured to the logarithmic phase and 0.6 mM isopropyl β-D-1-thiogalactosidase (IPTG) was added to induce MCP expression. The MCP was subsequently purified using a Ni-NTA pre-packed gravity column, analyzed using an SDS-PAGE assay, and visualized with Coomassie Brilliant Blue R-250.




2.13 Preparation and characterization of monoclonal antibody against MCP

Three BALB/c mice were intraperitoneally injected with 100 μg MCP emulsified in Freund’s complete adjuvant (Biosharp, China). On the 14th day after the first immunization, a similar injection was performed using Freund’s incomplete adjuvant (Biosharp, China). Subsequently, two booster immunizations were administered with 100 μg of MCP without Freund’s adjuvant via the tail vein at an interval of 7 days. On the third day after the last immunization, a mouse was euthanized, and spleen cells were extracted and fused with SP2/0 myeloma cells using polyethylene glycol 1450 (Proteintech, USA). The fused cells were then resuspended in 1640 medium (Biosharp, China) containing 1% HAT (Sigma, USA) and seeded into 96-well culture plates (100 μL/well). After 14 days, the supernatant from those wells containing hybridomas was collected and screened using indirect enzyme-linked immunosorbent assay (ELISA), western blot, and indirect immunofluorescence assay (IFA) as per a previous method (Qin et al., 2022). The positive hybridomas were subcloned using the limited dilution method until all monoclonal cells’ supernatant reacted with MCP.




2.14 Statistics analysis

All data were represented as mean ± standard error (SEM) and analyzed using GraphPad Prism 9.5 software. Statistical differences between groups were calculated using one-way analysis of variance (ANOVA). Differences were considered significant if p < 0.05.





3 Results



3.1 Clinical symptom and histopathology observation

Diseased largemouth bass exhibited abnormal behaviors, including anorexia, insensitivity, abdominal distension, spiral swimming, and fin base hemorrhage (Figure 1A). No parasites or pathogenic bacteria were detected in moribund largemouth bass. Internally, the diseased fish displayed enlarged and white liver, splenomegaly, and mass ascites (Figure 1B). Furthermore, the hepatic sinusoids showed extensive congestion (Figure 1D). The spleen exhibited widespread congestion and hemorrhage (black arrow) as well as pronounced inflammatory infiltration (red arrow) (Figure 1F). The intestine revealed numerous villous atrophy erosion and detachment (Figure 1H). The stomach exhibited submucosal edema, along with significant lymphocytic infiltration (red arrow), slight congestion (black arrow), and severe necrosis and detachment of epithelia (blue arrow) (Figure 1J). No apparent lesions were observed in these tissues of healthy largemouth bass (Figures 1C, E, G, I).




Figure 1 | Clinical symptoms and histopathological observations of diseased largemouth bass. (A) Diseased fish exhibited abdominal distension and fin base hemorrhage. (B) Enlarged and white liver, splenomegaly, and mass ascites were observed in diseased fish. (D) Mass congestion occurred in the hepatic sinusoids of diseased fish. (F) Widespread congestion and hemorrhage (black arrow), along with pronounced inflammatory infiltration (red arrow), appeared in the spleen of diseased fish. (H) The intestine of diseased fish displayed numerous villous atrophy erosion and detachment. (J) Submucosal edema along with significant lymphocytic infiltration (red arrow), slight congestion (black arrow), and severe necrosis and detachment of epithelia (blue arrow) were observed in the stomach of diseased fish. No significant lesions were observed in the liver (C), spleen (E), intestines (G), and stomach (I) of healthy fish.






3.2 RT-PCR detection

PCR assays were conducted using cDNA from moribund or healthy largemouth bass as templates to detect five common viruses of largemouth bass, with cDNA from healthy fish serving as a negative control. Agarose gel electrophoresis results showed the presence of an approximately 200 bp specific band in diseased fish using LMBV-specific primers (Figure 2A), while no specific bands were observed using primers for MSRV, NNV, ISKNV, VHSV, and SVCV, compared to those in healthy fish (Figure 2B).




