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Abstract

Background: As no treatment or effective vaccine for African swine fever virus (ASFV) is currently available, a rapid,
highly sensitive diagnostic is urgently needed to curb the spread of ASFV.

Results: Here we designed a novel CRISPR-Cas12a based assay for ASFV detection. To detect different ASFV
genotypes, 19 crRNAs were designed to target the conserved p72 gene in ASFV, and several crRNAs with high
activity were identified that could be used as alternatives in the event of new ASFV variants. The results showed
that the sensitivity of the CRISPR-Cas12a based assay is about ten times higher than either the commercial
quantitative PCR (qPCR) kit or the OIE-recommended qPCR. CRISPR-Cas12a based assay could also detect ASFV
specifically without cross-reactivity with other important viruses in pigs and various virus genotypes. We also found
that longer incubation times increased the detection limits, which could be applied to improve assay outcomes in
the detection of weakly positive samples and new ASFV variants. In addition, both the CRISPR-Cas12a based assay
and commercial qPCR showed very good consistency.

Conclusions: In summary, the CRISPR-Cas12a based assay offers a feasible approach and a new diagnostic
technique for the diagnosis of ASFV, particularly in resource-poor settings.
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Background
African swine fever (ASF) is one of the most important
zoonotic diseases that can lead to high mortality in do-
mestic pigs, leading to huge economic losses [1, 2]. ASF
is caused by African swine fever virus (ASFV), a large,
enveloped, double-stranded DNA virus that is the sole
member of the Asfarviridae family [3]. The viral genome

comprises between 170 and 190 kilobases that encode
more than 150 ORFs and approximately 165 viral pro-
teins [4]. The viral capsid protein p72, encoded by the
B646L gene, is highly conserved and well-characterized
[5, 6], making it a widely used target for both nucleic
acid detection and phylogenetic analysis [7, 8].
African swine fever was first documented in Kenya in

1921 and later discovered in most countries in Africa,
and it was introduced into Europe in the middle of the
last century [1, 9]. In 2007, an outbreak of this disease
was reported in the Caucasus region, including Georgia,
Armenia, Azerbaijan, and Russia [9] and since then has
been isolated in neighboring countries (Ukraine in 2012,
Belarus in 2013, Lithuania, Poland, Latvia and Estonia in
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2014, the Czech Republic in 2017) [1, 10]. It eventually
travelled to China, where the first serious outbreak was
reported in 2018 and has since spread to many of the
country’s provinces [3, 11]. These outbreaks were only
brought under control following animal quarantine and
eradication, which came at a very high economic cost.
Since there is no effective vaccine or antiviral drug cur-

rently available, early detection and surveillance of this
disease are very important for preventing and controlling
outbreaks and reducing economic losses. The diagnosis of
ASFV normally relies on both viral genome and antibody
detection. When using viral antibody detection, most
serological detection assays rely on the ELISA format as it
is simple, high throughput, and cost-effective [12, 13].
However, antibody induction takes a comparatively long
time following viral infection, and in many cases, this
means that the animals may die before the antibody
reaches detectable levels [12]. In the case of detection
using the viral genome, both conventional and quantita-
tive PCR are recommended by World Organization for
Animal Health as the gold standard for detection as a re-
sult of their high sensitivity and specificity [12, 14]. The
main drawback of either technique is the requirement of
laboratory facilities equipped with expensive machinery.
The clustered regularly interspaced short palindromic

repeats (CRISPR)-associated endonuclease Cas from
prokaryotic immune systems has been developed and
employed as a robust genome-editing tool. Recently, sev-
eral endonucleases (Cas12a/b, Cas13a/b, and Cas14)
from the CRISPR-Cas system were found to possess col-
lateral cleavage activity that can degrade single-stranded
DNA or RNA nonspecifically upon binding to their tar-
get site. This ability can be used to detect pathogens
when a short reporter sequence is also added to the cells
[15–18]. This discovery has led to the emergence of
many CRISPR-Cas based virus detection protocols. This
technology could be an ideal tool in diagnostics as a

result of its excellent performance in several important
areas including high sensitivity, specificity, and accuracy
as well as the fact that this technology is rapid and easy
to use [15, 17–21].
To overcome the limitations and improve the existing

tools for ASFV diagnostics, we explored the application
of novel CRISPR-Cas12a based viral detection assay in
the detection of ASFV. Here, we report findings that
strongly suggest that this approach could be a novel
ASFV diagnostic assay.

