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Abstract 42 

Background: Cyclospora is an emerging intestinal pathogenic protozoan transmitted 43 

through foodborne and waterborne routes. At least 19 countries in the world have 44 

recorded outbreaks of cyclosporiasis, mainly associated with the consumption of 45 

contaminated fresh agricultural products. The lack of a sensitive immediate test is one 46 

of the major obstacles to rapid diagnosis of cyclosporiasis. The target interference 47 

mechanisms of clustered regularly interspaced short palindromic repeats (CRISPR) and 48 

CRISPR-associated (Cas) protein systems have been adapted into versatile and 49 

efficient genome manipulation and disease-curing technologies, while also being 50 

promising for point-of-care testing (POCT) applications. It can serve as an excellent 51 

rapid and specific detection tool. 52 

Methods: The recombinase polymerase amplification (RPA) and the CRISPR/Cas12a 53 

system were combined to develop a detection method for C. cayetanensis (termed 54 

RECCT-Cay) via visual observation of fluorescent readings under blue light and field 55 

diagnosis using lateral flow strip (LFS) biosensors.  56 

Results: The detection limit of the established RECCT-Cay was 7 copies/μL. Under 57 

simulated clinical conditions, the detection limit was 30 oocysts per gram of stool. At 58 

the same time, the established detection platform can distinguish C. cayetanensis from 59 

the closely related Eimeria spp. The results of our constructed assay were compared 60 

with nested PCR, and the detection results of 30 clinical stool samples were consistent, 61 

with 3 samples positive for C. cayetanensis. Based on the RECCT-Cay detection 62 

principle, a portable suitcase-sized device has been designed, which can conduct rapid 63 
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on-site detection of clinical samples. 64 

Conclusions: The RECCT-Cay platform features rapid speed, high sensitivity, and the 65 

capability for field detection, making it a promising tool for use in remote areas. 66 

Keywords: Cyclospora cayetanensis, Recombinase polymerase amplification, 67 

CRISPR/Cas12a, Visualized detection, On-site detection  68 
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Background 69 

Cyclospora is an emerging intestinal pathogenic protozoan transmitted through 70 

foodborne and waterborne routes [1-3]. Cyclospora cayetanensis is the only known 71 

species of Cyclospora that infects humans [4]. However, there is a suggestion that, 72 

based on differences in the genome of C. cayetanensis, it is divided into three species 73 

that cause human cyclosporiasis, and this view has not yet been widely accepted [5]. 74 

C. cayetanensis has emerged as a significant public health and food safety concern[6], 75 

particularly in developed countries, where it is frequently linked to foodborne 76 

outbreaks of intestinal diseases associated with the consumption of contaminated fresh 77 

produce [7]. Notably, beyond its role in foodborne outbreaks in these regions, it is also 78 

an important cause of diarrhea in children under four years of age in endemic countries 79 

[8]. C. cayetanensis not only causes diarrhea in the host, but also leads to abdominal 80 

pain, nausea, vomiting and other gastrointestinal symptoms. Moreover, it may cause 81 

persistent diarrhea or even death in immunocompromised individuals [9]. 82 

Since 2010, C. cayetanensis has been reported in 54 countries. Among them, 19 83 

countries have reported a total of 8,597 outbreaks, with the United States and Canada 84 

accounting for the largest number of cases [10]. In view of this, the U.S. Food and Drug 85 

Administration (FDA) issued the “Action Plan for C. cayetanensis Prevention, 86 

Response, and Research” in 2021, aiming to reduce the harm to public health caused by 87 

foodborne cyclosporiasis. Therefore, point-of-care testing (POCT) technologies, which 88 

refer to rapid, reliable, and sensitive detection methods using portable instruments, 89 

have become increasingly important for the detection of C. cayetanensis. 90 

ACCEPTED MANUSCRIPTARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

 

 

At present, morphological microscopy is a commonly used method for C. 91 

cayetanensis detection, which required large workload, experienced laboratorians, 92 

expensive equipment, is time-consuming, and lacks specificity and sensitivity [11, 12]. 93 

The FDA recommends the use of molecular biology techniques, such as real-time PCR 94 

and nested-PCR, for the detection of C. cayetanensis. Although PCR detection is 95 

relatively faster and cheaper than traditional microbiological testing, it still requires 96 

professional laboratories, experimental instruments and skilled technicians, and is not 97 

suitable for POCT. Currently, isothermal amplification methods, such as loop-mediated 98 

isothermal amplification (LAMP) and recombinase polymerase amplification (RPA), 99 

operate under isothermal conditions, making them most suitable for on-site testing [13]. 100 

The Clustered Regularly Interspaced Short Palindromic Repeats 101 

(CRISPR)/CRISPR-associated (CRISPR/Cas) systems are adaptive antiviral immune 102 

mechanisms found in most archaea and many bacteria [14-16]. During their target 103 

interference process, a guiding RNA specific to the CRISPR/Cas systems recognizes 104 

invading nucleic acids by base-paring and activates Cas proteins or protein complexes 105 

to hydrolyze these nucleic acids [17-19]. The target interference mechanisms of 106 

