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Abstract 

Background: Infection with Trichomonas vaginalis can lead to cervicitis, urethritis, pelvic inflammatory disease, pros-
tatitis and perinatal complications and increased risk of HIV transmission. Here, we used an RPA-based CRISPR-Cas12a 
assay system in combination with a lateral flow strip (LFS) (referred to as RPA-CRISPR-Cas12a) to establish a highly 
sensitive and field-ready assay and evaluated its ability to detect clinical samples.

Methods: We developed a one-pot CRISPR-Cas12a combined with RPA-based field detection technology for T. vagi-
nalis, chose actin as the target gene to design crRNA and designed RPA primers based on the crRNA binding site. The 
specificity of the method was demonstrated by detecting genomes from nine pathogens. To improve the usability 
and visualize the RPA-CRISPR-Cas12a assay results, both fluorescence detection and LFS readouts were devised.

Results: The RPA-CRISPR-Cas12a assay platform was completed within 60 min and had a maximum detection limit 
of 1 copy/µl and no cross-reactivity with Candida albicans, Mycoplasma hominis, Neisseria gonorrhoeae, Escherichia coli, 
Cryptosporidium parvum, G. duodenalis or Toxoplasma gondii after specificity validation. Thirty human vaginal secre-
tions were tested by RPA-CRISPR-Cas12a assays, and the results were read by a fluorescent reporter and LFS biosen-
sors and then compared to the results from nested PCR detection of these samples. Both RPA-CRISPR-Cas12a assays 
showed 26.7% (8/30) T. vaginalis-positive samples and a consistency of 100% (8/8). The RPA-CRISPR-Cas12a assays had 
a higher sensitivity than nested PCR (only seven T. vaginalis-positive samples were detected).

Conclusions: The T. vaginalis RPA-CRISPR-Cas12a assay platform in this study can be used for large-scale field testing 
and on-site tests without the need for trained technicians or costly ancillary equipment.
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Background
Trichomonas vaginalis (TV) belongs to a group of uni-
cellular protozoan parasites that are mainly found in 
the vagina and urethra [1] and is the most common 
sexually transmitted infection (STI) [2] worldwide [3, 4], 
with approximately 270 million [1] people infected each 
year. Trichomonas vaginalis infection causes inflamma-
tory infections, such as vaginitis [3], urethritis, pelvic 
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inflammatory disease and prostatitis [5], and can also 
cause perinatal complications, such as premature rupture 
of membranes [6] and preterm birth [7]. Meanwhile, T. 
vaginalis infection can increase the risk of HIV infection 
[8], cervical intraepithelial neoplasia [9] and posthyster-
ectomy infection [10]. In some women, trichomoniasis 
can lead to symptoms such as vaginal erythema, produc-
tion of gray-green or yellow-green secretions and dif-
ficulty in urination [11], but most infected individuals, 
especially men, are asymptomatic [12]. Therefore, accu-
rate diagnosis is crucial for the proper treatment and pre-
vention of trichomoniasis and to avoid recurrence [13].

The current diagnostic methods of T. vaginalis are 
mainly microscopic observation [12]. Although these 
tests have a high specificity, they have a low sensitivity of 
40% to 70% [14]. In recent years, the nucleic acid ampli-
fication test (NAAT), direct fluorescent antibody test 
(DFA) and latex agglutination test (LAT) have also been 
developed for the detection of T. vaginalis. However, 
while these methods greatly improve the sensitivity of the 
assay, they carry the risk of false positives while making 
it difficult to meet the requirements of field testing in a 
non-laboratory environment [15].

CRISPR-Cas (clustered regularly interspaced short pal-
indromic repeats) technology is a new generation of gene 
editing technology [16]. This technology exhibits nonspe-
cific trans-cleavage activity upon binding to its specific 
target, thus achieving the goal of efficient pathogen-spe-
cific detection. To improve the sensitivity of the CRISPR-
Cas technique, it is usually combined with nucleic acid 
amplification methods, such as recombinase polymer-
ase amplification (RPA) [17], loop-mediated isothermal 
amplification (LAMP) [18] and PCR [19] to preamplify 
the target genes. The trans-cleavage property of the 
CRISPR-Cas system can compensate for the risk of false-
positive nucleic acid amplification methods. Depend-
ing on the type of nucleic acid substrate (DNA or RNA), 
CRISPR-Cas12a/Cas13-based systems have been applied 
alternatively for the detection of different pathogens, 
including viruses [20], bacteria [17] and parasites [21].

However, to date, no method has been reported for 
the detection of T. vaginalis using the CRISPR-Cas sys-
tem. Here, the actin gene was chosen as the target site. 
As the structural protein present in the eukaryotic 
cytoskeleton, the actin protein is both interspecies spe-
cific and intraspecies conserved [22]. Meanwhile, actin 
was also the gene of choice for molecular-typing tech-
niques and diagnosis. In this study, we established a 
CRISPR-Cas12a-based RPA-LFS assay. The sensitivity of 
Cas12a detection was enhanced by RPA, and the cleavage 
effect of CRISPR-Cas12a was used to compensate for the 
RPA-prone false-positive detection results. In combina-
tion with the lateral flow strip (LFS) biosensor, a rapid, 

sensitive, highly specific, naked-eye visualization method 
was developed for the rapid detection of T. vaginalis in 
the field.