Results
crRNA design and development of a CRISPR-Cas12a
based ASFV detection assay
A schematic for the application of CRISPR-Cas12a in
ASFV detection is shown in Fig. 1. Viral nucleic acids were
extracted, and the p72 target region amplified, using iso-
thermal RPA. This amplicon was then mixed with
Cas12a/crRNA, and a ternary complex formed when the
target region was present in the DNA. Binding to the tar-
get site resulted in the cleavage of the reporter ssDNA
constructs producing a signal [22].
The p72 gene (B646L) was chosen as the crRNA target

site for these assays because of its high degree of conser-
vation and its wide application as a diagnostic target.
Twenty-four genotypes of ASFV have been characterized
using the partial p72 gene sequence. To enable this assay
to detect various known ASFV genotypes, 38 p72 gene
sequences were obtained from GenBank and aligned to
identify conserved regions. A total of 19 “universal”
crRNAs were designed to target these conserved regions
(Table S1). Universal RPA primers that amplify all viral
genotypes were also designed (Table S2).
To optimize the sensitivity, the efficiency of all 19

crRNAs was evaluated. We used two ASFV positive
blood (GD/GZ/0227 and GD/GZ/0311) collected from a
pig farm with an outbreak of ASFV for this evaluation.

Fig. 1 Schematic of the CRISPR-Cas12a based assay for ASFV detection. Viral nucleic acids from different sample types were extracted, and the
p72 target region amplified using RPA at 39 °C for 20 min. The amplicon was then mixed with Cas12a/crRNA, and a ternary complex formed
when the target region was present. Finally binding to the target site resulted in the cleavage of the reporter ssDNA producing a signal. The
image shown in Fig. 1 was made by us and belongs to us
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The viral loads of these two ASFV positive samples are
7.3 × 104 and 8.6 × 104 copies/μl, respectively. Two ASFV
negative blood samples from an ASFV-negative pig farm
in Jiangxi province of China were also tested parallelly to
compare the crRNAs activity between positive and nega-
tive samples. Variable performance efficiency for each
crRNA was observed (Fig. 2a and b), with crRNA5 show-
ing the highest activity. This crRNA was selected to per-
form the rest of the evaluations.

Evaluation of the sensitivity and specificity of the CRISPR-
Cas12a detection assay
First, we compared the sensitivity of the CRISPR-Cas12a
assay with the commercial qPCR kit (Beijing Anheal La-
boratories, China) using a 1:10 serial dilution of positive
sample (GD/GZ/0311, qPCR [Ct] = 17). As shown in
Fig. 3a, the sample diluted to 10− 8 still could be defin-
itely detected by the CRISPR-Cas12a assay, while the
limit of detection for the commercial qPCR kit was
10− 5. Seventeen qPCR-positive clinical samples were
then tested to validate the sensitivity of the CRISPR-
Cas12a detection assay, and conventional PCR was also
used as confirmation of our findings. All 17 samples
were confirmed positive by the CRISPR-Cas12a assay,
while three weakly positive samples could not be de-
tected using conventional PCR (Fig. 3b). In addition, five
samples had superior signal strength in the CRISPR-
Cas12a assay when compared to their results using the
commercial qPCR kit. To further quantify the sensitivity
of these two methods, ASFV B646L Gene Plasmid Refer-
ence Material (number: GBW(E)091034, 5.8 × 103 cop-
ies/μl), developed by China Animal Disease Control

Center, was used. As shown in Fig. 3c, the limit of detec-
tion of the commercial qPCR kit was 11.6 copies/μl.
However, the limit of the CRISPR-Cas12a was as low as
1.16 copies/μl. Since the Office International Des Epi-
zooties (OIE)-recommended qPCR was recognized as
the gold standard, we also compared the sensitivity and
specificity of the commercial qPCR kit with the OIE-
recommended qPCR [23]. As expected, the detection
limit of the commercial qPCR was comparable to the
OIE-recommended qPCR (Table S3). Consistently, simi-
lar to the OIE-recommended qPCR, the commercial
qPCR showed no cross-reactivity with other swine vi-
ruses including PRRSV, CSFV, PCV2, PRV, PEDV,
TGEV, JEV, and PPV (Table S4). Taken together, these
data show that the CRISPR-Cas12a detection assay has a
significantly higher sensitivity (about ten times) than ei-
ther the commercial qPCR kit or the OIE-recommended
qPCR.
In addition, longer incubation times were used to

