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African swine fever virus (ASFV) is a leading cause of worldwide agricultural loss. ASFV is
a highly contagious and lethal disease for both domestic and wild pigs, which has brought
enormous economic losses to a number of countries. Conventional methods, such as
general polymerase chain reaction and isothermal amplification, are time-consuming,
instrument-dependent, and unsatisfactorily accurate. Therefore, rapid, sensitive, and
field-deployable detection of ASFV is important for disease surveillance and control.
Herein, we created a one-pot visual detection system for ASFV with CRISPR/Cas12a
technology combined with LAMP or RPA. A mineral oil sealing strategy was adopted
to mitigate sample cross-contamination between parallel vials during high-throughput
testing. Furthermore, the blue fluorescence signal produced by ssDNA reporter could
be observed by the naked eye without any dedicated instrument. For CRISPR-RPA
system, detection could be completed within 40 min with advantageous sensitivity. While
CRISPR-LAMP system could complete it within 60 min with a high sensitivity of 5.8 x 102
copies/wl. Furthermore, we verified such detection platforms display no cross-reactivity
with other porcine DNA or RNA viruses. Both CRISPR-RPA and CRISPR-LAMP systems
permit highly rapid, sensitive, specific, and low-cost Cas12a-mediated visual diagnostic
of ASFV for point-of-care testing (POCT) applications.

Keywords: CRISPR/Cas12a, detection, African swine fever virus, RPA, LAMP

INTRODUCTION

African swine fever (ASF) is a highly lethal and contagious disease in domestic pigs caused by
the African swine fever virus (ASFV) and is a notifiable disease by the World Organization for
Animal Health (OIE) (1). ASFV is a large and complex double-stranded DNA arbovirus that is
the only member of Asfivirus genus (2). Based on the highly conserved gene B646L encoding the
viral protein p72, ASFV is currently classified into 24 genotypes. In 2018, ASF began to spread in
China, where the virus circulating was identified as genotype II (1, 3), an epidemic strain that was
100% consistent with that in Russia (4). Due to the absence of effective treatments or vaccines, ASF
disease control mainly relies on culling pigs (2, 5). With high infectivity and mortality, ASFV has
seriously affected animal husbandry.

The focus of prevention and control of ASF is currently still in the early diagnosis and outbreak
control stages. Therefore, accurate and efficient laboratory diagnosis is of vital importance.
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Quantitative PCR (qPCR) and conventional PCR, which are
also recommended by OIE (6-8), are sensitive methods for
the detection of ASFV. However, the dependence on expensive
thermocyclers and skilled operators limits the application
of these methods for point-of-care (POC) detection (9, 10).
Isothermal amplification techniques, such as recombinase
polymerase amplification (RPA) (11-13), loop-mediated
isothermal amplification (LAMP) (14, 15), polymerase cross-
linking spiral reaction (PCLSR) (16), and cross-priming
amplification (CPA) (17), have been suggested for the detection
of ASFV based on the highly conserved region of essential ASFV
genes, such as p72. However, the reaction temperature close to
room temperature can easily generate false-positive test results
(18, 19). Therefore, it is necessary to develop a sensitive, specific,
equipment-free, and visual method for the detection of ASFV.

Recently, clustered regularly interspaced short palindromic
repeat (CRISPR)-associated endonuclease (CRISPR/Cas) systems
have been developed to detect nucleic acid, including Casl3a
(20-26), Casl2a (27-31), Cas9 (32-34), Cas12b (35), and Casl4
(36). Casl2a, an RNA-guided DNA endonuclease, recognizes
a T nucleotide rich, such as 5- (T) TTN-3, protospacer-
adjacent motif (PAM) with the help of CRISPR RNA (crRNA)
(37). Then using a single RuvC catalytic domain (38-40),
the Casl2a generates a 5 -overhang staggered cut on the
target strand (TS) and the non-target strand (NTS). Both
the crRNA-complementary ssDNA or dsDNA (the activator)
activate the trans-cleavage to unleash the robust, non-specific
ssDNA trans-cleavage activity of Casl2a. The Casl2a-based
detection can be performed at physiological temperature or
even at room temperature; meanwhile, the non-specific cleavage
by these Casl2a enzymes occurs at a very high turnover rate
(41-43), significantly simplifying the detection procedure and
enabling the accurate detection of low-concentration targets.
Combined with fluorophore quencher (FQ)-labeled reporter,
the diagnostic technology based on CRISPR/casl2a has been
successfully applied for the detection of the porcine reproductive
and respiratory syndrome virus (PRRSV) (44), white spot
syndrome virus (WSSV) (45), tobacco curly shoot virus
(TCSV) (46), human papillomavirus 16 (HPV-16), parvovirus
B19 (PB-19) (47), Listeria monocytogenes (48), foodborne
bacteria (Escherichia coli and Streptococcus aureus) (49), and
Mpycobacterium tuberculosis (50).