Methods
Nucleic acids, reagents and kits
All primers in this experiment were ordered from 
Comate Bioscience (Changchun, China). The fluorescent 
ssDNA reporter (5′6-FAM-TTATT-BHQ1-3′) and lateral 
flow strip test reporter (5′6-FAM-TTATT-Biotin-3′) were 
ordered from General Biol Co., Ltd. (Anhui, China). The 
recombinant plasmid Cas12a (huLbCpf1) was purchased 
from Addgene (Watertown, MA, USA). The HiScribe™ 
T7 Quick High Yield RNA Synthesis Kit and NEbuffer 3.1 
were purchased from New England Biolabs (MA, USA). 
The miRNeasy Mini Kit was purchased from QIAGEN 
(Hilden, Germany). QuickCut NotI, QuickCut EcoRI, 
TaKaRa Taq and RNase inhibitor I were purchased from 
TaKaRa Bio Inc. (Dalian, China). HindII, MseI and RsaI 
were purchased from New England Biolabs (Ipswich, 
MA, USA). The TwistAmp™ basic kit was purchased 
from TwistDx Ltd. (Hertfordshire, UK). Cas12/13-spe-
cific nucleic acid detection kits were purchased from 
Tiosbio Inc. (Beijing, China). DNA genomes from eight 
pathogens (T. vaginalis, Candida albicans, Mycoplasma 
hominis, Neisseria gonorrhoeae, Escherichia coli, Crypto-
sporidium parvum, Giardia lamblia and Toxoplasma 
gondii) and the human genome were provided by our lab-
oratory. The human vaginal secretion, semen and urine 
genome used for clinical sample testing were sourced 
from the Second Hospital of Jilin University in Chang-
chun, Jilin Province.

Trichomonas vaginalis culture
Positive clinical samples and T. vaginalis standard strain 
were cultured in glass tubes in liver extraction medium 
containing 16% fetal bovine serum (BioInd, Israel) and 
1% penicillin/streptomycin (BioInd, Israel) [23]. The T. 
vaginalis culture was incubated at 37  °C; every 12  h, it 
was observed by microscopy for morphology, motility 
and the presence of worm contamination. The density 
of T. vaginalis was calculated using a cell counting plate, 
and transmission was performed when the density of T. 
vaginalis reached  106  ml−1.

DNA extraction
The genomic DNA from T. vaginalis and clinical samples 
was extracted by a TIANamp Genomic DNA Kit accord-
ing to the instructions. DTT (0.1  M) was added when 
extracting the semen genome and digested at 56  °C for 
3 h. Then, the genome was quantified using a Nanodrop 
and stored at − 20 °C for future experiments.
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Construction of pGEX‑4T‑1‑actin‑positive recombinant 
plasmids
PCR primers with homologous recombination sites 
(underlined bases) were designed based on the T. vagi-
nalis actin gene (GenBank accession number: AF237734): 
TV-actin-F: 5′-ccgcgtggatccccggaattcGGC TTC TCT 
GGC GAT GAA GC-3′ and TV-actin-R: 5′-ctcgagtcgacc-
cgggaattcCTC CTT GGT GAT AAC CAT CTG TGG -3′.

The 50-μl PCR cocktail contained 2.5  μl of each for-
ward and reverse primer, 25 μl of PrimeSTAR Max Pre-
mix, 10  μl of T. vaginalis genomic DNA and 10  μl of 
nuclease-free water. The PCR cycling conditions were 
as follows: 98 °C for 2 min; 98 °C for 10 s, 55 °C for 5 s, 
and 72  °C for 1  min for a total of 30 cycles; and a final 
72 °C extension for 10 min. Then, the positive PCR prod-
uct was purified and cloned into the pGEX-4T-1 vector, 
and a positive recombinant plasmid containing the con-
served region was obtained. The DNA concentration was 
determined using a Nanodrop, and its copy number was 
calculated according to the formula: copy number (copies 
μL−1) = 6.02 ×  1023 × Y (ng μL−1) ×  10–9/(number of plas-
mid bases × 660) (Y denoted plasmid concentration). The 
DNA was serially diluted tenfold to one copy and stored 
at − 20 °C for future experiments.

CRISPR‑Cas12a prokaryotic expression and purification
To express the Cas12a protein, the huLbCpf1 gene was 
cloned from the pET-28a(+) vector into the pGEX-
4T-1 vector and transformed into E. coli BL21 (DE3). 

Protein expression was induced at 16  °C for 18–20  h at 
150  rpm   min−1 by 1  mM isopropyl-β-d-thiogalactoside 
when the optical density at 600  nm reached 0.6. Bacte-
ria were collected and centrifuged at 4 °C at 12,000×g for 
10 min and then lysed by a sonicator.

The cell lysate was clarified by centrifugation, and the 
supernatant was collected and transferred to a chroma-
tographic column with a GST agarose gel. The CRISPR 
Cas12a protein was then eluted with elution buffer (30 ml 
1 × PBS, 0.1 g reduced glutathione). The purified protein 
was identified using SDS-PAGE according to the manu-
facturer’s instructions, decontaminated with a 0.22-μm 
filter membrane and stored at − 80 °C.