evaluate whether assay sensitivity can be improved in
weakly positive samples. We used serial dilutions of the
sample (GD/GZ/0311) to mimic a weakly positive blood
sample. In this assay, the incubation time for Cas12a/
crRNA was increased to 60min. The results showed that
fluorescence values for the 10− 3 dilution were increased
with longer incubation times but the values in the nega-
tive sample remained unchanged (Fig. 3d). To test
whether the CRISPR-Cas12a is capable of detecting vari-
ous ASFV genotypes, we synthesized the conserved p72
gene of genotypes I (GenBank No: FN557520), II (Gen-
Bank No: MK128995), VIII (GenBank No: AY261361),
IX (GenBank No: MH025920), and X (GenBank No:

Fig. 2 Screening for highly active crRNAs. A total of 19 crRNAs targeting the ASFV p72 gene were designed, these should work as a “universal” crRNA
set for the detection of ASFV. Two ASFV positive blood (GD/GZ/0227, GD/GZ/0311) and two negative blood were used to test crRNA activity for 15 (a)
and 30 (b) min. Fluorescence signal reflects the activation of individual crRNA, n = 3 technical replicates; bars represent mean ± SD
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KM111294) (Sangon Biotech, China). As shown in Fig.
3e, as expected, the S/N ratios of all genotypes were sig-
nificantly above the cut-off values, indicating that the
CRISPR-Cas12a can test different ASFV genotypes.
Specificity of CRISPR-Cas12a assay was evaluated

using blood (GD/GZ/0311) and genomic material from

other swine viruses including PRRSV, CSFV, PCV2,
PRV, PEDV, TGEV, JEV, and PPV. As expected, no
cross-reactivity with other viruses was observed (Fig. 4).
These results demonstrate that CRISPR-Cas12a assay is
specific and sensitive and thus could be used in the spe-
cific detection of various ASFV genotypes.

Fig. 3 Sensitivity of CRISPR-Cas12a based assay in the detection of ASFV. a A qPCR positive blood sample (GD/GZ/0311) was subjected to serial (log10)
dilution and examined by both the CRISPR-Cas12a and the commercial qPCR assay. Columns – CRISPR-Cas12a based assay; black dot – commercial
qPCR assay. The dashed line represents the detection threshold for the virus. b A total of 17 qPCR positive blood were used for comparison using all
three nucleic acid detection methods. Heatmap results represent the signal intensity of individual samples. c ASFV B646L Gene Plasmid Reference
Material (5.8 × 103 copies/μl) was subjected to serial dilution and examined by the CRISPR-Cas12a and the commercial qPCR. Columns – CRISPR-Cas12a
based assay; black dot – commercial qPCR assay. Dashed line represents the detection threshold for the virus. d The panel shows that serial dilution of
the positive sample (GD/GZ/0311) remained detectable over a 1 h time course with S/N ratio (fluorescence) measurements every 5min. e The p72
genes of various ASFV genotypes I, II, VIII, IX, and X were synthesized and used to assess whether the CRISPR-Cas12a assay has the ability to test
different ASFV genotypes. The dashed line represents the detection threshold for the virus. n = 3 technical replicates, bars represent mean ± SD
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Evaluating consistency between the CRISPR-Cas12a assay
and the commercial qPCR kit
The 17 qPCR-positive clinical samples mentioned above
were also used to evaluate the consistency in positive
sample identification between CRISPR-Cas12a and the
commercial qPCR kit. As expected, there was high con-
cordance (R2 = 0.82) between the two methods (Fig. 5),
which indicates good ASFV diagnostic performance for
this novel assay.

Detection of ASFV nucleic acids in porcine samples from
the field
Detection of ASFV in a collection of 101 porcine field
samples including blood, oral fluid and spleen was com-
pared for the CRISPR-Cas12a and the commercial qPCR
assays. As shown in Tables 1, 18 out of 67 blood samples
and 13 out of 18 oral fluid samples tested positive using
the commercial qPCR assay. While one more sample
was positive in the blood and oral fluid groups

Fig. 4 Specificity of the CRISPR-Cas12a based assay for ASFV detection. Specificity test results compared specificity of the CRISPR-Cas12a based
assay in ASFV against its activity in other important pig viruses. n = 3 technical replicates, bars represent mean ± SD. The dashed line means
detection threshold for each virus

Fig. 5 Consistency in evaluation between CRISPR-Cas12a and commercial qPCR assays during ASFV detection. A total of 17 qPCR ASFV-positive
blood were also confirmed positive by CRISPR-Cas12a assay. An inverse linear relationship (R2 = 0.82) exists between the cycle threshold and
S/N ratio
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respectively when they were evaluated using the CRIS
PR-Cas12a assay. This may be because the sensitivity of
CRISPR-Cas12a detection is higher than that of the
commercial qPCR kit. In addition, 11 out of 16 spleen
samples tested positive in both assays. We used a Venn
diagram to depict the results of the CRISPR-Cas12a and
commercial qPCR assays. As shown in Fig. 6, a high de-
gree of agreement between these two assays is evident,
which supports the application of this novel diagnostic
assay in the detection of ASFV.