CRISPR/Cas systems have been adapted into versatile and efficient genome 107 

manipulation and disease-curing technologies [20, 21], while also being promising for 108 

POCT applications [22]. Chen et al. combined the non-specific cleaving ability of 109 

Cas12a with the nucleic acid amplification ability of recombinase polymerase 110 

amplification (RPA) to develop a DNA detection platform termed DETECTR (DNA 111 

endonuclease targeted CRISPR trans reporter) [18]. In the DETECTR detection 112 
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platform, the target dsDNA is first amplified by RPA. Cas12a is then guided to the 113 

dsDNA target by complementary crRNA, forming a Cas12a-crRNA-dsDNA 114 

terpolymer complex. At this time, Cas12a trans-cleave the ssDNA reporter molecule 115 

that carries a fluorophore and quencher, resulting in the separation of the quencher and 116 

fluorophore, thereby releasing the fluorescence signal that indicates the presence of the 117 

target DNA [18]. The DETECTR detection platform represents a good rapid and 118 

specific detection method. The RPA reaction can be carried out at body temperature, 119 

which is conducive to its application in remote areas [23, 24]. In this study, to develop a 120 

rapid, reliable, sensitive, and specific POCT method for C. cayetanensis, we developed 121 

a detection method using the recombinase polymerase amplification (RPA) and 122 

CRISPR/Cas12a system (termed RECCT-Cay). The detection results can be observed 123 

by the naked eye under blue light or through a lateral flow strip (LFS). We also 124 

designed and developed a portable suitcase, which includes minimal equipment (e.g., 125 

pipettes, thermostatic metal baths, and lateral flow strips) and reagents (e.g., 126 

lyophilized RPA and CRISPR/Cas12a reagents). The portable suitcase is designed for 127 

ease of storage and transport, providing a “one-stop shop” for sample collection, rapid 128 

fecal DNA extraction, and the RECCT-Cay. This method is simple to operate and is 129 

suitable to use in clinics, remote areas, and other locations for preliminary screening 130 

and diagnosis of C. cayetanensis, while also providing a technical reference for future 131 

POCT developments. 132 
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Methods 133 

Reagents and oligonucleotides 134 

All primers, quenched fluorescent DNA reporter (HEX-12N-BHQ1), and lateral flow 135 

strip test reporter (FAM-12N-Biotin) were obtained from Sangon Biotech (Zhengzhou, 136 

China). All the nucleotide sequences are listed in Additional file 1: Table S1. Annealing 137 

Buffer for DNA Oligos (5×) was purchased from Beyotime Biotechnology (Shanghai, 138 

China); HiScribe™ T7 High Yield RNA Synthesis Kits and 10×NE Buffer 2.1 were 139 

purchased from New England Biolabs (Ipswich, MA, USA); Recombinant DNase I 140 

(RNase free) and RNase inhibitor were purchased from TaKaRa Bio Inc. (Dalian, 141 

China); the TwistAmp® Basic kit was purchased from TwistDx Ltd. (Hertfordshire, 142 

UK); recombinant Francisella novicida Cas12a (FnCas12a) protein and 143 

Lachnospiraceae bacterium (LbCas12a) were purchased from Tolo Biotech (Shanghai, 144 

China); the lateral flow strip biosensor (JY0301) was purchased from Warbio Biotech 145 

(Nanjing, China); the TIANamp Stool DNA Kit and Universal DNA Purification Kit 146 

were purchased from TIANGEN (Beijing, China); and the other regents used in this 147 

study were purchased from Solarbio Science & Technology Co., Ltd. (Beijing, China). 148 

Sample information 149 

The reference isolate of C. cayetanensis used as the positive control was sourced from 150 

our laboratory. Its strain designation is HNKFCc2012-1203 and it was isolated from a 151 

clinical stool sample of a confirmed cyclosporiasis male patient in Kaifeng city, 152 

Henan Province, China, in 2012. The DNA of Eimeria tenella, Eimeria cylindrica, 153 

Toxoplasma gondii, Cryptosporidium parvum, Giardia duodenalis, Blastocystis sp. 154 
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and Enterocytozoon bieneusi was stored in our laboratory (Detailed information in 155 

Additional file 1: Table S2). Thirty human fecal samples were collected from a 156 

hospital in Kaifeng city, Henan Province, China, in 2023, and stored in our laboratory 157 

(Detailed information in Additional file 1: Table S3). 158 

Extraction of fecal genomic DNA 159 

For commercial kit extraction method, according to the manufacturer’s instructions, 160 

fecal genomic DNA was extracted using the TIANamp Stool DNA Kit (TIANGEN, 161 

China). The DNA quality was assessed using NanoDrop One (Thermo Fisher Scientific 162 

