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Abstract
Rickettsial pathogens including Ehrlichia canis and Anaplasma platys are bacteria that cause parasitic infections in dogs such 
as canine monocytic ehrlichiosis (CME) and canine cyclic thrombocytopenia (CCT), respectively affecting mortality and 
morbidity worldwide. An accurate, sensitive, and rapid method to diagnose these agents is essential for effective treatment. 
In this study, a recombinase polymerase amplification (RPA) coupled with CRISPR-Cas12a methods was established to 
detect E. canis and A. platys infection in dogs based on the 16S rRNA. The optimal condition for DNA amplification by RPA 
was 37 °C for 20 min, followed by CRISPR-Cas12a digestion at 37 °C for one hour. A combination of RPA and the cas12a 
detection method did not react with other pathogens and demonstrated strong sensitivity, detecting as low as 100 copies of 
both E. canis and A. platys. This simultaneous detection method was significantly more sensitive than conventional PCR. 
The RPA-assisted cas12a assay provides specific, sensitive, rapid, simple and appropriate detection of rickettsial agents in 
canine blood at the point-of-care for diagnostics, disease prevention and surveillance.
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Introduction

Ehrlichia canis and Anaplasma platys are obligate intracel-
lular rickettsial pathogens that belong to the genera Ehrlichia 
or Anaplasma in the Anaplasmataceae family (Dumler et al. 
2001). Ehrlichia canis and A. platys infect monocytes and 
platelets of dogs, respectively causing anemia and throm-
bocytopenia contributing to canine blood diseases such as 
canine monocytic ehrlichiosis (CME) and infectious canine 
cyclic thrombocytopenia (ICCT), respectively (Harrus and 
Waner 2011; Inokuma et al. 2002). Both these pathogens 
are transmitted by the brown dog tick (Rhipicephalus san-
guineus sensu lato) through its saliva during the blood meal 
(Cicuttin et al. 2014; Fourie et al. 2013). Ehrlichia canis 
and A. platys are found in various regions around the world 
(Chomel 2011) including Asia (Pinyoowong et al. 2008), 
Europe (Cardoso et al. 2010), Africa (Nasr et al. 2020) and 
America (Almazán et al. 2016; Pérez-Macchi et al. 2019).

Microscopic examination of blood smears is the rou-
tine clinical diagnostic method to detect E. canis and A. 
platys morulae infections but these are difficult to identify 
in peripheral blood samples and occur in 4–6% of clinical 
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cases (Mylonakis et al. 2003). Diagnosis of these agents 
by microscopic examination takes time and requires expe-
rienced veterinary practitioners (Gulati et al. 2013). Sero-
logical methods, such as the indirect immunofluorescence 
antibody (IFA) assay or enzyme-linked immunosorbent 
assay (ELISA) are useful diagnostic tools, which have been 
developed for point-of-care testing (POCT) (Waner et al. 
2000). However, these methods are unable to differentiate 
species due to cross-reactions between species antibodies 
(Cárdenas et al. 2007). To combat these obstacles, molecular 
detection such as conventional PCR or real-time PCR have 
been employed to detect various pathogens with high speci-
ficity and sensitivity. These methods detect the pathogens’ 
DNA, leading to reliable pathogen identity at species level 
(Buddhachat et al. 2020). These methods provide efficient 
detection but the requirement for high temperatures neces-
sitates the use of a thermal cycler, which is rarely available 
at POCT (Kramer and Coen 2001).

Isothermal nucleic acid amplification methods are 
widely used to accelerate diagnostic applications such as 
loop-mediated isothermal amplification (LAMP) or recom-
binase polymerase amplification (RPA) (Fu et al. 2011; 
Rohrman et al. 2012). These methods enable amplifica-
tion of DNA or RNA at constant temperature with minimal 
instrumentation and energy such as a heat block, water 
bath or even body temperature to perform the reaction, 
contributing to feasible adaptation for POCT. RPA can also 
amplify DNA or RNA through a variety of enzymatic pro-
cesses, including the disassociation and replication of dou-
ble-stranded DNA. The RPA reaction can be carried out at 
temperatures ranging from 25 °C to 45 °C, with optimal 
temperature 37 °C and amplification duration 5–20 min 
(Li and Macdonald 2015). CRISPR-Cas systems have fre-
quently been used in combination with DNA amplification 
for pathogen detection, providing signal amplification and 
simple assay readout (Chen et al. 2018; Gootenberg et al. 
2018). Cas proteins including cas12a, cas12b and cas13 
show enhanced specificity and sensitivity for pathogen 
detection, with inherent collateral activity to cleave single-
stranded DNA or RNA as the reporter molecules to show 
the presence or absence of the DNA portion of interest 
(like pathogens and SNP) (Li et al. 2019; Lu et al. 2020; 
Qin et al. 2019). These proteins are simple to detect and 
minimal instrumentation is required such as a heat block, 
water bath or body temperature (Aman et al. 2020). Combi-
nation of RPA and the cas12a assay is an appropriate path-
ogen diagnostic in POCT (Wang et al. 2019). RPA-assisted 
cas12a has been applied in shrimp pathogen diagnosis to 
detect WSSV (white spot syndrome virus) (Chaijarasphong 
et al. 2019) and also used for the detection of plant viruses 
(Aman et al. 2020) and bacteria (Buddhachat et al. 2022).

