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Enterocytozoon hepatopenaei (EHP) is a high-impact pathogen in shrimp farming, causing huge economic losses to the global shrimp farming industry every year. However, current EHP detection methods are primarily based on the development of polymerase chain reaction (PCR) techniques that rely on sophisticated and expensive instruments. Consequently, a rapid, practical, and sensitive protocol for the detection of EHP is necessary. Recombinase polymerase amplification combined with a lateral flow dipstick (LFD-RPA) assay was developed using a pair of primers and nfo-probe targeting the conserved region of the spore wall protein gene. Under optimized reaction conditions, the LFD-RPA assay can detect 10 copies/μL of standard plasmid within 20 min at 40°C. Furthermore, the specificity of the LFD-RPA was also verified with other common pathogens of shrimp. Thirty-nine samples of Litopenaeus vannamei were collected in shrimp farms and detected using LFD-RPA and nested PCR. Thirty-two positive samples were detected by LFD-RPA. Compared with those of nested PCR, the diagnostic sensitivity and specificity of LFD-RPA were 100% and 100%, respectively. These results indicated the great application potential of the newly developed LFD-RPA assay for point-of-care diagnosis, epidemic surveillance, and epidemiological investigation of EHP.
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Introduction

Hepatopancreatic microsporidiosis, which displays a typical symptom of retarded growth in shrimp, has a great influence on the shrimp culture industry because of a new microsporidian species, Enterocytozoon hepatopenaei (EHP). EHP has a wide range of hosts, such as Litopenaeus vannamei, Penaeus monodon, and P. stylirostris (Tang et al., 2015; Chaijarasphong et al., 2021). The incidence of EHP has been reported to be high in major shrimp farming species such as L. vannamei and P. monodon in Asian countries, including China, Indonesia, Malaysia, Vietnam, Thailand, and India (Kim et al., 2022), causing huge economic losses to the shrimp farming industry every year (Rajendran et al., 2016; Shen et al., 2019; Aranguren Caro et al., 2020; Patil et al., 2021). Therefore, a variety of effective measures must be implemented to address the current critical situation.

Rapid and effective detection methods can be used to screen specific pathogen-free broodstocks in a timely and accurate manner during the selection of shrimp larvae. During the culture process, regular testing enables us to keep up with the infection of EHP, providing us with effective references for later decision and avoiding greater economic losses (Pang et al., 2022). Thus, a rapid, accurate, and sensitive detection technique is necessary to detect EHP in shrimp culture and control the spread of EHP.

However, current mainstream diagnosis methods of EHP are based on a molecular biological approach (such as PCR, qPCR, and nested PCR). Several polymerase chain reaction (PCR)-based methods have been developed using the EHP small subunit ribosomal RNA (SSU rRNA) gene sequence (Liu et al., 2018a; Mai et al., 2020; Tang et al., 2015). However, when PCR-based assays targeted SSU rRNA, false-positive results were reported (Jaroenlak et al., 2016a). The nested PCR detection method based on cell wall protein (SWP) gene of EHP established by Jaroenlak et al. is currently recommended by Office International Des Epizooties (OIE) for EHP detection, which is sensitive but laborious and time-consuming (Jaroenlak et al., 2016a). Isothermal nucleic acid amplification methods, such as loop-mediated isothermal amplification (LAMP) targeting conserved regions of the SSU rRNA gene, have also been developed for the specific detection of EHP. However, the design of primers (six primers) is complicated (Ma et al., 2019a).

