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Rapid, sensitive, and visual detection of mandarin fish ranavirus and infectious spleen and kidney necrosis virus using an RPA-CRISPR/Cas12a system
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Iridoviruses are large cytoplasmic icosahedral viruses that contain dsDNA. Among them, mandarin fish ranavirus (MRV) and infectious spleen and kidney necrosis virus (ISKNV) are particularly notable due to their high contagiousness and pathogenicity. These viruses pose a significant threat to fish aquaculture, resulting in substantial annual economic losses for the fish farming industry. Therefore, the development of novel, rapid virus detection technologies is essential for the prevention and control of ISKNV and MRV diseases. In this study, we developed a rapid, sensitive, and visual detection method for MRV and ISKNV using the recombinase polymerase amplification (RPA)−CRISPR/Cas12a system. This method can detect as low as 1 copy/μL of MRV and 0.1 copy/μL of ISKNV, demonstrating excellent specificity and reproducibility. The detection can be performed at a constant temperature of 37–39°C, eliminating the need for complex equipment. A 30-min RPA amplification followed by a 15-min CRISPR/Cas reaction is sufficient for detecting most samples. For low-concentration samples, extending the CRISPR/Cas reaction time to 60 min improves result visibility. The designed RPA reaction system is capable of performing reverse transcription of RNA, allowing for the detection of mRNA transcribed from the MCP gene of MRV and ISKNV in the sample. Furthermore, two probes were identified that can be observed without the need for excitation light. In conclusion, a field-suitable detection method for ISKNV and MRV has been established, providing a powerful tool for the prompt diagnosis of these aquatic pathogens and aiding in the prevention and control of ISKNV and MRV diseases.
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1 Introduction

Iridoviruses are large icosahedral viruses that contain cytoplasmic dsDNA (Chinchar et al., 2017). According to the International Committee on Taxonomy of Viruses (ICTV), the family Iridoviridae is primarily divided into two subfamilies: Alphairidovirinae and Betairidovirinae, which together encompass seven genera (Qin et al., 2023) and 22 recognized species.1 Iridoviruses are significant causative agents of outbreaks in cultured fish, and they are among the most widespread and pathogenic viral pathogens affecting farmed fish species (Leiva-Rebollo et al., 2024). Notably, the mandarin fish ranavirus (MRV) and the infectious spleen and kidney necrosis virus (ISKNV) are noteworthy due to their endemicity and high pathogenicity, posing a significant threat to aquaculture. These viruses annually cause economic losses exceeding $1 billion to the fish farming industry. Susceptible species include mandarin fish (Siniperca chuatsi), largemouth bass (Micropterus salmoides), large yellow croaker (Pseudosciaena crocea), and others (He et al., 1998; Grizzle et al., 2002; Wang et al., 2007). Currently, methods such as nested PCR, real-time PCR, and microscopic examination are typically used for the detection and identification of MRV and ISKNV (Fu et al., 2020; Cao et al., 2024; Zhao et al., 2023). Nested PCR, which requires two rounds of PCR amplification followed by gel electrophoresis for visualization, is a time-consuming process (Fu et al., 2020). Although real-time PCR is more rapid and sensitive, it requires expensive equipment, making it unsuitable for on-site detection (Zhao et al., 2023). Conventional light microscopy can only provide preliminary indications of viral infection, while definitive identification of the virus type usually requires the use of purified virus particles and electron microscopy for detailed structural analysis (Zhao et al., 2023). Therefore, the development of novel, rapid virus detection technologies is crucial for preventing and controlling MRV and ISKNV diseases.

Recombinase polymerase amplification (RPA) technology, developed by Piepenburg et al. in 2006 (Piepenburg et al., 2006), is a nucleic acid amplification technique that primarily relies on components derived from the T4 bacteriophage, including recombinase, single-strand binding protein (SSB), and strand-displacing DNA polymerase (Piepenburg et al., 2006). The mechanism of RPA mimics the T4 phage’s DNA replication process, where the recombinase binds to the primer-template complex, enabling homology search and strand invasion (Yonesaki et al., 1985; Shibata et al., 1979; Formosa and Alberts, 1986). Once the complex is positioned on the template, it initiates a strand exchange reaction. SSBs then bind to the displaced DNA strand, stabilizing the formed D-loop structure and preventing the primer from dissociating (Harris and Griffith, 1988). After the recombinase dissociates, the 3′ end of the primer is exposed and recognized by the DNA polymerase, which then adds the corresponding bases according to the template sequence, initiating DNA amplification. The strand-displacing DNA polymerase continues to unwind the double-stranded DNA template while extending the primer, allowing the DNA synthesis process to proceed (Okazaki and Kornberg, 1964). RPA technology, characterized by its simplicity, high sensitivity, extremely rapid amplification, and the ability to operate at a low constant temperature, has been developed for the detection of various pathogens and genes. However, RPA technology has some limitations. Typically, the amplified products need to be purified after amplification; otherwise, it is difficult to obtain ideal bands in agarose gel electrophoresis or lateral flow strip tests. Therefore, achieving convenient detection of the amplified products is crucial (Lobato and O'Sullivan, 2018).

The CRISPR/Cas system comprises clustered regularly interspaced short palindromic repeats (CRISPR) and their associated Cas proteins (Jansen et al., 2002). This system has found widespread application in areas such as cellular imaging, expression regulation, gene editing, and genetic diagnostics (Chen et al., 2013; Zhang et al., 2017; Mali et al., 2013; Joung et al., 2017). Recent discoveries have revealed that Cas12 and Cas13 proteins, guided by CRISPR RNA (crRNA), exhibit both cis-cleavage activity for recognizing and cutting specific targets and trans-cleavage activity that can be activated by the target (Chen et al., 2018; Li et al., 2018; Abudayyeh et al., 2016). This means that, upon specific recognition of the target sequence by Cas proteins and crRNA, they can be activated to non-specifically cleave single-stranded DNA (ssDNA) or single-stranded RNA (ssRNA). Based on this principle, trans-cleavage substrates can be designed as suitable reporter probes. When Cas proteins are activated, these probes are cleaved, releasing a signal that can be used for the detection of target nucleic acids (Chen et al., 2018; Kellner et al., 2019; Li et al., 2018; Li et al., 2019; Gootenberg et al., 2017). Thus, detection systems based on nucleic acid amplification and CRISPR/Cas technology have emerged. In 2017, Zhang Feng et al. combines RPA amplification with Cas13 protein to develop a nucleic acid detection method named SHERLOCK, which can achieve single-molecule detection and distinguish single-nucleotide mismatches (Gootenberg et al., 2017). Meanwhile, Doudna et al. and Wang Jin et al. separately combines isothermal amplification and PCR amplification with Cas12a protein to develop new detection methods. These methods can rapidly and easily identify human papilloma virus subtypes (Chen et al., 2018) and detect human single nucleotide polymorphism genotypes (Li et al., 2018). Beyond applications in human disease and genotype detection, this detection technology has been widely applied in various fields such as agriculture, animal husbandry, and aquaculture for the detection of numerous pathogens. Examples include potato virus Y (He et al., 2022), African swine fever virus (ASFV) (Mao et al., 2023), grouper nervous necrosis virus (Huang et al., 2022), and infectious hematopoietic necrosis virus (Rong et al., 2024). Their excellent detection capabilities are of great significance for disease prevention.

In this study, we achieved a rapid, sensitive, and visual detection of MRV and ISKNV using the RPA-CRISPR/Cas system. This approach offers a potent tool for the prompt diagnosis of these aquatic pathogens, aiding in the prevention and control of MRV and ISKNV diseases.