To improve the convenience of existing tools and overcome
the limitations of ASF diagnosis, a one-pot visual detection
that integrates the CRISPR/Casl2a system with isothermal
amplification has been developed in this study. The one-
pot detection is sensitive, specific, low-cost, user-friendly, and
ready to be used for on-site ASFV detection or other DNA-
based pathogens.

MATERIALS AND METHODS

Preparation of Genomic DNA Samples

The 1941bp fragment (Genomic Sequence: NC_001659.2) of
the ASFV p72 gene (also known as B646L) was chemically
synthesized and cloned into pUC57 plasmid (herein referred to

as pUC57-p72 DNA) by Sangon Biotech (Shanghai). Co. Ltd. The
pUC57-p72 DNA was used as the template for the optimization
of the detection system, as well as for the determination of
sensitivity, as standard ASFV plasmid was used in previous
reports (16, 17). The DNA or ¢cDNA of the pseudorabies virus
(PRV), porcine reproductive and respiratory syndrome virus
(PRRSV), porcine epidemic diarrhea virus (PEDV), and porcine
deltacoronavirus (PDCoV) were obtained from the Shanghai
Veterinary Research Institute (Chinese Academy of Agricultural
Sciences), for the use as samples for specificity determination.

Oligonucleotide Primers for Amplification

and crBRNA Preparation

The most conserved region of the gene was subjected to
design isothermal amplification primers. The RPA primers were
designed using online software (Primer-blast) according to the
TwistAmp assay. These forward and reverse primers formed a
number of primer pairs, and the RPA products should be 100-200
bp. The LAMP primers were designed using PrimerExplorer V5
(http://primerexplorer.jp/e/), comprising of two outer primers F3
and B3, two inner primers FIP and BIP, and two loop primers LF
and LB.

Using CHOPCHOP (https://chopchop.cbu.uib.no/), the 23nt
crRNA targets were designed targeting the p72 gene, which were
also the targets of the RPA and LAMP. The primers and crRNAs
sequences, listed in Table 1, were synthesized by Sangon Biotech.

RPA, LAMP Assays, and Cas12a/crRNA

Nucleic Acid Detection

The RPA reaction was conducted using an RPA reaction mixture
(TwistDx) containing 1.2 pl of primer RPA-F (10 uM), 1.2 ul
of primer RPA-R (10 unM), 15 pl of primer-free rehydration
buffer, 5.35 ! of ultrapure water, 1.25 pl of magnesium acetate
(280 mM, MgOAc), and 1 ul of the template DNA or cDNA.
The RPA reaction was incubated by PTC-200 thermocyclers
(BIO-RAD) at a constant temperature of 37°C for 20 min.

The LAMP assay with the above designed LAMP primers
was performed in a 25 pwL reaction mixture containing 2.5 pl
of 10x reaction buffer [200 mM Tris-HCI, 100 mM (NH4),SO4,
500 mM KCl, 80 mM MgSOy4, and 1% Tween 20], 2.5 pl of
10x LAMP primer mix [1.6 M each of forward inner primer
(FIP) and backward inner primer (BIP), 0.2 wM each of forward
outer primer (F3) and backward outer primer (B3), 0.4 uM each
of forward loop primer (FP) and backward loop primer (BP)],
3 ul of each ANTP (10mM), 4 ul of Betaine (5M), 1 nl of
Bst3.0 DNA polymerase (New England Biolabs), and 1 pl of the
DNA or cDNA. The LAMP reaction was incubated by PTC-200
thermocyclers at a constant temperature of 65°C for 60 min.

The CRISPR/Casl2a-mediated cleavage assay (CRISPR
reaction buffer) contained 2.5 pl of LbaCasl2a (1 uM), 2.5 ul
of crRNA (1 M), 3 pul of ssDNA-FQ reporter (10 uM), 2 pl
of RNase inhibitor (4U/ul), 4 pl of 10xNEBuffer, and 6 pl of
ultrapure water. LbaCas12a, RNase inhibitor, and 10x NEBuffer
were purchased from New England Biolabs, while the ssDNA-FQ
reporter was synthesized with several nucleotides (5/—TTATT—3/)
labeled with FAM at the 5 end and a quencher at the 3" end. The
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TABLE 1 | Sequence of primers, crRNA, and FQ reporter in this study.