Inc., Waltham, MA, USA). 163 

For the surfactant pyrolysis extraction method, following previous studies [25], 164 

the C. cayetanensis oocysts were lysed with 0.1% N-lauroylsarcosine sodium salt (LSS) 165 

to release their DNA, and a 1-mL sterile syringe (with a silica gel membrane for nucleic 166 

acid purification) was used instead of a nucleic acid-purified DNA column (Additional 167 

file 1: Fig.S1). The C. cayetanensis oocyst solution was added to 0.1% LSS solution 168 

and incubated in boiling water for 5 min. The heating was then stopped, and the mixture 169 

was incubated for an additional 10 min using the residual heat of the boiling water. The 170 

lysate was transferred to a homemade DNA banding column with a 1-mL syringe and 171 

pushed into the column under syringe pressure. Next, 600 μL of VHB Buffer and 600 172 

μL of DNA Wash Buffer (E.Z.N.A.® Stool DNA Kit, OMEGA, USA) were 173 

sequentially added to purify the DNA banding columns. Finally, 50 μl of 10 mM Tris 174 

solution was added to the column. After incubation at room temperature for 3 min, 175 

DNA was eluted with Tris under syringe pressure. 176 
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Design and preparation of RPA primers and crRNA 177 

The cytochrome b (Cytb) gene and the cytochrome c oxidase subunit 3 (Cox3) gene 178 

(GenBank accession No. KP658101.1) of C. cayetanensis genomic DNA were chosen 179 

as the amplification targets. RPA primers were designed using the Prime-BLAST online 180 

tool, with forward and reverse primers ranging from 28–35 nt (Additional file 1: Table 181 

S1). Then, one crRNA was screened for each gene. To identify highly conserved 182 

regions specific to C. cayetanensis specificity, different C. cayetanensis sequences 183 

were downloaded from GenBank and aligned using MEGA 7.0 184 

(https://www.megasoftware.net/). Then, we selected a 21–24 nucleotide (nt) sequence 185 

followed by a T-nucleotide-rich PAM as the target sequence. The sscrDNA-F sequence, 186 

which included the T7 promoter, and the sscrDNA-R sequence, which was the 187 

complement of the sscrDNA-F sequence, were synthesized (Additional file 1: Table 188 

S1). The crRNA preparation was performed as follows: (1) Annealing: The synthesized 189 

sscrDNA-F and sscrDNA-R were annealed to form dscrDNA; (2) Transcription: 190 

dscrDNA was transcribed into crRNA using the HiScribe™T7 High Yield RNA 191 

Synthesis Kit at 37°C for 16 h; and (3) Purification: The NucAway™Spin Column was 192 

used to purify crRNA from the previously transcribed product. The concentration of the 193 

purified crRNA was measured using a NanoDrop One instrument (Additional file 1: 194 

Table S3). Then, annealing products, transcription products, and purified crRNA were 195 

subjected to non-denatured RNA gel electrophoresis (Additional file 1: Fig. S2). 196 

Recombinase polymerase amplification (RPA) assay 197 

RPA amplification was performed using the TwistAmp® Basic kit according to the 198 
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manufacturer’s instructions. Briefly, the TwistAmpexo enzymes were dissolved in a 199 

mixture consisting of 29.5 μL of supplied rehydration buffer, 2.4 μL of forward primer 200 

(10 μM), 2.4 μL of reverse primer (10 μM), 8.2 μL of sterile nuclease-free water, and 5 201 

μL of DNA template. After the TwistAmpexo enzymes were dissolved in the mixture, 202 

2.5 μL of 280 nM MgOAc was added to the inner surface of the tube lid, and the lid of 203 

the reaction tube was carefully closed. The solution was briefly rotated to mix the 204 

MgOAc, which triggered the RPA reaction. The reaction was performed at 37°C for 25 205 

min. 206 

Fluorescence detection on the RECCT-Cay platform 207 

For RECCT-Cay platform fluorescence detection, the 20 μL reaction system was 208 

prepared, which included 2 μL of 10×NE Buffer 2.1, 1 μL of RNase inhibitor (40 U), 1 209 

μL of HEX-12N-BHQ1 reporter (20 μM), 1 μL of LbCas12a (50 μM), 1 μL of purified 210 

crRNA (1 μM), 2 μL of target DNA (unpurified RPA products) and 12 μL of sterile 211 

nuclease-free water. The real-time fluorescence values in the HEX channel were 212 

measured using a qTower 3G qPCR system (Analytik Jena, Germany) every 30 s for a 213 

total of 25 min, and the reaction temperature was 37°C. 214 

LFS experiment on the RECCT-Cay platform 215 

To be able to diagnose C. cayetanensis in the field, we use LFS assays, which allow the 216 

results to be read without the need for complex instruments and skilled technicians. A 217 

colloidal gold-labeled anti-FAM antibody was fixed at the lower end of the binding pad, 218 

which could bind to the FAM antigen at the 5' end of the F-B reporter to form a complex. 219 

According to the CRISPR-Cas12 system’s mechanism, when the F-B reporter is not 220 
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degraded by LbCas12a, the complex is captured by biotin ligands fixed to the control 221 

line (C-line). When the F-B reporter was degraded by LbCas12a, it could not bind all 222 

the gold-labeled antibodies, and some of the free gold nanoparticles were captured by 223 

the antibodies on the test lines (T-line). 224 

The 20 μL LFS assay system consisted of 2 μL of 10×NE Buffer 2.1, 1 μL of 225 

RNase inhibitor (40 U), 10 μL of HEX-12N-BHQ1 reporter (20 μM), 1 μL of 226 

LbCas12a (50 μM), 1 μL of purified crRNA (1 μM), 2 μL of target DNA (unpurified 227 

