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Mycoplasma hyopneumoniae (M. hyopneumoniae) is one of the primary agents involved in porcine respiratory disease complex, and circulates in the swine industry worldwide. The prevention and control of M. hyopneumoniae is complicated. Thus, a recombinase-aided amplification (RAA) assay coupled with the clustered regularly-interspaced short palindromic repeats (CRISPR)/Cas12a system was established for the detection of M. hyopneumoniae. The most suitable primer pairs and CRISPR RNA (crRNA) were screened and selected for the RAA-CRISPR/Cas12a detection system. We have achieved a detection limit of 1 copy/µL and 5 copies/µL per reaction for the RAA-CRISPR/Cas12a-fluorescence assay and RAA-CRISPR/Cas12a-lateral flow assay (LFA), respectively. Furthermore, the RAA-CRISPR/Cas12a system displayed no cross-reactivity with other respiratory pathogens. The performance of the RAA-CRISPR/Cas12a system was compared with PCR as recommended by the Chinese national standard (GB/T 35909-2018) and qPCR as recommended by the Chinese entry–exit inspection and quarantine industry standard (SN/T4104-2015) for clinical samples, and good consistency with these methods was observed. Above all, the methods shed a light on the convenient, portable, visual, highly sensitive and specific detection of M. hyopneumoniae, demonstrating a great application potential for on-site monitoring of M. hyopneumoniae in the field.
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1 Introduction

Mycoplasma hyopneumoniae (M. hyopneumoniae) is considered one of the smallest known bacteria and lacks a cell wall, with a genome size of approximately 0.86–0.96 Mb, including the P36 gene which has been shown to be highly homologous (Caron et al., 2000). The P36 gene also has high specificity for differentiating M. hyopneumoniae from other microorganisms (Caron et al., 2000). M. hyopneumoniae serves as the primary pathogen responsible for enzootic pneumonia in swine. Additionally, it plays a crucial role as one of the key agents in the Porcine Respiratory Disease Complex (Zimmer et al., 2020). M. hyopneumoniae is widespread worldwide and detection rates have risen dramatically since 2018, causing major economic losses to the swine industry (Maes et al., 2018; Zhang et al., 2021). The increase in prevalence can be ascribed to the heightened focus on control measures for African swine fever for its initial outbreak in China in 2018 (Assavacheep and Thanawongnuwech, 2022; Zhang et al., 2021). Furthermore, vaccination against M. hyopneumoniae is not compulsory and vaccines are not widely utilized on farms (Zhang et al., 2021). Antibiotic treatment (tetracyclines, macrolides and lincosamides) can alleviate clinical symptoms and reduce bacterial load in infected individuals, but do not eliminate the infection so that a risk of reinfection (Maes et al., 2008; Zhang et al., 2021). M. hyopneumoniae, which can reside in the tonsils and nasal cavities of healthy pigs, can also induce disease when isolated from apparently unaffected animals (Garza-Moreno et al., 2022). Therefore, rapid diagnosis is crucial to prevent and control an epidemic of M. hyopneumoniae. Currently, the main detection methods regarding M. hyopneumoniae in swine include isolation culture, serologic assays and nucleic acid assays. Although identification of M. hyopneumoniae through bacterial culture is regarded as the “gold standard”, isolation is difficult due to its fastidious growth requirements and slow growth rate (Dubosson et al., 2004; Thacker, 2004). Many serological assays for M. hyopneumoniae have been developed to monitor the health status of pig herds (Ding et al., 2021; Feng et al., 2014; Liu et al., 2016), but most serological assays cannot distinguish between natural infections and vaccinated animals, leading to potential false-positive results (Sibila et al., 2009). Nucleic acid assays for M. hyopneumoniae, such as polymerase chain reaction (PCR) (Cai et al., 2007; Canturri et al., 2024), nested PCR (nPCR) (Calsamiglia et al., 1999; Moiso et al., 2020) and real-time quantitative PCR (qPCR) (Dubosson et al., 2004; Strait et al., 2008), have been used for detection in the laboratory. Moreover, the PCR, nPCR and qPCR detection methods for M. hyopneumoniae were also adopted in the Chinese national standard (GB/T 35909-2018), Chinese agricultural industry standard (NY/T 1186-2017) and Chinese entry–exit inspection and quarantine industry standard (SN/T 4104-2015). However, relatively expensive instruments such as PCR machines and electrophoresis apparatus are necessary to perform these tests, which restrict their use in many small front-line laboratories. Techniques such as recombinase polymerase amplification (Liu et al., 2019), recombinase-aided amplification (RAA) (Li et al., 2023) and loop-mediated isothermal amplification (Li et al., 2013) have been developed as alternative approaches. Compared to traditional PCR technology, isothermal amplification does not need expensive experimental equipment and consumables, and therefore has a wider application range and easier operation. However loop-mediated isothermal amplification requires more than four specific primers and complicated primer design. In addition RAA and recombinase polymerase amplification are susceptible to non-specific amplification at low template concentrations or in the absence of a template because they operate under isothermal conditions.