This study combined the RPA and cas12a assays as a 
novel method for detecting E. canis and A. platys rickettsial 

infection in dogs from peripheral blood. Species-specific 
primers for DNA amplification and gRNA target were 
designed based on the 16S rRNA region. We also deter-
mined the specificity and sensitivity of the assay for E. canis 
and A. platys detection. Clinical blood samples were used to 
validate the use of the established approach.

Materials and methods 

DNA samples and DNA plasmid preparation

Synthetic plasmids pUC57 harboring partial 16S rRNA of E. 
canis (accession number KY594915) and A. platys (acces-
sion number KJ659044) as well as pUC57 harboring partial 
18S rRNA of Babesia vogeli (accession number MH143394) 
and Hepatozoon canis (accession number MK091088) were 
synthesized from Macrogen (Korea). The synthetic plasmids 
were transformed into heat-shocking competent E. coli DH5 
alpha cells (Invitrogen, USA). Bacterial cells containing the 
synthetic plasmids were cultured in LB broth with 100 µg/ml 
ampicillin to produce plasmids as the positive control. The 
plasmids were isolated using NucleoSpin Plasmid EasyPure 
kit (Macherey–Nagel, Germany) and the quality and quantity 
of plasmids obtained were measured using a NanoDrop™ 
Lite Spectrophotometer (Thermo Fisher Scientific, USA). 
DNA materials of different bacterial pathogens including 
closely-related species: Wolbachia sp., a bacterial pathogen 
in the blood of dogs or cats: Leptospira sp. (Ls) and Myco-
plasma sp. (Ms) were gifted from the Animal Molecular 
Diagnostic Service (AMDS) (Chiang Mai, Thailand), while 
other bacterial species: Escherichia coli (Ec), Bacillus 
cereus (Bc), Staphylococcus epidermidis (Se), Staphylococ-
cus aureus (Sa), Klebsiella oxytoca (Ko) and Citrobacter 
freundii (Cf) were available in our laboratory. Other pro-
tozoa enabling infection in the blood of dogs, cats or other 
mammals consisting of Babesia vogeli (Bv), Babesia gibsoni 
(Bg), Babesia bovis (Bb), Hepatozoon canis (H), Trypano-
soma evansi (Te) and Theileria sp. (Ts) were gifted from 
AMDS. These pathogens were used for analytical specificity 
determination of the assay.

RPA primer design

RPA primers used to amplify the DNA of E. canis and A. 
platys were modified from Bact16S-A primers of our previ-
ous study (Buddhachat et al. 2020) by increasing the 5’ end 
extension of primer length up to 33 bp. The primer pair 
was designed from partial sequences of 16S rRNA from 
different species by multiple alignments using MultAlin 
(http:// multa lin. toulo use. inra. fr/ multa lin/). The 16S rRNA 
was employed for two reasons. Firstly, we utilized the avail-
able 16S rRNA sequences of various rickettsia species in 

http://multalin.toulouse.inra.fr/multalin/
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GenBank. Secondly, based on our previous study, the 16S 
rRNA contained sufficient variation in nucleotides between 
E. canis and A. platys to differentiate by high resolution 
melting analysis (Buddhachat et al. 2020). Accession num-
bers of sequences used in this study were retrieved from 
the National Center for Biotechnology (NCBI; https:// www. 
ncbi. nlm. nih. gov/). Features of the designed primers were 
determined using an OligoAnalyzer (https:// sg. idtdna. com/ 
pages/ tools/ oligo analy zer). The designed RPA primers are 
listed in Table 1 and Supplemental Figure S1.

RPA reaction

The RPA reaction was performed for DNA amplification 
based synthetic DNA plasmid containing partial 16S RNA 
region of E. canis and A. platys using a TwistAmp® Basic 
kit (TwistDx, England). A 25 µl volume of RPA reagent 
consisted of 1X reaction buffer, 1X Basic E-mix, 1.8 mM 
dNTPs, 0.48 µM of each primer of EA_16S, 0.48 µM of 
each primer of BH_18S (Table 1), 1X core reaction mix, 
20 ng of DNA template of either E. canis and A. platys and 
14 nM magnesium acetate and then nuclease-free water 
was added up to 25 µl. For negative control, nuclease-free 
water was added instead of DNA template. The reagent 
was placed in a PCR tube and the optimal temperature was 
determined by varying the temperature from 25, 30, 35, 37, 
40 and 45 °C for 20 min. The RPA products obtained were 
subjected to 1.5% ethidium bromide (EtBr)-stained agarose 
gel electrophoresis to visualize the amplicon under a UV 
transilluminator. A suitable temperature obtained from this 
experiment was used for DNA amplification by RPA in the 
next independent experiments.