Recombinase polymerase amplification (RPA) is a novel isothermal nucleic acid amplification method developed by TwistDx (Cambridge, UK), which has simple instrumentation (Piepenburg et al., 2006). RPA amplifies detectable amounts of DNA within 20 min. In RPA, a recombinase and polymerase are used to anneal oligonucleotide primers to the template DNA for extension and amplification at an isothermal temperature (35-42°C) (Figure 1) (Pang et al., 2019). To date, RPA methods have been developed for the rapid detection of several important pathogens, including viruses, bacteria, and parasite (Abd et al., 2013; Yang et al., 2015; Yehia et al., 2015; Pang et al., 2019; Ma et al., 2021a). Pang et al. also established detection method of EHP based RPA, but the device (such as fluorescence acquisition devices and electrophoresis facilities) dependence of these methods limits their application in remote areas (Li et al., 2021; Ma et al., 2021a; Pang et al., 2022; Zhou et al., 2020).




Figure 1 | Principle of the LFD-RPA reaction. (A): A Recombinase/primer complexes form and target homologous DNA; B. strand exchange forms a D-Loop; C. polymerase initiates synthesis; D. parental stands separate and synthesis continues; E. two duplexes form; (B): A. Nfo enzyme recognizes the THF site in the amplified double-stranded sequence containing a 5’-FAM tag, an internal THF and a 3’ protective group, and shears it to form a polymerase Bsu-catalyzed extended 3’ hydroxyl substrate. B. The remaining part of the probe extends to fix its binding to the corresponding chain of the biotin-containing tag. C. Finally completes the double-labeled amplicon containing biotin and FAM; (C): In the sample loading area of the LFD test strip (Sample loading pad) containing gold standard nanoparticles with a specific antibody with FAM, can be combined with the product containing the corresponding antigen label, through the test strip on the two indicator lines of the antibody, one is the detection line, which is coated with the antibody of the product biotin, can intercept the double antigen label product that binds to the gold standard nanoparticle, thus showing red, indicating that the product has a double antigen label; the other is the control line, it is coated with an antibody with a FAT antibody on a gold standard nanoparticle, which can intercept the gold standard nanoparticle, thus showing a red color, indicating the effectiveness of the test strip.



In this study, we developed a rapid detection method for EHP based on RPA coupled with lateral flow dipstick (LFD) technology (LFD-RPA), which does not require complex and expensive equipment. In addition, we designed and optimized the LFD-RPA primers and probe and examined the analytical performance of this method. Finally, we tested the newly developed LFD-RPA assay on naturally infected samples to explore the application potential of this technology in point-of-care testing.



Materials and methods


Sample collection and DNA extraction

In November 2021, a sample of naturally infected EHP shrimp was collected from a shrimp pond in Guangzhou, Guangdong, China. The sample was confirmed to be EHP positive by sequencing. Fifty milligrams of hepatopancreatic tissue from each shrimp sample was collected to extract DNA using a tissue DNA kit (Omega, Norcross, GA, USA) following the manufacturer’s instructions. In brief, samples were homogenized and digested for 60 min at 55°C in 250 μL of lysis buffer containing 5 μg/mL of proteinase K. The mixture was centrifuged at 12000 x g (Eppendorf 5427 R, Germany) for 1 min at 4°C. After centrifugation, the supernatant was collected carefully. The genomic DNA of other common shrimp pathogens, such as white spot syndrome virus (WSSV), Decapod iridescent virus 1 (DIV1), Taura syndrome virus (TSV), Vibrio parahaemolyticus isolated from acute hepatopancreas necrosis, and infectious hypodermal and hematopoietic necrosis virus (IHHNV), were preserved by our laboratory. The quantity and quality of extracted DNA were determined by measuring the absorbance at 260 nm (A260) and the A260/A280 ratio, respectively, using a Nanodrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA USA). The A260/A280 ratios for all genomic DNA samples were 1.8–2.0. All of the DNA samples were stored at −20°C.