Figure 2 | Agarose gel electrophoresis analysis of PCR products obtained from diseased or healthy fish using specific primers for LMBV, MSRV, NNV, ISKNV, and SVCV. (A) PCR products from diseased fish. (B) PCR products from healthy largemouth bass were used as a negative control. Lanes 1-6 are the PCR products using specific primers of LMBV, MSRV, NNV, ISKNV, and SVCV, respectively.






3.3 Virus isolation, plaque purification, and titration

EPC and GS cells were used to isolate LMBV from mixed homogenates of the liver and spleen from diseased fish. EPC cells became round and shiny as early as 6 hours post-inoculation and displayed a typical cytopathic effect (CPE) characterized by grape-like clusters and cell detachment from 24 to 72 hours after incubation with the homogenate of diseased fish (Figure 3). No CPE was observed in GS cells or uninfected EPC cells.




Figure 3 | Isolation of virus on EPC cells and GS cells. Typical CPE characterized by cell rounding and shiny, grape-like clusters and detachment occurred in EPC cells after inoculation with tissue homogenate from diseased fish. No obvious CPE was observed in GS cells or uninfected EPC cells. The scale bars represent a length of 100 μm.



A single clone of LMBV was obtained through three successive rounds of plaque purification on EPC cells, and the clone was identified using RT-PCR. At 72 hours post LMBV infection, EPC cells and supernatants were harvested, and repeated freeze-thaw was performed for three cycles. After centrifugation (12000g, 10min), the supernatant was collected and the virus titer in the supernatant was determined to be 106.75 TCID50/mL.




3.4 Transmission electron microscopy

TEM observation indicated that numerous hexagonal virus particles measuring 145-160 nm from vertex to vertex were scattered in the cytoplasm of infected EPC cells (Figure 4). Viruses at different assembly stages were observed in infected EPC cells, ranging from immature virus particles without or with incomplete electron-dense cores (Figure 4B, red arrows) to mature virus particles containing complete electron-dense cores (Figure 4B, black arrows).




Figure 4 | TEM observation of infected EPC cells. (A) Numerous virions accumulated in the cytoplasm of infected EPC cells. Bar=2.0 μM. (B) Different stages of virus assembly, including immature virions (red arrows) and mature virions (black arrows) were present in infected EPC cells. Bar=200 nm.






3.5 Phylogenetic analysis of the MCP gene

A 1389 bp DNA fragment corresponding to the CDS of the MCP gene was amplified by RT-PCR using LMBV-specific primers (Figure 5A). The resulting products were extracted and fused into a pET-28a vector (Figure 5B), followed by sequencing. BLAST analysis indicated that the CDS of the MCP gene of LMBV-XX01 shared 100% similarity with two LMBV strains: Santee-Cooper ranavirus isolate BG/TH/CU3 (GenBank accession no. NC_038508.1) and LMBV-FS2021 strain (GenBank accession no. ON418985.1). Subsequently, a phylogenetic tree was generated using the CDS of the MCP gene of LMBV-XX01 and 12 other MCP gene sequences of an iridovirus from different genera employing the NJ method. As shown in Figure 5C, LMBV-XX01 was clustered together with SCRV and LMBV-FS2021, both of which belong to the ranavirus genus. Based on these characteristics, the isolated virus was determined to be a strain of LMBV and provisionally named LMBV-XX01 strain.




Figure 5 | Gene amplification, sequencing, and phylogenetic analysis of LMBV MCP. (A) PCR amplification of LMBV MCP gene. Lane M: DL2000 DNA marker; Lane MCP: PCR product of MCP gene. (B) Recombinant pET-28a-MCP plasmid identified by double-enzyme digestion. Lane 1: The resulting plasmid containing the MCP gene was digested by Xho I and Hind III; Lane 2: The recombinant plasmid without double digestion; (C) Phylogenetic tree constructed using the CDS of the MCP gene of LMBV and other members of Iridoviridae family. The numbers on the tree nodes indicate bootstrap values derived from 1,000 replicates. The branch length on the tree is proportional to the number of nucleotide substitutions, as denoted by the scale bar beneath the tree, with each unit representing 0.1 nucleotide substitutions per site.






