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Enterospora artemiae, an obligate intracellular parasitic microsporidium, severely affects the development of Chinese grass shrimp (Palaemonetes sinensis) aquaculture. Currently, no effective drugs or vaccines are available for treatment. To improve the diagnosis and prevention of microsporidia infection in P. sinensis, two recombinase polymerase amplification (RPA) detection methods (visualized by electrophoresis [RPA-AGE] and a colloidal gold lateral flow dip-strip [RPA-LFD], respectively) were established based on the E. artemiae S8 serine protease gene. RPA-AGE showed optimal amplification at 37°C for 30 min, and amplification by RPA-LFD was completed in 10 min at 37°C and produced detection results within 5 min. Regarding specificity, both methods showed specific amplification of E. artemiae but not of other pathogens. Regarding sensitivity, the minimum detection limit for both RPA-AGE and RPA-LFD was 4.7 copies/μL. Using 30 clinical samples, the 70%-positive rate was lower than that of fluorescence quantitation, but accuracy was improved compared with conventional polymerase chain reaction-based amplification (56.7%). Our RPA-AGE and RPA-LFD methods showed high specificity and sensitivity, with short detection time. In particular, the RPA-LFD method can be used for simple on-site detection of E. artemiae in P. sinensis farms without the requirement of experimental equipment, which can facilitate the prevention and control of this microsporidial disease.
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1 Introduction

The Chinese grass shrimp Palaemontes sinensis (Decapoda, Palaemonidae) is a small crustacean with high consumer preference in China. Moreover, P. sinensis is of ornamental value and shows environmental tolerance (Oonuki et al., 2010; Jiang et al., 2016; Bao et al., 2017; Bao et al., 2018), making it a promising species for large-scale artificial culture. However, with the rapid development of aquaculture, diseases of P. sinensis have emerged (Li et al., 2018; Jiang et al., 2020; Cao et al., 2022). In recent years, many farmed shrimp have become infected with a microsporidium. Jiang et al. (2020) identified Enterocytospora artemiae as the main parasite in the hepatopancreas of P. sinensis based on molecular biology and electron microscopy. After severe infection, the typical body transparency of the affected shrimp decreases, and the hepatopancreas and muscles show white turbidity. Large numbers of microsporidia may be observed in the hepatopancreas by smear observation (Jiang et al., 2020).

The high infection rate of E. artemiae severely limits the healthy development of rice field and pond cultures of P. sinensis in northern China. E. artemiae is an obligate intracellular parasitic fungus belonging to a branch of the Enterospora-like clade (Rode et al., 2013), and there are currently no effective drugs for treatment. Therefore, effective and rapid identification of this pathogen and avoiding transmission are the most effective preventive measures. At present, detection of E. artemiae mainly relies on histological and molecular methods (Rode et al., 2013; Jiang et al., 2021). However, histological detection requires the presence of a large number of parasites or characteristic lesions in the tissues and organs. Therefore, infection may be easily missed or misjudged when the pathogen load is low or when tissue samples are not processed adequately. Polymerase chain reaction (PCR)-based diagnosis has been commonly used for these infections because of its simplicity and rapid detection. Quantitative PCR (qPCR) and nested PCR are the two most commonly used methods for detecting E. artemiae (Rode et al., 2013; Jiang et al., 2021). However, these approaches depend on the availability of thermocyclers and thus testing is typically limited to a laboratory. In addition, these methods are time-consuming, laborious, and require specific skills and technical expertise (Table 1).


Table 1 | The advantages and disadvantages of PCR, qPCR, RPA-AGE and RPA-LFD detection method.



Recombinase polymerase amplification (RPA) is a newly developed and commonly applied nucleic acid amplification method that can help achieve the miniaturization of detection equipment and thus facilitate simple on-site detection (Moore and Jaykus, 2017; Wand et al., 2018; Ma et al., 2019). The underlying principle is the formation of a protein–DNA complex by the combination of recombinase and primers, which then recognizes homologous sequences in double-stranded DNA and initiates DNA amplification. The important advantages of this technology include the convenience of amplification under constant temperature, fast reaction speed, and limited requirements for hardware (Daher et al., 2016; Lillis et al., 2016; Lobato and O'Sullivan, 2018). RPA can also be combined with a lateral flow dip-strip (LFD), which is used to detect the product after target amplification using biotin-labeled primers and carboxyl fluorescein-labeled probes. For this approach, the amplification products are coated with gold nanoparticles with a carboxyl fluorescein antibody and the detection line is coated with a biotin antibody. When the reaction solution enters the test strip, the amplification products with carboxyl fluorescein and biotin form biotin antibody–nucleic acid–gold nanoparticle complexes, leading to the development of color on the detection line through antigen–antibody binding (Zhang et al., 2019; Wang et al., 2022). Detection results can be visually assessed with the naked eye within 5 min (Table 1).