Design and synthesis of T. vaginalis target DNA and crRNA
The actin gene was chosen to design target genes and 
crRNA sequences. Because Cas12a specifically recog-
nizes TTTN sequences, three target sequences (TV1, 
TV2 and TV3) were designed for the target DNA, as 
shown in Table  1. Double-stranded DNA (dsDNA) was 
obtained after annealing, and the dsDNA was quantified 
by Nanodrop and stored at − 20  °C. The crRNA-F was 
formed using the T7 promoter (TAA TAC GAC TCA CTA 
TAG G) + scaffold sequence of LbCas12a (AAT TTC TAC 
TAA GTG TAG AT) + target sequence (20–23 bp after the 
target PAM sequence), with reverse complementation 
as crRNA-R, as shown in Table 1. The crRNA was tran-
scribed using a HiScribe™ T7 Quick High Yield RNA Syn-
thesis Kit followed by DNase I digestion and miRNeasy 

Table 1 Primer sequences for RPA, crRNA and CRISPR-Cas12a

Assay Primer name Sequence (5′ → 3′)

Target TV1 TTT CCC TCT ACT CCT CTG GCC GTA 

TV2 TTT CGA TGC TGG TGA TGG TGT TTC 

TV3 TTT CCC ATC CGT TGT TGG CCG TCC 

RPA RPA-F1 CCA AAG GCT AAC CGT GAG AAA ATG A

RPA-F2 CAT TCA ACG CCC CAT CCT TCT ATG TCGG 

RPA-F3 GGC TGT TCT TTC CCT CTA CTC CTC TGGC 

RPA-F4 AAC CCA AAG GCT AAC CGT GAG AAA ATGAT 

RPA-F5 TCC AAG GCT GGT GTC CTC ATC CTC AAGTA 

RPA-F6 TAA CCC AAA GGC TAA CCG TGA GAA AATGA 

RPA-F7 GCT CCA AGG CTG GTG TCC TCA TCC TCAAG 

RPA-R1 GAA GTA TGG CTT GAA GAG CAT TTC TGGGC 

RPA-R2 TAG CCT TCG TAA ATT GGA ACT GTG TGG GAA AC

RPA-R3 GGA GTA GCC TTC GTA AAT TGG AAC TGT GTG GG

RPA-R4 GGC TGT TGT GTT GAA AGC ATT GCC ACG CTC TGTG 

crRNA TV1-crRNA GAA ATT AAT ACG ACT CAC TAT AGG GTA ATT TCT ACT AAG TGT AGA TCC TCT ACT CCT CTG GCC GTA 

TV2-crRNA GAA ATT AAT ACG ACT CAC TAT AGG GTA ATT TCT ACT AAG TGT AGA TGA TGC TGG TGA TGG TGT TTC 

TV3-crRNA GAA ATT AAT ACG ACT CAC TAT AGG GTA ATT TCT ACT AAG TGT AGA TCC ATC CGT TGT TGG CCG TCC 

Cas12a Cas12a-pGEX-4T-1-F CCG CGT GGA TCC CCG GAA TTC ATG AGC AAG CTG GAG AAG TTT ACA 

Cas12a-pGEX-4T-1-R TCA GTC AGT CAC GAT GCG GCC GCG TGC TTC ACG CTG GTC TGG G
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Mini Kit purification. Two microliters was removed to 
measure the concentration using a Nanodrop, and 2 μl 
was run on an agarose gel to identify whether crRNA was 
degraded; the samples were stored in liquid nitrogen.

RPA primer design and screening
The RPA primers were designed based on the crRNA 
using Primer Premier 5.0 software (Table  1). According 
to the TwistAmp™ Basic product specification, the RPA 
reaction system was 20 μl, including 0.50  μM forward 
primer, 0.50  μM reverse primer, 1 × rehydration buffer, 
14 mM MgOAc, 2 μl genomic DNA of the sample to be 
tested, and the remaining 20 μl was made up with nucle-
ase-free water. The RPA amplification procedure was 
performed at a constant temperature of 37 °C for 30 min, 
and the optimal RPA primers were selected based on the 
results of nucleic acid electrophoresis.

RPA‑CRISPR‑Cas12a detection platform
The RPA-CRISPR-Cas12a platform combined RPA and 
CRISPR/Cas12a detection. Following the TwistAmp™ 
Basic product instructions, the RPA reaction mixture 
was placed at the bottom of the tube. The CRISPR-
Cas12a reaction mixture contained 200 nM pGEX-4T-1-
Cas12a, 250  nM crRNA, 2 μl DNA target, 20 U RNase 
inhibitor, 200 nM reporter probe, 20 mM Tris–HCl pH 
8.0, 100 mM KCl, 5 mM  MgCl2, 1 mM DTT, 2.5 μg  ml−1 
glycerol and heparin sodium. Then, 20 μl of the CRISPR-
Cas12a reaction mixture was added to the lid of a cen-
trifuge tube and placed in a thermal cycler or water bath 
at 37  °C for 30 min before sealing. The CRISPR-Cas12a 
reaction mixture and the RPA reaction mixture were 
mixed with a short spin. If the ssDNA reporter was 
5′6-FAM-TTATT-BHQ1-3′, the centrifuge tube was 
placed into the EasyPGX quantitative PCR instrument 
for 1  h at 37  °C, and FAM fluorescence was collected 
every 2  min. If the ssDNA reporter was 5′6-FAM-
TTATT-Biotin-3′, the centrifuge tube was placed into a 
thermocycler or water bath at 37  °C and incubated for 
1 h. Then, the mixtures were drawn and added dropwise 
to CRISPR-Cas12a/Cas13a-specific test strips to observe 
the results visually.

