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Abstract

:

The largemouth bass is a freshwater aquacultured fish species of great economic importance in China. With the rapid development of aquaculture industry and the increase in the aquaculture density of the fish, various infectious pathogens, including parasites, bacteria, and viruses, have been widely spread, which have caused huge losses to the aquaculture industry. Among them, largemouth bass iridovirus (LMBV) is one of the most harmful pathogens. In the present study, a virus strain named LMBV-GDSD was isolated from cultured largemouth bass and was successfully proliferated in FHM and EPC cells, with numerous viral particles observed in the infected cells under transmission electron microscopy analysis. The annotated complete genome of LMBV-GDSD was 99,285 bp and contained 102 ORFs. Based on genomic sequence alignment and phylogenetic analysis, the identified LMBV-GDSD belonged to the genus Ranavirus of Iridoviridae and was pathogenic to largemouth bass under regression infection experiments. In addition, the infection of LMBV-GDSD in largemouth bass could significantly up-regulate the expression of antiviral immune-related genes such as IRF3, IRF7, and Mx. It is thus providing valuable genetic data for a deeper understanding of the pathogenic mechanism of iridovirus in largemouth bass.
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Key Contribution: This study successfully isolated an iridovirus strain named LMBV-GDSD from cultivated largemouth bass and proliferated it in FHM and EPC cells. The genome of LMBV-GDSD was sequenced and annotated, and the pathogenicity of LMBV-GDSD to largemouth bass was characterized. It is thus providing a deeper understanding of the pathogenic mechanism of iridovirus in largemouth bass.










1. Introduction


Iridoviridae family members are composed of a series of large double-stranded DNA viruses, either of which possess enveloped or nonenveloped virions [1], with a diameter of 120–350 nm and a genome range from 105 to 212 kbp [2]. Currently, according to the released data on the International Committee on Taxonomy of Viruses (ICTV) (https://ictv.global/taxonomy, 2022 Release, MSL #38, accessed on 25 July 2024), the members of the Iridoviridae family are divided into two subfamilies (Alphairidovirinae and Betairidovirinae) and seven genera, namely Lymphcystivirus, Megalocytivirus, Ranavirus, Chloriridovirus, Daphniairidovirus, Decapodirivirus, and Iridovirus. Among those seven genera of the Iridoviridae family, Ranavirus, Lymphocystivirus, and Megalocytivirus have been shown to cause infections in freshwater and marine fish worldwide [3]. Notably, viruses of the Ranavirus were globally distributed and could cause infections in ectothermic species including fish [4], amphibians [5], and reptiles [6,7,8].



The largemouth bass (Micropterus salmoides) is a kind of freshwater fish with the advantages of rapid growth, fresh and tender meat, and rich nutrition that has been cultured and popularized around the world since the 1970s [9]. Despite the advancements in artificial breeding techniques, the issue of diseases has emerged as a significant concern within the largemouth bass farming industry, particularly regarding the outbreak of largemouth bass virus (LMBV), which poses a substantial threat to the health of the fish and severely impedes its industry growth.



LMBV, a member of the Ranavirus genus within the Iridoviridae family, was initially isolated from largemouth bass in Vall Lake, FL, USA in 1991 [10]. The first occurrence of fish mortality caused by LMBV was observed in 1995 when approximately 1000 largemouth bass perished in the Santee Cooper Reservoir located in South Carolina [11]. Subsequently, in 2006, LMBV was first reported in China during an outbreak of ulcer syndrome among farmed largemouth bass in Guangdong Province, China, and this syndrome exhibited a progressively deteriorating trend over subsequent years [12]. In cases of LMBV infections, the infected fish exhibit ulceration in the skin and muscle, enlargement of the spleen and kidney, and a mortality rate reaching up to 60%. These detrimental effects result in significant economic losses for farmers and pose a grave threat to the largemouth bass farming industry. In 2008, Deng et al. successfully isolated a virus from diseased largemouth bass, which was identified as Ranavirus of the Iridoviridae family and named largemouth bass ulcerative syndrome virus (LBUSV) [13]. Nevertheless, the subsequent confirmation revealed that the virus in question was indeed identical to the iridovirus found in largemouth bass specimens collected from Vall Lake, FL, USA in 1991.



In the present study, a virus from diseased largemouth bass was isolated. The features of the virus, including its cytopathic effect, genomic information, and the virulence of the virus, were detected. Itis thus providing new information on viral diseases in largemouth bass, which is essential for the disease control and prevention of the fish.




2. Materials and Methods


2.1. Sample Collection


The samples were collected from diseased farming largemouth bass in the freshwater aquaculture pond located in Shunde District, Foshan City, Guangdong Province, China. The samples of the liver and spleen were collected from the fish exhibiting obvious symptoms and then used for subsequent DNA extraction and pathogenicity study.