Design and synthesis of gRNA

The guide RNA (gRNA) for the cas12a assay was designed 
based on multiple alignments of 16S rRNA sequences of E. 
canis and A. platys amplified from the RPA primer under 
MultAlin (http:// multa lin. toulo use. inra. fr/ multa lin/). Criteria 

of the gRNA design included (i) looking for protospacer 
adjacent motif (PAM) nucleotide sequence 5'-TTTV-3' (where 
V is A, C, or G) as the specific region for only cas12a to 
unwind the DNA target and (ii) selecting one DNA region 
specific to E. canis or another specific to A. platys at next to 
the 3’end of the PAM site 18–23 bp in length, with sequences 
after the PAM site used for the spacer of gRNA. To attain 
more specificity for the cas12a assay, each of the species-
specific gRNA sequences was suggested as the base difference 
within 3–6 bp next to the PAM position (Zetsche et al. 2015). 
The gRNA was synthesized using in vitro transcription by 
HiScribe™ T7 High Yield RNA Synthesis kit (E2050S, NEB, 
England). The synthetic double-stranded DNA as the template 
to generate gRNAs was purchased from Integrated DNA 
Technologies (IDT, USA). We designed dsDNA comprising 
the T7 promotor, tracrRNA for cas12a recognition and spacer 
sequences or crRNA to specifically bind to DNA targets 
of either E. canis or A. platys (Table 1 and Supplemental 
Figure S2). After RNA transcription, the Monarch RNA 
cleanup kit was used to purify the synthesized gRNA and 
eliminate contamination (NEB, England). Concentration of 
the synthesized gRNA was measured using a NanoDrop™ 
Lite Spectrophotometer (Thermo Fisher Scientific, USA) 
and 1% agarose gel electrophoresis. gRNA concentration was 
adjusted to 10 µM for in vitro digestion of the cas12a assay.

In vitro digestion of the cas12a assay

A constant 1:1 ratio was used to form the binary complex 
of cas12a and gRNA, while the final concentration of 
cas12a:gRNA was varied from 12.5:12.5 nM to 150:150 nM 
to find the suitable concentration to visualize the fluo-
rescence signal from the cas12a assay. A cas12a or cpf1 
(#M0653T, NEB, US) cleavage reaction of a total volume 
of 30 µl comprised 1X 2.1 NEB buffer, 100 nM cas12a, 
100  nM gRNA_E or gRNA_A, 1  µl of 1.6  µM single-
stranded DNA reporter (ssDNA reporter) (Integrated DNA 
Technologies, USA), 5 µl of the RPA product obtained from 
all reactions and added nuclease-free water to 30 µl. The 

Table 1  Primer and probe sequences used in the experiment

Method Primer name Sequence (5’-3’) Species detection Reference

RPA-assisted cas12a EA_16S F: CAA GCG TTG TTC GGA ATT ATT GGG  CGT AAA GGG E. canis
A. platys

Modified from  
Buddhachat et al. 2020R: ACG AAT TTC ACC TCT ACA CTA GGA ATT CCG CTA 

BH_18S F: CTG GTA ATT CCG TTA ACG AAC GAG ACC TTA A Babesia spp.
H. canisR: GGG CAT CAC AGA CCT GTT ATT GCC TYA AAC TTC 

gRNA_E TTT GGA GCG GCT TTT AAT ACTGC E. canis In this study
gRNA_A TTT CAC CTT TAA CTT ACC GAA CCG CC A. platys In this study
ssDNA reporter 56-FAM TTA TTA TT 3IABkFQ

Real-time PCR Bact16S-A F: GTT CGG AAT TAT TGG GCG TAA AGG G E. canis
A. platys

Buddhachat et al. 2020
R: CAC CTC TAC ACT AGG AAT TCC GCT A

https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://sg.idtdna.com/pages/tools/oligoanalyzer
https://sg.idtdna.com/pages/tools/oligoanalyzer
http://multalin.toulouse.inra.fr/multalin/
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binary complex of cas12a and gRNA was formed before 
mixing the other chemicals at under 37 °C for 10 min. The 
cas12a reaction was performed at 37 °C for one hour. The 
fluorescence signal was recorded using a real-time PCR 
machine for data acquisition during one hour of the assay. 
The end-point detection of fluorescence was observed under 
an LED transilluminator.

Specificity determination of the RPA‑assisted cas12a 
assay

To determine whether an RPA-assisted cas12a assay using 
EA_16S could specifically detect E. canis and A. platys 
without cross-reaction with other pathogens, DNA sam-
ples of other infectious agents including E. canis (E), A. 
platys (A), Wolbachia sp. (Ws), Leptospira sp. (Ls), Myco-
plasma sp. (Ms), Escherichia coli (Ec), Bacillus cereus (Bc), 
Staphylococcus epidermidis (Se), Staphylococcus aureus 
(Sa), Klebsiella oxytoca (Ko), Citrobacter freundii (Cf), 
Babesia vogeli (Bv), Babesia gibsoni (Bg), Babesia bovis 
(Bb), Hepatozoon canis (H), Trypanosoma evansi (Te) and 
Theileria sp. (Ts) were used as DNA templates at 20 ng/µl. 
RPA products obtained were detected using 1.5% agarose 
gel electrophoresis with EtBr staining and visualized under 
a UV transilluminator. Subsequently, the RPA products 
were detected for the presence of DNA target by in vitro 
digestion of the cas12a assay using either gRNA_E for E. 
canis or gRNA_A for A. platys to determine the specificity 
of gRNA_E and gRNA_A. The fluorescence signal from 
ssDNA degradation by cas12a was recorded by real-time 
PCR. DNA plasmids harboring either partial 16S rRNA 
or 18S rRNA of four pathogens including E. canis (E), A. 
platys (A), B. vogeli (B) and H. canis (H) often detected 
in canine blood in both single or coinfection in Thailand 
(Yabsley et al. 2008) were combined as EA, EB, EH, AB, 
AH, BH, EAB, EAH, ABH, EBH and EABH for species 
authentication in mimicking coinfection by the RPA-assisted 
cas12a assay, and their fluorescence signals were observed 
every hour for four hours.