Detection of T. vaginalis by actin gene‑based nested PCR
The T. vaginalis actin gene (GenBank: AF237734) was 
amplified using the outer primers (OPs) and inner prim-
ers (IPs) reported in a previous article [24]: OP-F: 5′-TCT 
GGA ATG GCT GAA GAA GACG-3′; OP-R: 5’-CAG GGT 
ACA TCG TAT TGG TC-3′; IP-F: 5′-CAG ACA CTC GTT 
ATCG-3′. IP-R: 5′-CGG TGA ACG ATG GATG-3′.

The reaction mixture (50 μl) included 0.5 µl of TaKaRa 
Taq, 4 µl of dNTPs, 5 μl of 10 × buffer, 1 µl of each for-
ward and reverse primer, 1.5 µl of genomic DNA 

template and 37 μl of nuclease-free water. The thermal 
cycling conditions were: 94 °C for 5 min; 94 °C for 30 s, 
58 °C for 30 s and 72 °C for 70 s for a total of 30 cycles; 
and 72  °C for a 10  min extension. Afterwards, electro-
phoresis was performed on a 1% agarose gel and visual-
ized under UV light after ethidium bromide staining, and 
a band at 1100 bp was considered a positive sample.

Actin genotyping of T. vaginalis and phylogenetic analysis
The actin gene products of positive samples and the T. 
vaginalis standard strain were collected and digested by 
HindII, MseI and RsaI at 37 °C for 4 h, and eight different 
actin types (A E G H I M N P) were identified accord-
ing to the location and number of cleavage sites (Table 2) 
[24]. The digested fragments were separated on a 3% aga-
rose gel by electrophoresis and observed under UV light, 
and fragment size was assessed. The actin genes of sam-
ples 3 and 4 and T. vaginalis strains were sequenced, and 
phylogenetic analysis was then performed using the NJ 
algorithm.

RNA extraction
In total, 1 ×  107 T. vaginalis cultured in vitro for 48 h was 
collected by centrifugation, and total RNA was extracted 
using the TRIzol protocol according to the manufac-
turer’s instructions. Total RNA extracted from tropho-
zoites was analyzed by agarose gel electrophoresis. If a 
viral band of approximately 5.5 kb was observed, it was 
regarded as a virus-carrying strain.

PCR amplification of the ITS fragments
The primers TV-ITS-F and TV-ITS-R [25] (forward 
primer 5′-ACC GCC CGT CGC TCC TAC CGA-3′ and 
reverse primer 5′-CTC CGC TTA ATG AGA TGC TTC-3′) 
were used to amplify the ITS region of ribosomal DNA 
(rDNA) from clinical sample 4. The reactions were car-
ried out in a total volume of 50 µl and included 0.5 µl of 
TaKaRa Taq, 4 µl of dNTPs, 5 μl of 10 × buffer, 1 µl of 

Table 2 Size of fragments, pattern groups and actin genotypes 
of the T. vaginalis (extracted from [22])

Genotype HindII (bp) RsaI (bp) MseI (bp)

A 827, 213, 60 568, 236, 190, 106 581, 519

E 827, 213, 60 568, 236, 106, 103, 87 581, 315, 204

G 426, 401, 213, 60 568, 236, 190, 106 581, 519

H 426, 401, 213, 60 568, 236, 106, 103, 87 581, 519

I 426, 401, 213, 60 452, 236, 190, 116, 106 581, 519

M 426, 401, 213, 60 568, 236, 190, 106 581, 333, 186

N 426, 401, 213, 60 568, 236, 106, 103, 87 581, 333, 186

P 426, 401, 213, 60 452, 236, 116, 106, 103, 87 581, 333, 186
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each forward and reverse primer, 1 µl of genomic DNA 
template and 37.5 μl of nuclease-free water. The thermal 
cycling conditions were: 94 °C for 5 min; 94 °C for 30 s, 
58 °C for 30 s and 72 °C for 70 s for a total of 30 cycles; 
and 72  °C for a 10  min extension. PCR products were 
purified using a PCR Product Purification Kit and sent to 
Comate Bioscience (Changchun, China) for sequencing.

Statistical analysis
Statistical analyses were performed using GraphPad 
Prism, and one-factor analysis of variance (ANOVA) was 
used to compare the two groups and the different groups. 
All experiments were repeated at least three times, and 
data are shown as mean ± standard error. Differences 
were considered statistically significant when the p-value 
was < 0.05.