Name Sequence (5'-3))

RPA-F CGCAAATTTTGCATCOCAGGGGATAAAATGACTG

RPA-R GGATATTGTGAGAGTTCTCGGGAAAATGTTGTGA

LAMP-  CGGAAATTTTGCATCCCA

F3

LAMP- GGATATTGTGAGAGTTCTCGG

B3

LAMP- GAGAGGGCCACTAGTTCCCTAAAATGACTGGATATAAGCACTT
FIP

LAMP- CAAGCCGCACCAAAGCAAACGAATTTCGGGTTGGTATGG

BIP

LAMP- ACCGATACCTCCTGGCCGAC

LF

LAMP- TCTTACCGATGAAAATGATACGCAG

LB

crBNA UAAUUUCUACUAAGUGUAGAUCACAAGCCGCACCAAAGCAAACC
ssDNA 6-FAM/TTATT/BHQ-1

reporter

reaction was incubated in PTC-200 thermocyclers for 40 min
at 37 °C. In addition, the fluorescence signal of the ssDNA-FQ
report was visualized by the 2500B transilluminator under blue
light (Tanon).

Establishment and Optimization of the

One-Pot Visual Detection System

One-pot detection combines isothermal pre-amplification
and CRISPR/Casl2a-mediated cleavage detection in the same
reaction tube. Briefly, the RPA or LAMP pre-amplification assays
were added to an Eppendorf tube, and 35 pl of mineral oil
was covered on the pre-amplification assay. After the RPA or
LAMP reaction, 20 pl of CRISPR reaction buffer (pre-added
inside the lid) was mixed with 25 pl of the amplification assay by
hand shaking or spinning down in a minifuge for 5s. The tube
was put in PTC-200 thermocyclers at 37°C for 20 min, and the
fluorescence signal after the CRISPR/Cas12a-mediated cleavage
reaction was visualized using a transilluminator under blue light
(Figure 1).

For the Casl2a-RPA one-pot detection system, a CRISPR
reaction optimization experiment (incubated at 37°C for 5, 10,
20, and 30 min) was conducted to find an appropriate reaction
time to shorten the one-pot detection. In addition, with a
transfer step in between, the RPA and CRISPR reactions can
be run sequentially. To optimize the one-pot detection, a single
combined mixture of RPA and CRISPR reactions was carried out
at the same reaction temperature (37 °C), which was “one-step”
in one-pot detection. After 35 1 of mineral oil was used to cover
the surface of the combined mixture, the reaction tube was put
in PTC-200 thermocyclers at 37 °C for 20, 30, 40, and 50 min to
optimize the detection system.

The reaction time of the CRISPR-LAMP one-pot detection
system was optimized separately for different temperatures (65°C
for LAMP and 37°C for CRISPR reaction). Briefly, LAMP pre-
amplification was incubated at 65°C for 20, 30, 40, and 50 min,

and CRISPR/Casl2a-mediated cleavage reaction was incubated
at37°Cfor 5, 10, 15, 20, 25, and 30 min after an optimized LAMP
reaction time in one tube.

Evaluation of the One-Pot Visual Detection
System

The specificity of the one-pot visual detection systems was
determined by the optimized procedure, the genomic DNA or
cDNA of PRV, PRRSV, PEDV, and PDCoV. Further, pUC57-
p72 DNA and negative controls (ddH,O) were also used,
with the amount of genomic DNA or cDNA being 1 ul per
reaction. In addition, all the genomic DNA or ¢cDNA were
used as templates for the PCR with their own specific primers
(Supplementary Table 1) before evaluating the specificity of the
one-pot visual detection system.

The analytic sensitivities of the newly developed one-pot
visual detection systems were determined with the pUC57-p72
DNA ranging from 7 x 10° to 7 x 10° copies/jLl using multiple
dilution methods. The reaction mixtures were heated at 37 °C
or 65 °C for an optimal amount of time. The ASFV B646L gene
plasmid reference material [GBW(E) 091034], with high stability
and uniformity, as well as an extended uncertainty of 0.9 x 10
copies/pl (K = 2), was used for further determination of the
sensitivity of both the CRISPR-RPA and CRISPR-LAMP one-pot
detection systems. The reference material was diluted, ranging
from 5.8 x 104 to 5.8 x 10° copies/ul, and detected as previously
described in the method section.

For further evaluation, diluted pUC57-p72 DNA was used
as a template to compare the newly developed one-pot visual
detection system with SYBR real-time qPCR. Briefly, 10 ul of 2 x
ChamQ Universal SYBR qPCR Master Mix (Vazyme, Nanjing),
0.4 pl of primer F (10 M), 0.4 pl of primer R (10 uM), 2
il of DNA, and ddH,O were included. The reactions were
conducted in a 20 pl volume following the kit instructions.
The reaction cycle parameters were set as denaturation at
95°C for 30s, followed by 40 cycles of amplification, 95°C
for 10s and 60°C for 30s in a CFX Connect fluorescence
quantitative PCR detection system (BIO-RAD). The primers are
listed in Supplementary Table 1, and the result was analyzed by
GraphPad Prism 8.3.0.