2.2. DNA Extraction


A small piece of the mixed liver and spleen tissue of the diseased fish was collected with a sterilized dissection tool and put into a 1.5 mL centrifuge tube, adding 600 μL extraction buffer (10 mM Tris-HCL, pH = 8.0; 5 mM EDTA; 0.5% (w/v) SDS) together with 10 μL proteinase K (20 mg/mL). They were put into a laboratory water bath kept at 56 °C and fully digested for 2 h. After the sample was digested to transparency, an equal volume of phenol–chloroform–isoamyl alcohol (phenol/chloroform/isoamyl alcohol = 25:24:1) was added. The supernatants were collected by centrifugation at 12,000× g for 10 min at 4 °C, and the DNA was precipitated with isopropanol at −20 °C for 1 h. Finally, 600 μL of 70% alcohol was added, and the DNA was gently reversed and mixed several times. Following centrifugation at 13,400× g for 10 min at 4 °C, the precipitate was redissolved in 30 μL ddH2O for further use in subsequent experiments.




2.3. Virus Detection


The specific primers targeting fish viral pathogens were selected, and the extracted DNA mentioned above was subjected to PCR analysis. The reaction mixture was prepared with 1 μL of DNA template, 12.5 μL of 2 × Taq Master Mix buffer, and 1 μL of primers (10 μM), together with an appropriate amount of ddH2O added to a total amount of 25 μL. The amplification protocol involved denaturation at 98 °C for 30 s, annealing at the specific temperature (indicated in Table 1) for 45 s, and extension at 72 °C for 1 min during each cycle (35 cycles in total), followed by a final extension step at 72 °C for an additional duration of 10 min using an Eppendorf Master cycler. The products were then electrophoresed on an agarose gel with a 2000 bp DNA marker, and the bands were visualized under a gel luminescence system (BIO-OI 1000, China). The primers used are listed in Table 1.




2.4. Virus Proliferation


Fathead minnow muscle (FHM) cells were cultured in L-15 medium (BOSTER, Wuhan, China) supplemented with 10% fetal bovine serum (FBS, EXCELL) and 100 U/mL of penicillin (P) and streptomycin (S). Epithelioma papulosum cyprinid (EPC) cells were maintained at 28 °C in M199 medium (Procell, China) containing 10% FBS and 100 U/mL of P and S according to our previous reports [14,15,16,17]. For LMBV proliferation, the liver and spleen tissues from naturally LMBV-infected largemouth bass were homogenized in PBS, and the supernatant was collected by centrifugation at 3000× g for 10 min at 4 °C and then passed through a 0.22 μm filter for subsequent virus proliferation. Briefly, FHM and EPC cells were cultured in 25 cm2 cell culture flasks at 28 °C for 24 h, and then the cell medium was removed, followed by incubating with 1 mL of maintenance medium (containing no FBS but 1% PS) together with 200 μL of virus supernatant described above; the supernatant was removed after adsorption for 2 h by gently shaking the culture flask and then replaced with 5 mL normal medium (containing 10% FBS and 1% PS) and cultured at 30 °C. The cells were photographed at 6 h, 12 h, 24 h, 48 h, and 72 h after adding the virus supernatant to evaluate the cytopathic effects (CPEs). When the CPEs reached approximately 70%, the cells were subjected to three cycles of freezing and thawing, followed by collection of the supernatants containing the target virus for subsequent experimental analysis.




2.5. Transmission Electron Microscopy Analysis


For transmission electron microscopy analysis of the LMBV virus in the cell, the EPC cells infected with LMBV for 24 h were washed with PBS (Sangon biotech, Shanghai, China), with the cells collected and fixed in electron microscopy fixative (Servicebio, Wuhan, China) at 4 °C for 24 h before being embedded in the 1% agarose. The specimens were fixed in a light-protected room temperature solution of 1% osmium tetroxide (Ted Pella Inc., Redding, CA, USA) prepared in PBS (0.1 M, pH7.4) for 2 h. Subsequently, a series of graded ethanol solutions (30%, 50%, 70%, 80%, 95%, and 100%) and pure acetone (Sinopharm, Beijing, China) were employed for sample dehydration and embedding in epoxy resin. The samples were sectioned using the LEICA EM UC7, and the sections were then placed on copper grids. These grids were subsequently stained with a saturated alcoholic uranyl acetate solution (SPI Supplies, West Chester, PA, USA) and a 2.6% lead citrate solution (Sinopharm, Beijing, China). Finally, observation and analysis of the prepared samples were conducted using the Hitachi HT7800 transmission electron microscope.