In recent years, the CRISPR/Cas system, combined with the shorter CRISPR RNA (crRNA) and Cas proteins (Yuan et al., 2022), has emerged as a potential tool for rapid, sensitive and highly-specific molecular diagnosis (van Dongen et al., 2020), which relies on the cleavage preferences of Cas12 or Cas13 in a nonspecific way after binding to a specific target DNA or RNA through crRNA (Li et al., 2018a). Among those, the Cas12a-based system using a single-stranded DNA probe is more suitable for the detection of bacterial pathogens (Chen et al., 2018; Yao et al., 2018). The combination of the CRISPR/Cas system with isothermal amplification can be easily used for the detection of nucleic acids, such as SHERLOCK (Kellner et al., 2019), DETECTR (Chen et al., 2018) and HOLMES (Li et al., 2018b), and the result can be combined with fluorescent probes or immunochromatography technology to express results. CRISPR/Cas12a-based detection has been successfully applied to detect porcine respiratory bacterial pathogens, such as Actinobacillus pleuropneumoniae (A. pleuropneumoniae), Streptococcus suis (S. suis), Haemophilus parasuis (H. parasuis) and Pasteurella multocida (P. multocida) (Hao et al., 2023; Luan et al., 2022; Wang et al., 2024; Zhang et al., 2023).

The P36 gene of M. hyopneumoniae is suitable for designing primer and probe to enhance detection accuracy and sensitivity (Caron et al., 2000). It enables rapid and precise identification of M. hyopneumoniae in clinical samples for early diagnosis and treatment. The P36 gene of M. hyopneumoniae has previously been reported in PCR and loop-mediated isothermal amplification (LAMP) detection methods (Caron et al., 2000; Liu et al., 2015). In this study, primers for RAA and crRNA in vitro transcription templates based on the P36 gene of M. hyopneumoniae were designed. A rapid detection platform for M. hyopneumoniae based on RAA with the CRISPR/Cas12a system was successfully developed, which was not only highly sensitive and specific, but even suitable for detection at front-line sites. It provides a highly-convenient method of microbial quality control of specific pathogen-free pigs and of field diagnosis and detection in the swine industry.




2 Materials and methods



2.1 Pathogenic nucleic acids and clinical samples

Genomic (DNA or cDNA) of M. hyopneumoniae, Mycoplasma hyorhinis (M. hyorhinis), A. pleuropneumoniae, H. parasuis, S. suis, P. multocida, porcine reproductive and respiratory syndrome virus (PRRSV), swine influenza virus (SIV), porcine circovirus type 2 (PCV2), pseudorabies virus (PRV), Mycoplasma capricolum (M. capricolum), Mycoplasma synoviae (M. synoviae) and Mycoplasma gallisepticum (M. gallisepticum) were stored in the State Key Laboratory for Animal Disease Control and Prevention, Harbin Veterinary Research Institute, Chinese Academy of Agricultural Sciences. In addition, we gratefully acknowledge the contribution of 51 lung tissue samples and 25 nasal swab samples from pigs, kindly provided by other laboratories at the Harbin Veterinary Research Institute. The Animal Ethics Committee of Harbin Veterinary Research Institute did not require ethical review or approval for this study.




2.2 Design and synthesis of crRNA

The P36 gene of M. hyopneumoniae has been shown to be highly homologous (Caron et al., 2000), so we selected it as a test gene and used fragments of the conserved region for the design of crRNA. Four DNA templates for crRNA synthesis were designed using the CHOPCHOP online tool (Montague et al., 2014). The four DNA templates were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China). The four DNA templates underwent an annealing heat treatment. Subsequently, in vitro transcription was performed by incubating at 37°C for 16 hours, following the instructions provided by the HiScribe T7 Quick High Yield RNA Synthesis kit (New England Biolabs, Beverly, MA, USA). The final transcription products were treated with DNase I (New England Biolabs) to remove residual DNA template and purified using the Monarch RNA Cleanup Kit Protocol Card (New England Biolabs). The concentration of the final crRNA was measured using a NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and stored at -80°C for future use. The sequences of all oligonucleotides synthesized in this study are presented in Table 1.