RPA products), and 3 μL of sterile nuclease-free water. The reaction was conducted in a 228 

constant temperature incubator at 37°C for 25 min, followed by the addition of sterile 229 

nuclease-free water to bring the total volume to 50 μL. The LFS pad was then placed in 230 

a 50 μL RPA-CRISPR/Cas12a mixture and allowed to react at room temperature for 231 

5–7 min. Finally, results were interpreted according to the presence of a test line 232 

(T-line). 233 

The specificity and sensitivity of the RECCT-Cay platform 234 

First, the sensitivity of nucleic acid detection was evaluated via PCR amplification of C. 235 

cayetanensis targeting the Cox3 gene locus (primer sequences are listed in Additional 236 

file 1: Table S1) [26]. Prior to gel block recovery of the target fragments, the PCR 237 

amplification products were subjected to bidirectional sequencing by Sangon Biotech 238 

(Zhengzhou, China) to confirm the correctness of the amplified target sequence, 239 

ensuring that the obtained fragments matched the expected Cox3 gene region of C. 240 

cayetanensis. Subsequently, gel blocks containing the target fragments were recovered 241 

(Additional file 1: Fig. S3), and the target DNA fragments were purified using a 242 
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Universal DNA Purification Kit (TIANGEN, China). The concentration of the purified 243 

fragments was then measured with a NanoDrop One. 10-fold serial dilution of the 244 

above DNA was analyzed to determine the sensitivity of the developed RECCT-Cay 245 

platform. Second, to evaluate oocyst sensitivity, C. cayetanensis oocysts were purified 246 

based on previous research [27], including raw fecal filtration, sucrose gradient 247 

centrifugation, and cesium chloride gradient centrifugation. The resulting solution was 248 

stored in Phosphate buffer solution (PBS) at 4°C. Purified C. cayetanensis oocysts were 249 

counted using a hemocytometry. A certain volume of the purified oocyst suspension 250 

was then inoculated into a negative fecal sample to achieve a concentration of 3 × 10⁵ 251 

oocysts per gram (OPG), followed by genomic DNA extraction. A 10-fold serial 252 

dilution of this DNA was analyzed to further assess the sensitivity of the RECCT-Cay 253 

platform. 254 

To ensure the method specifically detects C. cayetanensis without 255 

cross-reactivity with phylogenetically related or clinically relevant protozoa, the 256 

specificity assay included parasites that either are closely related coccidia (E. tenella, E. 257 

cylindrica), common human intestinal protozoa (C. parvum, G. duodenalis, 258 

Blastocystis sp. and E. bieneusi), or a zoonotic protozoan with distinct host-specific 259 

intestinal stages (T. gondii, whose sexual reproduction is restricted to felids, not 260 

humans). 261 

RECCT-Cay for clinical sample detection 262 

Fecal samples were collected from 30 patients at a hospital in Henan province. To 263 

evaluate the suitability of our constructed RECCT-Cay platform. DNA from these 30 264 
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fecal samples was extracted using both a commercial DNA extraction kit and a 265 

surfactant cracking DNA extraction method. Nested PCR and the RECCT-Cay method 266 

were used for detection. Nested-PCR amplification based on the 18S rRNA gene locus 267 

of C. cayetanensis was performed according to a previous study [28]. The primers used 268 

are listed in the Additional file 1: Table S1. The PCR products were detected using 1.0% 269 

agarose gel electrophoresis with DNAGREEN (Tiandz, Beijing, China) at 100 V for 25 270 

min. All positive PCR products were sent to Sangon Biotech (Zhengzhou, China) for 271 

bidirectional sequencing, aligning obtained sequences using MEGA 7.0 272 

(https://www.megasoftware.net/), with reference sequences downloaded from 273 

GenBank. 274 

Development and evaluation of a portable suitcase based on the RECCT-Cay 275 

platform 276 

To improve field applicability, a portable carrying case was developed and designed. 277 

This suitcase contains all the reagents and equipment needed for the entire process 278 

(from sample collection to the presentation of the test results). Using the positive fecal 279 

samples of C. cayetanensis stored in our laboratory, the feasibility of the portable 280 

suitcase developed based on the RECCT-Cay platform was evaluated. According to the 281 

preset procedure, C. cayetanensis was extracted from the samples using the surfactant 282 

cracking method, and the RECCT-Cay detection method was then employed. 283 

Result 284 

Rapid detection strategy of C. cayetanensis based on the RECCT-Cay 285 

To enable rapid and on-site diagnosis, we developed a comprehensive strategy that 286 
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included genomic DNA extraction, RPA amplification, and detection of C. cayetanensis 287 

using CRISPR/Cas12-based fluorescence and lateral flow strip (LFS) readout methods. 288 