RESULTS
Establishing the One-Pot Detection Assay

By adding isothermal pre-amplification and Casl2a-mediated
cleavage reaction together in one tube, with mineral oil covering
the surface of the LAMP/RPA amplification reagent, a one-
tube visual detection system was assembled. For optimizing the
CRISPR-RPA one-pot detection, the result (Figure 2A) showed
that the fluorescence signal increased rapidly with time until
it reached the peak value while the negative control remained
no fluorescence signal. Moreover, the fluorescence signal was
clear enough for the naked eye to detect at 20 min. Therefore,
a total of 40 min (RPA for 20 min and CRISPR reaction for
20 min) reaction time were established for the CRISPR-RPA one-
pot detection. Besides, after 40 min reaction time, the “one-
step” in one-pot detection also showed an increased pattern
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FIGURE 1 | One-pot visual detection system. One-pot visual detection system showing the process of DNA pre-amplification, Cas12a/crRNA cleavage reaction, and
fluorescence visualization. RPA or LAMP reagent, crRNA, Cas12a enzyme, and ssDNA-FQ reporter are all in one tube, with mineral oil sealing. Target binding of
Cas12a will unleash its ability to digest ssDNA-FQ reporter. The fluorophore FAM (F) is quenched by a quencher (Q) if intact and emits fluorescence when cleaved,

>
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—
crRNA
Blue light Visualization
—_— —
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o crRNA CRISPR/Cas12a
which is visual under the blue light.

in the same fluorescence signal until reaching the peak value
(Supplementary Figure 1).

For the CRISPR-LAMP one-pot detection system, the
optimization was separated into two parts, LAMP optimization
and CRISPR reaction optimization. After incubating at 65°C for
different durations and a Casl2a-mediated reaction for 40 min,
the result (Figure 2B) showed that 40 min is an appropriate
pre-amplification time for LAMP. After LAMP pre-amplifying
for the optimized time (40min), a CRISPR reaction was
conducted to adjust the time. The result (Figure 2C) showed that
20 min is an optimized time for CRISPR reaction. Eventually,
a total of 60 min (40 min for LAMP and 20 min for CRISPR
reaction) reaction time were established for CRISPR-LAMP
one-pot detection.

Specificity of the One-Pot Visual Detection
System

The specificity of the one-pot visual detection system was
evaluated using pUC57-p72 DNA and other porcine viruses’
genomic DNA or ¢DNA, including PRV, PRRSV, PEDV, and
PDCoV. The specific of all the genomic DNA or cDNA were
verified with PCR and the results of which are displayed in
Figure 3A. For both the CRISPR-RPA and CRISPR-LAMP one-
pot visual detections, after the template DNA was added and the
tubes were incubated at a suitable temperature in the reaction
order, the rapid reaction of pUC57-p72 DNA occurred and a
strong fluorescence signal appeared while other genomic DNA
or cDNA showed no signal (Figures 3B,C), which revealed
there was no cross-reaction with other viruses. The results
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FIGURE 2 | Fluorescence signal image in optimization of detection system. (A) Optimization of RPA reaction time in CRISPR-RPA one-pot detection (5, 10, 15, and
20 min). (B) Optimization of LAMP reaction time in CRISPR-LAMP one-pot detection (20, 30, 40, and 50 min). (C) Optimization of CRISPR reaction time in
CRISPR-LAMP one-pot detection (5, 10, 15, 20, 25, and 30 min). The fluorescence signal monochrome and pseudo green images were taken from Tanon 2000M
camera, and the images at the bottom were taken behind the UV/blue light resistant observation window. Analysis of the value for the fluorescence image using the
Imaged software. Each measuring was run with three replicates (n = 3). *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001, ns, not significant. Error bars represent

the means =+ s.d. from replicates. The unpaired two-tailed t-test was used to analyze the statistical significance.

demonstrated that both CRISPR-RPA and CRISPR-LAMP one-
pot visual detection systems could be used for specific detection
of ASFV.

While estimating the sensitivity and specificity of the one-pot
visual detection system, it showed high specificity and accuracy,
as well as low detection limit, particularly the limit of CRISPR-
LAMP was much lower.