Table 1 | Primers and probes used in this study.






2.3 Preparation of standard plasmid

Plasmid was constructed by PCR amplification of genomic DNA using the primer pairs Mhp P36 F1 and R1 (Table 1) designed in the conserved regions of the P36 gene. The PCR products were purified using a gel extraction kit (Omega, Norcross, GA, USA) according to the manufacturer’s instructions. The purified fragments were ligated into the pMD-18T vector (Takara Bio Inc., Dalian, China) and transformed into DH5α competent cells (Takara Bio Inc.) for overnight culture, resulting in plasmid isolation. The concentration of the plasmid was measured using a NanoDrop spectrophotometer (Thermo Fisher Scientific), and the standard plasmid copy number was calculated using the following formula: copies/μL = (A260 (ng/μL) × 10−9 × 6.02 × 1023)/(DNA length × 650). A ten-fold dilution series ranging from 1 × 108 to 1 × 10-1 copies/μL of the standard plasmid was prepared using EASY Dilution (Takara Bio Inc.) and stored at -20°C for subsequent experiments.




2.4 RAA amplification and primer design

Standard RAA reactions were conducted according to the instructions of the Basic Nucleic Acid Amplification Kit (ZC Bio-Sci&Tech Co. Ltd, Hangzhou, China). Each reaction mixture contained 25 µL of A Buffer, 2 µL each of forward and reverse primers (10 µM), 5 µL of genomic DNA, 2.5 µL of B buffer, and 13.5 µL of nuclease-free H2O. The mixture was incubated in a water bath at 39°C for 30 min. Six primer pairs, denoted as RAA-F1/R1, RAA-F2/R2, RAA-F3/R3, RAA-F4/R3, RAA-F4/R4, and RAA-F4/R2 (Table 1), were generated using Primer 5.0 software. These primers were designed based on sequences flanking the crRNA probe region, ensuring no overlap with the crRNA region. The design parameters for these primers include a product length range of 150-250 bp, primer length between 30 and 35 bp, and GC content ranging from 30% to 70%.




2.5 Screening of RAA primers and optimization of amplification time

Six primer pairs (RAA-F1/R1, RAA-F2/R2, RAA-F3/R3, RAA-F4/R3, RAA-F4/R4 and RAA-F4/R2) (Table 1) were used to perform RAA reactions separately serving standard plasmids of 1 × 103 copies/µL as a template. Primer pairs with higher amplification efficiency and specificity were conceived as candidates. Then, the amplification template was switched from standard plasmid to genome, and following the above procedure, the primer pair with the highest specificity and amplification efficiency among the candidate primer pairs was selected for subsequent experiments. Furthermore, we explored the optimal RAA amplification time. Reaction times of 15 min, 20 min, 25 min and 30 min were tested, with each experiment repeated three times. By comprehensively analyzing the fluorescence generation time, fluorescence curve trends, and fluorescence intensity influenced by the five different RAA reaction times, the optimal RAA reaction time was determined.




2.6 Establishment and optimization of the CRISPR/Cas12a reaction system

The unoptimized reaction system (50 μL) consisted of the following mixture: 1 μL LbCas12a (5 µM) (Bio-lifesci Co., Ltd., Guangzhou, China), 5 μL 10× buffer, 2 μL crRNA (5 µM) (in vitro synthesis), 2 μL ssDNA reporter probe (10 µM) (Sangon Biotech Co., Ltd., Shanghai, China), 3 μL template, with the remainder made up with nuclease-free H2O. The mixture was incubated for 25 min at 37°C in a water bath and a microplate reader was used for detection (PerkinElmer, Waltham, MA, USA). The crRNA was screened using this reaction system and conditions and the most suitable crRNA was identified based on the final fluorescence intensity and reaction efficiency for subsequent experiments. In the assay, the final concentrations of LbCas12a, crRNA and ssDNA were optimized using the checkerboard method to optimize concentrations of LbCas12a and crRNA by fixing other components, which was set up with 30, 60, 120, 180 and 240 nM of crRNA and 20, 40, 60, 80, 100 and 200 nM of LbCas12a. ssDNA was optimized by fixing other components and adjusting the concentration to 100, 200, 300, 400 and 500 nM. Experimental data measured using a microplate reader (PerkinElmer) were processed to determine the optimal concentrations of LbCas12a, crRNA and ssDNA for the final reaction system.