2.6. Virus Titer Detection


The partial fragment of major capsid protein (MCP) gene of LMBV was cloned and constructed into pMD19-T vector, namely pMD19-LMBV-MCP. To quantify the viral titer of LMBV, a standard curve method was performed using dilutions of the known quantity of the plasmid pMD19-LMBV-MCP DNA (determined spectrophotometrically), and the copy numbers of target plasmid or fragment were calculated according to the following formula: plasmid copy number (copies/μL) = (6.02 × 1023 copies/mol) × (concentration ng/μL × 109)/((DNA fragment or constructed plasmid length in bp) g/mol × 660). Eleven consecutive dilutions (dilution factor 1:10) were prepared containing from 1010 to 100 copies/reactions. The amounts of LMBV DNA in tissue samples or cell supernatants were determined by plotting Ct values onto the standard curve. The primers used for qRT-PCR analysis are listed in Table 1.




2.7. Genome Sequencing, Assembly, and Annotation


The sequencing of the obtained LMBV genome was performed by Guangdong Mager Gene Technology Co., LTD. (Guangdong, China). Briefly, the qualified DNA samples of target virus (with the DNA concentration ≥ 50 ng/μL, OD260/280 ≥ 1.5, and OD260/230 ≥ 1.0) were randomly broken to generate DNA fragments of the required length for collection, the sticky ends formed by the break were repaired into flat ends, and then the 3′ end was added with base “A” to make the DNA fragments connect with the 3′ special linker with base “T”. Then, PCR was used to amplify the DNA fragments with the junction at both ends to complete the construction of the whole library. Qualified libraries were then constructed for cluster preparation, and the constructed amplicon libraries were sequenced using the Illumina Nova 6000 platform. After the sequencing data were obtained, SOAPnuke v 2.1.9 [18] software was used to evaluate the data quality and eliminate low-quality data to ensure the credibility of the subsequent analysis results. High-quality reads of each sample were assembled using assembly software, including IDBA-UD version 1.1.3 [19], SPAdes version 3.9 [20], MetaSPAdes, MEGAHIT version 1.0 [21], Trinity, etc. The obtained contigs sequences were aligned with the reference sequences to find out the contigs sequences of viruses of concern in the samples. Based on the alignment results, the viral reference genome was screened, and the final target viral contigs were optimized by using Burrows-Wheeler Alignment tool (BWA) and SAMtools software version 1.6 for reference assembly [22]. The clean reads were aligned with the final target viral contigs sequence to obtain the GC content and sequencing depth map of the genome.




2.8. Genome Analysis


Based on the GenBank data (http://www.ncbi.nlm.nih.gov/genbank, accessed on 12 April 2024), the complete full-length genomes of the representative strains of Iridovirus were collected and aligned with the target virus using MAFFT version 7.526 (https://mafft.cbrc.jp/alignment/software/, accessed on 12 April 2024) [23]. Subsequently, phylogenetic analysis was performed using the neighbor-joining method in MEGA version 7.0 [24]. For visualizing and presenting the genomic characterization of the obtained LMBV, a genome circle map was constructed by using Proksee online software (https://proksee.ca/, accessed on 12 April 2024) [25]. In addition, the whole-genome sequences of representative species of Ranavirus, including frog virus 3 (FV3), Singapore grouper iridovirus (SGIV), ambystoma tigrinum virus (ATV), common midwife toad virus (CMTV) and epizootic hematopoietic necrosis virus (EHIV), were analyzed for their linear relationship by using the Mauve genome alignment software version 2.4.0 [26].




2.9. Regressive Tests of the Isolated LMBV Strain


The healthy largemouth bass were maintained at 30 °C in flow-through water system for one week before artificial infection experiment. The fish were randomly divided into 6 groups with 30 fish in each group. Five groups of fish were intraperitoneally injected with 200 μL of LMBV inoculum obtained from virus proliferation in EPC cells, with the virus titers of 8.4 × 104 copies, 8.4 × 105 copies, 8.4 × 106 copies, 8.4 × 107 copies, and 8.4 × 108 copies, respectively. The control group of fish were injected with the same volume of M199 medium. The fish were monitored three times daily for their status and death, the dead fish infected with the copy number of LMBV described above were removed, and the survival rate was calculated. To determine the viral load in specific tissues, the dead largemouth bass with a total copy number of 8.4 × 107 copies of LMBV were dissected, and total DNA was extracted from the brain, gills, head kidney, heart, liver, spleen, intestine, trunk kidney, gas bladder, intestine, muscle, and dorsal fin, followed by LMBV DNA quantification by qRT-PCR as described above.




2.10. Pathological Analysis of the Tissues under LMBV Infection


The heart, liver, and spleen tissues of largemouth bass infected with 8.4 × 107 copies of LMBV were collected at 48 h post-infection (hpi) and homogenized to achieve a soybean particle size. Following fixation in Bouin’s solution for 24 h, the fixed tissue was dehydrated using an ethanol gradient, made transparent in xylene, and embedded in paraffin. Subsequently, the slides were sectioned using a microtome and stained with hematoxylin and eosin (H.E), followed by application of an appropriate amount of neutral resin onto the slides. Finally, high-resolution images were captured using a fluorescence microscope for subsequent observation and analysis.