Results
Preparation and feasibility of the proposed detection 
strategy
The biosensor designed in this study was based on the 
trans-cleavage of the CRISPR-Cas12a system and the 
rapid amplification of RPA. The detection process is 
shown in Fig.  1a. DNA samples extracted from vaginal 
swabs were added to the RPA mixture at the bottom of 
the centrifuge tube, whereas the CRISPR mixture was 
located on the cap of the tube. After 30 min, the CRISPR 
mixture was mixed with the amplification product with 
a short spin. The amplicon could be recognized by spe-
cific crRNA fragments, while the reaction activated 
the cis- and trans-nuclease activity of Cas12a. When 
the 5′6-FAM-TTATT-BHQ1-3′ reporter was used, the 
reporter molecule modified by fluorescent and burst 
groups was cleaved and released a fluorescent signal. On 
the other hand, if the 5′6-FAM-TTATT-biotin-3′ reporter 
was used, the FAM-modified groups specifically bound 
gold-NP anti-FAM antibodies to form a complex that was 
captured by the antibody detection line. Biotin-modified 
groups could be captured by the streptavidin line (control 
band). When the ssDNA reporter was not degraded by 
LbCas12a, this complex could be captured by the strepta-
vidin line. In contrast, when ssDNA was degraded, biotin 
was released from the complex captured by the streptavi-
din line (control band), and the remaining complex was 
bound by the antibody capture line (sample band). There 
was no need to open the lid during the entire assay, and 
only a reaction condition of 60 min at 37 °C was needed.

RPA‑CRISPR‑Cas12a platform
Cas12a protein was produced by the E. coli expres-
sion system and expressed mainly in soluble form 
with a molecular weight of ~ 150  kDa, as confirmed 
by sodium dodecyl sulfate‒polyacrylamide gel 

electrophoresis (Additional file  1: Fig. S1). To demon-
strate that the recombinant Cas12a protein had cleav-
age activity, the target site T2 was selected [26] to 
evaluate Cas12a activity. The results showed that the 
T2 group had a clear fluorescent signal compared with 
the  Target−/− or  Cas12a−/− negative control groups 
[ANOVA, F(2,6) = 625.6, P < 0.0001] (Fig. 1b).

To obtain efficient and specific crRNAs applicable 
for the detection of different T. vaginalis isolates, three 
groups of targets were selected, and their correspond-
ing crRNA oligonucleotide single strands are shown in 
Table 1. Three sets of crRNAs were of high concentration 
and purity (Fig.  1c) and were not degraded after tran-
scription (Additional file 1: Fig. S2). Next, the efficiencies 
of the three candidate crRNAs were tested using a fluo-
rescence detector. The results showed that TV1-crRNA, 
TV2-crRNA and TV3-crRNA all had clear fluorescent 
signals compared with the negative controls  (Target−/− 
or  Cas12a−/−) (Additional file  1: Fig. S3). However, 
TV2-crRNA showed a higher fluorescence signal than 
the other crRNAs [TV1-crRNA: ANOVA, F(2,6) = 9.615, 
P = 0.0135, TV2-crRNA: ANOVA, F(2,6) = 1968, 
P < 0.0001, TV3-crRNA: ANOVA, F(2,6) = 36.94, 
P = 0.0004] (Fig. 1d).

Finally, to improve the sensitivity of the RPA-CRISPR-
Cas12a platform, we screened the best RPA primer 
results and showed that the target gene products of these 
primers could be observed, especially RPA-F5 and RPA-
R3, which showed strong target bands and the highest 
amplification efficiency (Fig. 1e, f ).

Specificity and sensitivity testing of RPA‑CRISPR‑Cas12a
To demonstrate the sensitivity and specificity of the RPA-
CRISPR-Cas12a platform, genomes from C. albicans, M. 
hominis, N. gonorrhoeae, E. coli, the human genome, C. 
parvum, G. lamblia and T. gondii were used for compara-
tive tests. The results showed that only the T. vaginalis 
genome produced positive results after amplification 
by RPA (Fig. 2a). The same results were observed in the 
RPA-CRISPR-Cas12a platform (Fig.  2b, d). In the fluo-
rescence reporting test, we recorded fluorescence signal 
values once every 2 min for 60 min. We defined the 0 min 
fluorescence signal value as B and the 60  min fluores-
cence signal value as F. In each test, the value of the fold 
change (FC) was generated as FC = (F (PC) −  B (PC))/
(F (NC) − B (NC)). The results showed that only the T. 
vaginalis genome had a positive fluorescence fold change, 
while the rest of the genomes were negative (Fig. 2c).

To evaluate the sensitivity of the RPA-CRISPR-Cas12a 
detection platform, a pGEX-4T-1-actin plasmid was 
constructed and applied to this platform. The results 
of RPA amplification analysis by agarose gel electro-
phoresis showed that ten copies and above were able to 
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detect positive results, while the one-copy DNA bands 
were fainter (Additional file  1: Fig. S4). However, with 
the RPA-CRISPR-Cas12a platform, positive results were 
observed at one copy number and above with both the 
fluorescent reporter (Fig.  3a) and the LFS biosensor 
(Fig.  3c). With serial dilutions, a limit of one copy of 
pGEX-4T-1-actin could be detected with TV2-crRNA 
[10 copies and above: ANOVA, F(7,16) = 35.81, P < 0.0001, 
1 copy: ANOVA, F(7,16) = 35.81, P = 0.0024] (Fig. 3b).