2.7 Readout formats

The results can be expressed in terms of fluorescence using a microplate reader and visualized under blue light or through lateral flow assay (LFA). For fluorescence detection, the ssDNA reporter is labeled with FAM and BHQ1 in the fluorescent and quencher groups, respectively. We use a microplate reader (PerkinElmer) with excitation and emission wavelengths set at 494 nm and 518 nm to measure the fluorescence intensity. Additionally, a blue light transilluminator can be used to observe fluorescence, where the presence of green fluorescence serves as an indicator of the target DNA’s existence. For LFA detection, the ssDNA reporter is labeled with FAM and biotin at the 5’ and 3’ ends, respectively. Following the instructions, we place the lateral flow assay strip (GenDx Biotech Co., Ltd., Suzhou, China) into the incubation product, yielding results within 2 min. The lateral flow strip comprises three distinct sections: the sample zone, the control line and the test line. The sample zone is coated with gold-labeled anti-FAM antibodies. The control line area is covered with streptavidin, which captures uncleaved ssDNA reporter molecules labeled with biotin. The test line area is coated with anti-mouse antibodies designed to detect the cleaved ssDNA reporter labeled with gold nanoparticles. For negative samples, the gold-labeled anti-biotin antibodies fully bind to the abundant biotin-labeled ssDNA reporter, resulting in complexes that are intercepted by anti-FAM antibodies at the control line. Conversely, for positive samples, the ssDNA reporter is cleaved, leading to the accumulation of gold-labeled anti-biotin antibody at the test line. The colorimetric process should ideally be completed within 4 min. Positive results are indicated by the presence of a red control line and test line, or only a red test line. In contrast, results are considered negative when only the control line shows a red color, and invalid when no lines are displayed.




2.8 Specificity and sensitivity of the RAA-CRISPR/Cas12a fluorescence detection method

In order to investigate the specificity of the RAA-CRISPR/Cas12a fluorescence detection method, genome DNA of M. hyopneumoniae, M. hyorhinis, A. pleuropneumoniae, H. parasuis, S. suis, P. multocida, PCV2, PRV, M. capricolum, M. synoviae and M. gallisepticum and genome cDNA of PRRSV and SIV were detected by the final reaction system. Meanwhile, nuclease-free H2O was used as a negative control.

To evaluate the sensitivity of the RAA-CRISPR/Cas12a fluorescence detection method, 10-fold dilutions of standard plasmids ranging from 1 × 104 to 1 × 10-1 copies/μL and 5 copies/μL of standard plasmid were used as templates to determine the limit of detection (LoD) for the RAA-CRISPR/Cas12a-fluorescence. Additionally, using the 10-fold dilution of 1 × 108–1 × 10-1 copies/μL of the standard plasmid as templates, we tested the sensitivity of qPCR according to the recommended Chinese entry–exit inspection and quarantine industry standard (SN/T4104-2015). The qPCR reaction mixture (20 μL) contained 10 μL Premix ExTaq (probe qPCR) (2×), 0.4 μL of each Mhp-SN-F/R primer (10 µM), 0.8 μL Mhp-SN-probe (10 µM), 0.4 μL Rox Reference DyeII, 5 μL template and 3 μL nuclease-free H2O. The cycling conditions were set as follows: initial denaturation at 95°C for 3 min, subsequently proceeding to 40 cycles, each consisting of denaturation at 95°C for 15 seconds and annealing at 55°C for 45 seconds.




2.9 Optimization of the RAA-CRISPR/Cas12a LFA time

The reaction time of the RAA-CRISPR/Cas12a lateral flow assay was optimized for use in the final reaction system. Four sets with reaction times of 5 min, 10 min, 15 min and 20 min were optimized using 1 × 102 copies/µL of standard plasmid as templates, and incubated in a 37°C water bath to determine the minimum reaction time. The optimal reaction time was selected by observing the test line and control line.




2.10 Specificity and sensitivity of the RAA-CRISPR/Cas12a LFA

In order to evaluate the specificity of the RAA-CRISPR/Cas12a LFA, the thirteen pathogens M. hyopneumoniae, M. hyorhinis, A. pleuropneumoniae, H. parasuis, S. suis, P. multocida, PRRSV, SIV, PCV2, PRV, M. capricolum, M. synoviae and M. gallisepticum were analyzed. Nuclease-free H2O was used as a negative control.