First, crude extraction of fecal genomic DNA was performed, followed by 289 

amplification of the target fragment via the RPA. Then, LbCas12a, crRNA, and the 290 

target dsDNA sequence with the TTV PAM sequence formed an 291 

LbCas12a-crRNA-dsDNA ternary complex. Recognition of the target dsDNA by the 292 

designed crRNA can induce activation of LbCas12a, which subsequently cleaves 293 

HEX-12N-BHQ1 to emit fluorescence at 520 nm under 488 nm light or cleaves the 294 

6-FAM-12N-Biotin reporter to display visible T-lines on LFS (Fig. 1). 295 

Development of RPA primers and crRNA 296 

To select the appropriate target sequence, we chose the Cytb and Cox3 genes as target 297 

sites, as they are conserved in the C. cayetanensis and specific relative to other parasites. 298 

Using the Prime-Blast online tool, we designed two pairs of RPA primers for each gene 299 

(Additional file 1: Table S1), and the primers were synthesized by Sangon Biotech 300 

(Zhengzhou, China). After RPA amplification, analysis of the brightness and clarity of 301 

target bands in agarose gel electrophoresis revealed that RPA-F/R1b and RPA-F/R2a 302 

were the optimal primers, which were thus used in subsequent experiments. (Additional 303 

file 1: Fig. S4). 304 

The crRNAs were designed based on a T-rich protospacer adjacent motif (PAM). 305 

The PAM sequence of FnCas12a is TTN, while that of LbCas12a is TTTN [29]. 306 

However, previous research has shown that LbCas12a can also recognize non-standard 307 

PAM (such as CTTA, TCTA, and TTCA) [30]. Therefore, we selected a target sequence 308 

ACCEPTED MANUSCRIPTARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

 

 

of 24 nucleotides located next to the TTA PAM design and synthesized a crRNA named 309 

crRNA-Cox3 (Fig. 2A, Additional file 1: Fig. S5). By combining crRNA-Cox3 with 310 

LbCas12a and FnCas12a, we found that LbCas12a exhibited higher trans-cleave 311 

activity (Fig. 2B). Then, we selected a 23-nt target sequence located next to the TTTA 312 

PAM design and synthesized a crRNA-Cytb (Fig. 2A, Additional file 1: Fig. S5). By 313 

combining crRNA-Cox3 and crRNA-Cytb with LbCas12a, we found that crRNA-Cox3 314 

exhibited higher fluorescence values (Fig. 2C). Therefore, crRNA-Cox3 and LbCas12a 315 

were chosen to establish the system. 316 

Feasibility verification of the RECCT-Cay platform 317 

To preliminarily test the feasibility of the proposed RECCT-Cay platform, we used RPA 318 

primers, crRNA, and LbCas12a to perform a fluorescence detection assay. We recorded 319 

the fluorescence intensity every 30 s, and the real-time fluorescence curve is shown in 320 

Fig. 3A. The results indicated that 25 min was sufficient to observe a significant 321 

difference in fluorescence intensity between the positive and negative samples. 322 

Moreover, a clear, naked-eye-visible difference in fluorescence was observed between 323 

positive and negative samples under the blue light instrument (Fig. 3B).  324 

To be able to diagnose C. cayetanensis in the field, we use LFS, which allow the 325 

results to be read without the need for instruments and skilled technicians. In the LFS 326 

detection method, to avoid false-positive results, we explored the optimal probe 327 

concentration. False-positive results were observed when reporter genes at 15 nM or 328 

lower concentrations were used, which were eliminated when reporter genes at 20 nM 329 

or higher were used (Fig. 3C). Therefore, 20 nM was selected as the optimal reporter 330 

ACCEPTED MANUSCRIPTARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

 

 

concentration. We observed that positive samples had noticeable test lines (T-line) 331 

while negative samples only showed quality control lines (C-line) (Fig. 3D). The 332 

results demonstrated successful construction of a detection system for C. cayetanensis. 333 

Sensitivity and specificity of the RECCT-Cay platform 334 

To determine the LOD of the established POCT system, pure parasitic DNA samples 335 

were diluted across a gradient of 7 × 109–7 × 100 copies/μL, and the POCT assay was 336 

then performed for each diluted sample. The samples with 7 copies/μL and above had a 337 

significant fluorescence signal compared to the negative control samples (Fig. 4A and 338 

B, Additional file 1: Fig. S6). Similar results were observed in the LFS assay, with a 339 

LOD of 7 copies/μL (Fig. 4C). Subsequently, different concentrations of DNA (OPG of 340 

3 × 105–3 × 100) were tested. The samples of 3 × 101 or higher had a significant 341 

fluorescence signal (Fig. 4D and E, Additional file 1: Fig. S7). Similar results were 342 

observed in the LFS assay based on RECCT-Cay, with samples with an OPG of 3 × 101 343 

or higher showing T-lines (Fig. 4F). The LOD of the constructed RECCT-Cay platform 344 

was determined to be 30 oocysts per gram of stool. 345 

To test the specificity of the established POCT system, different parasites 346 

including T. gondii, C. parvum, G. duodenalis, Blastocystis sp., E. bieneusi, E. tenella, 347 

and E. cylindrica were recruited alongside C. cayetanensis as the positive group. In the 348 

fluorescence assay, only C. cayetanensis showed a visible fluorescence signal (Fig. 4G 349 

and H, Additional file 1: Fig. S8). Similarly, in the LFS assay, only C. cayetanensis 350 

showed clear T-lines (Fig. 4I). The RECCT-Cay platform constructed in this study has 351 

high specificity, effectively detecting and distinguishing C. cayetanensis from other 352 
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parasitic species. 353 