The sensitivity of the RPA-CRISPR-Cas12a assay plat-
form was also tested with genomic DNA from T. vagi-
nalis. Prior to DNA extraction, the concentration of T. 
vaginalis was adjusted to 1 ×  105 parasites per milliliter. 
Extracted DNA was serially diluted to one parasite per 
milliliter. In the fluorescence reporter assay, samples with 
a parasite count of one or higher showed an observable 
fluorescence signal (Fig.  3d and e). In the LFS biosen-
sor, samples with ten parasites showed weaker test lines, 

Fig. 1 An RPA-CRISPR-Cas12a platform for the detection of T. vaginalis. a A flow diagram of the RPA-CRISPR-Cas12a detection system in vaginal 
secretions. DNA extracted from vaginal secretions was preamplified by RPA and mixed with the CRISPR-Cas12a detection system to interpret the 
results by the fluorescence or lateral flow strip method. b CRISPR-Cas12a activity was determined using the T2 sequence as a target (n = 3 technical 
replicates; ****p < 0.0001; bars represent the means ± SEM). c Absorbance curves of three purified crRNAs. d Screening of crRNAs for T. vaginalis 
DNA detection by Cas12a collateral detection (n = 3 technical replicates; *P < 0.05; ***P < 0.001; ****P < 0.0001; bars represent the means ± SEM). e 
Screening for the best RPA forward primers. f Screening of RPA reverse primers using preferred forward primers
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indicating that ten parasites per milliliter can be detected 
based on LFS (Fig. 3f ).

Detection of clinical samples 
by an RPA‑CRISPR‑Cas12a‑based assay and nested PCR
To evaluate the clinical detection effectiveness of 
the RPA-CRISPR-Cas12a assay platform, DNA from 
30 human vaginal swabs with good purity (OD260/
OD280 = 1.8–2.0) was collected (Additional file  1: Fig. 
S5) and tested using the RPA-CRISPR-Cas12a assay plat-
form. Based on the sensitivity results, 60 min was chosen 
as the reaction time of the CRISPR-Cas system to avoid 
false negatives. The results were interpreted using the 
fluorescent reporter (Fig. 4a, b and Additional file 1: Fig. 
S6) and the LFS biosensors (Fig. 4c), respectively; 26.7% 
(8/30) of the samples were T. vaginalis-positive by these 
two assays.

Meanwhile, these 30 samples were tested using the 
established nested PCR assay (Additional file 1: Fig. S7), 
and the positive rate of T. vaginalis was 23.3% (7/30) 
(Fig. 4d). Interestingly, sample 20 was found to be T. vagi-
nalis positive using the RPA-CRISPR-Cas12a assay plat-
form but failed to be detected using the nested PCR assay. 
The rest of the positive samples in the nested PCR assay 
were consistent with those in the RPA-CRISPR-Cas12a 
assay. Subsequently, we sequenced the RPA amplification 
product of sample 20 and found the sequence to be a par-
tial sequence of the T. vaginalis actin gene.

We extracted eight male urine genomes and eight 
semen genomes and set up one urine mock infection 
sample and one semen mock infection sample as con-
trols. The RPA-CRISPR-Cas12 assay platform was used 
for testing, and the fluorescence and LFS results showed 
that the mock-infected samples were positive, and 
the clinical samples were all negative (Fig.  4e, f ). These 

Fig. 2 Specificity of the RPA-CRISPR-Cas12a detection platform. a Agarose gel electrophoresis of the genomes of Trichomonas vaginalis, eight 
pathogens (C. albicans, M. mycoplasma, N. gonorrhoeae, E. coli, C. parvum, G. lambila and T. gondii) and the human genome after RPA amplification. b 
Specificity of the RPA-CRISPR-Cas12a platform for the detection of T. vaginalis by fluorescence. c The fluorescence multiplicity change (FC) of eight 
pathogens, the human genome and T. vaginalis, FC = (F (PC) − B (PC))/(F (NC) − B (NC)). d Specificity of the RPA-CRISPR-Cas12a platform for the 
detection of T. vaginalis by the LFS sensor
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18 samples were also tested using nested PCR, and the 
results were consistent with the results of the RPA-
CRISPR-Cas12 assay platform (Additional file 1: Fig. S8).

Actin gene‑based molecular typing of T. vaginalis clinical 
isolates
To analyze the type of T. vaginalis isolated from clini-
cal samples, the actin genes of samples 1, 3, 4, 5, 18 and 
22 and the T. vaginalis standard strain were selected for 
digestion and typing (Table 2). Digestion of nested PCR 
products of the T. vaginalis standard strain showed three 
digested fragments of 827  bp, 213  bp and 60  bp with 
HindII; three digested fragments of 581  bp, 315  bp and 
204  bp with MseII; three digested fragments of 568  bp, 
236 bp and 87 bp with RsaII, indicating that the T. vagi-
nalis standard strain was genotype E (Fig. 5a). Sample 18 
showed similar digestion results and was also regarded as 
genotype E (Fig.  5b). Digestion of nested PCR products 
of sample 4 showed three digested fragments of 426 bp, 
213  bp and 60  bp with HindII, two digested fragments 
of 581  bp and 186  bp with MseII and three digested 

fragments of 568 bp, 236 bp and 190 bp with RsaII, indi-
cating that sample 4 was genotype M (Fig.  5c). Diges-
tion of nested PCR products of sample 22 showed five 
digested fragments of 827 bp, 426 bp, 401 bp, 213 bp and 
60  bp with HindII; three digested fragments of 581  bp, 
315  bp and 204  bp with MseII and three digested frag-
ments of 568 bp, 236 bp and 106 bp with RsaII, indicating 
that sample 22 was a mix of genotypes N and E (Fig. 5d). 
Digestions of samples 1, 3 and 5 had the same digested 
fragments identified, but no reported genotypes cor-
responded to them (Additional file  1: Fig. S9). In addi-
tion, genotypes A, G, H, I and P were not found in these 
samples.