For sensitivity assessment, 10-fold serial dilutions of 1 × 104–1 × 10-1 copies/μL and 5 copies/μL of the standard plasmid were used as templates to determine the LoD for the RAA-CRISPR/Cas12a LFA.

Specificity and sensitivity of M. hyopneumoniae were determined by observing the control and detection lines of the test strips.




2.11 Assays of clinical sample

Genomic DNA was extracted from 51 lung tissue samples (17 apical lobes, 17 cardiac lobes and 17 diaphragmatic lobes) using a blood/cell/tissue genomic DNA extraction kit (Tiangen Biotech Co. Ltd., Beijing, China) and from 25 nasal swab samples using a bacterial genomic DNA extraction kit (Tiangen Biotech Co. Ltd.). The DNA samples were tested using the final RAA-CRISPR/Cas12a-fluorescence and RAA-CRISPR/Cas12a LFA. To validate the clinical performance, the same samples were analyzed by PCR recommended by the Chinese national standard (GB/T 35909-2018) and qPCR recommended by the Chinese entry–exit inspection and quarantine industry standard (SN/T4104-2015). Genomic DNA of M. hyopneumoniae and nuclease-free H2O were used as positive and negative controls, respectively. The reaction mixture (25 μL) for PCR contained 12.5 μL 2× Taq PCR StarMix (Dye), 2 μL of each Mhp-GB-F/R primer (10 µM), 3 μL template and 5.5 μL nuclease-free H2O. The reaction conditions were set as follows: pre-denaturation at 94°C for 2 min, followed by PCR performed for 30 cycles of denaturation at 94°C for 30 s, annealing at 60°C for 30 s, and extension at 72°C for 1 min, followed by a final extension at 72°C for 10 min.




2.12 Statistical analysis

Data analysis and graphic design were processed by GraphPad Prism v.8.1.2 software. Data in the figures are presented as the mean ± standard deviation. One-way analysis of variance (ANOVA) was used for multigroup comparisons. All comparisons were considered statistically significant at P < 0.05 and highly significant at P < 0.001.





3 Results



3.1 Schematic representation of the RAA combined with CRISPR/Cas12a system rapid detection platform

An overview of the rapid detection platform for M. hyopneumoniae based on RAA-CRISPR/Cas12a is depicted in Figure 1. First, genomic DNA is extracted from bacterial culture using a bacterial genomic DNA extraction kit. Next, the target DNA is amplified through RAA at 39°C, followed by transfer of the RAA products into the CRISPR/Cas12a reaction system. Finally, the presence of M. hyopneumoniae is determined by visual inspection under blue light, utilization of a lateral flow assay, or fluorescence measured using a microplate reader. The entire process can be completed within one hour.




Figure 1 | Schematic diagram of the combined RAA–CRISPR/Cas12a system. The procedure comprised four main steps, i) extraction of the genome from pure cultures of bacteria; ii) isothermal amplification; iii) complex formation of Cas12a, crRNA, and isothermal amplification products, as well as activation and cleavage of fluorescently-labeled reporter genes by Cas12a; and iv) readout of results by the naked eye, flowmeter strips, or fluorescence.






3.2 Screening of RAA primers and optimization of amplification time

Because the primer sequences are important in RAA amplification, primer screening is necessary. We used standard plasmid and DNA of M. hyopneumoniae as templates to identify the optimal primer pair. Four primer pairs (RAA-F1/R1, RAA-F2/R2, RAA-F4/R4, RAA-F4/R2) were selected using a standard plasmid of 1 × 103 copies/µL as a template based on the amplification profile (Figure 2A). Then, RAA-F1/R1 was selected for subsequent experiments, as it exhibited the most efficient performance as well as being highly specific when tested using DNA of M. hyopneumoniae as a template (Figure 2B). Based on the five sets of reaction times designed for the RAA, the optimal RAA reaction time was determined to be 15 min by considering the fluorescence intensity and background fluorescence values influenced by different reaction durations (Figure 2C, P < 0.001).




Figure 2 | Screening of RAA primers and optimization of amplification time. (A) Screening primer pairs based on standard plasmid of 1 × 103 copies/µL, lanes 1–6 represent the primer pairs RAA-F1/R1, RAA-F2/R2, RAA-F3/R3, RAA-F4/R3, RAA-F4/R4 and RAA-F4/R2, respectively. (B) Screening primer pairs by DNA of M. hyopneumoniae, lanes 1–4 represent the primer pairs RAA-F1/R1, RAA-F2/R2, RAA-F4/R4 and RAA-F4/R2, respectively. (C) Optimization of RAA reaction time, tested at 15, 20, 25 and 30 min, with nuclease-free H2O as a negative control (NC). ***p < 0.001.