Discussion
Chinese pig farming accounts for 60% of the global pig
production industry. The first ASF case in China was re-
ported in August 2018 and the virus has rapidly spread
throughout the whole country, causing serious losses in
the Chinese swine industry. As no effective vaccine or
treatment is available, ASFV can lead to pig death very
quickly even without clinical symptoms and antibody re-
sponse, this means that early detection and surveillance

of this disease is vital to prevent its outbreak and spread.
Therefore, developing a method for ASFV detection
using minimal equipment is urgently needed. To the
best of our knowledge, this is the first report that aims
to employ CRISPR-Cas12a based assay for the detection
of ASFV.
The Cas12a, Cas13a systems were developed and have

the potential to become a promising onsite detection
method. Cas12a-based assay is especially suitable for
DNA virus detection because the product of target site
amplification can react with Cas12a directly without
having to perform transcription procedure. Furthermore,
Cas12a is a more cost-effective assay than Cas13a: obvi-
ating the need for T7 RNA polymerase and related re-
gents as well as the more expensive di-labelled RNA
reporter [24]. Additionally, the CRISPR/Cas assay can be
run in approximately 30–40 min and visualized on a lat-
eral flow strip. Therefore, Cas12a is a promising tool in
the detection of ASFV.
Sensitivity plays a decisive role in developing an alter-

native diagnostic assay for ASFV. A previous study
showed that RPA with lateral flow dipstick is developed
for the on-site detection of ASFV [25], but the limit of
detection of this method is 150 copies per reaction,
which is much lower than the present gold standard test
qPCR. So the clinical application of this method is lim-
ited. Previous studies also showed that CRISPR system
can detect ASFV [26, 27]. However, they did not com-
pare the sensitivity of CRISPR with qPCR, the most sen-
sitive method in the detection of ASFV until now,

Fig. 6 Venn diagram of detection of ASFV by commercial qPCR (blue circle) and CRISPR-Cas12a (green cycle) assays using porcine blood from
the field (n = 101). Only two samples produced incongruent results in both tests

Table 1 Parallel detection data from both the CRISPR-Cas12a
and commercial qPCR assays in clinical samples

Sample
types

Nucleic acid detection assays

CRISPR-Cas12a assay Commercial qPCR

Blood 19/67a 18/67

Oral fluid 14/18 13/18

Spleen 11/16 11/16
a number of positive/total samples
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indicating that further research is needed in the sensitiv-
ity analysis of the CRISPR in ASFV detection. Further-
more, to date twenty-four genotypes of ASFV have been
characterized based on the p72 gene sequence which is
used to design crRNA, but the previous research [26, 27]
tested only genotype II ASFV that emerged in China
using CRISPR system, which means that whether the
CRISPR can detect other genotypes is unknown. In this
study, to accurately quantify the limit of detection of the
CRISPR-Cas12a, we used a ASFV B646L Gene Plasmid
Reference Material (number: GBW(E)091034) rather
than a synthetic ASFV DNA [26, 27]. We found that the
CRISPR-Cas12a reached a sensitivity level of 1.16 cop-
ies/μl, which has a much higher sensitivity (about ten
times) than either the commercial qPCR assay or the
OIE-recommended qPCR (Fig. 3c, Table S3). We also
tested the sensitivity of RPA in the detection of ASFV,
and the detection limit of RPA was 116 copies/μl (data
not shown), which was about one hundred times lower
than that of CRISPR-Cas12a. In addition, we also
showed that the CRISPR-Cas12a could test different
ASFV genotypes (Fig. 3e). These data indicate that the
CRISPR-Cas12a is a promising tool for the rapid detec-
tion of ASFV at the early stage of infection before clin-
ical signs emerged.
In the ASFV detection using the clinical samples from

the field, the results of the CRISPR-Cas12a and the com-
mercial qPCR showed a good consistency (Figs. 5 and 6,
Table 1), but the test process of the CRISPR-Cas12a re-
quires less time than the commercial qPCR. The CRISPR-
Cas12a also showed highly specific activity without cross-
reactivity, which may be due to the combination of RPA
specific amplification and Cas12a/crRNA sequence identi-
fication. This study highlights CRISPR-Cas12a based assay
as a promising diagnostic technique for ASFV detection in
clinical application.
To optimize the detection sensitivity of the CRISPR-