Sensitivity determination of the RPA‑assisted 
cas12a assay

DNA plasmids harboring partial 16S rRNA of E. canis and 
A. platys were diluted at  108 to 1 copies/μl to evaluate the 
sensitivity of the RPA-assisted cas12a assay. RPA reactions 
were performed using EA_16S primer with DNA dilutions 
of either E. canis and A. platys. The RPA products obtained 
were then assayed by in vitro cas12a digestion under a heat 
block at 37 °C, and the fluorescence signal was recorded by 
a real-time PCR (Bioer, China) every minute for one hour. 
Based on the acquired fluorescent signal from the cas12a 
assay using gRNA_E and gRNA_A, the limit of detection 

(LoD) was determined using the formula LoD = LoB + 1.645 
 (SDlow concentration sample) (Armbruster and Pry 2008) where 
the limit of blank (LoB) is the mean of the blank sample 
and test replicate of the blank as per the following formula: 
LoB =  meanblank + 1.645  (SDblank) (Details of LoD determina-
tion were explained in Supplemental File 1). At assay com-
pletion, the reaction tube was inspected under an LED transil-
luminator to view the fluorescence signal with the naked eye.

RPA‑assisted cas12a assay for hemopathogen 
detection in clinical blood samples

Thirty DNA samples isolated from the blood of dogs with 
clinical signs for possible hemopathogen infection and 
five DNA samples of healthy dogs were provided from the 
Animal Molecular Diagnostic Service (AMDS), Chiang 
Mai, Thailand to assess the performance of the RPA-
assisted cas12a assay for E. canis and A. platys detection 
in real clinical samples and determine the presence of both 
agents. To determine whether a tested sample was positive 
or negative, the fluorescence signal of the negative control 
was used as the threshold. If a sample gave a fluorescence 
signal higher than the negative control, it was considered 
as positive. If the opposite, it was considered as negative. 
The high resolution melting (HRM) assay using Bact16S-A 
primers (Buddhachat et al. 2020) was employed to detect 
E. canis and A. platys along with sequencing some PCR 
products to confirm the results among different approaches. 
An overview of the rickettsial detection process by the 
RPA-assisted cas12a assay is illustrated in Supplemental 
Figure S3.

Statistical analysis

The fluorescence signal obtained from the specificity of 
the RPA-assisted cas12a assay using either gRNA_E or 
gRNA_A was compared between the fluorescence signal 
of E. canis or A. platys and the others using the Student’s 
t-test with significant difference set at p < 0.05. A confusion 
matrix was also created to determine the performance of the 
RPA-assisted cas12a assay compared to the HRM. Accuracy 
and precision of the HRM and the RPA-assisted cas12a 
assays were calculated as follows:

where true positive is a sample with a positive result for both 
RPA-assisted cas12a assay and HRM and true negative is a 

Accuracy =
true positive + true negative

total samples

Precision =
true positive

true positive + true negative
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sample with a negative result for both RPA-assisted cas12a 
assay and HRM.

We used Cohen’s kappa to analyze the correlation 
coefficient as the degree of agreement between the two 
methods as follows:

Results

RPA‑assisted cas12a assay optimization

RPA primers modified based on the conserved 16S rRNA 
region of E. canis and A. platys showed amplicon size in agree-
ment with the expected size of 145 bp under the RPA condi-
tion incubated at 25 °C to 40 °C for 20 min (Supplemental 
Figure S1B). We selected 37 °C for DNA amplification as the 
optimal RPA reaction temperature for further study.

We designed two species-specific gRNAs for either E. 
canis or A. platys from the sequence within amplicons, given 
as gRNA_E and gRNA_A (Supplemental Figure S2C and 
Table 1). The gRNAs were synthesized by in vitro transcrip-
tion using T7 RNA polymerase, as depicted in Supplemental 
Figure S3C. For the in vitro cas12a digestion, concentrations 
of cas12a: gRNA at a ratio of 1:1 were varied. The fluores-
cence signal from cleavage of the ssDNA reporter was clearly 
observed by the naked eye at 100 nm for both cas12a and gRNA 
after incubation (Supplemental Figure S3D). An increase in the 
fluorescence signal when extending incubation time for 2 h was 
also observed (Supplemental Figure S4).

Specificity of the cas12a assay 

After the RPA and in  vitro digestion of cas12a were 
established, the two processes were combined to detect 
both E. canis and A. platys. The specificity of the RPA-
assisted cas12a assay was determined by comparing the 
DNA of different species. The RPA used EA_16S primers 
to amplify plasmid DNA harboring the 16S rRNA of E. 
canis and A. platys with a 145 bp-amplicon but no DNA 
amplification for both bacterial and protozoan agents 
(Fig. 1A). Subsequently, RPA reagents from eight species 
were used as targets for in vitro cas12a digestion using 
either gRNA_E for E. canis or gRNA_A for A. platys. 
A positive fluorescence signal for the cas12a assay using 
gRNA_E was noted in only E. canis. Similarly, A. platys 
gave a positive fluorescence signal for the cas12a assay 
using gRNA_A. The DNA of other pathogens showed no 
fluorescence signal from cleavage of the ssDNA reporter 

kappa (K) =
actual observed positive and negative agreement- chance agreement

1-chance agreement

(Fig. 1B and D). The value of the fluorescence signal 
measured by real-time PCR and the fluorescence signal for 
E. canis measured by the cas12a assay using gRNA_E, and 
for A. platys using gRNA_A showed considerably signifi-
cant differences from the others (p < 0.05) (Fig. 1C and E).