2 Materials and methods


2.1 Cells and viruses

Mandarin fish fry (MFF-1) cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; Hyclone, United States) supplemented with 10% fetal bovine serum (FBS; HyClone, United States) and incubated at 27°C in a humidified incubator with a 5% CO2 atmosphere (Dong et al., 2008). ISKNV strain NH-2005 (GenBank: OP896201.1), MRV strain NH-1609 (GenBank: MG941005.3), and Siniperca chuatsi rhabdovirus (SCRV) strain NH-2103 (GenBank: PQ066876.1) were isolated and stored in our laboratory as previously described (Liang et al., 2024; Qin et al., 2022; Li et al., 2024). Cells were infected with the respective viruses at a multiplicity of infection (MOI) of 1. After 4 h of adsorption, the inoculum was removed, and the cells were washed twice with PBS. Fresh DMEM with 10% FBS was then added as previously described (He et al., 2022). All the cells were harvested at 72 h post-infection for viral nucleic acids extraction.



2.2 Extraction of viral nucleic acids

Viral genomic DNA was extracted according to the instructions provided with the FastPure Cell/Tissue DNA Isolation Mini Kit (Vazyme, China). Total RNA was extracted following the protocol of the Eastep® Super Total RNA Extraction Kit (Promega, United States) as previously described (Zhi-Min et al., 2024).



2.3 Preparation of standard plasmids

The major capsid protein (MCP) genes of both MRV and ISKNV were selected as targets, and primers were designed to amplify the full length of these genes, as listed in Table 1. After amplifying the target fragments using viral nucleic acid as a template, the pCMV-HA-C vector was linearized using Sal I and Kpn I restriction enzymes (Takara, Japan). Then, the amplified fragment was recombined with the linearized pCMV-HA-C vector using the 2× Ezmax Universal CloneMix kit (Tolobio, China). The ligation products were then transformed into competent cells, and the transformation plates were incubated overnight at 37°C. Single colonies were picked and sent for sequencing to Guangzhou Tianyi Huiyuan Gene Technology Co., Ltd. Colonies with correct sequencing results were selected for large-scale culture, and plasmids were then extracted using the FastPure EndoFree Plasmid Maxi Kit (Vazyme, China). The concentration of the recombinant plasmids was determined using a Nanodrop 2000 ultramicro UV spectrophotometer. Based on the plasmid concentration, the copy number was calculated, and the plasmids were diluted in a tenfold series down to 10−1 copies/μL as previously described (Luo et al., 2023). These dilutions were stored at −20°C for future use, while the original plasmid stocks were kept at −80°C for long-term storage.



TABLE 1 PCR primers and sequences.
[image: Table1]



2.4 Design and screening of RPA primers

The reference sequences of the MCP genes for MRV and ISKNV were downloaded from the NCBI database. Primers were designed using SnapGene v6.0 software. For each virus, three forward and three reverse primers were created, resulting in a total of nine primer pairs that could be combined in various configurations. The specific primer sequences are detailed in Table 2. RPA reactions were carried out using the RT Basic Nucleic Acid Amplification Kit (Lesunbio, China). After completing the 20-min RPA reactions at 39°C, DNA was extracted using phenol-chloroform extraction, and the extracted DNA was analyzed using agarose gel electrophoresis.



TABLE 2 PCR primers and sequences.
[image: Table2]



2.5 Design and synthesis of crRNA

Regions within the RPA products that contain protospacer adjacent motif (PAM) sequences were selected as targets for crRNA design, based on the activation principle of the CRISPR/Cas12a protein. The specific crRNA sequences are detailed in Table 3. We used the Cas12a High Yield crRNA Synthesis and Purification Kit (Tolobio, China) for in vitro transcription and purification of the crRNA. The concentration of the purified crRNA was measured using a Nanodrop 2000 ultramicro UV spectrophotometer, and the copy number was calculated using SnapGene v6.0 software. The product was then diluted with diethyl pyrocarbonate (DEPC) water to a concentration of 100 μM as a storage solution and stored at −80°C. Prior to use, it was diluted to 10 μM as a working solution and stored at −20°C.



TABLE 3 The sequences of crRNA.
[image: Table3]



2.6 Screening of crRNA

The purified crRNA was used in the CRISPR/Cas12a reaction. The 20 μL reaction mixture comprised 2 μL of 10× HOLMES Buffer 1 (Tolobio, China), 0.5 μL of 10 μM Cas12a protein (EZassay Biotech, China), 0.5 μL of 10 μM crRNA, 2 μL of target DNA, 0.5 μL of 10 μM ssDNA reporter, and 14.5 μL of DEPC water. Viral genomic DNA served as the positive template, while DEPC water acted as the negative template. Primer pairs MRV-RPA-F1/MRV-RPA-R1 and ISKNV-RPA-F3/ISKNV-RPA-R1 were used for the RPA reaction. After a 20-min reaction, the product was directly used as target DNA for the CRISPR/Cas12a reaction without further purification. The CRISPR/Cas12a reaction was conducted in a LineGene9600Plus real-time fluorescent quantitative PCR instrument (BIOER, China) maintained at a constant temperature of 37°C, with fluorescence signals collected every 30 s. Post-reaction observation was performed using a blue light gel documentation system.



2.7 Establishment and optimization of the CRISPR/Cas detection system

To enhance the visualization of the Cas12a/crRNA-based detection system, adjustments were made to the ratio of Cas12a protein to crRNA and the concentration of Cas12a protein. Specifically, various combinations of Cas12a protein and crRNA volumes were tested, including 0.1 μL/0.1 μL, 0.1 μL/0.2 μL, 0.25 μL/0.25 μL, 0.25 μL/0.5 μL, 0.5 μL/0.5 μL, and 0.5 μL/1 μL (with both Cas12a protein and crRNA at concentrations of 10 μM). After determining the optimal concentrations of Cas12a protein and crRNA, further optimization was conducted for the amount of 10 μM ssDNA reporter (5′-FAM-TTATT-BHQ1–3′) by testing different volumes of 0.25 μL, 0.5 μL, 1 μL, 1.5 μL, and 2.5 μL.



2.8 Detection of RNA targets

RNA targets from MRV and ISKNV were detected using viral RNA as the test template. Positive controls were established with viral DNA, while DEPC water served as the negative control. The RT-RPA reaction was carried out under previously optimized conditions for 30 min, using 5 μL of the un-purified product as target DNA for the CRISPR/Cas12a reaction. All other conditions were maintained consistently with previously determined optimal settings. The reactions were placed in a preheated real-time fluorescent instrument at 37°C, and fluorescence values were recorded every 30 s.



2.9 Non-excitation light visual detection

Different fluorophore-quencher pairs, including 5′-FAM-TTATT-BHQ1-3′, 5′-HEX-TTATT-BHQ1-3′, 5′-CY3-TTA TT-BHQ2–3′, 5′-ROX-TTATT-BHQ2-3′, and 5′-CY5-TTATT- BHQ3-3′, were tested to explore the potential for visual detection without excitation light. ISKNV viral DNA was used as the positive template, while DEPC water served as the negative template. The primer pair ISKNV-RPA-F3/ISKNV-RPA-R1 was employed for the RPA reaction, which proceeded for 30 min. The reaction product was directly used as target DNA for the CRISPR/Cas12a reaction without purification. The final probe concentration was set to 10 μM, with all other conditions matching previously optimized settings. Following a 15-min reaction period, color changes were observed with the naked eye to assess the visual detection capability of each fluorophore-quencher pair.