At present, detection of P. sinensis microsporidia in aquafarms requires transporting the collected samples to a laboratory in order to complete the time-consuming testing procedures, which is also financially costly. Thus, to overcome the limitations of current PCR-based detection methods, in this study, we developed two RPA detection methods of P. sinensis, visualized by electrophoresis (RPA-AGE) and using the LFD test strip (RPA-LFD), respectively. The current PCR detection method of microsporidia mainly uses ribosomal DNA as the target, which can also produce non-specific amplification in similar species. To improve the specificity and sensitivity of our RPA methods, we selected the S8 serine protease gene. Serine protease is an important hydrolase with serine as the active center, catalyzing and hydrolyzing the specific amino acids of the substrate. The S8 serine protease family has three unique catalytically active sites (aspartic acid, histidine, and serine residues) and one substrate-binding site. Although these active domains are highly conserved, the complete amino acid sequences are more diverse, with less than 20% similarity for some protein sequences. Therefore, S8 serine protease gene is considered to be suitable for target gene detection (Beers et al., 2004; Laskar et al., 2011).

Our new RPA methods can provide an important practical advance to achieve the rapid diagnosis of E. artemiae in the field, which is of considerable importance for the prevention and control of this microsporidia disease in Chinese grass shrimp.



2 Materials and methods


2.1 Sample collection

P. sinensis shrimp were purchased from three farms in Panjin City, Liaoning province, China, which were transported to the aquaculture laboratory of Shenyang Agricultural University. The shrimp were temporarily cultured in three 300-L circular aquaria for seven days during which they were fed artificial compound feed twice, and one third of the water was exchanged each day. After this period, 10 shrimp of each farm were randomly selected to determine the E. artemiae prevalence using different methods. During the sampling process, live shrimp were anesthetized by placing them on ice for 5 min, and the hepatopancreas was quickly removed and placed in a centrifuge tube containing 100% alcohol for detection and analysis.



2.2 DNA extraction

DNA was extracted from the hepatopancreas of P. sinensis using a Tiangen Marine Animal DNA Kit (Tiangen Biotech Co. Ltd., Beijing, China), according to the manufacturer’s instructions. The concentration of extracted DNA was measured using an ultra-micro spectrophotometer (K5500, Beijing Kaiao Technology Development Co., Ltd., Beijing, China) and was stored at –20°C until analysis.



2.3 Primer design

Three pairs of RPA primers were designed based on the S8 serine protein gene (GenBank accession number: ON182063) and according to the instructions of the DNA constant-temperature rapid amplification kit (WeiFang Amp Future Biotech Co., Ltd., WeiFang, China), using Premier 5.0 software. The most suitable primers (Table 2) were determined through testing. Real-time fluorescence qPCR and conventional PCR detection primers and reaction procedures were performed as described by Jiang et al. (2021).


Table 2 | Primer sequences and product size for different detection methods.





2.4 Preparation of the plasmid standard

An S8 serine protein gene fragment (681 bp, obtained by simple genome sequencing) of E. artemiae was amplified through PCR. The amplification product was recovered using FastPure Gel DNA Extraction Mini Kit (Vazyme, Nanjing, China), and the DNA fragment was integrated in a PMD™19-T Vector (Takara, Shiga, Japan). Subsequently, the recombinant plasmid was transferred into E. coli DH5α cells (Sangon, Shanghai, China) and the cells were cultured on LB plates containing X-Gal, IPTG, and Ampicillin at 37°C overnight. Next, the positive cells were picked out for LB liquid culture after identification of positive clones by sequencing with universal primer M13 (Table 2). Then, plasmids were extracted using a FastPure Plasmid Mini Kit (Vazyme). The concentration of the RPA recombinant plasmid was 152 ng/μL and the copy number of the plasmid was 4.7 × 1010 copies/μL. The prepared plasmid was stored at –20°C.