3.6 Replication kinetics of LMBV-XX01 in EPC cells

As depicted in Figure 6, virus titers in the supernatants and intracellular viral RNA levels rapidly increased from 12 hours to 60 hours post-infection, reaching their peak at 60 hours, and then remained stable until 96 hours, which is consistent with the development of CPE in EPC cells (Figure 3). Interestingly, the intracellular viral RNA levels rapidly increased during the 6-12 hour period post-infection, whereas the virus titers in the supernatants remained relatively unchanged (Figure 6).




Figure 6 | Replication kinetics of LMBV-XX01 on EPC cells. (A) The release process of infectious LMBV progeny from the cytoplasm into the culture medium. (B) Kinetics of MCP gene synthesis in LMBV-XX01 infected EPC cells.






3.7 Artificial infection experiment

The dying fish in the LMBV-XX01-injected group displayed clinical symptoms similar to those observed in naturally diseased largemouth bass from fish farms. These symptoms included anorexia, insensitivity, fin base hemorrhage, spiral swimming, and abdominal distension. Fish injected with a high dose of LMBV-XX01 exhibited abnormal behaviors such as anorexia, spiral swimming, lethargy, and redness of fin base starting on day 3 after the challenge. Massive mortality occurred 4 and 5 days after the challenge. In the low-dose injected groups, typical clinical symptoms began to appear on day 5 post-injection, and death occurred on day 7 post-injection. By the 14th day post-injection, the mortalities for fish challenged with different doses of LMBV-XX01 were as follows: 5×104 (100% mortality), 104 (80% mortality), 2×103 (45% mortality), 4×102 (40% mortality), and 8×101 TCID50 (20% mortality) (Figure 7A). No obvious symptoms or deaths were found in the mock-injected group throughout the entire experimental period (Figures 7A, B). The cumulative mortality curves were constructed for the challenged experiment (Figure 7A), and the lethal dose of 50% (LD50) in largemouth bass juveniles was calculated to be 1.0 × 103.081 TCID50/fish. Additionally, the RT-PCR detection results of livers and hearts collected from three individual LMBV-XX01 injected fish were all positive (Figure 7C). Typical CPE was induced in EPC cells after inoculation with pooled liver homogenate obtained from the LMBV-XX01 injected largemouth bass (Figure 7D). No CPE or specific PCR production was observed in the control group (Figures 7C, D).




Figure 7 | Regression infection of LMBV-XX01. (A) Mortality curves of largemouth bass juveniles injected with different doses of LMBV-XX01 over a period of 14 days. Each group consisted of 20 fish. (B) Clinical symptom of LMBV-XX01-injected or mock-injected largemouth bass. (C) RT-PCR examination of LMBV-XX01 in the livers and hearts of LMBV-injected or mock-injected largemouth bass juveniles. The lanes in the figure are labeled as follows: Lane M: DL1000 DNA marker; Lane N: negative control; Lane P: positive control; Lanes 1-3: liver tissues from mock-injected fish; Lanes 4-6: heart tissues from mock-injected fish; Lanes 7-9: liver tissues from LMBV-XX01-injected fish; Lanes 10-12: heart tissues from LMBV-XX01-injected fish. The largemouth bass β-actin serves as an internal control. (D) Virus isolation from LMBV-XX01-injected largemouth bass juveniles using EPC cells. Obvious CPE was observed in EPC cells incubated with liver homogenate from injected largemouth basses, while no CPE occurred in EPC cells incubated with homogenate from mock-injected fish. Scale bars = 100 μm.






3.8 Tissue distribution

RT-qPCR analysis revealed the presence of LMBV-XX01 in all 10 tested tissues, with the highest viral content observed in the liver, followed by the heart, intestine, and stomach. The virus content was lower in the kidney, muscle, spleen, brain, eye, and gill (Figure 8).




Figure 8 | Tissue distribution of LMBV-XX01 in diseased largemouth bass. The relative LMBV-XX01 viral loads among infected fish tissues were quantified by measuring the mRNA level of the MCP gene. The MCP mRNA levels were calculated as fold induction normalized to the level in the gill tissue, which was set to 1. The experiments were repeated three times, and the resulting data were statistically analyzed, and the error bars mean the standard error of the mean (SEM). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. "NS" means "No significant difference".