2.10 Sensitivity experiment

The RPA-CRISPR/Cas12a reaction was performed using recombinant plasmids containing DNA fragments of the MRV-MCP and ISKNV-MCP genes at varying concentrations as templates, under the previously mentioned optimal conditions. For the RPA step, 15 μL of the template was added. After a 30-min reaction, 5 μL of the un-purified product was taken directly as the target DNA for the CRISPR/Cas12a reaction. Subsequently, 5 μL of this target DNA was added to the CRISPR/Cas12a reaction mixture. Three replicate wells were prepared for each group of CRISPR/Cas12a reactions and placed in a preheated real-time fluorescent quantitative PCR instrument at 37°C, with fluorescence signals collected every 30 s. Simultaneously, three additional replicate wells were prepared and placed in a 37°C metal bath. These wells were removed at 15 min and 60 min, respectively, for observation under a blue light gel documentation system.



2.11 Specificity experiment

In the specificity experiment, nucleic acids from MRV, ISKNV, and SCRV were used as test templates, and DEPC-treated water was used as the blank control. Both the test templates and the blank control were, respectively, added to the RPA reaction mixtures. The RPA-CRISPR/Cas12a detection was conducted using the previously optimized conditions. A real-time fluorescent quantitative PCR instrument was used to monitor the fluorescence values. After 15 min, the samples were removed for observation under a blue light gel documentation system.



2.12 Reproducibility experiment

RPA-CRISPR/Cas12a reaction was conducted under previously optimized conditions, using MRV and ISKNV viral DNA as templates, with DEPC water serving as the negative control. RPA amplification reaction was performed in parallel six times, each set for 30 min. From each reaction product, 5 μL was used as target DNA for the CRISPR/Cas12a system, and three replicate wells were set up for each group. A real-time fluorescent quantitative PCR instrument was used to maintain the temperature and monitor the fluorescence intensity. After 15 min, samples were removed and observed under a blue light gel documentation system.



2.13 Detection of actual samples

Gut tissue samples were collected from diseased mandarin fish at the Hengxing Aquaculture Farm in Guangzhou, China. Nucleic acids were extracted following the method outlined in Section 2.2. These samples were subsequently tested using our established RPA-CRISPR/Cas12a detection system. Additionally, nested PCR was performed on the samples using the 2× Hieff Ultra-Rapid II HotStart PCR Master Mix (Yeasen, China). The primers employed for the nested PCR are listed in Table 4. If no target bands were observed on electrophoresis following the first-round reaction products with outer primers, a second-round amplification was performed using inner primers.



TABLE 4 Nested PCR primers and sequences.
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2.14 Data analysis and figure preparation

Data analysis was conducted using GraphPad Prism 9, and all statistical graphs were also produced by the same software. Additionally, schematic diagrams were drawn by Figdraw.




3 Results


3.1 Screening of RPA primers and crRNA

To identify the optimal primers, we adhered to the principle of selecting the most challenging reaction conditions and set the RPA reaction time to 20 min. After amplification with the primers, the products were extracted using phenol-chloroform and subjected to electrophoresis. When amplifying the MRV template, all primer pairs, except for pair 4 (MRV-RPA-F2/MRV-RPA-R1), effectively amplified the target fragment; however, they varied in terms of specificity and yield (Figure 1A). Similarly, all primer pairs effectively amplified the ISKNV template (Figure 1B). Based on products specificity and non-specific by-products levels, we selected MRV-RPA-F1/MRV-RPA-R1 and ISKNV-RPA-F3/ISKNV-RPA-R1 as the optimal primer pairs.

[image: Figure 1]

FIGURE 1
 Screening of RPA primers and crRNA. Nucleic acid agarose gel electrophoresis results are presented, showing amplification of (A) MRV templates and (B) ISKNV templates using various RPA primers. For MRV templates, the following primer pairs were used: 1, MRV-RPA-F1/MRV-RPA-R1; 2, MRV-RPA-F1/MRV-RPA-R2; 3, MRV-RPA-F1/MRV-RPA-R3; 4, MRV-RPA-F2/MRV-RPA-R1; 5, MRV-RPA-F2/MRV-RPA-R2; 6, MRV-RPA-F2/MRV-RPA-R3; 7, MRV-RPA-F3/MRV-RPA-R1; 8, MRV-RPA-F3/MRV-RPA-R2; 9, MRV-RPA-F3/MRV-RPA-R3. “+” represents a positive amplification result, while “−” represents a negative result. Similarly, for ISKNV templates, the primer pairs used were: 1, ISKNV-RPA-F1/ISKNV-RPA-R1; 2, ISKNV-RPA-F1/ISKNV-RPA-R2; 3, ISKNV-RPA-F1/ISKNV-RPA-R3; 4, ISKNV-RPA-F2/ISKNV-RPA-R1; 5, ISKNV-RPA-F2/ISKNV-RPA-R2; 6, ISKNV-RPA-F2/ISKNV-RPA-R3; 7, ISKNV-RPA-F3/ISKNV-RPA-R1; 8, ISKNV-RPA-F3/ISKNV-RPA-R2; 9, ISKNV-RPA-F3/ISKNV-RPA-R3. The detection results for (C) MRV and (D) ISKNV using various crRNAs are compared. The y-axis indicates the relative fluorescence intensity, while the x-axis indicates the various types of crRNA added to the samples.


Using the optimal primers for each target, we conducted RPA reactions and incorporated the products into the CRISPR/Cas12a system. Different crRNAs were added to the system, and after a 15-min reaction, the highest fluorescence intensities for MRV and ISKNV were observed with MRV-crRNA2 and ISKNV-crRNA2, respectively (Figures 1C,D). Replacing the crRNA with DEPC water resulted in a significant reduction in fluorescence, confirming the effectiveness of the selected crRNAs. Therefore, MRV-crRNA2 and ISKNV-crRNA2 were chosen as the optimal crRNAs for subsequent experiments with MRV and ISKNV.



3.2 Optimization of the CRISPR/Cas12a reaction system

To achieve optimal detection results and minimize costs, we modified the ratios and quantities of Cas12a protein and crRNA. Using viral DNA as the sample, we observed an increase in fluorescence values upon the addition of Cas12a protein and crRNA after a 15-min of CRISPR/Cas12a reaction (Figures 2A,B). The highest fluorescence intensity, with good visual effects, was observed when 0.5 μL of 10 μM Cas12a protein and 1 μL of crRNA were added; this ratio was therefore selected for subsequent experiments. Furthermore, an increase in the amount of fluorescent probe led to a corresponding increase in fluorescence intensity (Figures 2C,D). Considering observations under blue light and cost factors, 1 μL of 10 μM ssDNA reporter was chosen as the optimal amount of fluorescent probe for subsequent experiments.

[image: Figure 2]

FIGURE 2
 Optimization of the reaction system. (A,B) Detection of Cas12a protein and crRNA concentrations for MRV and ISKNV, respectively. (C,D) Comparison of detection results using different concentrations of fluorescent probes for MRV and ISKNV, respectively. The x-axis represents the volumes of 10 μM Cas12a protein and crRNA used, while the y-axis indicates the relative fluorescence intensity.




3.3 Capability to detect RNA targets and optimization for use without additional excitation light

To enable the detection of RNA targets, reverse transcriptase was incorporated into our RPA amplification system, facilitating reverse transcription by the RPA primers. This capability was validated using virus RNA samples treated with DNase. The results showed that, compared to DNA targets, RNA targets also produced positive fluorescence (Figures 3A,B), clearly distinguishable from the negative controls. Furthermore, we tested the efficacy of five different fluorescently labeled probes. When using high concentrations (final concentration of 10 μM) of the fluorescent probes, probes labeled with FAM or ROX could be visually observed under natural light for positive nucleic acid samples, thus eliminating the need for UV or blue light excitation (Figure 3C).