3.3 Screening crRNA and optimization of the reaction system

Four designed crRNA probes were capable of recognizing distinct 24-nucleotide regions of the P36 gene (Figure 3A). Among them, crRNA 1 exhibited the highest fluorescence value (Figure 3B) and the fastest reaction rate. Therefore, crRNA 1 was selected for use in subsequent experiments. The final optimized reaction system comprised 0.6 μL LbCas12a (final concentration of 60 nM) (Figure 3D), 5 μL 10 × buffer, 1.8 μL crRNA (final concentration of 180 nM) (Figure 3D), 2 μL ssDNA reporter probe (final concentration of 400 nM) (Figure 3C), and 3 μL RAA product, with the volume made up to 50 μL with nuclease-free H2O.




Figure 3 | Screening of specific crRNA for the P36 gene and optimization of the CRISPR/Cas12a reaction system. (A) Positional information of the four crRNAs. (B) Performance of the four crRNAs was determined by testing the DNA of M. hyopneumoniae. (C) The optimal fluorescence curves were compared with different concentrations of ssDNA reporter in the CRISPR/Cas12a reaction system. (D) Optimization of LbCas12a and crRNA concentrations by the checkerboard method. Endpoint fluorescence readings with LbCas12a (20, 40, 60, 80, 100 and 200 nM) and different concentrations (30, 60, 120, 180 and 240 nM) of crRNA, with nuclease-free H2O as a negative control (NC).






3.4 Specificity and sensitivity of the RAA-CRISPR/Cas12a fluorescence detection system

Genomic DNA of M. hyopneumoniae, M. hyorhinis, A. pleuropneumoniae, H. parasuis, S. suis, P. multocida, PCV2, PRV, M. capricolum, M. synoviae and M. gallisepticum and genomic cDNA of PRRSV and SIV as templates were tested to evaluate the specificity of the RAA-CRISPR/Cas12a-fluorescence system. Only DNA of M. hyopneumoniae reacted rapidly with high fluorescence intensity (P < 0.001) and did not cross-react with other pathogens (Figure 4A). The results showed that the RAA-CRISPR/Cas12a fluorescence detection system was highly specific.




Figure 4 | Specificity and sensitivity of the RAA-CRISPR/Cas12a fluorescence for M. hyopneumoniae. (A) Specificity for thirteen pathogens (M. hyopneumoniae, M. hyorhinis, A. pleuropneumoniae, H. parasuis, S. suis, P. multocida, PRRSV, SIV, PCV2, PRV, M. capricolum, M. synoviae and M. gallisepticum) was determined by reading the endpoint fluorescence. (B) The sensitivity of the RAA-CRISPR/Cas12a fluorescence for the serially-diluted 10-fold 1 × 104 to 1 × 10-1 copies/µL and 5 copies/μL of standard plasmids. (C) The sensitivity of qPCR (SN/T4104-2015) for the serially diluted standard plasmid. The numbers 1–10 represent the 1 × 108 to 1 × 10-1 copies/µL. The “S” indicates the standard for positive samples, with nuclease-free H2O as a negative control (NC). ***p < 0.001.



A 10-fold serial dilution series and 5 copies/μL of standard plasmids were used as templates for the RAA-CRISPR/Cas12a-fluorescence. The result showed that the LoD of the fluorescence assay was 1 copy/μL for M. hyopneumoniae (Figure 4B, P < 0.001). At the same, the qPCR recommended by entry–exit inspection and quarantine industry standard (SN/T4104-2015) detected 1 × 102 copies/μL (CT < 36) (Figure 4C). This result indicates that the fluorescence assay is highly sensitive, being 100-fold more sensitive than qPCR.




3.5 Optimization of the RAA-CRISPR/Cas12a LFA time

The reaction time of the RAA-CRISPR/Cas12a lateral flow assay was optimized based on the final reaction system. When 1 × 102 copies/µL of standard plasmid was used as a template, the lateral flow strip only displayed the detection line after incubation for 15 min and 20 min (Figure 5), indicating that it takes a minimum of 15 min for the reaction to be complete. Thus the shortest available reaction time for the RAA-CRISPR/Cas12a LFA was 15 min.