We also tested the specificity of the RPA-assisted 
cas12a assay in the admixture of DNA from distinct spe-
cies in one sample as mimicking coinfection with two, 
three, or four canine species. Agarose gel electrophoresis 
results indicated that all combinations of admixtures (two, 
three, and four species) showed positive RPA products 
(Fig. 2A). When these RPA products were detected by 
the cas12a assay using specific gRNA including either 
gRNA_E or gRNA_A, the fluorescence signal appeared 
in some tubes that contained species DNA targets. For 
the cas12a assay using gRNA_E, the admixture includ-
ing E. canis amplicon gave a fluorescence signal, and 
in the same way for the cas12a assay using gRNA_A, a 
positive fluorescence signal was observed in the tube with 
A. platys amplicon (Fig. 2B and C). We noticed that the 
cas12a assay using gRNA_E incubated at 37 °C for four 
hours enabled cross-activity with the other species (Sup-
plemental Figure S5A). Longer incubation of the cas12a 
assay using gRNA_A showed no cross-reaction with the 
other species (Supplemental Figure S5B).

Sensitivity of the RPA‑assisted cas12a assay 
detection

To determine the sensitivity of the RPA-assisted cas12a 
assay, the synthetic plasmid DNA samples harboring 16S 
rRNA of E. canis and A. platys were diluted at  108 to 1 
copy numbers and used as DNA templates for amplifica-
tion by the RPA reaction. Results showed that the amount 
of DNA noticeable on agarose gel electrophoresis was 
as little as  105 and  104 copies of E. canis and A. platys, 
respectively (Fig. 3A and B). When the RPA products 
obtained were detected by the cas12a assay using either 
gRNA_E or gRNA_A, a fluorescence signal was noted at 
the least concentration of  102 copies for both, as shown in 
Fig. 3C and D. We also calculated the limit of detection 

(LoD) from the collected fluorescence signal values at 
approximately 163 and 125 copies for detecting E. canis 
and A. platys, respectively by this method (Fig. 3E and 
F). The limit of detection determination is shown in Sup-
plemental Figure S6 and Supplementary file 1.
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RPA‑assisted cas12a assay for detecting rickettsial 
agents in clinical samples

Thirty-five DNA samples isolated from real canine blood 
were used to amplify DNA by the RPA reaction, followed 
by the cas12a assay to diagnose E. canis or A. platys. 
Examination of pathogen infection determined whether 
it was positive or negative based on the fluorescence 
signal value of the negative control (Supplemental 
Figure S7A and B). Results showed 28 and 23 positive 
samples for E. canis and A. platys, respectively with 20 
samples showing coinfection for both E. canis and A. 
platys (Fig. 4B and C).

We compared HRM with the RPA-assisted cas12a 
assay for the detection of E. canis and A. platys. Almost 

all positives from the RPA-assisted cas12a assay gave 
positive results by HRM. Five and six samples of E. canis 
and A. platys, respectively were positive for the RPA-
assisted cas12a assay but negative for HRM (Fig. 4A and 
Supplemental File 2). Some positive samples with HRM 
were also sequenced for species confirmation with six and 
one samples out of 18 samples exhibited sequences similar 
to E. canis and A. platys, respectively. To evaluate the 
performance of the RPA-assisted cas12a assay against HRM, 
a confusion matrix was performed to derive the precision 
and accuracy of the two approaches (Table 2). Precision 
and accuracy obtained from the RPA-assisted cas12a assay 
compared to HRM were 82% and 86% for E. canis detection 
and 78% and 86% for A. platys detection. The kappa statistic 
was 0.65 for E. canis and 0.66 for A. platys detections with a 

Fig. 1  RPA-assisted cas12a assay specificity for single infection of 
either E. canis or A. platys. (A) agarose gel electrophoresis of the 
RPA reaction using EA_16S primer for DNA amplification with 
DNA samples of other infectious agents including E. canis (E), A. 
platys (A), Wolbachia sp. (Ws), Leptospira sp. (Ls), Mycoplasma 
sp. (Ms), Escherichia coli (Ec), Bacillus cereus (Bc), Staphylococ-
cus epidermidis (Se), Staphylococcus aureus (Sa), Klebsiella oxytoca 
(Ko), Citrobacter freundii (Cf), Babesia vogeli (Bv), Babesia gib-
soni (Bg), Babesia bovis (Bb), Hepatozoon canis (H), Trypanosoma 

evansi (Te) and Theileria sp. (Ts). (B) cas12a assay using gRNA_E 
to detect the RPA products of each species using LED light under 
an LED transilluminator, allowing examination by the naked eye. 
(C) Fluorescence signal from cleavage of the ssDNA reporter by 
the cas12a assay using gRNA_E. (D) cas12a assay using gRNA_A 
to detect the RPA products of each species. Detection using an LED 
transilluminator allowed examination by the naked eye. (E) Fluores-
cence signal of the cas12a assay using gRNA_A collected by real-
time PCR at 37 °C for one hour. NTC represents non-template control
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substantial level of agreement. The sequence results showed 
low success rate and one sample appeared to be positive 
for A. platys in contrast to the sequence result exhibiting E. 

canis. The sequencing result of species prediction is shown 
in Supplemental File 3.