Performance of the RECCT-Cay platform in clinical samples 354 

To eliminate the need for large centrifuges and specialized equipment when extracting 355 

genomic DNA from clinical fecal samples, we compared the extraction effects of the 356 

surfactant cracking method and commercial kit extraction method for C. cayetanensis. 357 

The extraction efficiency was evaluated according to the brightness of the target band 358 

in gel electrophoresis (Fig. 5A) and the fluorescence signal (Fig. 5B). Adding VHB 359 

Buffer and DNA Wash Buffer enhanced the extraction efficiency of the surfactant 360 

cracking method. Although the efficiency of DNA extraction by surfactant cracking 361 

was slightly lower than that of commercial kit extraction (Fig. 5B), the latter is 362 

time-consuming, complex, and requires large equipment. Therefore, we finally selected 363 

the surfactant cracking method for genomic DNA extraction from clinical stool 364 

samples. 365 

Subsequently, to evaluate the clinical utility of the RECCT-Cay platform, fresh 366 

stool samples were collected from 30 hospitalized patients. All 30 samples were first 367 

tested by nested PCR, and three were positive for C. cayetanensis (Fig. 6A, Additional 368 

file 1: Fig. S9). Both the fluorescence assay (Fig. 6B) and the LFS assay (Fig. 6C) 369 

yielded consistent results with the reference nested PCR, indicating that RECCT 370 

effectively detects C. cayetanensis from crude DNA extracts. 371 

Portable suitcase for rapid detection based on the RECCT-Cay platform 372 

To improve field applicability, we developed a portable suitcase based on the 373 

RECCT-Cay platform. Measuring 44 × 32 × 17 cm (Fig. 7A), the portable suitcase 374 
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includes: a sample collection kit, a fecal genome DNA rapid extraction kit, and the 375 

RPA-CRISPR/Cas12a detection kit (lyophilized RPA, lyophilized CRISPR/Cas12a 376 

reagents, and LFS). To facilitate storage and transportation, liquid RPA and 377 

CRISPR/Cas12a reagents were prepared in lyophilized powder form (Additional file 1: 378 

Fig. S10). The feasibility of the portable suitcase was evaluated using preserved C. 379 

cayetanensis-positive fecal samples from our laboratory. For the LFS test, the positive 380 

sample exhibited a clear T-line, while the negative sample only showed a C-line (Fig. 381 

7B). For the fluorescence detection method of the RECCT-Cay platform, a clear 382 

difference between the positive and negative samples was visible to the naked eye 383 

under a blue light meter (Additional file 1: Fig. S11A). The results of our present 384 

method are consistent with those obtained by nested PCR, which confirms its efficacy 385 

for on-site diagnosis (Additional file 1: Fig. S11B). 386 

Discussion 387 

Cyclospora cayetanensis is an emerging food- and water-borne pathogen that causes 388 

endemic and epidemic human diarrhea worldwide [31]. C. cayetanensis has caused 389 

several foodborne outbreaks in many countries, including the United States, Mexico 390 

[32, 33], and Canada [34]. The newly developed method with high sensitivity and 391 

specificity can facilitate the detection of oocysts in clinical diagnosis and food. The 392 

researchers found that C. cayetanensis was more likely to occur in low-income 393 

countries and children [10]. Microscopy and PCR (real-time qPCR or conventional 394 

PCR) are commonly used for the laboratory diagnosis of C. cayetanensis [35]. 395 

Although PCR-based methods are highly accurate and suitable for high-throughput 396 

ACCEPTED MANUSCRIPTARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

 

 

screening, they are limited by the need for sophisticated equipment, specialized 397 

personnel, and time-consuming procedures. These shortcomings hinder its practical 398 

application, especially in resource-limited environments. Therefore, there is a growing 399 

demand for more efficient, portable, and cost-effective diagnostics solutions. Our study 400 

addresses this urgent need by establishing a rapid, portable RECCT-Cay platform, 401 

providing a simple and effective alternative for practical field use. 402 

Rapid portable pathogen detection methods based on the CRISPR/Cas system 403 

have been developed for Leptospira [36], COVID-19 [37], Burkholderia pseudomallei 404 

[38], C. parvum [25], and T. gondii [39], and have satisfactory diagnostic performance. 405 

In this study, we combined RPA amplification and the CRISPR/Cas12a system to 406 

establish a stable, rapid, and sensitive method for C. cayetanensis detection. First, the 407 

target sequence is amplified by RPA, then Cas12a trans-cleavage activity is utilized, 408 

and finally, fluorescence readout and an LFS biosensor are used for signal detection. 409 