Cas12a, we identified crRNAs with a higher affinity for
the target sequence, which can be used to detect various
known ASFV variants. Several crRNAs showed high af-
finity meaning that they could be used as an alternative
in case a new ASFV variant emerges. Because the mis-
match between crRNA and the target site on ASFV
DNA genome could affect the affinity, the crRNAs were
carefully designed to target only highly conserved re-
gions of viral p72 gene avoiding possible mutations in
the target site to the utmost extent. Therefore, crRNA
activity and conservation of the crRNA target site are
equally important in the global detection of ASFV when
using a CRISPR-Cas12a based assay.
Genome-based diagnosis of viral infections is signifi-

cantly challenged by high mutation rates in their se-
lected target sites. Mutations at the crRNA target site
could affect the activity of this assay resulting in reduced

sensitivity [28]. Here, we found that the S/N ratio of
weakly positive samples became stronger when extend-
ing incubation time, which makes CRISPR-Cas12a as a
promising alternative for the detection of ASFV. Fur-
thermore, we confirmed that the CRISPR-Cas12a assay
can test different virus genotypes (Fig. 3e), suggesting
that this approach also could be used to detect new
ASFV variants to some extent, which might make a vital
contribution to the control of ASFV.

Conclusions
In conclusion, we have developed a new and feasible
CRISPR-Cas12a based assay for the detection and diag-
nosis of ASFV. This assay is characterized by its high
sensitivity, ease of use, short protocol time and requires
minimal equipment making it an ideal candidate for the
rapid detection and surveillance of ASFV in China. Fur-
ther studies are needed to evaluate its potential for clin-
ical application in the future.

Methods
Sample collection and viruses
In this study, we collected 101 blood, tissue, and oral
fluid samples from pig farms located in the Guangdong
province of China. Porcine reproductive and respiratory
syndrome virus (PRRSV), pseudorabies virus (PRV), por-
cine circovirus type 2 (PCV2), classical swine fever virus
(CSFV), porcine epidemic diarrhea virus (PEDV), por-
cine transmissible gastroenteritis virus (TGEV), Japanese
encephalitis virus (JEV), and porcine parvovirus (PPV)
were available in our laboratory.

Viral genome extraction and crRNA preparation
Viral nucleic acids from the blood samples were ex-
tracted using the RaPure Viral RNA/DNA Kit (Magen,
China) according to the manufacturer’s instructions.
Probe-based qPCR analysis was carried out using the
AFD9600 Real-time System (AGS BioTech Co., China).
Viral nucleic acids were eluted in 20 μl of nuclease-free
water and stored at − 80 °C until use. For crRNA prepar-
ation, based on the conserved p72 sequence of ASFV,
crRNAs were designed (Table S1) and cloned with a T7
promoter. The transcription templates were prepared by
annealing the synthesized oligonucleotides. Then,
crRNAs were transcribed and purified using a T7 High
Yield Transcription Kit (Thermo Fisher Scientific) and
an RNA Clean & Concentrator™-5 Kit (Zymo Research)
respectively, each according to the manufacturer’s in-
structions. Finally, crRNAs were quantified using the
Nanodrop 2000C (Thermo Fisher Scientific) and stored
at − 80 °C.
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CRISPR-Cas12a assay
The detection of ASFV by probe-based qPCR has been
described previously [29–31]. In terms of African swine
fever virus (ASFV), qPCR is the gold standard, which we
used as a reference for our CRISPR-Cas12a assay.
LbCas12a (New England Biolabs) was used for this assay.
As described in the DETECTR method, our CRISPR-
Cas12a assay also uses recombinase polymerase amplifi-
cation (RPA). For RPA reactions, the TwistAmp Basic
kit (TwistDx) was used according to the manufacturer’s
instructions (https://www.twistdx.co.uk/en). Briefly, 50 μl
reactions containing 2.5 μl ASFV DNA, 0.48 μM forward
and reverse primers, 1× rehydration buffer, 14 mM mag-
nesium acetate and RPA mix were incubated at 39 °C for
20 min. CRISPR-Cas12a detection was performed as de-
scribed previously with minor modifications. The reac-
tion volume was a total of 50 μl, with 20 nM crRNA,
115 nM single-stranded DNA fluorophore quencher - la-
beled reporter (Table S1), 30 nM LbCas12a, 1 μl RPA
amplification products, 2 μl RNase inhibitor (New Eng-
land Biolabs), and 1 × LbCas12a Buffer (New England
Biolabs). The reactions were incubated in a temperature-
controlled water bath for 15 min at 37 °C. Fluorescence
emission was excited at 485 nm and detected at 535 nm
using a fluorescent microplate reader (BioTek), and re-
actions without target DNA were used to establish the
background.