Recombinant plasmid construction

A recombinant plasmid was used as positive controls to assess analytical sensitivity of the EHP assay. Standard plasmids were constructed using purified DNA and primers (swp-514-F and swp-514-R) in published literature (Table 1) (Jaroenlak et al., 2016a). A 514 bp amplicon was cloned into a pGEM1-T Easy Vector by using the DNA Ligation Kit Ver.2.1 (Takara, Japan) and transformed into Escherichia coli DH5α. The recombinant plasmids were confirmed by PCR and sequencing. The plasmid was extracted from Escherichia coli DH5a and used as a standard plasmid for further experiments. The concentration of recombinant plasmids was converted to copy number using the following formula: Number of copies = (M×6.02×1023×10−9)/(n×660), where M is the amount of DNA in nanogram, and n is the length of the plasmid. Furthermore, the average weight of one base pair was assumed to be 660 Da (Ma et al., 2019a).


Table 1 | Primers and probes used in this study.





LFD-RPA primer and probe design

According to the appendix of the TwistAmp® reaction kit manual (www.twistdx.co.uk), we manually designed four primer pairs and a probe. The sequences were screened for homology using the blastn algorithm to ensure specificity (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Four pairs of primers (Table 1) were designed on the basis of the conserved domains of spore wall protein (SWP) gene (Accession: KX258197). All of the primer pairs produced amplicons, ranging in size less than 500 bases as recommended. Then, we selected the best primer combination by using the TwistAmp Basic kit (TwistDx, Cambridge, UK). The reaction was performed in a total volume of 50 μL. Master mixes were made, which contained 2.4 μL of each primer(480nM), 11.2 μL of ddH2O, 29.5 μL of Twist amplification rehydration buffer, 2 μL of template (108 copies/μL of standards recombinant plasmids), or 2 μL of nuclease-free water, as the no template control (NTC). To start the reaction, 2.5 μL of magnesium acetate was added to each tube (to bring the total Mg2+ concentration to 280 mM) by pipetting into the tube lids and centrifuging immediately before inserting the tubes into a dry heat bath (Thermomixer Comfort 5355, Eppendorf, Hamburg, Germany) and incubating at 38°C for 4 min. After 4 min, the samples were removed from the incubator, inverted vigorously 8–10 times to mix, spun down, and returned to the incubator block. Incubation was continued for a total incubation time of 20 min. Each basic RPA product (5 μL) was subjected to electrophoresis in a 2% (w/v) agarose gel.

After the primer screening assay, the preferred reverse primer was modified with a biotin label at its 5′ end. In addition, a probe (LFD-probe) was designed (Table 1), which was comprised of three groups. The upstream region is a dT-FAM (carboxyfluorescein) antigenic label. There is a tetrahydrofuran (THF) abasic-site mimic and biotin in each of the inner and downstream regions, which serve as substrate sites and 3’ blocking groups for nucleases in the reaction, respectively. The THF abasic-site mimic was designed following a previously published principle (Boyle et al., 2014). All of the primers and probes in the study were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China).



Optimization of the LFD-RPA assay conditions

LFD-RPA reactions were performed in 50 μL volumes using the TwistAmp nfo kit (TwistDx, Cambridge, UK). Master mixes containing 420 nM of each primer (the best primer combination selected by the basic RPA), 120 nM of nfo probe, 11.2 μL of ddH2O, and 29.5μL of Twist amplification rehydration buffer were prepared in reaction tubes supplied with dried enzyme pellets. The LFD-RPA reaction process is described in LFD-RPA Primer and Probe Design section.

Different concentrations of probe (60, 90, 120, and 150 nM), reaction temperature (10°C, 20°C, 30°C, 35°C, 40°C, 45°C, and 50°C), and time (5, 10, 15, 20, 25, 30, 35, and 40 min)—all of which are critical parameters—were explored to determine the optimal reaction condition for amplification in the LFD-RPA assay. A commercially available LFD (Milenia® GenLine HybriDetect Kit, Milenia Biotec GmbH, Giessen, Germany) was used for the detection of RPA amplicons. Two microliters of the amplification products was mixed with 98 μL of PBST supplied in the kit. Then, 10 μL of the diluted solution was pipetted onto the LFD. The dipsticks were immerged in PBST running buffer to make the solution flow, and after approximately 10 min, the results were visually analyzed.