2.11. Immune-Related Gene Expression Analysis under LMBV Infection


Based on the regressive tests of the isolated LMBV strain described above, the median lethal dose (LD50) of the obtained LMBV was determined. To determine the expression profiles of immune-related gene expression under LMBV infection, the healthy fish were randomly divided into two groups, with each group containing 30 fish. In the experimental group, each fish was intraperitoneally injected with 200 µL of M199 medium containing the median lethal dose (LD50) of LMBV, whereas the fish of the control group were injected with the same amount of M199 medium. At 72 hpi, nine fish were randomly selected, and various organs including the head kidney and spleen were collected for total RNA extraction.



Total RNA was extracted using Eastep™ Super Total RNA Extraction Kit (Promega, Beijing, China) according to the manufacturer’s protocols, with three equal amounts of RNA combined as one, and then the mixed RNA was reverse transcribed into cDNA using the first-stand cDNA synthesis kit (RevertAid First Stand cDNA Synthesis Kit, #K1622, Thermo Scientific™), followed by qRT-PCR analysis using Go Taq® qPCR Master Mix (Promega, Madison, WI, USA) and performed on a Roche LightCycler® 480 II quantitative real-time detection system (Roche, Switzerland). The expression profiles of immune-related genes, including IRF3, IRF7, and Mx, were normalized to the expression of β-actin and calculated using the 2−ΔΔCt comparative Ct method [27]. The primers used for qRT-PCR are listed in Table 1.





3. Results


3.1. Identification of the Etiological Agent


The liver and spleen tissues were collected and mixed from largemouth bass exhibiting symptoms indicative of viral infection, with the extracted DNA used as a template for initial PCR detection. The results revealed the amplification of the MCP, RNRβS, and ATPase genes specific to LMBV was observed in visible bands (Figure 1, lanes 5~7). In addition, faint bands were observed in infectious spleen and kidney necrosis virus (ISKNV) (Figure 1, lane 1), a representative species of Megalocytivirus, as well as for the MCP and ATPase genes specific to large yellow croaker iridovirus (LYCIV) (Figure 1, lanes 2~3), which belong to the Megalocytivirus family, whereas no bands were detected in the amplification of the MCP genes specific to frog virus 3 (FV3) (Figure 1, lane 4), Singapore grouper iridovirus (SGIV), lymphocystis disease virus (LCDV), or shrimp hemocyte iridescent virus (SHIV) (Figure 1, lanes 8~10).




3.2. LMBV Proliferation and Titer Detection


The liver and spleen homogenates of the largemouth bass described above were filtered and then used for LMBV proliferation in EPC cells and FHM cells. After 12 h of infection, it was found that there were cavities in EPC cells, which began to shrink and round up, eventually floating in the supernatant (Figure 2B). At 24 h post-infection, there was a large-scale rupture of cells, with shedding and rounding of infected cells showing typical cytopathic effects (CPEs), and the cells in the lesion area were distributed in clusters (Figure 2C). In addition, the infected cells exhibited a rounded morphology and reduced adhesion ability at 48 h post-infection, resulting in their detachment upon gentle shaking of the flask (Figure 2D). The FHM cells exhibited the presence of cavities and only a limited area of aggregation rupture after 12 h of infection (Figure 2F). However, at 24 h post-infection, extensive cell rupture was observed with shedding and rounding similar to that observed in EPC cells, and these cells also formed clusters within the lesion area (Figure 2G). At 48 h post-infection, the infected cells displayed a rounded morphology with reduced adhesion ability, leading to their dissolution and detachment from the flask surface (Figure 2H). The control cells, in contrast, exhibited sustained viability even after 72 h of cultivation (Figure 2A,E).



For virus titer detection, the pMD-LMBV-MCP plasmid was utilized as the reference standard. The fluorescence intensity (ΔRn) of the standard was plotted on the y-axis against the cycle number on the x-axis to generate an amplification curve for the standard (Figure 3A). The Ct value of each concentration of the standard was represented on the y-axis, while logarithmic copy numbers were depicted on the x-axis. A linear function relationship between pMD-LMBV-MCP copy number and Ct value was established as y = −3.0849x + 31.05 (Figure 3B), with a high correlation coefficient (R2 = 0.9992) indicating a robust association. According to this methodology, it was determined that the maximum titer of LMBV capable of proliferation in EPC cells was found to be 8.4 × 107 copies/μL, while the highest titer supporting LMBV proliferation in FHM cells reached 1.7 × 106 copies/μL.