Sensitivity of the CRISPR-Cas12a detection assay
To determine the sensitivity of the CRISPR-Cas12a assay
in the detection of ASFV, we serially diluted an
ASFV-positive blood sample using a 10-fold gradient.
Genomic extraction was performed using the RaPure
Viral RNA/DNA Kit (Magen). CRISPR-Cas12a and
probe-based qPCR detection were performed. When the
genomic DNA of diluted samples were tested using
CRISPR-Cas12a, we evaluated the exposure times for
each dilution to allow for optimization of the protocol.

Specificity of the CRISPR-Cas12a detection assay
The specificity of the ASFV CRISPR-Cas12a assay was
evaluated by using it to detect various important patho-
genic viruses of swine including ASFV, PRRSV, PRV,
CSFV, PCV2, PEDV, TGEV, PPV, and JEV. Distilled
water served as a negative control. Viral nucleic acids

were extracted and the targets were amplified using the
ASFV RPA primers described above. CRISPR-Cas12a
complexes were then administered and the assay
performed.

Determination of cut-off values for CRISPR-Cas12a assay
A total of 47 blood samples, originated from an
ASFV-negative pig farm in Jiangxi province of China,
were used to determine the cut-off values in the CRIS
PR-Cas12a assay. All these samples tested negative for
ASFV using the commercial qPCR kit (Beijing Anheal
Laboratories, China). Mean extinctions and standard
deviations (SD) were calculated. Blood_neg01 was
chosen as a standard negative control. This control was
used as the standard in each assay to determine
threshold values and to calculate S/N ratios. The S/N
mean value for all 47 negative blood plus 3 SD was
chosen as the endpoint for all serological assays
(Table 2). Results were calculated and expressed in S/N
units: S/N ratio = sample test (fluorescent intensity)/
negative test (fluorescent intensity).

Conventional PCR and qPCR assays for detection of ASFV
Amplification of p72 gene from ASFV by conventional
PCR was performed using the TaKaRa ExTaq kit
(TaKaRa, Japan). Each 20 μl amplification reaction
contained primers (Table S2) at a final concentration of
300 nM and varied concentrations of the template. The
PCR conditions were as follows: 95 °C for 10 min
followed by 30 cycles at 95 °C for 30 s, 51 °C for 30 s, and
72 °C for 40 s with a final extension at 72 °C for 10 min.
Amplified PCR products were visualized using 1%
agarose gels. The qPCR assay was performed using a
commercial kit (Beijing Anheal Laboratories, China) and
completed according to the manufacturer’s instructions.
Briefly, each reaction was a total of 10 μl, 5 μl qPCR Mix,
0.4 μl ASFV sense and 0.4 μl ASFV anti-sense primers,
0.4 μl TaqMan probe, 1.8 μl nuclease-free water, and 2 μl
DNA template. The cycling protocol was as follows: 1
cycle of 95 °C for 9 min followed by 40 cycles made up
of denaturation for 15 s at 95 °C and annealing for 45 s
at 60 °C. The results were analyzed using cycle threshold
values.

Table 2 Determination of cut-off values for the CRISPR-Cas12a based assay during the time course study

S/N ratio Time point (min)

0 5 10 15 20 25 30 35 40 45 50 55 60 90

Mean 0.96 1.03 1.03 1.03 1.05 1.07 1.06 1.14 1.10 1.13 1.11 1.08 1.09 1.07

SD 0.21 0.21 0.23 0.24 0.26 0.25 0.26 0.26 0.28 0.29 0.29 0.30 0.30 0.32

mean + 3SD 1.58 1.67 1.73 1.75 1.82 1.81 1.85 1.92 1.93 2.01 1.98 1.98 1.98 2.03
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