3.9 Expression and purification of rMCP

SDS-PAGE analysis showed successful expression of a 50 kDa specific protein in E. coli BL21 (DE3) containing the pET-28a-MCP recombinant upon induction with IPTG, which coincided with the predicted molecular weight of the His-fusion expression MCP. After purification using His trap Ni2+ affinity chromatography, high-purity rMCP was obtained (Figure 9A, lane 5). Western blot confirmed the successful fusion expression of MCP with an N-terminal His tag, as the purified protein was recognized by anti-His mAb (Figure 9B).




Figure 9 | SDS-PAGE (A) and western blot analysis (B) of rMCP expressed by E. coli. Lane M: protein marker; Lane 1: E. coli transformed with the pET-28a-MCP recombinant plasmid without IPTG induction; Lane 2: E. coli containing pET-28a-MCP recombinant plasmid was induced with IPTG; The supernatant (Lane 3) and precipitate (Lane 4) of E. coli induced with IPTG after ultrasonication; Lane 5: purified rMCP. Lane MCP: western blot analysis of rMCP using anti-His tag monoclonal antibody.






3.10 Production and screening of monoclonal antibody against MCP of LMBV

A total of 60 monoclonal hybridomas cell wells were obtained on the 14th-day post-fusion, 40 of which were identified to have positive reactions with rMCP through indirect ELISA assays. Among the positive cells, two hybridomas named 2G11 and 4E8 exhibited positive reactions with rMCP and LMBV in western blot assay and IFA. These two hybridomas were subsequently subcloned by limited dilution until all the monoclonal cells showed positive results in indirect ELISA determination. The obtained positive clones were extended cultured and stored in liquid nitrogen.




3.11 Western blot and IFA characterization of mAbs

Western blot assay revealed that the two mAbs specifically reacted with a 50 kDa protein in LMBV-infected EPC cells (Figure 10), which corresponded to the molecular mass of the MCP of LMBV. No positive band was observed in uninfected EPC cells. To determine whether the two mAbs could specifically react with LMBV, an indirect immunofluorescence assay (IFA) was performed using LMBV-infected EPC cells as the tested sample and the developed mAbs as the first antibody. As shown in Figure 11, strong green fluorescence appeared in LMBV-infected EPC cells when using 2G11 and 4E8 rather than myeloma culture supernatant as the first antibody, indicating these two mAbs specifically recognized LMBV and could be further utilized for the development of LMBV detection methods.




Figure 10 | Western blot analysis of mAbs against the MCP of LMBV. Lane M: protein marker; Lane 1: LMBV-infected EPC cells; Lane 2: uninfected EPC cells. The labels 2G11 and 4E8 indicate the respective mAbs used. NC: Negative control means using the myeloma culture supernatant as the first antibody.






Figure 11 | Indirect immunofluorescence assay of mAbs against MCP of LMBV in LMBV-XX01-infected EPC cells. Strong green fluorescence primarily occurred in the cytoplasm or membrane of infected cells incubated with the developed mAbs, while no positive signals appeared when using the myeloma culture supernatant as the first antibody. The labels 2G11 and 4E8 indicate the respective mAbs used. The nuclei of cells were stained with DAPI, showing blue fluorescence.







4 Discussion

Largemouth bass (Micropterus salmoides) has gained significant importance in global aquaculture (Wang et al., 2019). The production of largemouth bass in 2022 in China reached 802,486 tons, representing a 14.3% increase compared to 2021, and largemouth bass has become the seventh largest farmed fish species in China (China Fishery Statistical Yearbook, 2023). However, the industry is facing challenges due to frequent outbreaks of lethal diseases caused by viruses and bacteria, leading to some serious issues such as antibiotic abuse, food quality deterioration, and substantial financial losses (Deng et al., 2011; Sibley et al., 2016; Cai et al., 2022; Liu et al., 2022; Qin et al., 2023).