Discussion

The CRISPR-Cas system has been extensively deployed 
to accelerate the highly efficient diagnostic toolkit with 
speed, specificity and sensitivity, relying on gRNA bind-
ing with target sequences on the DNA or RNA target site 
(Kim et al. 2021). Therefore, extensive cas proteins such as 
cas12 and cas13 were coupled with isothermal nucleic acid 
amplification for pathogen detection; for example, cas13 for 
SARS-CoV-2 and RAA-cas12a for African swine fever virus 
detection (Chandrasekaran et al. 2022; Wang et al. 2020). 
Our findings revealed that RPA for amplification and cas12a 
for detecting the DNA target was successfully harnessed to 
diagnose E. canis and A. platys with specificity, sensitivity 
and simplicity that required minimal instruments, and was 
suitable for POCT. 

In this study, the suitable concentration and ratio 
of cas12a and gRNA to form a binary complex was 
cas12a:gRNA 100:100 nM. Previous studies demonstrated 
different results. For instance, the optimal condition of 

Fig. 2  RPA-assisted cas12a assay specificity of the admixture of vari-
ous pathogens including E. canis, A. platys, B. vogeli and H. canis 
under 37 °C for one hour. (A) Agarose gel electrophoresis of the RPA 
reaction for combined DNA amplification including E. canis (labeled 
E), A. platys (labeled A), B. vogeli (labeled B) and H. canis (labeled 
H) using BH_18S and EA_16S primers. The cas12a assay was per-
formed to detect the RPA products of combined DNA using gRNA_E 
(B) and gRNA_A (C). PCR tubes were examined under an LED tran-
silluminator by the naked eye. NTC represents non-template control

Fig. 3  Sensitivity of the RPA-assisted cas12a assay. Agarose gel 
electrophoresis of ten-fold dilutions of the DNA plasmid used in 
the RPA amplification DNA of E. canis (A) and A. platys (B). The 
RPA-assisted cas12a assay using gRNA_E (C) and gRNA_A (D) 
was conducted under an LED transilluminator, with measurement of 

the fluorescence signal from cleavage of the ssDNA reporter by real-
time PCR at 37 °C for one hour of E. canis (E) and A. platys (F) for 
DNA plasmid dilution. NTC represents non-template control.  Limit 
of detection was calculated using the fluorescence signal value of 
ssDNA cleavage with three replicates
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the cas12a platform for mycoplasma contamination detec-
tion was concentration of gRNA:cas12a as 500:250 nM at 
37 °C for 30 min or hepatitis C virus detection as 40 nM of 
cas12a:gRNA with detection within 30 min. These studies 
applied isothermal amplification including RPA or LAMP 
coupled with cas12a that demonstrated 100% accuracy 
for detection (Kham-Kjing et al. 2022). We illustrated the 
effectiveness of the RPA-assisted cas12a assay for identify-
ing rickettsial agents. This approach involves a few steps, 

including DNA amplification using RPA, which takes 
only 20 min. Subsequently, the cas12a assay was utilized 
for detecting the rickettsial DNA, which requires an addi-
tional hour. The entire process without DNA extraction can 
be completed in just 90 min under simple heat block at a 
temperature of 37 °C. However, temperature range 25 to 
40 °C enabled amplification of the DNA target by RPA. We 
selected the tested temperature at 37 °C because this was 
the optimal temperature of subsequent in vitro digestion 
of cas12a and we utilized body temperature to assess this 
approach in a limited resource area (Crannell et al. 2014). 

The RPA-assisted cas12a assay displayed explicit speci-
ficity for DNA bacteria of E. canis and A. platys detection 
without cross-reaction to other pathogens under the optimal 
condition, indicating that cas12a detection showed endur-
ance with mismatch sequences or no targets from RPA 
amplification. The primers for the RPA process selected a 

Fig. 4  RPA-assisted cas12a assay compared with HRM results. RPA-
assisted cas12a assay using gRNA_E and gRNA_A compared with 
HRM to detect E. canis and A. platys (A). The tubes were placed 
under an LED transilluminator for RPA-assisted cas12a detection 

using gRNA_E (B) and gRNA_A (C). Blue is positive result of E. 
canis, green is positive result of A. platys. NTC represents non-tem-
plate control. HRM results are shown in Supplemental File 1

Table 2  Precision and accuracy of the RPA-assisted cas12a assay 
compared with HRM detection