Figure 5 | Optimization of the RAA-CRISPR/Cas12a LFA time. For optimization of the reaction time (5, 10, 15 and 20 min) 1 × 102 copies/µL of standard plasmid was used as a template, with nuclease-free H2O as a negative control (NC).






3.6 Specificity and sensitivity of the RAA-CRISPR/Cas12a LFA

The specificity of the RAA-CRISPR/Cas12a LFA was evaluated for the thirteen pathogens M. hyopneumoniae, M. hyorhinis, A. pleuropneumoniae, H. parasuis, S. suis, P. multocida, PRRSV, SIV, PCV2, PRV, M. capricolum, M. synoviae and M. gallisepticum based on the final reaction system. In the LFA strips the test line was only visible with M. hyopneumoniae, for the others only the control line appeared (Figure 6A). The sensitivity of the RAA-CRISPR/Cas12a LFA was analyzed using a 10-fold serial dilution and 5 copies/μL of standard plasmids. The LoD was 5 copies/μL (Figure 6B).




Figure 6 | Specificity and sensitivity of the RAA-CRISPR/Cas12a LFA for M. hyopneumoniae. (A) Specificity for thirteen pathogens (M. hyopneumoniae, M. hyorhinis, A. pleuropneumoniae, H. parasuis, S. suis, P. multocida, PRRSV, SIV, PCV2, PRV, M. capricolum, M. synoviae and M. gallisepticum) was determined by observing the development of the red line. (B) Sensitivity of the RAA-CRISPR/Cas12a LFA for the serially diluted 10-fold 1 × 104 to 1 × 10-1 copies/µL and 5 copies/μL of standard plasmids, with nuclease-free H2O as a negative control (NC).






3.7 Application in clinical samples

In order to evaluate the performance of the established detection platform, 51 lung tissues samples and 25 nasal swab samples were tested using the final RAA-CRISPR/Cas12a fluorescence/LFA (Figure 7). The positive rates for 51 lung tissue samples and 25 nasal swab samples were 100% (51/51) and 28% (7/25) in RAA-CRISPR/Cas12a fluorescence (Table 2, Figure 7, P < 0.05). The same results were obtained by RAA-CRISPR/Cas12a LFA (Table 2, Figure 7). To verify the accuracy of the method, we tested the clinical samples using PCR as recommended by the Chinese national standard (GB/T 35909-2018) and qPCR as recommended by the Chinese entry–exit inspection and quarantine industry standard (SN/T4104-2015). The PCR results indicated a positive rate of 96% (49/51) among 51 lung tissue samples, and the nasal swab samples exhibited a 0% (0/25) positive rate among 25 samples (Table 2). Additionally, the 51 lung tissue samples tested by qPCR were 100% (51/51) positive, meanwhile, the nasal swab samples showed a 16% (4/25) positive rate among the 25 samples examined (Table 2). The results obtained using the RAA-CRISPR/Cas12a fluorescence/LFA method were consistent with those obtained from PCR (GB/T 35909-2018) and qPCR (SN/T4104-2015). This suggests that the novel approach is not only accurate and reliable but also exhibits a higher sensitivity.




Figure 7 | Detection of M. hyopneumoniae in clinical samples. Samples from (A, a) lung apical lobes, (B, b) lung cardiac lobes, (C, c) lung diaphragmatic lobes and (D, d) nasal swab samples were tested using the RAA-CRISPR/Cas12a detection system. The “+” indicates the positive sample.




Table 2 | Detection of clinical samples by the RAA-CRISPR/Cas12a system, qPCR and PCR methods.







4 Discussion

M. hyopneumoniae has a significant economic impact on the swine industry (Maes et al., 2021). M. hyopneumoniae infection is widespread globally and prone to facilitating concurrent infections among animals, particularly with other porcine respiratory pathogens (Maes et al., 2020). Currently, the molecular diagnostic techniques of PCR, nPCR and qPCR are well established in the literature (Cai et al., 2007; Calsamiglia et al., 1999; Canturri et al., 2024; Chen et al., 2018; Dubosson et al., 2004; Moiso et al., 2020; Strait et al., 2008) and in the Chinese national standard (GB/T 35909-2018), the Chinese agricultural industry standard (NY/T 1186-2017) and the Chinese entry–exit inspection and quarantine industry standard (SN/T4104-2015). Although these techniques have been widely validated as useful tools for detecting the disease, they are still not convenient for use in frontline sites due to the requirements for expensive instruments and specialized operating systems. Therefore, we envisaged an urgent need for a method for detection of M. hyopneumoniae based on the combination of RAA and CRISPR/Cas12a which required minimal equipment, and was highly sensitive and capable of rapid detection.