Further electron microscopy analysis was conducted on the infected EPC cells, which revealed numerous viral particles within the cytoplasm, with some autophagosome-like vesicles found alongside the viral particles (Figure 4). In addition, the viral particles exhibited an approximate diameter ranging from 150 to 200 nm and possessed a densely packed electron-dense core (Figure 4).




3.3. Full-Length Genomic Sequencing and Phylogenetic Analysis


The full-length genome sequences of the isolated LMBV strain spans 99,285 bp with the GC content of 52.09%. Compared with the reference genome LMBV-GD (GenBank accession number: MW630113.1), the identity was 99.89%. There were 102 ORFs in total, of which 72 ORFs were annotated as regions with known functions or similar functions, including viral replication, transcription, protein synthesis, and modification, whereas the remaining 30 ORFs were not annotated yet (Figure 5).



The taxonomic position of the isolated LMBV strain and its phylogenetic relationship with other members of the Iridovirus family were further investigated through phylogenetic analysis based on complete genome sequencing data. The results demonstrated a close clustering between the isolated LMBV strain and largemouth bass virus strain (LMBV-GD), as well as its inclusion in a clade alongside other members of the Ranavirus genus (Figure 6). It is thus proposed that the isolated LMBV strain be named largemouth bass virus Guangdong Shunde (LMBV-GDSD).




3.4. Gene Collinearity Analysis


To compare the genomic conservation of LMBV-GDSD with other members of Ranavirus, the whole genome of LMBV-GDSD was compared with FV3, ATV, CMTV, and EHIV. Local collinear blocks (LCBs) and their orthologous relationships in the genomes of these species were displayed by using different colored blocks. The results showed that FV3, ATV, CMTV, and EHIV had high genome sequence alignment identity. However, a high level of gene rearrangement was also observed between these species and LMBV-GDSD (Figure 7). Nevertheless, all species exhibit some conserved homology blocks, indicative of evolutionary conservation of those members in Ranavirus.




3.5. Pathogenicity of the LMBV-GDSD in Largemouth Bass


For regressive tests of the isolated LMBV-GDSD strain, the supernatants obtained from LMBV-GDSD-infected EPC cells were intraperitoneally injected into healthy largemouth bass. Fish infected with LMBV-GDSD exhibited distinct clinical manifestations, primarily characterized by surface ulceration (Figure 8A), vertical swimming behavior (Figure 8B), presence of yellowish discharge in the abdominal region (Figure 8C), and enlarged liver and spleen (Figure 8D,E). The fish began to die at 2 d after the injection of LMBV-GDSD-containing supernatant. In the group injected with 8.4 × 108 copies of LMBV-GDSD, the fish exhibited a mortality rate of 100% at 6 d post-injection. On the 7th day, the group injected with 8.4 × 104 copies of LMBV-GDSD showed a mortality rate of 40%, whereas no fatalities were observed in the control group (Figure 9). Based on this information, the LD50 of the obtained LMBV-GDSD strain was calculated and determined to be 1.95 × 105 copies.



To assess the viral load in various tissues of the largemouth bass, the organs/tissues of the fish injected with 8.4 × 107 copies of LMBV-GDSD were collected. Subsequently, qRT-PCR was employed to determine the viral load in 11 different tissues, including the brain, gills, head kidney, heart, liver, spleen, intestine, trunk kidney, gas bladder, muscle, and dorsal fin. The results revealed that among all the examined tissues, the intestine exhibited the highest viral load of LMBV-GDSD, followed by the spleen, gas bladder, liver, gill, trunk kidney, muscle, heart, head kidney, and brain, while the dorsal fin displayed the lowest viral load (Figure 10).




3.6. Histopathological Section Analysis under LMBV-GDSD Infection


The histopathological section analysis of largemouth bass showed that the structures of heart, liver, and spleen in the control group were normal, and the myocardial fibers were crossed and arranged in an orderly manner, forming a complex three-dimensional spatial structure with uniform coloration and normal morphology (Figure 11A,C,E). However, in the challenge group under LMBV-GDSD infection, the atria were widely seen to be loosely arranged, the fibers were necrotic and dissolved, and much cellular debris could be seen (Figure 11B). The intercellular space of hepatocytes was widened, the hepatic sinusoid was dilated, and the hepatocytes were swollen with lysis and necrosis (Figure 11D). In addition, the spleen tissue of the challenge group was loose, and the cells were necrotic (Figure 11F).