The actin gene of samples 3 (OP557698) and 4 
(OP557697) and the T. vaginalis standard strain were 
selected for further sequence analysis. Compared with 
the T. vaginalis standard strain, the sequence homol-
ogy of sample 3 was 99.1%, and the sequence homology 
of sample 4 was 98.7%. To assess the genetic diversity 
among T. vaginalis isolates, we performed multiple com-
parisons of various T. vaginalis actin genotypes with the 

Fig. 3 Sensitivity of the RPA-CRISPR-Cas12a detection platform. a Sensitivity of the RPA-CRISPR-Cas12a platform to fluorometric assays 
using recombinant plasmids. TV-actin−/− was used as a negative control. b RPA-CRISPR detected  100 copies of the actin gene by the Cas12a 
excision reaction within 60 min (n = 3; ****P < 0.0001; **P < 0.01; bars represent the means ± standard error of the mean). c Sensitivity of the 
RPA-CRISPR-Cas12a platform to the LFS sensor using recombinant plasmids. NC was used as a negative control. d Sensitivity test of the fluorescence 
assay using crude DNA extracted from T. vaginalis. e RPA-CRISPR detected one T. vaginalis by Cas12a excision reaction within 60 min (n = 3; 
****P < 0.0001; ***P < 0.01 bars represent the means ± standard error of the mean). f Sensitivity test of crude DNA extracted from T. vaginalis by the 
LFS sensor
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sequences found in this study and in GenBank. Phyloge-
netic analysis showed that the T. vaginalis standard strain 
(TV actin-PC) was closely related to KP400516.1, which 
was regarded as genotype E. Sample 4 was closely related 
to EU076583.1, which was regarded as genotype M, and 
sample 3 was closely related to KU551911.1 (Fig. 5e).

RNA of sample 4 and the T. vaginalis standard strain 
was identified by agarose gel electrophoresis, and the 
results showed that, compared with the T. vaginalis 
standard strain  (TVV−/−), there was an obvious band at 
5000  bp, which was initially judged to be a T. vaginalis 
strain with virus in sample 4 (Fig. 5f, g). Meanwhile, we 

Fig. 4 a Thermogram of 30 clinical samples (vaginal swabs). Sample colors represent fluorescent signals; dark colors are positive, and light colors 
are negative. b Thirty clinical samples (vaginal swabs) with a relative fluorescence intensity > 400 were considered positive. c RPA-CRISPR-Cas12a 
assay platform results of 30 clinical samples (vaginal swabs) were interpreted using an LFS sensor. d Detection of clinical samples by conventional 
nested PCR. e Detection of 18 male samples by fluorescent sensors. f RPA-CRISPR-Cas12a assay platform results of 19 male samples were interpreted 
using an LFS sensor. MOCK indicates a laboratory mock infection sample
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amplified the internal transcribed spacer (ITS) of clinical 
isolate 4 for sequence analysis, and the results showed the 
highest homology rate of 99.8% with TVI:MCP (ATCC 
30236), which was a virus-containing strain. These data 
indicated that sample 4 was a T. vaginalis strain with 
virus.

Discussion
The incidence of trichomoniasis among women in the 
US exceeds that of Neisseria gonorrhoeae and Chla-
mydia trachomatis infections combined [27], and the 
annual medical costs associated with trichomoniasis have 
approached $34 million. Moreover, in a cross-sectional 
study conducted in Yunnan and Henan Provinces, China, 
the prevalence of T. vaginalis was 9.0% and 1.6%, respec-
tively, and clinically positive samples were observed by 
microscopy [22]. Efficient and accurate diagnostic tools 
are particularly important for mass population screening 
and control of T. vaginalis as well as for surveillance in 
public health facilities. The current main clinical diagnos-
tic method for T. vaginalis is microscopic observation, 
which is simple and time-saving. However, it is not suit-
able for inexperienced inspectors because the sensitivity 
of the test is unstable, and the detection rate is subject 
to fluctuations. Therefore, we must develop a diagnos-
tic procedure that satisfies all of the following criteria: 

sensitive, fast, robust, requires no equipment and can be 
deliverable to the user.

As a specific nucleic acid recognition tool, detection 
methods based on the CRISPR-Cas system have been 
widely developed in recent years. In this study, an RPA-
CRISPR-Cas12a for the rapid detection of T. vaginalis 
was established and can be used in clinical practice. First, 
the method can be applied to analyze fluorescence detec-
tion samples and can further be combined with LFS to 
visualize the results with the naked eye, which does not 
require specialized technicians or expensive equipment. 
Thus, it is suitable for large-scale field detection and can 
even be implemented at home by itself. Second, the com-
bination of RPA amplification and CRISPR makes the 
highly sensitive Cas12a detection more specific, which 
avoids the loss of trace nucleic acids [19], compensates 
for the disadvantages of RPA false-positives, amplifies the 
cleavage signal of CRISPR and reduces dye contamina-
tion generated during staining when compared to RPA 
or PCRs alone. Third, the RPA-CRISPR-Cas12a diag-
nostic platform developed in this study is a closed one-
pot reaction. It was compared to the use RPA/RAA as 
the first preamplification step for detecting pathogens, 
such as ZIKV [20], swine fever virus [28], T. gondii [21] 
and C. parvum [15], which are closed one-pot reactions 
without opening the lid throughout the experiment. This 