The results showed that the constructed RECCT-Cay platform exhibited high 410 

sensitivity and specificity (Fig. 4). This method represents a novel application for 411 

detecting C. cayetanensis, and is developed to complete the entire process within just 1 412 

h at 37°C, potentially using body temperature. Without the need for specialized 413 

equipment, the final detected signal can be clearly interpreted by the naked eye. 414 

It is worth noting that we carefully screened the optimal target sites and 415 

designed the best RPA primers and crRNA. The commonly used genetic loci of C. 416 

cayetanensis include 18S rRNA, ITS or HSP70 [2, 40-42]. The 18S rRNA gene 417 

sequence cannot distinguish C. cayetanensis from Eimeria spp., representing a major 418 
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challenge in water and environmental detection [35]. ITS gene sequences are highly 419 

variable among different samples [43], and no conserved target sequences could be 420 

screened. The HSP70 gene locus is a low-copy gene, which reduces detection 421 

sensitivity [44]. Finally, we screened the best RPA primers and crRNA at the Cox3 gene 422 

locus in the mitochondrial genome (approximately 6200 bp). The results show that the 423 

method constructed in this study has high specificity, enabling differentiation from 424 

Eimeria spp. (which are genetically closely related), aying a solid foundation for future 425 

detection of C. cayetanensis in food and water. Additionally, it exhibits strong 426 

sensitivity, with a LOD of 7 copies/μL or 30 oocysts per gram of stool. Although the 427 

detection limit of nested PCR amplification by Resendiz-Nava et al. was as low as 1 C. 428 

cayetanensis OPG of sample, it showed cross-reactivity with Eimeria species [45]. The 429 

FDA has developed a mit3PCR for the detection of C. cayetanensis. When a minimum 430 

of 20 oocysts are inoculated, the positive detection rate can reach 100%, which is 431 

comparable to the sensitivity of this study [46]. Richins T et al. developed a single-tube 432 

nested qPCR for the detection of C. cayetanensis, with a LOD as low as 0.613 oocysts/g, 433 

but cross-reacted with Eimeria spp [47]. Costa ADT developed a ready-to-use qPCR 434 

for the detection of C. cayetanensis, with a LoD₉₅% of 17.54 copies/reaction. The 435 

positive detection rate was 100% in the 200 oocysts /μL, while a few false negative 436 

results occurred in the 5-10 oocysts /μL. This method emphasizes the need for frozen 437 

transportation, yet the reagents still need to be stored at 2-8 °C [48]. 438 

In this study, fluorescence sensing and LFS biosensor were employed for signal 439 

detection, addressing the demand for visual detection methods—particularly critical for 440 
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molecular diagnosis in remote areas where instrumentation may be unavailable [49]. 441 

When the HEX-12N-BHQ1 reporter was used, the results could be visualized with the 442 

naked eye under blue light. When the 6-FAM-12N-Biotin reporter was used, results 443 

were visually detectable via the LFS biosensor. Visual inspection enables simple and 444 

rapid interpretation of results without requiring professional technicians, large-scale 445 

equipment, or power supplies, rendering the RECCT-Cay platform a practical 446 

diagnostic tool. Importantly, we integrated a rapid fecal DNA extraction method (the 447 

0.1% LSS lysis method, completed within 20 minutes) with the RECCT assay. To 448 

validate the clinical applicability of the RECCT-Cay platform, we extracted crude DNA 449 

from 30 human fecal samples. Three positive samples were identified by both 450 

fluorescence and LFS assays, with results showing high consistency with those of 451 

nested PCR targeting the 18S rRNA locus. These findings confirm the reliability of the 452 

RECCT-Cay platform established in this study. As a detection method for C. 453 

cayetanensis, the approach developed herein exhibits improvements in simplicity, 454 

sensitivity, specificity, efficiency, and equipment independence. 455 

Finally, we developed and designed a portable suitcase integrated with the 456 

required equipment and lyophilized reagents, which meets the needs of field testing. 457 

This portable suitcase, designed for C. cayetanensis detection, offers a "one-stop 458 

service" covering sample collection, rapid fecal DNA extraction, and the RECCT-Cay 459 

assay. It can be applied in remote areas or field settings for clinical testing. Furthermore, 460 

the device is compact and portable, requiring no large-scale equipment—an important 461 

advancement toward fast, affordable, and accessible POCT in the future. 462 
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However, this method has certain limitations. First, although the isothermal 463 

amplification feature of RPA reduces equipment costs, the cost of RPA reagents 464 

remains relatively high. Future efforts should focus on reducing costs through mass 465 

production or the use of single-tube systems capable of detecting multiple pathogens. 466 

Second, we adopted a two-step approach to separate RPA from CRISPR/Cas12a 467 

reactions. However, the need to open the reaction tube after RPA amplification 468 

increases the risk of aerosol contamination. This two-step process could be optimized 469 

into a single-pot reaction to mitigate such contamination. Third, extracting parasitic 470 

genomic DNA from fecal samples is more challenging compared to extracting viral or 471 

bacterial DNA. The efficiency of rapid fecal genomic DNA extraction using the LSS 472 

lysis method thus requires further improvement in future experiments. Despite these 473 

limitations, the RPA-CRISPR/Cas12a test kit developed for C. cayetanensis exhibits 474 

high sensitivity and robustness. 475 

Conclusions 476 

This study is the first to employ RPA isothermal amplification combined with 477 

CRISPR/Cas12a technology for the detection of C. cayetanensis. The method exhibits 478 

excellent specificity, showing no cross-reactivity with closely related species such as 479 