3.7. LMBV-GDSD Infection Induced the Antiviral Immune-Related Gene Expression


To explore the induction of antiviral immune-related gene expression under LMBV-GDSD infection, the fish were intraperitoneally injected with a median lethal dose (LD50) (1.95 × 105 copies) of the obtained LMBV-GDSD, and the immune-related tissues, including the spleen and head kidney, were collected for gene expression analysis. The results showed that at 72 hpi, the expression of IRF3, IRF7, and Mx was significantly up-regulated in response to LMBV-GDSD infection, with fold changes of 2.2, 4.0, and 21.1, respectively, in the head kidney (Figure 12A). Similarly, in the spleen, these genes were up-regulated by 2.2-fold, 3.3-fold, and 15.7-fold, respectively (Figure 12B). It is thus suggested that the infection of LMBV-GDSD could significantly induce immune-related gene expression in largemouth bass.





4. Discussion


Among the Iridoviridae family, Ranavirus causes a variety of diseases in freshwater and seawater fish. Ranavirus infection has been reported on all continents except Antarctica [28]. Largemouth bass is an important economic freshwater aquaculture fish that is widely cultured and is one of the rapidly growing species in China. LMBV was first isolated and reported from largemouth bass in China in 2008, when the fatality rate of virus infection was as high as 60% at that time. In this study, a novel LMBV Guangdong Shunde strain (LMBV-GDSD) was isolated and characterized from the cultured largemouth bass in Shunde, Guangdong Province of China. The full-length genome sequence of LMBV-GDSD was obtained and characterized, and the pathogenic character on largemouth bass was also determined, being thus important for further investigation on LMBV-caused disease control and prevention of largemouth bass.



Using PCR analysis with primers designed from the various typical members of the Iridoviridae that have been demonstrated to infect teleost fish, including the Ranavirus genus (LMBV, FV3, and SGIV), Megalocytivirus genus (ISKNV and LYCIV), Lymphocystivirus genus (LCDV), and Decapodiridovirus genus (SHIV), it was revealed that the DNA samples derived from the largemouth bass liver and spleen could be strongly detected by the specific primers of LMBV. In addition, positive results were also detected using specific primers of ISKNV and LYCIV, although with a very weak signal. Further investigation was conducted to confirm whether the detection of ISKNV and LYCIV resulted from a cross-reaction of the two viruses with LMBV. It was revealed that the specific primers of ISKNV and LYCIV could amplify bands using the target genes of LMBV as templates (Supplementary Figure S1), suggesting such positive signaling detected by specific primers of ISKNV and LYCIV was due to a nonspecific amplification of LMBV. Therefore, the genetic similarity of these viruses implies that future detection efforts should prioritize investigating the cross-reactivity among iridoviruses, particularly ISKNV, LYCIV, and LMBV.



Previous studies have demonstrated that raising water temperature is crucial for successful LMBV infection in vitro [29]. Similarly, our present report also observed that the proliferation of the virus in EPC or FHM cells has a relationship with the culture temperature. Compared with the proliferation of the LMBV-GDSD strain at 28 °C, the CPEs appeared earlier, and the virus proliferation phase rate was higher at 30 °C. In addition, the regressive tests of the virus also showed that the fish were more susceptible to LMBV-GDSD at 30 °C compared to 28 °C. Together with previous findings, it has been demonstrated that the temperature-related immune response of the host is exploited by aquatic viral pathogens to facilitate their entry and replication [30]. This suggests a potentially significant role of temperature in both the replication and pathogenicity of LMBV.



The main clinical symptoms of largemouth bass infected with LMBV include abdominal swelling, skin and muscle necrosis, edema of internal organs, and lethargy [31]. In the regressive test experiment of the present study, after artificial infection of largemouth bass with LMBV-GDSD, it was revealed that the fish showed typical symptoms, including difficulty swimming, surface ulcers, yellow secretion from the abdomen, and enlargement of the liver and spleen. As the injection concentration of LMBV-GDSD increased, the death of the fish occurred faster, the mortality rate increased, and the surface ulcers were more obvious. Moreover, all of the fish in the artificially infected group died within one week, which was consistent with the current research progress of LMBV-related disease, implying the damage that LMBV caused in the culture of largemouth bass.