RAA, a novel isothermal nucleic acid amplification technique, enables rapid amplification of DNA or RNA within 30 min at relatively low temperatures (37–42°C) using a simple water bath (Li et al., 2023). This technology relies on three fundamental enzymes: recombinase, single-stranded DNA-binding protein (SSB) and strand-displacing DNA polymerase (Li et al., 2020; Tu et al., 2021), which replace the denaturation cycles required in conventional PCR. The CRISPR/Cas system, known for its reliability, sensitivity, and specificity, has emerged as a valuable tool for genomic editing and nucleic acid diagnosis (Fapohunda et al., 2022), but the CRISPR/Cas12a system is more suitable for the detection of bacteria. Combining RAA with the CRISPR/Cas12a system (Chen et al., 2018; Yao et al., 2018), when the target nucleic acid is present, the specific product is amplified by RAA and specifically recognized by Cas12a protein and crRNA complex, and at the same time, the Cas12a trans-cutting activity is activated, which cuts the fluorescent reporter probes and emits fluorescence to judge the detection results (Chen et al., 2018). Moreover, a cost analysis comparison of PCR, qPCR, and CRISPR/Cas12a has been reported (Wang et al., 2024), which revealed that the CRISPR/Cas12a system is the easiest to operate and the least demanding in terms of instrumentation, while also allowing for high-throughput assays, both in the laboratory and in on-farm settings.

In our study, we confirmed that RAA-F1/R1 and crRNA 1 serve as the most suitable primer pair and crRNA in the conserved M. hyopneumoniae P36 gene. For RAA we performed the amplification at 37°C for 15 min, which is 15 min shorter than the time given in the initial instructions. We presented the RAA-CRISPR/Cas12a system results in two forms, either measuring fluorescence values with a microplate reader or using lateral flow test strips. The RAA-CRISPR/Cas12a fluorescence and RAA-CRISPR/Cas12a LFA both proved to be highly specific for M. hyopneumoniae and showed no cross-reactivity with other pathogens (M. hyorhinis, A. pleuropneumoniae, H. parasuis, S. suis, P. multocida, PRRSV, SIV, PCV2, PRV, M. capricolum, M. synoviae and M. gallisepticum). The sensitivity test revealed a LoD of 1 copy/μL and 5 copies/μL of the RAA-CRISPR/Cas12a-fluorescence assay and RAA-CRISPR/Cas12a- LFA, respectively. Both of these methods can serve as the qualitative test for samples, rather than quantitative analysis. Furthermore, we tested 51 lung tissue samples and 25 nasal swab samples with the RAA-CRISPR/Cas12a system to verify its practicality and usefulness in clinical samples. Fifty-one (100%) positive lung tissue samples and seven (28%) positive nasal swab samples were detected by the RAA-CRISPR/Cas12a fluorescence and RAA-CRISPR/Cas12a LFA, respectively. It can be seen that M. hyopneumoniae infection in pigs should not be ignored and should be detected in time to prevent the spread of the infection. Meanwhile, we also tested the 51 lung tissue samples and 25 nasal swab samples by the PCR method recommended by the Chinese national standard (GB/T35909-2018) and by the qPCR method recommended by the Chinese entry–exit inspection and quarantine industry standard (SN/T4104-2015) to verify the accuracy of the RAA-CRISPR/Cas12a system. Forty-nine (96%) of the 51 lung tissue samples and 0 (0%) of the 25 nasal swab samples were detected by PCR. The qPCR testing revealed that 51 (100%) of the 51 lung tissue samples were positive, whereas 4 (16%) of the 25 nasal swab samples tested positive. The results showed consistency rates of 100% between the three methods. Above all, compared with PCR and qPCR, the RAA-CRISPR/Cas12a system is not only more sensitive, but also significantly more stable.




5 Conclusion

In conclusion, RAA-CRISPR/Cas12a was established and used as a rapid, highly specific, cost-effective diagnostic and portable detection method for M. hyopneumoniae. The method can be used in a high-throughput mode in swine fields or microbiology diagnostic laboratories, with results obtained in less than one hour. It provides an effective means for field diagnosis of M. hyopneumoniae and microbiological quality control of experimental swine.
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