[image: Figure 3]

FIGURE 3
 RNA detection capability and probe optimization. Validation of the ability to detect RNA targets (treated with DNase) using (A) the MRV detection system and (B) the ISKNV detection system. The x-axis represents the types of templates used, and the y-axis represents the relative fluorescence intensity. (C) Detection of positive samples using various types of fluorescent probes at a final concentration of 10 μM, observed under natural light.




3.4 Evaluation of sensitivity

To assess the sensitivity of the RPA-CRISPR/Cas12a detection technology, we performed gradient dilutions of standard samples for the ISKNV-MCP and MRV-MCP genes, using the previously established optimal conditions for detection. Following the addition of target DNA, notable changes in fluorescence signals were evident (Figure 4).

[image: Figure 4]

FIGURE 4
 Sensitivity of the CRISPR/Cas12a detection method. (A,B) Fluorescence intensity after a 15-minCRISPR/Cas12a reaction with varying concentrations of MRV and ISKNV standards. (C,D) Fluorescence intensity after a 60-min CRISPR/Cas12a reaction with different concentrations of MRV and ISKNV standards. The x-axis represents the standard sample concentration, and the y-axis indicates the relative fluorescence intensity. NC indicates DEPC water. Significant differences are indicated by asterisks (*). Ns, not significant (p > 0.05); *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.


For MRV-MCP gene detection, at a reaction time of 15 min, samples with a concentration of at least 103 copies/μL showed visible fluorescence to the naked eye, while the fluorometric instrument could detect a difference between 1 copy/μL samples and the negative control (Figure 3A). At 60 min, samples with a concentration as low as 1 copy/μL also showed visible fluorescence (Figure 3C). In the case of ISKNV detection, regardless of whether the reaction time was 15 min (Figure 3B) or 60 min (Figure 3D), standard samples with concentrations as low as 10−1 copies/μL were detected, and the fluorescence was visible to the naked eye. A prolonged reaction time (60 min) facilitated easier visualization of the fluorescence. These results indicated that our method could detect as low as 1 copy/μL of MRV and 0.1 copy/μL of ISKNV.



3.5 Evaluation of specificity

To verify the specificity of our method, we used multiple viral samples for testing. As shown in Figure 5, the MRV and ISKNV detection systems generated positive signals only when detecting their respective target nucleic acids. When detecting non-target nucleic acids, the fluorescence intensity was comparable to that of the negative control group, indicating no false-positive signals. This confirms the high specificity of our method toward target nucleic acids.

[image: Figure 5]

FIGURE 5
 Specificity of the CRISPR/Cas12a detection method. Validation of the specificity for the (A) MRV detection system and (B) ISKNV detection system using different templates. The x-axis represents the types of templates used, and the y-axis indicates the relative fluorescence intensity. NC indicates DEPC water.




3.6 Evaluation of reproducibility

To assess the reproducibility of our detection system, we conducted six independent RPA amplification reactions using MRV and ISKNV positive nucleic acids as templates. The products of these reactions were subsequently analyzed using their respective CRISPR/Cas12a systems. Our findings revealed that the same sample tested positive in all six detections, with minimal variation in fluorescence values (Figure 6). Using the formula variation (CV) = (standard deviation / mean) × 100%, we calculated the coefficient of CV for the MRV detection system (Figure 6A) to be 2.74% and for the ISKNV detection system (Figure 6B) to be 5.12%. These results indicate that the established method has good reproducibility.

[image: Figure 6]

FIGURE 6
 Reproducibility of the CRISPR/Cas12a detection method. Reproducibility validation of the (A) MRV detection system and (B) ISKNV detection system using positive DNA templates. Each sample was tested six times. The x-axis represents the templates used and their respective replicates, while the y-axis represents the relative fluorescence values, as well as NC indicates DEPC water.




3.7 Evaluation of the detection capability in tissue samples

To evaluate the efficacy of our established RPA-CRISPR/Cas12a detection system, we collected eight gut tissue samples from diseased mandarin fish at the Hengxing Aquaculture Farm in Guangzhou, China. Nucleic acids were extracted from these samples, and both the RPA-CRISPR/Cas12a detection system and nested PCR were employed for analysis. The results were presented in Figure 7. For MRV detection, the first round of nested PCR did not detect any positive, but the second round identified MRV in sample 8 (Figure 7A). Using the RPA-CRISPR/Cas12a detection system, we directly observed strong fluorescence in sample 8, aligning with the nested PCR results (Figure 7B). For ISKNV detection, all samples except sample 4 were positive in the first round of nested PCR. A second round PCR confirmed positivity in sample 4 as well (Figure 7C). Our RPA-CRISPR/Cas12a detection system identified all samples as positive (Figure 7D), mirroring nested PCR results. These results indicated that our detection system performs on par with nested PCR in practical applications, while offering superior time efficiency and convenience.

[image: Figure 7]

FIGURE 7
 Detection results of actual samples. (A) Gel electrophoresis results of nested PCR products for MRV detection in the samples; (B) RPA-CRISPR/Cas12a detection results for MRV in the samples; (C) Gel electrophoresis results of nested PCR products for ISKNV detection in the samples; (D) RPA-CRISPR/Cas12a detection results for ISKNV in the samples. The numbers 1–8 represent the samples, “+” represents the positive control, and “−” represents the negative control.





4 Discussion

MRV and ISKNV are widely present in both marine and freshwater fish, exhibiting highly pathogenicity and lethality, resulting in significant economic losses in the aquaculture. In the cultivation of economically valuable fish, disease surveillance becomes critical, as early detection of viral infections allows for swift control measures. Therefore, there is an urgent demand for high-sensitivity, low-cost effective detection methods that can be used on-site. Cell-based methods, which rely on virus isolation, are intricate, time-consuming, and necessitate laboratory facilities (Guo et al., 2022). Currently, molecular biology techniques, such as PCR, quantitative fluorescence PCR (qPCR), and isothermal amplification, are the most prevalent methods (Koda et al., 2023; Zhu et al., 2020). Traditional PCR methods have lower sensitivity, whereas qPCR achieves high sensitivity and specificity (Cao et al., 2024). For example, qPCR can detect ISKNV at a sensitivity of 7 copies/μL (Cao et al., 2024). However, a limitation of qPCR is its requirement for specialized equipment, which may not be available at aquaculture sites (Zhu et al., 2020). The emergence of isothermal amplification technologies, such as Loop-mediated isothermal amplification (LAMP) and RPA, enables nucleic acid amplification without the need for thermal cycling, simplifying the achievement of constant temperature condition compared to thermal cyclers. For aquaculture viruses, LAMP-based detection methods for largemouth bass virus have achieved a sensitivity of 8.55 copies/μL (Zhu et al., 2020), while the recombinase-aided amplification (RAA) system reaches 89 copies/μL (Zhu et al., 2022). Existing LAMP-lateral flow dipstick systems for ISKNV detection have attained a sensitivity of 10 copies/μL (Ding et al., 2010).

CRISPR/Cas-based detection methods, leveraging their trans-cleavage activity’s sensitivity to mismatches (Chen et al., 2018; Abudayyeh et al., 2016), offer high specificity and are widely applied in disease detection. In human disease detection, RPA-CRISPR/Cas-based technologies can detect pseudorabies virus and Japanese encephalitis virus at the attomole (aM) level (Li et al., 2018). For agriculture, He et al. develops a potato virus Y detection system with a sensitivity of 3 × 102 copies/μL, outperforming PCR and qPCR methods (He et al., 2022). Zhang et al. creates a detection system for Aphelenchoides besseyi, achieving a minimum detection limit of 1 copy/μL via fluorescence detection and 103 copies/μL via LFA detection (Zhang et al., 2022). In livestock, Mao et al. integrates RPA, CRISPR/Cas12a, and magnetic bead -ssDNA-alkaline phosphatase for rapid, accurate ASFV genes detection, reducing background signals and achieving a high signal-to-noise ratio (Mao et al., 2023). This method allows naked-eye detection of 10 copies/μL ASFV gene (Mao et al., 2023). In aquaculture, Fei et al. establishes an infectious hematopoietic necrosis virus detection system with 9.5 copies/μL sensitivity (Rong et al., 2024), while Thanwarat Sukonta et al. achieves high-sensitivity detection of scale drop disease virus at 40 copies per reaction (Sukonta et al., 2022). RPA-CRISPR/Cas detection system is also applicable for bacterial detection, as demonstrated by Xiao et al.’s Vibrio vulnificus detection system with a sensitivity of 2 copies/μL sensitivity (Xiao et al., 2021).