5. Conclusions


In summary, we successfully isolated and characterized a novel largemouth bass iridovirus (LMBV-GDSD) and conducted an artificial infection trial. The genome information and the pathogenic characterization of LMBV-GDSD were further determined. It thus provided a better understanding of the pathogenicity of LMBV as well as a theoretical basis for the prevention and control of viral diseases in largemouth bass.
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Figure 1. Virus detection by PCR analysis. The virus was detected by PCR analysis with various iridovirus genus-specific primers, using the DNA template extracted from a mixture of liver and spleen from the sampling largemouth bass. M: 2000 bp DNA ladder; lane 1: ISKNV-MCP (550 bp); lane 2: LYCIV-ATPase (295 bp); lane 3: LYCIV-MCP (279 bp); lane 4: FV3-MCP (585 bp); lane 5: LMBV-AAA-ATPase (422 bp); lane 6: LMBV-RNRβS (529 bp); lane 7: LMBV-MCP (445 bp); lane 8: SGIV-MCP (250 bp); lane 9: LCDV-C-MCP (442 bp); lane 10: SHIV-MCP (435 bp). 
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Figure 2. Virus proliferation of the isolated LMBV strain in EPC and FHM cells. (A) EPC cells without LMBV infection for 72 h. (B) EPC cells infected with LMBV for 12 h. (C) EPC cells infected with LMBV for 24 h. (D) EPC cells infected with LMBV for 48 h. (E) FHM cells without LMBV infection for 72 h. (F) FHM cells infected with LMBV for 12 h. (G) FHM cells infected with LMBV for 24 h. (H) FHM cells infected with LMBV for 48 h. 
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Figure 3. Standard curve construction for the viral titer quantification of the LMBV strain by qPCR analysis. (A) qPCR amplification plots of the 10-fold concentration gradients of standard plasmid pMD-LMBV-MCP. (B) The relationship between the copy number and the Ct values of the standard was fitted by the Ct values of the standard at different concentrations and the corresponding log10 (virus copy number). R2 values closer to 1 represent higher confidence in the functional relationship. 
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Figure 4. Electron micrograph of viral particles in the LMBV-infected EPC cells. (A) Numerous viral particles are in the EPC cells. (B) The outer membranes and central electron-lucent core of mature virions are visible in the enlarged image. The dotted black square area of (A) is enlarged in (B). Red arrows indicate mature viral particles, while white arrows indicate immature viral particles. 
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Figure 5. Genome circle mapping of the LMBV-GDSD strain. The green portion denotes the predicted open reading frame (ORF), with the arrow direction indicating the approximate size and transcription direction of the ORFs. The purple is the genome annotation to CDS information, and 72 of these CDS were annotated to their functions. The circle diagram also shows the CG content and CG skew distribution of the genome. 
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Figure 6. Phylogenetic analysis of LMBV-GDSD and other representative iridoviruses based on complete genome nucleotide sequences. The phylogenetic tree was constructed by the neighbor-joining method, with the bootstrap values indicated for each node from 1000 resamplings. The names of the viruses as well as the GenBank accession numbers are shown. The solid black triangle indicates the LMBV-GDSD reported in the present study. 
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Figure 7. Comparative analysis of the genomic sequences of LMBV-GDSD and other members of Ranavirus. The whole genome of LMBV-GDSD was compared with the typical member of Ranavirus, including FV3, ATV, CMTV, and EHIV. Colored boxes represent local collinear blocks (LCBs), representing homologous regions of sequences that do not contain any major rearrangements. The corresponding LCBs among different viruses were connected by lines. For each genome, ORFs are shown below the LCBs. 
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Figure 8. Symptoms of largemouth bass under artificial infection with the isolated LMBV-GDSD strain. The largemouth bass was artificially infected with the isolated LMBV-GDSD strain at 8.4 × 107 copies, and the symptoms of the fish were detected and recorded at 48 hpi, including the ulceration of the body surface of the fish (A), vertical swimming (B), and yellow secretion in the abdominal cavity (C). The liver and spleen of the healthy fish (D), as well as the liver and spleen of fish under LMBV-GDSD (E), were also dissociated and photographed. Black arrows indicate enlarged liver and spleen in the diseased fish compared to the healthy fish. 
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Figure 9. Survival curves of largemouth bass under artificial infection with the isolated LMBV-GDSD strain at various titers. The largemouth bass was artificially infected with the isolated LMBV-GDSD strain at 8.4 × 104 copies, 8.4 × 105 copies, 8.4 × 106 copies, 8.4 × 107 copies, and 8.4 × 108 copies, respectively. The fish were then checked daily, and the survival rate was calculated until 7 days post-infection. 
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Figure 10. Viral loads of LMBV-GDSD in different organs/tissues of largemouth bass. The largemouth bass was artificially infected with LMBV-GDSD at 8.4 × 107 copies. At 72 hpi, qRT-PCR was employed to determine the viral copies in 11 different tissues of largemouth bass, including the intestine, spleen, gas bladder, liver, gill, trunk kidney, muscle, heart, head kidney, brain, and dorsal fin. Statistical analysis was performed using one-way ANOVA followed by Duncan’s multiple range test. All data are shown as mean ± SE, with bars representing SE and the different letters indicating statistically significant differences (p < 0.05). 






Figure 10. Viral loads of LMBV-GDSD in different organs/tissues of largemouth bass. The largemouth bass was artificially infected with LMBV-GDSD at 8.4 × 107 copies. At 72 hpi, qRT-PCR was employed to determine the viral copies in 11 different tissues of largemouth bass, including the intestine, spleen, gas bladder, liver, gill, trunk kidney, muscle, heart, head kidney, brain, and dorsal fin. Statistical analysis was performed using one-way ANOVA followed by Duncan’s multiple range test. All data are shown as mean ± SE, with bars representing SE and the different letters indicating statistically significant differences (p < 0.05).