Determination of the sensitivity and specificity of the LFD-RPA assay

The sensitivity of the LFD-RPA assay was determined by using the TwistAmp® nfo kit via testing 10-fold serial dilutions of standard plasmids. The reactions were prepared by adding different concentrations of standard plasmids (100 copies, 101 copies, 102 copies, 103 copies, 104 copies, 105 copies, 106 copies, 107 copies, and 108 copies) in 2 μL of each template or 2 μL of nuclease-free water as NTC. The amplification products were comparatively analyzed by the LFD. The operation procedures and reaction conditions were in accordance with the results of Optimization of the LFD-RPA Assay Conditions section.

As previously described, we used nested PCR as recommended by the OIE as a reference method (Jaroenlak et al., 2016a). The PCR reaction mixture for the two steps (25 μL) contained 0.2 μM of each primer and 0.5 unit of Taq DNA polymerase (Accurate Biology, Changsha, China). For the first-step PCR, the template was added with different concentrations of the abovementioned standard plasmids. The first PCR reaction used the primers swp-514-F and swp-514-R (Table 1), and amplification conditions were as follows: 95°C for 5 min initial denaturation, followed by 30 cycles of denaturation for 30 s at 95°C, annealing for 30 s at 58°C and extension for 45 s at 68°C with a final 5 min extension step at 68°C. The expected PCR product was 514 bp. The PCR protocol for the second PCR reaction used the primers swp-148-F and swp-148-R (Table 1), and the expected second PCR product was 148 bp. The amplification program was as follows: 95°C for 5 min, followed by 20 cycles of 95°C for 30 s, 64°C for 30 s, 68°C for 30 s, and a final extension step of 68°C for 5 min. The amplicons were analyzed by 2% agarose gel electrophoresis with ethidium bromide staining using a 2000 bp DNA ladder marker (TaKaRa, Japan).

Other shrimp pathogens (WSSV, DIV1, TSV, V. parahaemolyticus, and IHHNV) were used to investigate LFD-RPA specificity. Ten nanograms of DNA isolated from the abovementioned pathogens were subjected to LFD-RPA amplification. The positive control used standard plasmids (108 copies/μL). Furthermore, the NTC employed nuclease-free water.



Validation of LFD-RPA with clinical samples

Clinically suspected samples were collected in Maoming, Guangdong, China, in November 2021. Samples were refrigerated and returned to the laboratory immediately. DNA was extracted from each shrimp sample using an E.Z.N.A. Animal Tissue DNA Kit (Omega, Norcross, GA, USA). A total of 39 clinical samples were detected by LFD-RPA and nested PCR assays (Jaroenlak et al., 2016a).




Results


Establishment and optimization of the LFD-RPA assay

The optimal primer group should result in high amplification efficacy. Four pairs of primer candidates (Table 1) were screened through a basic-RPA reaction on 2% agarose to design the optimal primer set. After amplification, the products were also analyzed by agarose gel electrophoresis, and the results were visually determined (Figure 2). As shown in Figure 2, each reaction generated an amplicon at the expected size. Nevertheless, the F1/R1 primer set showed the best amplification efficiency. Therefore, the primer group F1/R1 was utilized in the later experiment (Table 1). After modification, the F1 and R1 primers were renamed to LFD-F1 and LFD-R1.




Figure 2 | Basic-RPA primer screening. Lane1: F1/R1 primers with a 239-bp product; Lane2: no template control for F1/R1 primers; Lane3: F2/R2 primers with a 197-bp product; Lane4: no template control for F2/R2 primers; Lane5: F3/R3 primers, with a 184-bp product; Lane6: no template control for F3/R3 primers; Lane7: F4/R4 primers, with a 187-bp product; Lane8: no template control for F4/R4 primers; M: 2000 bp molecular marker.