Based on the powerful amplification capability of RPA and the high specificity of the CRISPR/Cas system, we designed and established a detection system for the widely prevalent ISKNV and MRV viruses (Figure 8). To optimize the CRISPR/Cas12a reaction, we systematically evaluated parameters to enhance detection efficiency and specificity, recognizing that optimal Cas protein and crRNA amounts and ratios vary across systems. For example, detecting ASFV requires a Cas12a:crRNA ratio of 1:2 (Mao et al., 2023), while Pneumocystis jirovecii detection optimizes at 1:4 (Liu et al., 2024). Similarly, using the CRISPR/Cas system for Red-spotted grouper nervous necrosis virus detection highlights the importance of appropriate Cas protein and crRNA stoichiometry (Huang et al., 2022). Excess Cas protein or crRNA does not guarantee better results, so we optimized the ratio and concentration within cost constraints. We also adjusted fluorescent probe concentrations to maximize the signal-to-noise ratio and minimize background interference. Sensitivity evaluation demonstrated our system could detect as low as 1 copy/μL of MRV and 0.1 copy/μL of ISKNV, indicating its potential for early detection and intervention. Validation with different viral templates and multiple repeat trials confirmed the method’s accuracy, reliability, and reproducibility, and our system also detects viral mRNA by incorporating reverse transcriptase. Optimizing fluorescent probes for natural light detection eliminates the need for specialized equipment, enhancing the method’s accessibility and practicality for field use. Collectively, these optimizations and evaluations contribute to a robust, sensitive, specific, and reproducible detection method for various settings, enabling monitoring and management of viral infections even in resource-limited environments.

[image: Figure 8]

FIGURE 8
 Schematic diagram of the RPA-CRISPR/Cas12a detection method of MRV and ISKNV.


Additionally, we have successfully freeze-dried the enzymes and RPA primers required for the RPA reaction system into a single tube, simplifying the reaction process. However, this study does have some limitations. Firstly, nucleic acid extraction and purification from samples remain a prerequisite for detection. In our practice, we tested several commercially available rapid lysis buffers, but the outcomes were unsatisfactory. Researchers in similar fish virus detection studies have opted for extraction methods such as RNAiso Plus (Huang et al., 2022), the virus DNA/RNA extraction kit (Rong et al., 2024), and protease K treatment coupled with phenol-chloroform-isoamyl alcohol extraction (Sukonta et al., 2022). Future advancements in lysis reagents tailored for fish samples and enhancements in the system’s impurity tolerance could greatly expand the technology’s application potential. Secondly, our system entails two sequential reaction steps, which can lead to aerosol contamination when the lid is opened. Due to the system’s unique design, we cannot employ UDG ribonuclease to prevent aerosol contamination, as is done in PCR (Longo et al., 1990). Therefore, developing a one-pot method based on the current system could effectively mitigate aerosol contamination. Nonetheless, challenges such as buffer development, suboptimal PAM site utilization, and the use of phase-separated solutions in one-pot methods can be inconvenient or detrimental to CRISPR reaction efficiency (Hu et al., 2023). Hu et al. introduces the Light-Start CRISPR-Cas12a Reaction with Caged crRNA, which facilitates rapid and sensitive nucleic acid detection. This method involves modifying the crRNA with 6-nitropiperonyloxymethyl-caged thymidine (NPOM-dt) to temporarily inactivate both the crRNA and CRISPR-Cas12a’s trans-cleavage activity, which is then reactivated upon light exposure, resulting in higher sensitivity compared to conventional one-step methods (Hu et al., 2023). In the future, we plan to explore the application of this method in our system to achieve easier operation and reduced contamination.

Overall, we have designed and established a CRISPR/Cas12a-based detection system targeting the widely prevalent ISKNV and MRV viruses. Our method is fast, sensitive, convenient, providing visual results. Utilizing a standard, inexpensive metal bath and a portable UV lamp, results can be easily obtained, eliminating the need for complex equipment. This enables on-site detection, facilitating timely diagnosis and the implementation of appropriate control measures. By applying this scientific research to practical production, significant losses in the aquaculture industry can be reduced.



Data availability statement

The sequencing results of the standard plasmids have been uploaded to the Genbank database and are available at accession numbers PQ655404 and PQ655405. The data supporting the findings of this study are provided within the article.



Ethics statement

Ethical approval was not required for the studies on animals in accordance with the local legislation and institutional requirements because only commercially available established cell lines were used.



Author contributions

ZL: Formal analysis, Methodology, Visualization, Writing – original draft, Writing – review & editing. ML: Data curation, Methodology, Software, Visualization, Writing – original draft, Writing – review & editing. CL: Investigation, Writing – original draft. YX: Methodology, Writing – original draft. SW: Resources, Writing – original draft. JH: Funding acquisition, Project administration, Supervision, Writing – review & editing. CG: Conceptualization, Funding acquisition, Methodology, Project administration, Validation, Writing – review & editing, Writing – original draft.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was supported by the National Key Research and Development Program of China (No. 2022YFE0203900), the China Agriculture Research System (No. CARS-46), the Guangdong Key Research and Development Program (No. 2022B1111030001), and the Science and Technology Plan Project of Guangdong Province (No. 2024B1212040007).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Footnotes

1   https://ictv.global/taxonomy



References

 Abudayyeh, O. O., Gootenberg, J. S., Konermann, S., Joung, J., Slaymaker, I. M., Cox, D. B., et al. (2016). C2c2 is a single-component programmable RNA-guided RNA-targeting CRISPR effector. Science 353:aaf5573. doi: 10.1126/science.aaf5573

 Cao, W., Huang, B., Xu, Q., Xie, H., Gao, J., Mai, X., et al. (2024). Multiplex qPCR development for the simultaneous and rapid detection of largemouth bass virus and infectious spleen and kidney necrosis virus in aquaculture. J. Virol. Methods 330:115012. doi: 10.1016/j.jviromet.2024.115012

 Chen, B., Gilbert, L. A., Cimini, B. A., Schnitzbauer, J., Zhang, W., Li, G. W., et al. (2013). Dynamic imaging of genomic loci in living human cells by an optimized CRISPR/Cas system. Cell 155, 1479–1491. doi: 10.1016/j.cell.2013.12.001 

 Chen, J. S., Ma, E., Harrington, L. B., Da Costa, M., Tian, X., Palefsky, J. M., et al. (2018). CRISPR-Cas12a target binding unleashes indiscriminate single-stranded DNase activity. Science 360, 436–439. doi: 10.1126/science.aar6245 

 Chinchar, V. G., Waltzek, T. B., and Subramaniam, K. (2017). Ranaviruses and other members of the family Iridoviridae: their place in the virosphere. Virology 511, 259–271. doi: 10.1016/j.virol.2017.06.007 

 Ding, W. C., Chen, J., Shi, Y. H., Lu, X. J., and Li, M. Y. (2010). Rapid and sensitive detection of infectious spleen and kidney necrosis virus by loop-mediated isothermal amplification combined with a lateral flow dipstick. Arch. Virol. 155, 385–389. doi: 10.1007/s00705-010-0593-4