Fig. 5 Genotyping and virus determination of the T. vaginalis standard strain and clinical strains. a Agarose gel electrophoresis for genotyping 
of the T. vaginalis standard strain. b Agarose gel electrophoresis for genotyping of the sample 18. c Agarose gel electrophoresis for genotyping 
of sample 4; actin was a nonenzymatic control. d Agarose gel electrophoresis for genotyping sample 22. e Phylogenetic tree of the actin gene 
of T. vaginalis. The sequences detected in this study are indicated by the diamond shape. The other sequences shown in the tree were reference 
genotypes collected from GenBank. The scale bar shows the nucleotides per 1000 substitutions. f Agarose gel electrophoresis of total RNA of the T. 
vaginalis standard strain  (TVV−/−). g Agarose gel electrophoresis of total RNA of clinical isolate 4 (TVV)



Page 11 of 13Li et al. Parasites & Vectors (2022) 15:350  

procedure can minimize contamination and false-pos-
itive findings and save time. The PRA-CRISPR-Cas12a 
assay platform established in this study is time-saving 
and economical. Clinical sample preparation took 30 min 
or 180  min (including sperm digestion time) and cost 
approximately $1.00. The amplification reaction took 
20  min and cost $2.60. The assay procedure cost $1.4 
using the LFS assay and only $0.2 using the fluorescence 
assay, and the results could be observed in as little as 
20–30 min.

Although the trans-cleavage activity of CRISPR does 
not create a detectable signal at low target gene concen-
trations (< 10 nM), single-molecule detection under pre-
amplified conditions can be obtained [17]. Comparative 
analysis of several amplification methods showed that the 
PCR procedure is complex, requires a thermocycler and 
has a long amplification time. The primer design of the 
LAMP approach is relatively complicated, and the ampli-
fication temperature of LAMP is 60–65  °C, which is far 
from the ideal temperature of the CRISPR-Cas detection 
system. Nevertheless, the RPA reaction has the advan-
tages of being quick, having a high amplification sensitiv-
ity and being able to perform multiplex reactions [29].

It has been observed that T. vaginalis carrying virus 
(TVV) increases T. vaginalis toxicity, upregulates proin-
flammatory responses in the host and increases T. vagi-
nalis adherence to host cells [1]. Simultaneously, it has 
been shown that the etiology of T. vaginalis resistance 
to metronidazole, the preferred treatment for tricho-
moniasis, is associated with multiple single nucleotide 
alterations in the actin gene [24, 30]. Since the genotype 
of T. vaginalis and whether this parasite carries TVVs 
play important roles in the pathogenesis and drug resist-
ance of T. vaginalis [24], identifying the genotype of the 
parasite and the existence of TVVs can help provide a 
theoretical foundation for parasite control. We used the 
target gene to compare with the t seven genotypes of T. 
vaginalis (E, G, H, I, M, N and P) (Additional file 1: Fig. 
S10). The results showed that the target gene selected in 
this test were highly conserved among the seven geno-
types. However, the prevalence of genotype A of T. vagi-
nalis is very low, and no known sequence has been found 
for alignment. Therefore, we believe that the method of 
this study was applicable to most genotypes. We discov-
ered that the clinical samples of T. vaginalis were geno-
typed E, M or N. In some previous studies, genotypes 
E and G were reported as the most prevalent, but they 
were detected in both TVV and  TVV−/− samples, while 
the distribution of virus-carrying strains in the phyloge-
netic tree was random and not in the same cluster. This 
suggests that TVV may infect virus-free strains and that 
there is no relationship between the presence or absence 
of virus in the parasite and the genealogical status of the 

parasite [31]. In addition, we found a strain of T. vaginalis 
carrying the virus, which implied that the treatment and 
control of this T. vaginalis strain may be more difficult 
than those of the T. vaginalis-only strain.

In the future, we can establish a multiplexed platform 
using the CRISPR-Cas system that relies on the specific 
cleavage preferences of the Cas enzyme, depending on 
the needs for T. vaginalis detection, prevention and con-
trol, where several target molecules need to be identified 
in a single reaction. For example, FAM, HEX, Texas Red, 
Cy5 and Quasar 705 channels can be used in the same 
reaction and simultaneously combined with LwaCas13a, 
PsmCas13b, CcaCas13b and Cas12a [17] to detect T. vag-
inalis and TVV, as well as genotype alleles in T. vaginalis, 
resulting in a high-throughput multiplexed assay plat-
form. The next step is to make the signal output from the 
RPA-CRISPR-Cas12a diagnostic platform more quantita-
tive, sensitive and stable by optimizing the buffer compo-
sition and concentration and crRNA design to optimize 
the reaction and by lyophilizing the CRISPR system com-
ponents for storage. We could even combine a portable 
glucose meter (PGM) or microfluidic chip to establish a 
PGM or microfluidic chip-based digital assay for T. vagi-
nalis gene nucleic acid quantitation.

Conclusions
In conclusion, the RPA-CRISPR-Cas12a single-tube T. 
vaginalis field test platform developed in this study can 
be used as a clinical detection tool for T. vaginalis with 
low equipment requirements, is especially suitable for 
large-scale population screening and can provide a 
good technical tool for surveillance in public health 
institutions.
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