Among these diseases, LMBV is a major threat to the largemouth bass industry, causing extensive mortality in largemouth bass of different sizes and ages (Plumb et al., 1996; Maceina and Grizzle, 2006; Liu et al., 2023). Although the first reported case of fish death caused by LMBV occurred in the Santee-Cooper Reservoir in 1995, it is controversial when and where LMBV was first isolated (Plumb et al., 1996; Grizzle et al., 2002). In 1999, Mao et al. confirmed that LMBV belonged to the Ranavirus genus within the Iridovindae family according to the molecular characterization of LMBV (Mao et al., 1999). Since then, multiple LMBV strains have been isolated from adult or juvenile largemouth bass in various countries and regions (Southard et al., 2009; Deng et al., 2011; Zhao et al., 2020; Jin et al., 2022). Notably, the clinical symptoms and mortality rates caused by LMBV vary among virus strains, fish species, and the sizes of infected fish (Grizzle et al., 2002; Maceina and Grizzle, 2006; Liu et al., 2023). For example, naturally diseased adult largemouth bass have appeared normal with no external lesions, except for losing balance and floating on the water surface (Plumb et al., 1996). In contrast, LMBV-infected juvenile largemouth bass documented by Liu et al. exhibited surface bleeding, ulceration, muscle necrosis, and splenomegaly (Liu et al., 2023). Except for the ulcer lesions, muscle necrosis, and bleeding on the body surface, LMBV-FS2021-infected fish also displayed white liver nodules and adherent intestines, which resemble the clinical signs of Nocardia seriolae infection (Jin et al., 2022; Liu et al., 2022). Additionally, many pathogens could also cause surface bleeding and ulceration and LMBV-infected fish sometimes show no obvious clinical symptoms, making clinical diagnosis difficult and necessitating further molecular identification (Sosa et al., 2007; Jin et al., 2022; Liu et al., 2022). The main symptoms of the naturally diseased or artificially infected fish in our study included anorexia, insensitivity, abdominal distension, spiral swimming, and body surface hemorrhage, which was not entirely consistent with the classical symptoms of iridovirus infection, such as ulcer lesions and muscle necrosis. Initially, we speculated that the pathogen may be MSRV rather than LMBV. To confirm the pathogen, we conducted a series of time-consuming experiments including parasite observation, bacterial isolation, PCR detection, virus isolation, TEM analysis, and regression infection, ultimately determining that the pathogen responsible for the diseased fish was LMBV.

While several vaccines and herbal extracts have shown efficacy in preventing LMBV infection, there are currently no approved vaccines or drugs available for its prevention or treatment (Yao et al., 2022; Cheng et al., 2023; Wang et al., 2023; Zhang et al., 2023). Moreover, infected fish with LMBV experience rapid mortality once symptoms appear (Zhao et al., 2020; Jin et al., 2022). Therefore, rapid diagnosis and early isolation are crucial in preventing the spread of LMBV and reducing economic loss. While numerous LMBV detection methods have been developed and utilized, they are time-consuming and not suitable for on-site diagnosis (Guo et al., 2022; Zhang et al., 2022). Immunostrips, based on the specific reaction between antibodies and antigens, are considered an ideal alternative for LMBV rapid detection, whether in the laboratory or field (Li et al., 2021). MCP is a predominant structural protein of iridovirus, accounting for 45% of all viral proteins (Black et al., 1981). Furthermore, the amino acid sequences of MCP are significantly conserved within the same genera and show lower homology between different genera within the family Iridoviridae (Tidona et al., 1998; Hyatt et al., 2000). MCP has been widely used in vaccine preparation, virus detection, taxonomy, and evolution analysis of iridoviruses (Maceina and Grizzle, 2006; Ohlemeyer et al., 2011; Yao et al., 2022). Therefore, we prepared high-purity MCP as an immunogen to immunize Balb/c mice and finally obtained two strains of anti-MCP mAbs. As shown in Figures 10 and 11, these two mAbs exhibited specific recognition of MCP and LMBV in infected EPC cells, indicating their potential for establishing an immunological detection method for LMBV.