Different concentrations of probe, incubation temperatures, and times were used to optimize the LFD-RPA assay. As shown in Figure 3A, test lines of the experimental strip developed a band with a deeper color when the concentration of probe was 120 nM, whereas test lines of the experimental strip in the control group developed a band with an indistinct color once the probe concentration reached 150 nM. The optimal concentration of the probe was 120 nM. In determining the optimal temperature for the LFD-RPA assay, seven different temperatures, including 10°C, 20°C, 30°C, 35°C, 40°C, 45°C, and 50°C, were used to perform the LFD-RPA reaction. The findings showed that the LFD-RPA assay presented a positive band over a temperature range of 10°C–50°C (Figure 3B). However, the test lines displayed the clearest band at 40°C. In addition, an amplification time of less than 20 min yielded an indistinct color on the strip, whereas 20 min yielded a band with the deepest color (Figure 3C). Considering high sensitivity, specificity, and swiftness, an amplification time of 20 min at 40°C with a probe concentration of 120 nM was selected for the optimized LFD-RPA detection method.




Figure 3 | Optimization of the LFD-RPA detection assay. (A) Various concentrations of probe (60, 90, 120, and 150 nM) and no template control (60, 90, 120, and 150 nM-N) were evaluated using LFD-RPA. (B) Various reaction temperatures (10°C, 20°C, 30°C, 35°C, 40°C, 45°C, and 50°C) were used to select the optimal reaction temperature. (C) Various reaction times (10, 15, 20, 25, 30, 35, and 40 min) were used to select the optimal reaction time.





Sensitivity and specificity of the LFD-RPA assay

The sensitivity of the LFD-RPA detection method in detecting standard plasmids was evaluated. As shown in Figure 4A, 100 copies/μL to 108 copies/μL of standard plasmid DNA was used as the template in the assay. Nine dilutions were tested using the established LFD-RPA method and nested PCR. The LFD-RPA assay successfully detected standard plasmid DNA at a concentration of 10 copies of standard plasmid/50 μL (Figure 4A). By contrast, the nested PCR products were also detected by 2% agarose gel electrophoresis. The result indicated that the first step and the second step of nested PCR assay had a detection limit of 104 copies of standard plasmids (Figure 4B) and 10 copies (Figure 4C) of standard plasmids, respectively.




Figure 4 | Sensitivity of LFD-RPA and nested PCR assay for the detection of EHP. Tenfold serial dilutions of standard plasmid DNA (108 copies to 100 copies) were tested by (A) LFD-RPA, the first-step PCR reactions (B), and the nested-step PCR (C). (A) The sensitivity of the LFD-RPA was ≥ 10 copies of template DNA per reaction. (B) Positive first-step PCR reaction products (514 bp) were detected on a stained agarose gel (2%) when the template DNA was ≥ 104 copies per reaction. (C) Positive nested-step PCR reaction products (148 bp) were detected on a stained agarose gel (2%) when the template DNA was ≥ 10 copies per reaction. NTC: no template controls contained water. M: DL2000TM DNA marker.



When analyzing the specificity of the LFD-RPA, genomic DNA from other shrimp pathogens and EHP were amplified in each reaction. The results showed that the reaction was only positive with the EHP, and none of the others were amplified (Figure 5). These data indicated that the LFD-RPA assay was a reliable method for the detection of EHP, and the assembly of the LFD-F1, LFD-R1, and LFD-probe was specific in detecting EHP (Table 1).




Figure 5 | Specificity testing of the LFD-RPA assay. EHP and other shrimp pathogens were tested by LFD-RPA. Standard plasmid DNA (108 copies/μL) and no template controls containing water (NTC) were used as positive and negative control, respectively. Only the positive control group and EHP showed bands on the test line.