Sensitivity of the One-Pot Visual Detection

System

On combining the RPA and CRISPR cleavage reactions, the
sensitivity of the RPA-CRISPR reaction was determined with a
10-fold serial diluted template at a concentration of 7 x 10,7 x
10%,7 x 107,7 x 10°, 7 x 10°,7 x 10%, 7 x 10%, 7 x 10%, 7 x
10!, and 7 x 10° copies/jl of the pUC57-p72 DNA. The results
showed that the developed RPA-CRISPR one-pot visual detection
system can detect as low as 7 x 10* copies/pl of the dsDNA
template (Figure 4A). The ASFV B646L gene plasmid reference
material was diluted with a 10-fold serial at a concentration of
5.8 x 103, 5.8 x 10%, 5.8 x 10', and 5.8 x 10° copies/jl to
refine and accurate the limitation. The results showed that no
significant fluorescence signal can be detected by the naked eye,
meaning that the limit of the one-pot visual detection based on
the RPA-CRISPR is 7 x 10* copies/j1l within 40 min (Figure 4B).
Besides, the sensitivity of “one-step” in one-pot detection is 7 x
108 copies/jLl which is not an appropriate limit for virus detection
(Supplementary Figure 1).

The limits of the LAMP-CRISPR detection system were
determined using a 10-fold serial diluted pUC57-p72 DNA
template, ranging from 7 x 10° to 7 x 10° copies/pl. The
results showed that the developed LAMP-CRISPR one-pot visual
detection system can detect as low as 7 x 107 copies/jLl of the
dsDNA template (Figure 4C). Using diluted ASFV B646L gene
plasmid reference material as a template, the limit of one-pot
visual detection system based on the LAMP-CRISPR was 5.8 x
10? copies/pul within 60 min, as shown in (Figure 4D).

Evaluating Consistency Between the
One-Pot Visual Detection and qPCR

We further compared one-pot visual detection with the
quantitative PCR (qPCR), the most commonly used detection
method, as the gold standard. The same target on p72 gene was
used for the RPA and LAMP amplification to determine the
analytical sensitivity of the qPCR. Serial dilutions were prepared
from 10° to 10° copies/pl. The result showed that the limit of
gPCR detection was 7x10? copies/il (Figure 3D). Compared
to qPCR detection, the limit of one-pot detection was similar
and the CRISPR-LAMP could attain a sensitivity of 5.8 x 10
copies/pl. Moreover, both the CRISP-RPA and CRISPR-LAMP
detection systems spent lesser detection time than the qPCR.

DISCUSSION

Since 2018, the rapid outbreak of ASF in China and in a number
of other countries has resulted in tremendous economic losses
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(51). At present, molecular diagnostic techniques for detecting
ASFV mainly rely on two OIE-recommended conventional
and real-time qPCR technique methods. Although these
techniques have been widely validated and are useful tools for
detecting this disease, they remain inconvenient because of
expensive instruments and professional operation systems. The
CRISPR/Cas systems are revolutionary tools allowing for precise
genome engineering, transcription regulation, and many other
applications (52, 53). The Casl2a recognizes specific dsDNA
sequences and then non-specifically cleaves the ssDNA, making
it particularly suitable for detecting dsDNA viruses.

The cleavage site specificity of the Cas/crRNA complex is
determined by the length of the crRNA and the sequence,
number, location, and distribution of mismatch (54, 55). The 20nt
or shorter nucleotide hybridizes with the dsDNA close to PAM
region, which determines that CRISPR/Cas has high specificity
(56). However, SNV in genome may cause off-target and false
negatives when mutating on the target or the PAM (54, 57).
The introduction of PAM through pre-amplification and multi-
crRNA strategies may break the limitation caused by both PAM
dependence and off-target, helping to improve the specificity
of the detection system. The Casl2a enzyme itself has weak

collateral cleavage activity; thus, it can only achieve low detection
sensitivity without pre-amplification (27, 58). Therefore, in
combination with isothermal amplification, such as RPA, LAMP,
strand displacement amplification (SDA) (59-61), rolling circle
amplification (RCA) (62, 63), exponential amplification reaction
(EXPAR) (64, 65), and recombinase-aided amplification (RAA)
(48, 66-68), we found that Cas12a was able to detect pathogens
with high sensitivity and precision. In this study, we found that
the CRISPR-RPA system is not highly sensitive, but it is faster
than CRISPR-LAMP, which means that CRISPR-RPA is possible
for rapid qualitative detection on the grassroots level.