[image: Fishes 09 00314 g010]







[image: Fishes 09 00314 g011] 





Figure 11. Pathological section analysis of the heart, liver, and spleen of largemouth bass with LMBV-GDSD infection. The largemouth bass was artificially infected with LMBV-GDSD at 8.4 × 107 copies. At 72 hpi, the heart (A), liver (C), and spleen (E) of the fish in the control group without LMBV-GDSD infection, as well as the heart (B), liver (D), and spleen (F) of the fish in the challenge group with LMBV-GDSD infection, were collected for pathological section analysis, respectively. All observations were performed under a microscope at 20× magnification. 
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Figure 12. Expression analysis of the antiviral immune-related genes in response to LMBV-GDSD infection. The largemouth bass was artificially infected with LMBV-GDSD at LD50 dose of 1.95 × 105 copies. At 48 hpi, the head kidney and spleen of the fish were collected for RNA extraction, and the expression levels of immune-related genes including IRF3, IRF7, and Mx in the head kidney (A) and spleen (B) were detected by qPCR analysis, with the error bars representing the SE. ** p < 0.01. 
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Table 1. Primer sequences used in this study.
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Primer Name

	
Accession No.

	
Sequence (5′ → 3′)

	
Application






	
ISKNV-MCP-F

	
NC_003494.1

	
CCTTAATTTGCCCATTCCCCTCTTC

	
ISKNV detection




	
ISKNV-MCP-R

	
AGTAGTCTACTCCCATCTGGTGGAG




	
LYCIV-ATPase-F

	
AY779031.1

	
ATTTGAATGCCAGCCTGAGG

	
LYCIV detection




	
LYCIV-ATPase-R

	
TGTGCACTTGCTTACACCAC




	
LYCIV-MCP-F

	
KY765672.1

	
TGCTAATTTCGGCCAGGAGT

	
LYCIV detection




	
LYCIV-MCP-R

	
CGCATGCCAATCATCTTGTT




	
FV3-MCP-F

	
DQ897669.1

	
CGCAGTCAAGGCCTTGATGT

	
FV3 detection




	
FV3-MCP-R

	
AAAGACCCGTTTTGCAGCAAAC




	
LMBV-ATPase-F

	
AF462345.1

	
ATGTACTACTTAAAACAAGATATGG

	
LMBV detection




	
LMBV-ATPase-R

	
CTCGTCGTCAGTCTCGCT




	
LMBV-RNRβS-F

	
UUY86245.1

	
AAAGGTGTAGAGCATACGGTG

	
LMBV detection




	
LMBV-RNRβS-R

	
TCCCCCTCATAAAATCCAG




	
LMBV-MCP-F

	
ON418985.1

	
ATGTCTTCTGTTACGGGTTCTG

	
LMBV detection




	
LMBV-MCP-R

	
CAGGATGGGGAAACCCAT




	
SGIV-MCP-F

	
AAS18179.1

	
TGGCCACGTACGACAATCTC

	
SGIV detection




	
SGIV-MCP-R

	
GCGCCGAGCCTATTTGTATC




	
LCDV-C-MCP-F

	
AAS47819.1

	
CAACCTCTAACTATTCCAAGTCCTA

	
LCDV detection




	
LCDV-C-MCP-R

	
AAGTATTTCCACCATTACCACC




	
SHIV-MCP-F

	
KY990032.1

	
CCGTCCTCAACCCAAATC

	
SHIV detection




	
SHIV-MCP-R

	
TGGCTTCACCTTCACCCT




	
q-LMBV-MCP-F

	
ON418985.1

	
CCTGTTGTTGGAGCGGGTAA

	
qRT-PCR




	
q-LMBV-MCP-R

	
GGAATGGCGGGTGCGTAGT




	
qMs-β-actin-F

	
NC_040022.1

	
AAAGGGAAATCGTGCGTGAC

	
qRT-PCR




	
qMs-β-actin-R

	
AAGGAAGGCTGGAAGAGGG




	
qMs-IRF3-F

	
NC_040026.1

	
TCTCATCTTTAAGGCGTGGGC

	
qRT-PCR




	
qMs-IRF3-R

	
GGGGTTAGCGGTGTCGTTC




	
qMs-IRF7-F

	
NC_040031.1

	
AGAAAGCTGCCCCAGAATACC

	
qRT-PCR




	
qMs-IRF7-R

	
GAGGGACCACCTTGACTACGAT




	
qMs-Mx-F

	
NW_020852758.1

	
TAAAATGGCTGGGGTCGGGG

	
qRT-PCR




	
qMs-Mx-R

	
CATTGCACGGAACGACCACC
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