 Dong, C., Weng, S., Shi, X., Xu, X., Shi, N., and He, J. (2008). Development of a mandarin fish Siniperca chuatsi fry cell line suitable for the study of infectious spleen and kidney necrosis virus (ISKNV). Virus Res. 135, 273–281. doi: 10.1016/j.virusres.2008.04.004

 Formosa, T., and Alberts, B. M. (1986). Purification and characterization of the T4 bacteriophage uvsX protein. J. Biol. Chem. 261, 6107–6118. doi: 10.1016/S0021-9258(17)38499-5 

 Fu, X., Zhang, L., Liu, L., Lin, Q., Liang, H., Niu, Y., et al. (2020). Identification of intron in ORF003 gene and its application for inactivation test of ISKNV. Microb. Pathog. 138:103822. doi: 10.1016/j.micpath.2019.103822 

 Gootenberg, J. S., Abudayyeh, O. O., Lee, J. W., Essletzbichler, P., Dy, A. J., Joung, J., et al. (2017). Nucleic acid detection with CRISPR-Cas13a/C2c2. Science 356, 438–442. doi: 10.1126/science.aam9321 

 Grizzle, J. M., Altinok, I., Fraser, W. A., and Francis-Floyd, R. (2002). First isolation of largemouth bass virus. Dis. Aquat. Org. 50, 233–235. doi: 10.3354/dao050233

 Guo, Y., Wang, Y., Fan, Z., Zhao, X., Bergmann, S. M., Dong, H., et al. (2022). Establishment and evaluation of qPCR and real-time recombinase-aided amplification assays for detection of largemouth bass ranavirus. J. Fish Dis. 45, 1033–1043. doi: 10.1111/jfd.13627 

 Harris, L. D., and Griffith, J. D. (1988). Formation of D-loops by the UvsX protein of T4 bacteriophage: a comparison of the reaction catalyzed in the presence or absence of gene 32 protein. Biochemistry 27, 6954–6959. doi: 10.1021/bi00418a042

 He, Y., Wang, J., Zhao, S., Gao, J., Chang, Y., Zhao, X., et al. (2022). Establishment and application of RPA-CRISPR/Cas12a detection system for potato virus Y. Chinese Bull. Bot. 57:308. doi: 10.11983/CBB21225

 He, J. G., Weng, S. P., Huang, Z. J., and Zeng, K. (1998). Identification of outbreak and infectious diseases pathogen of Siniperca chuatsi. Acta Scientiarum Naturalium Universitatis Sunyatseni 5, 74–77.

 He, J., Yu, Y., Li, Z. M., Liu, Z. X., Weng, S. P., Guo, C. J., et al. (2022). Hypoxia triggers the outbreak of infectious spleen and kidney necrosis virus disease through viral hypoxia response elements. Virulence 13, 714–726. doi: 10.1080/21505594.2022.2065950 

 Hu, M., Liu, R., Qiu, Z., Cao, F., Tian, T., Lu, Y., et al. (2023). Light-start CRISPR-Cas12a reaction with caged crRNA enables rapid and sensitive nucleic acid detection. Angew. Chem. 135:e202300663. doi: 10.1002/ange.202300663

 Huang, F., Shan, J., Liang, K., Yang, M., Zhou, X., Duan, X., et al. (2022). A new method to detect red spotted grouper neuro necrosis virus (RGNNV) based on CRISPR/Cas13a. Aquaculture 555:738217. doi: 10.1016/j.aquaculture.2022.738217

 Jansen, R., Embden, J. D. V., Gaastra, W., and Schouls, L. M. (2002). Identification of genes that are associated with DNA repeats in prokaryotes. Mol. Microbiol. 43, 1565–1575. doi: 10.1046/j.1365-2958.2002.02839.x

 Joung, J., Engreitz, J. M., Konermann, S., Abudayyeh, O. O., Verdine, V. K., Aguet, F., et al. (2017). Genome-scale activation screen identifies a lncRNA locus regulating a gene neighbourhood. Nature 548, 343–346. doi: 10.1038/nature23451 

 Kellner, M. J., Koob, J. G., Gootenberg, J. S., Abudayyeh, O. O., and Zhang, F. (2019). SHERLOCK: nucleic acid detection with CRISPR nucleases. Nat. Protoc. 14, 2986–3012. doi: 10.1038/s41596-019-0210-2 

 Koda, S. A., Subramaniam, K., Hick, P. M., Hall, E., Waltzek, T. B., and Becker, J. A. (2023). Partial validation of a TaqMan quantitative polymerase chain reaction for the detection of the three genotypes of infectious spleen and kidney necrosis virus. PLoS One 18:e0281292. doi: 10.1371/journal.pone.0281292 

 Leiva-Rebollo, R., Labella, A. M., Gémez-Mata, J., Castro, D., and Borrego, J. J. (2024). Fish Iridoviridae: infection, vaccination and immune response. Vet. Res. 55:88. doi: 10.1186/s13567-024-01347-1 

 Li, S. Y., Cheng, Q. X., Liu, J. K., Nie, X. Q., Zhao, G. P., and Wang, J. (2018). CRISPR-Cas12a has both cis-and trans-cleavage activities on single-stranded DNA. Cell Res. 28, 491–493. doi: 10.1038/s41422-018-0022-x 

 Li, S. Y., Cheng, Q. X., Wang, J. M., Li, X. Y., Zhang, Z. L., Gao, S., et al. (2018). CRISPR-Cas12a-assisted nucleic acid detection. Cell Discov. 4:20. doi: 10.1038/s41421-018-0028-z 

 Li, L., Li, S., Wu, N., Wu, J., Wang, G., Zhao, G., et al. (2019). HOLMESv2: a CRISPR-Cas12b-assisted platform for nucleic acid detection and DNA methylation quantitation. ACS Synth. Biol. 8, 2228–2237. doi: 10.1021/acssynbio.9b00209 

 Li, C., Qin, X., Liang, M., Luo, Z., Zhan, Z., Weng, S., et al. (2024). Genome-wide identification, characterization, and expression analysis of the transient receptor potential gene family in mandarin fish Siniperca chuatsi. BMC Genomics 25:848. doi: 10.1186/s12864-024-10757-6 

 Liang, M., Pan, W., You, Y., Qin, X., Su, H., Zhan, Z., et al. (2024). Hypermethylated genome of a fish vertebrate iridovirus ISKNV plays important roles in viral infection. Commun. Biol. 7:237. doi: 10.1038/s42003-024-05919-x 

 Liu, Q., Zeng, H., Wang, T., Ni, H., Li, Y., Qian, W., et al. (2024). Development of RPA-Cas12a assay for rapid and sensitive detection of pneumocystis jirovecii. BMC Microbiol. 24:314. doi: 10.1186/s12866-024-03440-z 

 Lobato, I. M., and O'Sullivan, C. K. (2018). Recombinase polymerase amplification: basics, applications and recent advances. TrAC Trends Anal. Chem. 98, 19–35. doi: 10.1016/j.trac.2017.10.015 

 Longo, M. C., Berninger, M. S., and Hartley, J. L. (1990). Use of uracil DNA glycosylase to control carry-over contamination in polymerase chain reactions. Gene 93, 125–128. doi: 10.1016/0378-1119(90)90145-H 

 Luo, Z., Zhan, Z., Qin, X., Pan, W., Liang, M., Li, C., et al. (2023). Interaction of teleost fish TRPV4 with DEAD box RNA helicase 1 regulates Iridovirus replication. J. Virol. 97, e00495–e00423. doi: 10.1128/jvi.00495-23