Aerosol pollution, improper operation, and complex
detection environment may unavoidably cause false positives in
point-of-care testing (POCT), and two separate steps in CRISPR-
based detection may make it more serious. However, one-pot
detection could avoid false positives and high background
positives caused by cross contamination (69-72). This means
that template amplification, Cas-mediated enzyme cleavage
reaction, and signal output are completed in one tube without
opening or closing the cover (71, 73, 74). Moreover, to report
the presence of target DNA, ssDNA probe linking a fluorophore
(FAM in this study) and a quencher was used. After the
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FIGURE 4 | Sensitivity of one-pot visual detection system. (A) The sensitivity of CRISPR-RPA one-pot detection with 10-fold serial diluted pUC57-p72 DNA. (B) The
sensitivity of CRISPR-RPA one-pot detection with 10-fold serial diluted ASFV B646L gene plasmid reference material. (C) The sensitivity of CRISPR-LAMP one-pot
detection with 10-fold serial diluted pUC57-p72 DNA. (D) The sensitivity of CRISPR-LAMP one-pot detection with 10-fold serial diluted ASFV B646L gene plasmid
reference material. Analysis of the value for the fluorescence image using the ImageJ software. Each measuring was run with three replicates (n = 3). *P < 0.05, *P <
0.01, **P < 0.001, ***P < 0.0001, ns, not significant. Error bars represent the means =+ s.d. from replicates. The unpaired two-tailed t-test was used to analyze the

statistical significance.

indiscriminate cleavage was triggered, the fluorophore on the
ssDNA probe was released and detected by specific wavelength
light, making it visible and suitable for POCT, thereby avoiding
the problems described previously (74-76). The contradiction
between sensitivity and specificity in the detection process is thus
solved to a certain extent.

Depending on expensive thermocyclers and skilled operator,
PCR as the gold standard is difficult to popularize in POCT.
Therefore, lower cost and personnel requirement detection
methods could be more advantageous and required. Strip-
based lateral flow assay (LFA) is an option with low cost
(20, 77, 78), but opening tube while inserting the strip
makes it less suitable. Therefore, the CRISPR-isothermal
amplification method wused in this study shows more
advantages in POCT. A hand warmer and water bath,
which gets rid of thermocyclers, can satisfy the meet for
pre-amplification. Besides, the fixed wavelength illuminant
makes the results more intuitive, clear and reduces the
dependency on skilled operators, which greatly reduces the cost
of POCT.

In conclusion, a one-pot visual detection system was
established and used for the rapid, sensitive, specific, and
low-cost detection of ASFV. This integration has great
potential for POCT detection of ASFV and other DNA-
based pathogens, which could be an effective way for the timely
monitoring of ASFV to prevent its occurrence and spread at
an early stage.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

AUTHOR CONTRIBUTIONS

KX and MZ contributed to the conceptualization and biosensor
design, fabrication, and manuscript preparation. CQ performed
the experiments, data curation, and drafted the manuscript.
JL, WZ, JD, HZ, JZ, YK, LL, GS, ZL, HL, §J, and KC
performed formal analysis, validation support, and manuscript
proofreading. XD and HM reviewed, edited, and supervised this
work. All authors have read and agreed to the published version
of the manuscript.

FUNDING

This research was funded by the Agri-X Fund of Shanghai Jiao
Tong University (Grant No. AF1500088/001/001).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fvets.
2022.962438/full#supplementary-material

Frontiers in Veterinary Science | www.frontiersin.org 7

July 2022 | Volume 9 | Article 962438


https://www.frontiersin.org/articles/10.3389/fvets.2022.962438/full#supplementary-material
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Qin et al.

One-Pot Visual Detection of ASFV

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

. Revilla

. Sanchez-Vizcaino J, Mur L, Sanchez M, Martinez-Lopez B. African swine

fever: New challenges and measures to prevent its spread. In: Proceedings of the
82nd General Session World Assembly of Delegates of the World Organisation
for Animal Health (OIE). Paris (2014).

. Galindo I, Alonso C. African swine fever virus: a review. Viruses. (2017)

9:103. doi: 10.3390/v9050103

. Zhao D, Liu R, Zhang X, Li F, Wang J, Zhang J, et al. Replication and virulence

in pigs of the first African swine fever virus isolated in China. Emerg Microbes
Infect. (2019) 8:438-47. doi: 10.1080/22221751.2019.1590128

. Zhou X, Li N, Luo Y, Liu Y, Miao E Chen T, et al. Emergence of

African swine fever in China, 2018. Transbound Emerg Dis. (2018) 65:1482—
4. doi: 10.1111/tbed.12989

Y, Pérez-Nunez D, Richt
biology and vaccine approaches.
74. doi: 10.1016/bs.aivir.2017.10.002

swine fever virus
(2018) 100:41-

JA. African
Adv  Virus Res.