Method Precision (%) Accuracy (%) Cohen’s kappa

E. canis detection 82 86 0.65
A. platys detection 78 86 0.66
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similar region of 16S rRNA between E. canis and A. platys 
but distinguished from other hemopathogens infected in 
dogs or other mammals. The primer amplified E. canis and 
A. platys 16S rDNA, resulting in an increased amount of 
DNA target, with gRNA then designed from the region with 
species-specific sequence on the DNA target amplified. The 
specific gRNAs of E. canis and A. platys have single nucleo-
tide variation at the third and fifth position from the 3’ end 
next to PAM. The seed region of gRNA which is mismatch 
intolerant is at the first five nt next to PAM (Zetsche et al. 
2015). Different nucleotides, especially single nucleotide 
polymorphism (SNP) on the seed region and the PAM site, 
caused both gRNAs to have specific detection based on 
similar amplification regions. The specificity determina-
tion showed that gRNAs could only bind with DNA targets 
because the fluorescence signal from the collateral activity is 
significantly different between DNA targets and other DNA 
pathogens. Our previous study demonstrated that RPA com-
bined with cas12a showed promise for species differentiation 
of Phyllanthus amarus from other closely related species, 
based on the difference in PAM sequence and 4–5 nucleo-
tides at the 5’ end (seed sequence) of the spacer. These fea-
tures can be used to facilitate target-specific detection in the 
DNA region of interest of certain organisms (Buddhachat 
et al. 2021; Gerashchenkov et al. 2020). We also evaluated 
the specificity of the RPA-assisted cas12a assay using either 
gRNA_E or gRNA_A in complex condition, with admixture 
of DNA templates of various hemopathogens like coinfec-
tion. Our findings exhibited that although the DNA tem-
plates were admixed with the DNA of other pathogens, the 
assay using either gRNA_E or gRNA_A also gave the fluo-
rescence signal in only the condition with the presence of 
E. canis or A. platys, respectively. This suggested that the 
DNA of the other pathogens did not interfere with the assay. 

However, we noted that the RPA-assisted cas12a assay 
using gRNA_E was incubated for longer than two hours, 
enabling nonspecific detection with A. platys DNA but not 
for the RPA-assisted cas12a using gRNA_A. Therefore, 
the gRNA_E showed binding DNA of A. platys in a simi-
lar region because the sequence of gRNA_E was different 
from the DNA of A. platys by only one base pair from the 
SNP of the seed region. The gRNA_E may have cross-
activity with other species because the DNA sequences of 
different agents are similar (Unver et al. 2003). Moreover, 
incubating reactions for a long time resulted in cas-gRNA 
complex binding and cutting of non-specific targets that 
presented cleavage fluorescence signals of no targets. Con-
sequently, the study for cas12a detection used the optimal 
concentration of cas12a:gRNA and the appropriate time for 
detection (Buddhachat et al. 2022, 2021; Ding et al. 2020; 
Mukama et al. 2020). However, the cas12a assay specifi-
cally detected different DNA within one hour, thereby sav-
ing time. The cas12a-gRNA complex distinguished types 

of pathogens in one reaction; therefore, proposing a cas12a 
detection system for multiplex pathogen detection in a one-
pot reaction. Previously, Cas13 was developed to detect 
multiplex Dengue or Zika viruses (Gootenberg et al. 2018). 
Future studies should investigate the collateral cleavage 
trans-activity properties of other cas12 proteins that can 
detect multiplex pathogens in one-pot cas12 assay from 
the different color labels on the reporter. 

The RPA-assisted cas12a assay using both gRNA_E and 
gRNA_A had a limit of detection of 100 copies of DNA 
target per reaction. The detection limit of the RPA-assisted 
cas12a assay using gRNA_E and gRNA_A compared to 
gel electrophoresis detection was 1,000 and 100 times 
greater, respectively. Furthermore, the RPA products 
yielded the expected amplicons and generated primer 
dimerization or non-specific smear bands that appeared on 
gel electrophoresis, leading to the interference of detection 
but unaffected by cas12a detection. This was unsurprising 
because signal amplification from the RPA reaction was 
initiated by the operation of the cas12a-gRNA complex for 
DNA target binding. Therefore, cas12a collaborated with 
the isothermal amplification methods extensively used for 
detection such as LAMP-cas12a for African swine fever 
and Escherichia coli detection (Lee and Oh 2022; Yang 
et al. 2022). RPA-cas12a for COVID-19 and Toxoplasma 
gondii detection (Ding et al. 2020; Lei et al. 2021). The 
sensitivity of the assay was dependent on (i) the amplicon 
the size of RPA (the smaller amplicon size, the more 
sensitive) and (ii) the condition of the cas12a assay such 
as the concentration of cas and gRNA used, the sequences 
of the reporter and the additives (Lv et al. 2021). When the 
result of RPA coupled with cas12a was compared with gel 
electrophoresis detection, the RPA-assisted cas12a assay 
had greater specificity and sensitivity. The limit of detection 
could be improved using high-efficiency ssDNA reporters to 
produce the fluorescence signal. A study of engineering the 
DNA reporter (TTATT-5C) enabled a ten-fold sensitivity 
increase compared with the TTATT reporter, while the 
optimal concentration of DNA reporter engineering clearly 
showed a fluorescence signal between the target and non-
target in the cas12a assay (Lee et al. 2022). This study 
determined the background of fluorescence signals in the 
negative control that generated a fluorescence signal even if 
the DNA target disappeared. In future studies, a new ssDNA 
reporter should be modified to improve the performance of 
cas12a for trans-activity detection.