Although we successfully obtained two strains of anti-MCP mAbs, certain challenges remained. For instance, while we obtained 40 positive monoclonal hybridomas recognizing rMCP through ELISA screening, only two of them were able to recognize native MCP in western blot and IFA using LMBV-infected EPC cells. The 5% positive rate was lower than that in our previous study (Qin et al., 2022). The low positive rate could be attributed to the recombinant MCP expressed in E.coil lacking similar posttranslational modifications as in fish or eukaryotes, which could lead to changes in epitopes related to the native MCP of LMBV (Zhao et al., 2007; Macek et al., 2019). This phenomenon suggests that the level of specific antibodies can better reflect the effectiveness of vaccine immunization compared to the level of total antibodies, making specific antibodies a better target for vaccine evaluation.

Electron microscopy observation revealed abundant hexagonal virus particles, approximately 150 nm in diameter, including empty capsids and mature virions, scattered throughout the cytoplasm of infected EPC cells, which is a typical characteristic of ranavirus and is consistent with previous reports (Deng et al., 2011; Zhao et al., 2020). The green fluorescence signals using anti-MCP mAbs as the first antibody predominantly appeared in the cytoplasm and cell membrane of LMBV-infected EPC cells (Figure 10), which corresponds to the distribution of LMBV virions observed under TEM (Figure 4).

Histopathology examination revealed extensive congestion and cell necrosis occurred in the liver, spleen, intestine, and stomach, which is supported by a previous study (Liu et al., 2023). RT-qPCR detection demonstrated the presence of LMBV in all 10 sampled tissues, indicating systemic infection in diseased fish. Among these tissues, higher virus loads were observed in the liver, heart, intestine, and stomach, which are considered the main target tissues for LMBV (Zhang et al., 2023). The higher virus loads and severe epithelial necrosis in the intestine and stomach may explain the observed anorexia and swollen intestines in LMBV-infected fish.

MSRV, another main pathogen of largemouth bass, induces obvious CPE and supports plaque formation in GS cells. Besides, Singapore grouper iridovirus (SGIV), also belonging to the genus Ranavirus, could propagate in GS cells (Li et al., 2020). Accordingly, we tried to isolate LMBV using GS cells. However, our results showed that LMBV fails to replicate in GS cells (Figure 4). The possible reasons behind the non-replication of LMBV in GS cells are as follows. First, although LMBV and SGIV both belong to the genus Ranavirus, the sequence similarity of MCP is only 71%, which carries virus-specific antigens and determines viral virulence. Besides, susceptible hosts of LMBV and SGIV are significantly different. There may be no receptors of LMBV on the surface of GS cells, which leads to LMBV failing to enter into GS cells.

In conclusion, we reported a natural mortality case in juvenile largemouth bass and determined the pathogen responsible was LMBV through a series of experiments, including TEM observation, RT-PCR, phylogenetic analysis, and regression infection. Additionally, we generated and characterized two strains of anti-MCP monoclonal antibodies. Our findings provide new insights and materials contributing to the design of prevention strategies and the development of detection methods for LMBV.
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Primer sequence (5
F: CGTGTCAGTCATGTGTCGCT

R: CGAGTCAACACGGGTGAAGA

F: ATAAGGGTAGTTGAGAAGAAG

R: CTTCTTGTTGCTCTTCTTAAA

F: GACTTGGCCACTTATGAC

R: GTCTCTGGAGAAGAAGAA

F: TCITGGAGCCAA ATA GCTCARRTC

R: AGATGGTATGGACCCCAATACATHACNCAY
F: CTCAAACACTCTGGCTCATC

R: GCACCAACACATCTCCTATC

F: ATAAACAAGGGCTTGGTCTC

R: AGAAGTCGTCTGTGGCTCCC

F: TCTCGCCACTTATGACAGCC

R: AGTTGAGCACATAGTCGCCC

F: CCGTGGGTGACATCGTTACA
R: TCAGGACGTTGAACCTCACTGTCT

F: CCCAAGCTTTAATGTCTTCTGTTACGGGTTCTG
R: CCCTCGAGCAGGATGGGGAAACCCAT

CCACCACAGCCGAGAGGGAA

TCATGGTGGATGGGGCCAGG

Sourc

(Qin et al,, 2020)

(Qin et al,, 2023)

(Deng et al., 2011)

(Qin et al., 2020)

(Lin et al,, 2017)

(Zhang et al., 2019)

Acc.No. FR682503.1

(Yao et al., 2020)

Acc.No. ON418985.1

(Xu et al., 2022)
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