. Gallardo C, Nieto R, Soler A, Pelayo V, Fernandez-Pinero J, Markowska-

Daniel I, et al. Assessment of African swine fever diagnostic techniques as
a response to the epidemic outbreaks in Eastern European union countries:
how to improve surveillance and control programs. J Clin Microbiol. (2015)
53:2555-65. doi: 10.1128/JCM.00857-15

. Luo Y, Atim SA, Shao L, Ayebazibwe C, Sun Y, Liu Y, et al. Development of

an updated PCR assay for detection of African swine fever virus. Arch Virol.
(2017) 162:191-9. doi: 10.1007/s00705-016-3069-3

. Zsak L, Borca MV, Risatti GR, Zsak A, French RA, Lu Z, et al. Preclinical

diagnosis of African swine fever in contact-exposed swine by a real-time PCR
assay. J Clin Microbiol. (2005) 43:112-9. doi: 10.1128/JCM.43.1.112-119.2005

. Daigle ], Onyilagha C, Truong T, Le VP, Nga BTT, Nguyen TL, et al. Rapid and

highly sensitive portable detection of African swine fever virus. Transbound
Emerg Dis. (2021) 68:952-9. doi: 10.1111/tbed.13770

Sastre P, Gallardo C, Monedero A, Ruiz T, Arias M, Sanz A, et al. Development
of a novel lateral flow assay for detection of African swine fever in blood. BMC
Vet Res. (2016) 12:206. doi: 10.1186/s12917-016-0831-4

Miao F Zhang J, Li N, Chen T, Wang L, Zhang E et al. Rapid and
sensitive recombinase polymerase amplification combined with lateral flow
strip for detecting African swine fever virus. Front Microbiol. (2019)
10:1004. doi: 10.3389/fmicb.2019.01004

Fan X, Li L, Zhao Y, Liu Y, Liu C, Wang Q, et al. Clinical validation
of two recombinase-based isothermal amplification assays (RPA/RAA) for
the rapid detection of African swine fever virus. Front Microbiol. (2020)
11:1696. doi: 10.3389/fmicb.2020.01696

Zhai Y, Ma P, Fu X, Zhang L, Cui P, Li H, et al. A recombinase
polymerase  amplification ~ combined with lateral flow dipstick
for rapid and specific detection of African swine fever virus. J

Virol ~ Methods.  (2020)  285:113885.  doi:  10.1016/j.jviromet.2020.
113885
James HE, Ebert K, Mcgonigle R, Reid SM, Boonham N,

Tomlinson JA, et al. Detection of African swine fever virus by
loop-mediated isothermal amplification. ] Virol Methods. (2010)
164:68-74. doi: 10.1016/j.jviromet.2009.11.034

Mee PT, Wong S, O’riley KJ, Da Conceigao F, Bendita Da Costa Jong J, Phillips
DE, et al. Field verification of an African swine fever virus loop-mediated
isothermal amplification (LAMP) assay during an outbreak in timor-leste.
Viruses. (2020) 12:1444. doi: 10.3390/v12121444

Wozniakowski G, Fraczyk M, Kowalczyk A, Pomorska-Mol M, Niemczuk
K, Pejsak Z. Polymerase cross-linking spiral reaction (PCLSR) for detection
of African swine fever virus (ASFV) in pigs and wild boars. Sci Rep. (2017)
7:42903. doi: 10.1038/srep42903

Fraczyk M, Wozniakowski G, Kowalczyk A, Niemczuk K, Pejsak Z.
Development of cross-priming amplification for direct detection of
the African swine fever virus, in pig and wild boar blood and sera
samples. Lett Appl Microbiol. (2016) 62:386-91. doi: 10.1111/lam.
12569

Tomita N, Mori Y, Kanda H, Notomi T. Loop-mediated isothermal
amplification (LAMP) of gene sequences and simple visual detection of
products. Nat Protoc. (2008) 3:877-82. doi: 10.1038/nprot.2008.57

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

. Wang JC, Yuan WZ, Han QA, Wang JE Liu LB. Reverse transcription

recombinase polymerase amplification assay for the rapid detection of type 2
porcine reproductive and respiratory syndrome virus. J Virol Methods. (2017)
243:55-60. doi: 10.1016/j.jviromet.2017.01.017

Gootenberg ]S, Abudayyeh OO, Lee JW, Essletzbichler P, Dy AJ, Joung
], et al. Nucleic acid detection with CRISPR-Cas13a/C2c2. Science. (2017)
356:438-42. doi: 10.1126/science.aam9321

Gootenberg ]S, Abudayyeh OO, Kellner MJ, Joung J, Collins JJ, Zhang F.
Multiplexed and portable nucleic acid detection platform with Cas13, Casl2a,
and Csm6. Science. (2018) 360:439-44. doi: 10.1126/science.aaq0179
Myhrvold C, Freije CA, Gootenberg JS, Abudayyeh OO, Metsky HC, Durbin
AF, et al. Field-deployable viral diagnostics using CRISPR-Casl13. Science.
(2018) 360:444-8. doi: 10.1126/science.aas8836

Wu Y, Liu SX, Wang E Zeng MS. Room temperature detection of plasma
epstein-barr virus DNA with CRISPR-Cas13. Clin Chem. (2019) 65:591-
2. doi: 10.1373/clinchem.2018.299347