Diagnostics for rickettsial agents provide different detec-
tion efficiencies. Microscopic observation has been used for 
rickettsia diagnosis with low sensitivity due to difficulty in 
observing blood smears when dogs become infected after 
two weeks (Rucksaken et al. 2019). The ELISA used for 
detecting rickettsial agents reported high sensitivity, with 
detection 14 days after inoculation as in the early infection, 
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the amount of antibody produced is limited to detect, while 
molecular assay gave detection within seven days and the 
serological method gave a false positive result (Waner 
et al. 2000; Suksawat et al. 2000). Currently, the diagnosis 
of rickettsia includes conventional PCR or real-time PCR. 
Real-time PCR for Ehrlichia species has limited detection 
at 50 and 100 copies per reaction (Cárdenas et al. 2007; 
Lloyd et al. 2011). Our previous study demonstrated that the 
detection limit of real-time PCR based on multiplex HRM 
using Bact16S-A for E. canis and A. platys was  103 copy 
number (Buddhachat et al. 2020). RPA-assisted cas12a using 
EA_16S was ten times more sensitive, with a detection limit 
of  102 copy number.

The RPA-assisted cas12a assay using gRNA_E and 
gRNA_A was validated with real clinical samples that 
showed efficiency for E. canis and A. platys detection from 
canine peripheral blood. However, the results obtained from 
HRM might gave the deviation of melting temperature from 
melting peak of E. canis and A. platys which it is likely to 
be other closely related species of them such as E. chaf-
feensis, E. ewingii and A. phagocytophilum (Supplemental 
Figure S8). The RPA enabled DNA amplification of E. canis 
and A. platys, and both gRNA_E and gRNA_A provided 
high accuracy to detect pathogens owing to disappearing 
fluorescence signals in non-target DNA. The fluorescence 
signals acquired from the RPA-assisted cas12a assay could 
be readily observed by the naked eye under a blue LED tran-
silluminator. The detection limit of this method was suffi-
cient for real sample detection. Moreover, the RPA-assisted 
cas12a assay results gave precision and accuracy with the 
HRM assay of more than 75% for E. canis and A. platys 
detection. Eleven clinical samples exhibited positive for 
cas12a assay but negative for HRM, indicating that the RPA-
assisted cas12a assay showed superior ability to discriminate 
Ehrlichia and Anaplasma over the HRM assay. In the case 
of coinfection, a large difference in the two melting peaks 
obtained from the two pathogens can dominate a minor melt-
ing peak, leading to difficulty or impossibility to detect their 
presence. We also confirmed the results obtained from both 
approaches by the sequence similarity to E. canis, with more 
than 97% identity. However, a low success rate of sequenc-
ing (39% (7/18 samples)) was observed, possibly resulting 
from the admixture of two amplicons caused by coinfection 
and some samples without positive amplicons (e.g. 640208 
and 640501) (Supplemental Figure S9). Furthermore, RPA-
assisted cas12a assay using gRNA_A gave a false positive 
for 640208 from the point mutation on the DNA target for 
gRNA at the seed region due to the presence of one different 
base (G/A) (Supplemental Figure S2A). Based on multiple 
alignments, the EA_16S primer enabled DNA amplification 
for both Ehrlichia and Anaplasma genera, whereas using 
cas12a with gRNA_A or gRNA_E facilitated discrimination 
between Ehrlichia and Anaplasma genera (Supplemental 

Figure S2A). These results indicated the moderate reliability 
of both methods to detect E. canis and A. platys in real blood 
samples. Diagnosis of the presence of pathogens in canine 
blood diseases should be performed rapidly and accurately 
for precise and effective treatment of the ailments, and this 
approach can detect E. canis and A. platys within two hours. 
Moreover, fast diagnosis and treatment will assist in saving 
the dog’s life and decrease contagion of the disease (Lauzi 
et al. 2016; Yuasa et al. 2017). This study articulated the 
optimal situation of the RPA-assisted cas12a assay to detect 
pathogens in canine blood with specificity and sensitivity. 
Moreover, the method was simple and detection was fast, 
requiring few instruments with easy-to-interpret results. The 
lateral flow dipstick can be useful to interpret results for 
detection in the field (Xu et al. 2022; Zhang et al. 2021). 
However, pathogen diagnostics in the field applying the 
RPA-assisted cas12a assay might have airborne contami-
nation. Therefore, the hands-on process needs to be per-
formed carefully and the reaction should be performed in a 
closed area. When using the RPA-assisted cas12a assay for 
practical POCT, efficient and rapid DNA extraction from 
canine blood needs to be developed such as using a dipstick, 
buffer or heating methods. Simple DNA extraction methods 
can be directly input into the RPA reaction and detected by 
the cas12a assay (Bereczky et al. 2005; Koontz et al. 2019; 
Mason and Botella 2020).

Conclusions

Results demonstrated that the RPA-assisted cas12a assay 
can be implemented for E. canis and A. platys in canine 
blood, with high specificity and sensitivity detection 
relative to a conventional or real-time PCR. The detection 
process is simple, fast and has few steps. The method 
is appropriate to use in the field because it requires 
minimal resources and instruments. This technique can 
be implemented in low-resource areas to detect pathogens 
in the blood of homeless dogs in countries with limited 
resources. This method can improve multiplex in a one-
pot platform that utilizes coinfection agent detection with 
reduction in contamination. We believe that an efficient 
diagnosis is an important tool that can decrease and restrain 
parasitic diseases. Moreover, The RPA-assisted cas12a 
assay as a novel, fast and inexpensive method can assist the 
veterinarian for the precision treatment of infected dogs. 
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