2.4.1 RPA-AGE

DNA was amplified using a constant-temperature rapid amplification kit (electrophoresis-type; Weifang Amp Future Biotech Co., Ltd.). A 50-μL reaction system was used, including buffer A (29.4 μL), 2 μL upstream primer (10 μM), 2 μL downstream primer (10 μM), ddH2O (10.1 μL), 200 ng DNA template, and buffer B (2.5 μL). The other main mixtures were prepared in the form of dried enzyme particles in freeze-dried reaction tubes. To optimize the reaction conditions, four reaction times (10, 20, 30, and 40 min) and five reaction temperatures (25, 30, 37, 39, and 42°C) were tested. The amplified products were extracted with 50 μL solution (phenol:chloroform:isoamyl alcohol = 25:24:1). Five microliters of the supernatant was collected after centrifugation for 5 min at 7,780 g, which was then added to 2 μL of 6× sample buffer solution. The mixed solution was analyzed by 1.5% agarose gel electrophoresis at 120 V for 30 min.



2.4.2 RPA-LFD

DNA was amplified using a constant-temperature rapid amplification kit (colloidal gold lateral flow dip-strip type) (Weifang Amp Future Biotech Co., Ltd.). The reaction mixture (50 μL) was the same as that described above for RPA-AGE, with addition of the probe (0.6 μL 10 μM; Table 2) and using 9.5 µL ddH2O. Other main mixtures were prepared in freeze-drying reaction tubes in the form of dried enzyme particles. Three reaction times (5, 10, and 20 min) and five reaction temperatures (25, 30, 37, 39, and 42°C) were tested to optimize the reaction conditions. After the reaction, 10 μL of the amplification product was added to a centrifuge tube containing 190 μL ddH2O. The diluted reaction product (50 μL) was added to the sample-adding hole of an LFD test strip, and the test results were recorded within 5 min.




2.5 RPA specificity test

DNA from the hepatopancreas of infected and healthy P. sinensis was used as positive and negative controls, respectively, and microsporidia (Enterocytozoon hepatopenaei, Hepatospora eriocheir, and Microsporidia sp.), white spot syndrome virus, and fungi (Metschnikowia bicuspidata and Wicherhamomyces anomalus), which are routinely maintained in our laboratory, were used for specificity verification.



2.6 RPA sensitivity test

The sensitivity of RPA-AGE and RPA-LFD was tested using recombinant plasmids at concentrations ranging from 4.7 × 105 to 4.7 copies/μL, and detection limits were determined based on whether the respective target bands appeared separately.



2.7 Detection of clinical samples

RPA-AGE, RPA-LFD, qPCR, and PCR were used to detect E. artemiae in 30 samples of P. sinensis collected from the three aquafarms. The qPCR and PCR reaction systems were used as described by Jiang et al. (2021). The qPCR was performed using an Applied Biosystems Quantum Studio 3 Real-Time Quantitative PCR device (Thermo Fisher Scientific, Waltham, MA, USA).




3 Results


3.1 Primers and reaction conditions

The RPA-AGE reactions were incubated for 30 min at different temperatures (25, 30, 37, 39, and 42°C). At 25°C, a visible amplification band was observed (Figure 1A); however, the gel strip bands were more pronounced at 37, 39, and 42°C. Thus, we selected 37°C as the optimal reaction time, since this is a more convenient temperature to achieve for on-site testing. To optimize the reaction time, the reaction was performed at 37°C for 10, 20, 30, and 40 min. The amplification intensity was the highest at 30 min (Figure 1B), which was the reaction time used in subsequent tests.




Figure 1 | (A) Optimizing the RPA-AGE reaction temperature. M: DL 500 Marker; N: negative control; lines 1–5: 25°C, 30°C, 37°C, 39°C, and 42°C, respectively. (B) Optimizing the RPA-AGE reaction time. M: DL 500 Marker; N: negative control; 1: 10 min; 2: 20 min; 3: 30 min; 4: 40 min. (C) Optimizing the RPA-LFD reaction temperature. N: negative control; 1: 25°C; 2: 30°C; 3: 37°C; 4: 39°C; 5: 42°C. (D) Optimizing the RPA-LFD reaction time. N: negative control; 1: 5 min; 2: 10 min; 3: 20 min.



The RPA-LFD reactions were incubated for 10 min at different temperatures (25, 30, 37, 39, and 42°C). A visible positive signal was observed at 30°C (Figure 1C) and the strongest signal was obtained at 37°C (Figure 1C). To optimize the reaction time, the reaction was performed at 37°C for 5, 10, and 20 min; at 10 min, the amplification intensity was high (Figure 1D). Thus, 37°C and 10 min were the optimized conditions used for subsequent tests.