Assay performance of LFD-RPA and nested PCR with clinical samples

Thirty-nine clinically suspected samples were evaluated by LFD-RPA and nested PCR to evaluate the applicability and accuracy of our newly developed LFD-RPA assay. As shown in Table 2, among the 39 samples, 32 were positive and seven were negative by LFD-RPA and nested PCR, respectively. The sensitivity and specificity of LFD-RPA were consistent with the reference method nested PCR (Table S1).


Table 2 | The detection results of the clinical samples by the nested PCR and LFD-RPA (Jaroenram & Owens, 2014).






Discussion

EHP has caused several epidemics and infection in farmed shrimp. In this study, a specific method for the detection of EHP was developed by designing specific RPA primer and probe in combination with LFD.

At present, the commonly used EHP detection method is based on the PCR detection of the ribosomal 18S gene as the target gene, but these methods have certain non-specific amplification problems because of the high conservation of the 18S gene (Tang et al., 2015; Tang et al., 2016; Liu et al., 2018a). The SWP gene encodes a highly specific SWP, which is universally distributed in a variety of microsporidia. Spore walls of microsporidia participate in host–pathogen interaction through a species-specific SWP gene (Southern et al., 2007; Stentiford et al., 2013). Thus, the SWP gene has been regarded as an appropriate target gene for the identification of microsporidia, and OIE recommends it for the detection of EHP (Jaroenlak et al., 2016a).

Suitable primers and probes are key to the success of the RPA assay. A unique basic RPA assay was performed to screen the best primers from four primer sets in this study (Figure 2). Based on previous reports, the amplification efficiency of RPA changes with different conditions (Lillis et al., 2014; Crannell et al., 2015; Yang et al., 2017). Thus, in this study, incubation temperature, time, and probe concentration were optimized to explore the optimal conditions of LFD-RPA. Given its short amplicon and isothermal amplification, the incubation time for our LFD-RPA assay was shorter (20 min in LFD-RPA compared with 90 min in PCR). For most RPA assays, body temperature or a simple heating device can be used to achieve the detection temperature, which indicates its application potential for point-of-care diagnosis (Lillis et al., 2014).

Another molecular method for the detection of EHP was developed on the basis of PCR and LAMP techniques, which can obtain results within 90 and 60 min, respectively. The PCR developed by Hou et al. indicated that the assay had a detection limit of 20 copies of EHP plasmid DNA (Hou et al., 2021). TaqMan PCR was used for detecting EHP with sensitivity of 40 copies of purified EHP plasmid DNA (Liu et al., 2018a). One assay, particularly LAMP, was used to detect EHP. The LAMP system developed by Sathish et al. could detect EHP at a level of 10 copies within 45 min under isothermal conditions at 65°C (T et al., 2018). However, their selected target gene, namely, SSU rRNA gene, has been reported to have false positive, and their study did not use other related microsporidia to verify its specificity. Therefore, the specificity of their method must be further confirmed (Jaroenlak et al., 2016a).

The LFD-RPA assay developed in this study was sensitive and specific. It can be used to detect EHP plasmid DNA with an analytical sensitivity of 10 copies. The results from the PCR assay were more sensitive than the results obtained by the LAMP assay reported by Sathish et al. (T et al., 2018; Hou et al., 2021) and were consistent with the detection limits of our LFD-RPA assay targeting the SWP gene. However, the complex primer design (six primers) inhibits the widespread application of LAMP (Savan et al., 2004). By contrast, our RPA assay required only 20 min incubation time, utilized two primers, and implemented a probe system to increase the assay specificity. The results of the specificity testing were demonstrated by distinguishing EHP from other common aquaculture shrimp pathogens (Figure 5). Furthermore, the result of our LFD-RPA assay relies on color changes in the LFD, which can be recognized by the naked eye.



Conclusion

In this study, a rapid, sensitive, specific, and visual LFD-RPA method for the detection of EHP was developed. This method could provide a useful alternative tool for the detection of EHP in practical applications and may serve as an important tool in the future surveillance of EHP.
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Sequence (5'-3)
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CACGATGTGTCTTTGCAATTTTC
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