Eimeria spp. It also demonstrates high sensitivity, with a LOD of 7 copies/μL or 30 480 

oocysts per gram in stool samples. Additionally, we have designed and developed a 481 

portable suitcase integrating essential equipment and lyophilized reagents, eliminating 482 

the need for large-scale instruments and laboratory settings. This suitcase enables 483 

applications in remote areas or on-site clinical testing, offering the advantage of a 484 
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"one-stop service." The proposed RECCT-Cay platform is rapid, convenient, and 485 

efficient, and can be widely applied to various sample types, including food, soil, water, 486 

and feces. Overall, this approach lays an important foundation for the future 487 

development of rapid and cost-effective POCT. 488 
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Figure legends 702 

Figure 1. Schematic of the RECCT-Cay platform. (A) Rapid extraction of C. 703 

cayetanensis DNA from fecal samples by surfactant lysis. (B) Schematic of the 704 

RPA-CRISPR/Cas12-based diagnostic workflow. H-Q: HEX-BHQ, F-B: FAM-Biotin. 705 

(C) Readout of the RPA-CRISPR/Cas12a-based detection by a fluorescent reader or 706 

lateral flow strip (LFS). 707 

Figure 2. Screening of RPA amplification primers and crRNA. (A) The 708 

mitochondrial genome map shows the target site of the C. cayetanensis Cytb and Cox3, 709 

and it also shows the sequence of crRNA and the location of the RPA primer sequence 710 

in this assay. (B) Real-time fluorescence intensity curve o obtained by combining 711 

crRNA-Cox3 with LbCas12a and FnCas12a respectively. (C) Real-time fluorescence 712 

intensity curves obtained by combining LbCas12a combined with crRNA-Cox3 and 713 

crRNA-Cytb respectively. 714 

Figure 3. Establishment of a positive amplification system for C. cayetanensis 715 

detection. (A) Real-time fluorescence intensity curves of RPA-CRISPR/Cas12a-based 716 

detection involving H-Q reporter. (B) An obvious fluorescence signal of the positive 717 

sample was observed under UV light by the naked eye. PR: Positive results, NR: 718 

Negative results. (C) Optimization of the reporter concentration for 719 

RPA-CRISPR/Cas12a-based LFS detection. Various concentrations (0, 5, 10, 15, 20, 40, 720 

60, 80 nM) of F-B reporter were tested. (D) An obvious T-line of the positive sample 721 

was observed by the naked eye. PR: Positive results, NR: Negative results. 722 

Figure 4. Sensitivity and specificity of the RECCT-Cay platform. The sensitivity 723 
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and specificity of the RECCT-Cay platform. Nucleic acid sensitivity: (A) Fluorescence 724 

intensity values read by the qPCR instrument, (B) Fluorescence results under a blue 725 

light instrument, (C) LFS results; Oocyst sensitivity: (D) Fluorescence intensity values 726 

read by the qPCR instrument, (E) Fluorescence results under a blue light instrument, (F) 727 

LFS results; Specificity: (G) Fluorescence intensity values read by the qPCR 728 

instrument, (H) Fluorescence results under a blue light instrument, (I) LFS results. 1–8: 729 

C. cayetanensis, E. tenella, E. cylindrica, T. gondii, C. parvum, G. duodenalis, 730 

Blastocystis sp., and E. bieneusi, respectively. Data in (A), (D), and (G) are presented as 731 

the mean ± standard deviation of three replicates. ***: p < 0.001; ****: p < 0.0001; ns: 732 

not statistically significant. 733 

Figure 5. Comparison of the effects of different methods for extracting fecal 734 

genomic DNA. (A) Evaluation of the optimized surfactant pyrolysis method by 735 

agarose gel electrophoresis. The nested PCR reaction was performed with two groups: 736 

Group 1, where VHB Buffer and DNA Wash Buffer were added to purify DNA from 737 

crude extraction; and Group 2, where VHB Buffer and DNA Wash Buffer were not 738 

added to extract DNA. PC: Positive control, NC: Negative control. (B) Fluorescence 739 

detection based on RECCT-Cay was used to compare different genomic DNA 740 

extraction methods. 741 

Figure 6. Validation of RECCT-Cay-based detection of C. cayetanensis in clinical 742 

human fecal samples.  (A) 30 clinical fecal samples from humans were tested using 743 

the conventional nested PCR sequencing method. (B) The fluorescence detection and 744 

(C) LFS detection based on RECCT-Cay. 745 
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Figure 7. Development of a portable suitcase to detect C. cayetanensis. (A) Photos 746 

of the newly developed portable suitcases for point-of-care applications. (B) C. 747 

cayetanensis was determined by LFS assay detection. 1–2: C. cayetanensis positive 748 

control, NC: Negative control. 749 

750 

751 
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