3.2 RPA specificity

RPA specificity was tested using other microsporidia, fungi, and a virus. Only the hepatopancreatic DNA of E. artemiae-infected shrimp showed a bright single target band (Figure 2A), indicating that the RPA primer was highly specific for this species. In addition, in RPA-LFD amplification, only E. artemiae-positive samples produced a positive band in the LFD, whereas no positive bands were produced from the other pathogens (Figure 2B), suggesting high specificity.




Figure 2 | (A) Specificity of the RPA-AGE assay. M: DL 1000 Marker; P: Enterocytospora artemiae; 1: Enterocytozoon hepatopenaei; 2: Hepatospora eriocheir; 3: Microsporidia sp.; 4: Metschnikowia bicuspidata; 5: white spot syndrome virus; 6: Wicherhamomyces anomalus; N: negative control. (B) Specificity of the RPA-LFD assay. P: Enterocytospora artemiae; N: negative control; 1: Enterocytozoon hepatopenaei; 2: Hepatospora eriocheir; 3: Microsporidia sp.; 4: Metschnikowia bicuspidata; 5: white spot syndrome virus; 6: Wicherhamomyces anomalus. (C) Sensitivity of RPA-AGE to gradient dilution of the recombinant plasmid. M: DL 500 Marker; N: negative control; 1: 4.7 × 105 copies/µL; 2: 4.7 × 104 copies/µL; 3: 4.7 × 103 copies/µL; 4: 4.7 × 102 copies/µL; 5: 4.7 × 10 copies/µL; 6: 4.7 copies/µL. (D) Sensitivity of RPA-LFD to gradient dilution of the recombinant plasmid. N: negative control; 1: 4.7 × 105 copies/µL; 2: 4.7 × 104 copies/µL; 3: 4.7 × 103 copies/µL; 4: 4.7 × 102 copies/µL; 5: 4.7 × 10 copies/µL; and 6: 4.7 copies/µL.





3.3 RPA-AGE and RPA-LFD sensitivity

To test RPA-AGE and RPA-LFD sensitivity, a 4.7 × 105–4.7 copies/μL gradient of recombinant plasmid was used as a template for amplification. The minimum detection limit of both RPA-AGE and RPA-LFD was 4.7 copies/μL (Figures 2C, D).



3.4 Detection of clinical samples

Thirty shrimp samples from three farms were analyzed by RPA-AGE, RPA-LFD, PCR, and qPCR. The positive rate of RPA-AGE and RPA-LFD (21/30, 70.0% for both) was lower than that of qPCR (24/30, 80.0%), but higher than that of PCR (17/30, 56.7%) (Table 3).


Table 3 | Sample detection results by RPA-AGE, RPA-LFD, PCR, and qPCR methods.






4 Discussion

Chinese grass shrimp have become an economically important freshwater aquaculture species in China because of their high nutritional value and delicious taste. Two main pathogens of P. sinensis have been reported to date, the isopod parasite Tachaea chinensis (Li et al., 2018) and the microsporidium E. artemiae, with the latter showing a considerably higher rate of infection. E. artemiae is the most destructive pathogen of P. sinensis, which severely affects the development of aquaculture for this shrimp (Jiang et al., 2020). Microsporidia are considered fungi, which are broadly parasitic on terrestrial organisms and aquatic animals, including shrimp and crab. Since the identification of Nosema bombycis in the mid-19th century, more than 1,500 species of 187 genera of microsporidia have been identified, with more than 60 genera capable of infecting aquatic crustaceans and 16 genera capable of infecting shrimp (Wang et al., 2013; Weiss and Becnel, 2014; Bojko et al., 2020). E. artemiae can infect not only Chinese grass shrimp but also Artemia. The size of E. artemiae is 1.9 × 1.1 μm, and thus it cannot be observed with the naked eye (Jiang et al., 2020). In cases of severe infection, microscopic examination can be performed using a hepatopancreatic smear, which is not possible during initial infection. Tissue sections and electron microscopy can be used to identify E. artemiae; however, these approaches require considerable time and examination by trained experts, which is not conducive to rapid and accurate identification under field conditions. Several rapid detection methods for microsporidia have been tested. For example, Zhao et al. (2020) detected E. hepatopenaei spores using the calcofluor white method, and Wang et al. (2020) used fluorescent brightener 28 staining to detect E. hepatopenaei. Although these methods can be used to observe microsporidia, they are not informative with respect to the species of microsporidia. Moreover, these methods require specialized technical devices such as a fluorescence microscope. RPA has been widely used for the detection of bacterial, viral, fungal, and parasitic pathogens in aquatic animals, food safety, agriculture, and other fields in recent years (Jaroenram and Owens, 2014; Gao et al., 2017; Yang et al., 2020; Ma et al., 2021). Therefore, in this study, we established RPA-AGE and RPA-LFD detection methods for the rapid and accurate identification of E. artemiae.