 Mali, P., Yang, L., Esvelt, K. M., Aach, J., Guell, M., DiCarlo, J. E., et al. (2013). RNA-guided human genome engineering via Cas9. Science 339, 823–826. doi: 10.1126/science.1232033 

 Mao, G., Luo, X., Ye, S., Wang, X., He, J., Kong, J., et al. (2023). Fluorescence and colorimetric analysis of African swine fever virus based on the RPA-assisted CRISPR/Cas12a strategy. Anal. Chem. 95, 8063–8069. doi: 10.1021/acs.analchem.3c01033 

 Okazaki, T., and Kornberg, A. (1964). Enzymatic synthesis of deoxyribonucleic acid: XV. Purification and properties of a polymerase from Bacillus subtilis. J. Biol. Chem. 239, 259–268. doi: 10.1016/S0021-9258(18)51776-2

 Piepenburg, O., Williams, C. H., Stemple, D. L., and Armes, N. A. (2006). DNA detection using recombination proteins. PLoS Biol. 4:e204. doi: 10.1371/journal.pbio.0040204 

 Qin, X. W., Luo, Z. Y., Pan, W. Q., He, J., Li, Z. M., Yu, Y., et al. (2022). The interaction of mandarin fish DDX41 with STING evokes type I interferon responses inhibiting ranavirus replication. Viruses 15:58. doi: 10.3390/v15010058 

 Qin, P., Munang’Andu, H. M., Xu, C., and Xie, J. (2023). Megalocytivirus and other members of the family iridoviridae in finfish: a review of the etiology, epidemiology, diagnosis, prevention and control. Viruses 15:1359. doi: 10.3390/v15061359 

 Rong, F., Wang, H., Tang, X., Xing, J., Sheng, X., Chi, H., et al. (2024). The development of RT-RPA and CRISPR-Cas12a based assay for sensitive detection of infectious hematopoietic necrosis virus (IHNV). J. Virol. Methods 326:114892. doi: 10.1016/j.jviromet.2024.114892 

 Shibata, T., Cunningham, R. P., DasGupta, C., and Radding, C. M. (1979). Homologous pairing in genetic recombination: complexes of recA protein and DNA. Proc. Natl. Acad. Sci. 76, 5100–5104. doi: 10.1073/pnas.76.10.5100 

 Sukonta, T., Senapin, S., Meemetta, W., and Chaijarasphong, T. (2022). CRISPR-based platform for rapid, sensitive and field-deployable detection of scale drop disease virus in Asian sea bass (Lates calcarifer). J. Fish Dis. 45, 107–120. doi: 10.1111/jfd.13541 

 Wang, Y. Q., Lü, L., Weng, S. P., Huang, J. N., Chan, S. M., and He, J. G. (2007). Molecular epidemiology and phylogenetic analysis of a marine fish infectious spleen and kidney necrosis virus-like (ISKNV-like) virus. Arch. Virol. 152, 763–773. doi: 10.1007/s00705-006-0870-4 

 Xiao, X., Lin, Z., Huang, X., Lu, J., Zhou, Y., Zheng, L., et al. (2021). Rapid and sensitive detection of Vibrio vulnificus using CRISPR/Cas12a combined with a recombinase-aided amplification assay. Front. Microbiol. 12:767315. doi: 10.3389/fmicb.2021.767315

 Yonesaki, T., Ryo, Y., Minagawa, T., and Takahashi, H. (1985). Purification and some of the functions of the products of bacteriophage T4 recombination genes, Uvs X and Uvs Y. Eur. J. Biochem. 148, 127–134. doi: 10.1111/j.1432-1033.1985.tb08816.x 

 Zhang, A., Sun, B., Zhang, J., Cheng, C., Zhou, J., Niu, F., et al. (2022). CRISPR/Cas12a coupled with recombinase polymerase amplification for sensitive and specific detection of Aphelenchoides besseyi. Front. Bioeng. Biotechnol. 10:912959. doi: 10.3389/fbioe.2022.912959 

 Zhang, X., Wang, J., Cheng, Q., Zheng, X., Zhao, G., and Wang, J. (2017). Multiplex gene regulation by CRISPR-ddCpf1. Cell Discov. 3, 1–9. doi: 10.1038/celldisc.2017.18

 Zhao, L., Zhong, Y., Luo, M., Zheng, G., Huang, J., Wang, G., et al. (2023). Largemouth bass ranavirus: current status and research progression. Aquacult. Rep. 32:101706. doi: 10.1016/j.aqrep.2023.101706

 Zhi-Min, L., Xiao-Wei, Q., Qi, Z., Jian, H., Min-Cong, L., Chuan-Rui, L., et al. (2024). Mandarin fish von Hippel-Lindau protein regulates the NF-κB signaling pathway via interaction with IκB to promote fish ranavirus replication. Zool. Res. 45:990–1000. doi: 10.24272/j.issn.2095-8137.2023.392

 Zhu, Q., Wang, Y., and Feng, J. (2020). Rapid diagnosis of largemouth bass ranavirus in fish samples using the loop-mediated isothermal amplification method. Mol. Cell. Probes 52:101569. doi: 10.1016/j.mcp.2020.101569 

 Zhu, Q., Wu, Y., Song, G., and Feng, J. (2022). Onsite and visual detection of ranavirus in largemouth bass (Micropterus salmoides) by an isothermal recombinase polymerase amplification method. Aquaculture 551:737907. doi: 10.1016/j.aquaculture.2022.737907


Copyright
 © 2024 Lu, Liang, Li, Xu, Weng, He and Guo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Rapid, sensitive, and visual detection of mandarin fish ranavirus and infectious spleen and kidney necrosis virus using an RPA-CRISPR/Cas12a system



		1 Introduction



		2 Materials and methods



		2.1 Cells and viruses



		2.2 Extraction of viral nucleic acids



		2.3 Preparation of standard plasmids



		2.4 Design and screening of RPA primers



		2.5 Design and synthesis of crRNA



		2.6 Screening of crRNA



		2.7 Establishment and optimization of the CRISPR/Cas detection system



		2.8 Detection of RNA targets



		2.9 Non-excitation light visual detection



		2.10 Sensitivity experiment



		2.11 Specificity experiment



		2.12 Reproducibility experiment



		2.13 Detection of actual samples



		2.14 Data analysis and figure preparation









		3 Results



		3.1 Screening of RPA primers and crRNA



		3.2 Optimization of the CRISPR/Cas12a reaction system



		3.3 Capability to detect RNA targets and optimization for use without additional excitation light



		3.4 Evaluation of sensitivity



		3.5 Evaluation of specificity



		3.6 Evaluation of reproducibility



		3.7 Evaluation of the detection capability in tissue samples









		4 Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Footnotes



		References



















OPS/images/fmicb-15-1495777-t004.jpg
Primer Sequence (5

MRV-OF (outer primer) ATGTCTTCTGTTACGGGTTCTGGC
MRV-OR (outer primer) TTACAGGATGGGGAAACCCATGG
MRV-IE (inner primer) TTTACCAAACTGCCTACGGCT
MRV-IR (inner primer) CAACAACAGGAGTGACGCAAG
ISKNV-OF (outer primer) ATGTCTGCAATCTCAGGTGCAAAC
ISKNV-OR (outer primer) TTACAGGATAGGGAAGCCTGCG
ISKNV-IF (inner primer) CCTTAATTTGCCCATTCCCCTCTTC

ISKNV-IR (inner primer) AGTAGTCTACTCCCATCTGGTGGAG





OPS/images/fmicb-15-1495777-t003.jpg
crRNA

MRV-12a-crRNAL
MRV-12a-crRNA2
MRV-12a-crRNA3
MRV-12a-crRNA4
MRV-12a-crRNAS
ISKNV-12a-crRNAT
ISKNV-122-crRNA2
ISKNV-122-crRNA3