We designed primers for E. artemiae detection based on the S8 serine protease gene. We found that RPA reliably and exclusively detected E. artemiae, suggesting high specificity; thus, contamination by other pathogens, including other microsporidium species, does not pose a problem for this assay. Regarding reaction conditions, RPA amplified the target gene fragment at 30°C and showed clear detection results at 37°C. This temperature is easy to achieve without the need for specialized equipment. The RPA-LFD assay showed the best results at a reaction time of 10 min. This method is thus suitable for rapid on-site detection. The reaction time of the RPA-AGE method was longer than that of RPA-LFD, and the best result was obtained after 30 min. However, compared with PCR, the reaction time of the RPA-AGE method is considerably shorter, and it can be executed at a constant temperature of 37°C, without the need for a thermocycler. This result is in line with those of Zhou et al. (2020), showing that RPA of E. hepatopenaei produced good amplification and specificity at 30°C for 40 min. Sensitivity evaluation of the present study showed that the RPA-AGE and RPA-LFD methods detected E. artemiae present at the lowest concentration of 4.7 copies/µL, which was significantly better than the detection limit of conventional PCR using the ribosomal protein S9 gene (2.2 × 102 copies/µL) (Jiang et al., 2021). We confirmed that the sensitivity of this method is higher than that of conventional PCR for clinical sample detection. The positivity rate of RPA in 30 samples was 70%, which was higher than that of conventional PCR (56.7%). Although the positive rate detected by the RPA method was slightly lower than that of qPCR, this method nonetheless meets the detection requirements of field testing.

In conclusion, RPA-AGE and RPA-LFD detection of E. artemiae can achieve amplification at a constant temperature of 37°C. In particular, RPA-LFD can be completed within 10 min, and the detection results can be assessed within 5 min. Moreover, there is no need for special devices, and the sensitivity was higher than that of conventional PCR methods. This method showed high specificity and efficient detection in clinical samples, and is thus suitable for the on-site detection of E. artemiae on farms without specialized laboratory equipment.
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OEBPS/Images/table2.jpg
Assay Primers Sequence (5'-37) Product size ~ Reference

(bp)
RPA-LED Fl ATTTTGAACGGAAGCTGGAGAAATACTACAGG 25 this study
RI [biotin]-GAATGGCTGAGTTCAATGCATGGCTCTTAGGAC
RPA-LFD (Probe) [FAM]-TGTGGAGCTAGAGTATTATAGAGGCTTGGA[THF|GAAACCATCAGTGCA- this study
[C3-spacer]
RPA-AGE B2 ATTTTGAACGGAAGCTGGAGAAATACTACAGG 25 this study
(Electrophoresis) R2 GAATGGCTGAGTTCAATGCATGGCTCTTAGGAC
RPA Plasmid 3 GGGCTGTCCAAAGTGTCTG 681
R3 CGTTTGCTCCAATGGTAAGT
gPCR and PCR F4 AGGATCTGTTTATGCTGCTA 206 (jiang et al.,

R4 AACGGTATGATTTCTGGTAT 2021)





OEBPS/Images/table3.jpg
Sample Detection method Copies/pL

RPA-AGE RPA-LFD PCR qPCR

1 + + + + 5.8x10°
2 + + - + 2.8x10"
3 + + + + 1.7x10°
4 + + + + 5.4x10°
5 + + + + 2.5x10°
6 + + + + 1.5x10°
7 + + + + 2.8x10°
8 + + + + 3.5x10°
9 + + + + 1.6x10°
10 - - - - -

11 - - - - -

12 - - - + 8.2x10°
13 - - - + 2.5x10°
14 - - - - -

15 - - - + 3.9x10°
16 + + - + 4.4x10"
17 - - - - -

18 + + + + 3.1x10°
19 + + + + 1.6x10°
20 + + + + 2.3x10°
21 + + + + 1.5x10°
22 + + - + 2.5x10"
23 + + + + 4.2x10°
24 + + - + 3.4x10"
25 - - - - -

26 + + + + 2.3x10°
27 + + + + 3.6x10°
28 - - - - -

29 + + + + 1.7x10°
30 + + + + 4.6x10°
Positive rate (%) 70 70 56.6 80

“+” indicates positive, “-” indicates negative.
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