ISKNV-122-crRNA4

)

UAAUUUCUACUAAGUGUAGAUACGCAGACCUGCGCUUUUCC

Sequence (5

UAAUUUCUACUAAGUGUAGAUCCACGCCGUCAAAGCGCUCA
UAAUUUCUACUAAGUGUAGAUACGGCGUGGGAAAAGCGCAG
UAAUUUCUACUAAGUGUAGAUUGGUGCAAAACGUCACUCAC
UAAUUUCUACUAAGUGUAGAUCACCAUAAACAUGAGCGCUU
UAAUUUCUACUAAGUGUAGAUGUGCAUCUGGACCUCAGGUU
UAAUUUCUACUAAGUGUAGAUCAGUAAAGAACGUCACCCAC
UAAUUUCUACUAAGUGUAGAUCUGCAAAGAACAAGGCCUUC
UAAUUUCUACUAAGUGUAGAUCACGUUGCGGUGGGUGACGU





OPS/images/fmicb-15-1495777-t002.jpg
Primer Sequence (5

MRV-RPA-FI (CGAGCGTCAGGCTATGAGCAGCTCAGTCAGG
MRV-RPA-F2 AGTCAGGGACATGGTGGTGGAGCAGATGCAG
MRV-RPA-F3 TCCGGTCCACATGGTCAACCCCAAGAACGCC
MRV-RPA-R1 CCAACAGGAGTGACGCAAGTGTAGTTGGAACC
MRV-RPA-R2 CCGCTCCAACAACAGGAGTGACGCAAGTGTAG
MRV-RPA-R3 CTCCAGGACGGTGTTACCCGCTCCAACAACA
ISKNV-RPA-FI CGCTGTACTGACAAGCGAGGAGCGTGAGGTG

ISKNV-RPA-F2 CAGTCTAGTCGTAGCATGCTCATTGAACAGT
ISKNV-RPA-F3 GCGTGAGGTGGTGGCCCAGTCTAGTCGTAGC
ISKNV-RPA-R1 CCTTGTTGTTGACATACACGGGACTGGCCGC
ISKNV-RPA-R2 CAATGGCAGATTCACCTTGTTGTTGACATAC
ISKNV-RPA-R3 CCTCGGACAGGGGATTGGTGGCCATCAATGG





OPS/images/cover.jpg
’ frontiers = Frontiers in Microbiology

Rapid, sensitive, and visual
detection of mandarin sfi h
ranavirus and infectious spleen
and kidney necrosis virus using an
RPA-CRISPR/Cas12a system












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
’ frontiers Frontiersin Microbiology






OPS/images/fmicb-15-1495777-g005.jpg
Fluorescence intensity }>

20000

15000

10000

5000

MRV NC

ISKNV SCRV

e— =

Fluorescence intensity (0

15000

10000

5000

ISKNV

ISKNV NC MRV SCRV






OPS/images/fmicb-15-1495777-g006.jpg
Fluorescence intensity J}>

20000

15000

10000

5000

1 2 3 4 5 6 NC
MRV Samples

Fluorescence intensity ([0

15000

10000

5000

ISKNV

1 2 3 4 5 6 NC
ISKNV Samples





OPS/images/fmicb-15-1495777-g003.jpg
A B C
25000 2 15000 FAM HEX CY3 ROX CY5

2

S 20000 _ s o

& ]

E S 10000

15000 8 Negative

8 2

8 10000 3

H 8 5000

H N

5 5000 8

2 I

= 0 0 Positive

DNA RNA NC DNA RNA NC

ISKNV

MRV






OPS/images/fmicb-15-1495777-g004.jpg
Fluorescence intensity 1

Fluorescence intensity ()

B
250007 MRV > 20000
e
2
20000 % g 15000
15000 1 ';
S 10000
10000 H
5000 R
s e o E]
= [
10710°10°10*10°10°10' 10° 10"NC 10710°10°10*10°10* 10" 10° 10" NC
D
25000 2 30000
s
20000 H
]
15000 5 20
8
H
10000 H
2 10000
5000 s
S
[
o 0
10" 10°10°10*10° 10* 10" 10° 10"NC 10"10°10°10*10°10° 10" 10°10"'NC






OPS/images/fmicb-15-1495777-t001.jpg
Primers Sequence ( )

MRV-MCP-pCMV-HA-C-F GGCCCAGGCCCGAATTCGGTCGACATGTCTTCTGTTACGGGTTCTGGC
MRV-MCP-pCMV-HA-C-R AACATCGTATGGGTAGCCGGTACCTTACAGGATGGGGAAACCCATGG
ISKNV-MCP-pCMV-HA-C-F GGCCCAGGCCCGAATTCGGTCGACATGTCTGCAATCTCAGGTGC

ISKNV-MCP-pCMV-HA-C-R AACATCGTATGGGTAGCCGGTACCTTACAGGATAGGGAAGCCTGC





OPS/images/fmicb-15-1495777-g007.jpg
B

First-round PCR Second-round PCR
M12345678+- M12345678+- 12345678+
2000 bp - - - 2 1
S50 b = b
100 bp - =
c First-round PCR Second-round PCR D
M12345678+- M4+- 123456738+-
2000bp - — — o — - B
1000bp-
500 bp - —

100 bp -





OPS/images/fmicb-15-1495777-g008.jpg
™ ‘/ /

& <
Gy e
! : ' 20-30min | 15-60 min
bOOO N vl

Infected fish MRV / ISKNV sample Viral DNA RPA or RT-RPA CRISPR-Cas12a UV or blue light

[

1. Complexes target homologous DNA or cDNA
jeceh

R %
2. $8Bs bind o the displaced strand b

RPA primers

Cas12a GRNA  Target DNA ssDNA reporter

Recombinase

Single-stranded DNA

@
3. Polymerases catalyze new sirand synthesis
- ¥ i © binding protein (558)

DNA polymerase

|

4. Synthesis complete






OPS/images/fmicb-15-1495777-g001.jpg
A
M 1+ 1- 2+ 2- 3+ 3- 4+ 4- 5+ 5- 6+ 6- 7+ 7- 8+ 8- 9+ 9-
2000 bp -

1000 bp —
750 bp —
500 bp —

M 1+ 1- 2+ 2- 3+ 3- 4+ 4- 5+ 5- 6+ 6- 7+ 7- 8+ 8- 9+ 9-
2000 bp —

1000 bp —
750 bp —
500 bp —

250 bp —

100bp -

ISKNV

-

Fluorescence intensity ()

D
i.mo
%mo
§

PR PAerEs





OPS/images/fmicb-15-1495777-g002.jpg
g 18000 MRV 2z 6000 ISKNV
] s

2 2

2 e

£ 10000 £ 4000
® ®

8 - 8

H H

8 so00 H

5 5 2000
o °

3 3

[ ° i

0
10 uM Cas 12a 0.1 0.1 0.25 0.25 0.5 0.5 (uL) 10 uM Cas 12a 0.1 0.1 0.25 0.25 0.5 0.5 (L)
10 uM crRNA 0.1 0.2 0.25 0.5 0.5 1.0 (uL) 10 yM crRNA 0.1 0.2 0.25 0.5 0.5 1.0 (L)

C D
> 15000 MRV > 20000
0 »
€
2 2 15000
£ 10000 E
g g
g S 10000
s s
8 5000 I H
e e 5000
S S
] .
- 0 * 0
0.25 0.5 1.0 1.5 2.0 2.5 (uL) 0.25 0.5 1.0 1.5 2.0 2.5 (uL)
10 pM ssDNA reporter (FAM) 10 uM ssDNA reporter (FAM)