LiuY, XuH, Liu C, Peng L, Khan H, Cui L, et al. CRISPR-Cas13a nanomachine
based simple technology for avian influenza A (H7N9) virus on-site detection.
] Biomed Nanotechnol. (2019) 15:790-8. doi: 10.1166/jbn.2019.2742

Qin P, Park M, Alfson KJ, Tamhankar M, Carrion R, Patterson JL, et al. Rapid
and fully microfluidic ebola virus detection with CRISPR-Casl13a. ACS Sens.
(2019) 4:1048-54. doi: 10.1021/acssensors.9b00239

Ke Y, Huang S, Ghalandari B, Li S, Warden AR, Dang J, et al. Hairpin-
spacer crRNA-enhanced CRISPR/Casl3a system promotes the specificity
of single nucleotide polymorphism (SNP) identification. Adv Sci. (2021)
8:2003611. doi: 10.1002/advs.202003611

Chen JS, Ma E, Harrington LB, Da Costa M, Tian X, Palefsky JM, et
al. CRISPR-Casl2a target binding unleashes indiscriminate single-stranded
DNase activity. Science. (2018) 360:436-9. doi: 10.1126/science.aar6245

Li SY, Cheng QX, Wang JM, Li XY, Zhang ZL, Gao S, et al
CRISPR-Casl2a-assisted nucleic acid detection. Cell (2018)
4:20. doi: 10.1038/s41421-018-0028-z

Li L, Li S, Wu N, Wu J, Wang G, Zhao G, et al. HOLMESv2:
A CRISPR-Casl2b-assisted platform for nucleic acid detection
and DNA methylation quantitation. ACS Synth Biol. (2019)
8:2228-37. doi: 10.1021/acssynbio.9b00209

Broughton JP, Deng X, Yu G, Fasching CL, Servellita V, Singh J, et
al. CRISPR-Cas12-based detection of SARS-CoV-2. Nat Biotechnol. (2020)
38:870-4. doi: 10.1038/s41587-020-0513-4

Ke Y, Ghalandari B, Huang S, Li S, Huang C, Zhi X, et al. 2’-O-Methyl
modified guide RNA promotes the single nucleotide polymorphism (SNP)
discrimination ability of CRISPR-Cas12a systems. Chem Sci. (2022) 13:2050-
61. doi: 10.1039/D1SC06832F

Pardee K, Green AA, Takahashi MK, Braff D, Lambert G, Lee JW, et al.
Rapid, low-cost detection of zika virus using programmable biomolecular
components. Cell. (2016) 165:1255-66. doi: 10.1016/j.cell.2016.04.059

Zhang Y, Qian L, Wei W, Wang Y, Wang B, Lin P, et al. Paired
design of dCas9 as a systematic platform for the detection of featured
nucleic acid sequences in pathogenic strains. ACS Synth Biol. (2017) 6:211-
6. doi: 10.1021/acssynbio.6b00215

Hajian R, Balderston S, Tran T, Deboer T, Etienne ], Sandhu M, et
al. Detection of unamplified target genes via CRISPR-Cas9 immobilized
on a graphene field-effect transistor. Nat Biomed Eng. (2019) 3:427-
37. doi: 10.1038/s41551-019-0371-x

Teng F, Guo L, Cui T, Wang XG, Xu K, Gao Q, et al. CDetection: CRISPR-
Cas12b-based DNA detection with sub-attomolar sensitivity and single-base
specificity. Genome Biol. (2019) 20:132. doi: 10.1186/5s13059-019-1742-z
Harrington LB, Burstein D, Chen JS, Paez-Espino D, Ma E, Witte IP, et al.
Programmed DNA destruction by miniature CRISPR-Cas14 enzymes. Science.
(2018) 362:839-42. doi: 10.1126/science.aav4294

Shmakov S, Smargon A, Scott D, Cox D, Pyzocha N, Yan W,

Discov.

et al. Diversity and evolution of class 2 CRISPR-Cas systems.
Nat Rev  Microbiol. (2017) 15:169-82. doi: 10.1038/nrmicro.20
16.184

Zetsche B, Gootenberg JS, Abudayyeh OO, Slaymaker IM, Makarova KS,
Essletzbichler P, et al. Cpfl is a single RNA-guided endonuclease of a class
2 CRISPR-Cas system. Cell. (2015) 163:759-71. doi: 10.1016/j.cell.2015.09.038

Frontiers in Veterinary Science | www.frontiersin.org

July 2022 | Volume 9 | Article 962438


https://doi.org/10.3390/v9050103
https://doi.org/10.1080/22221751.2019.1590128
https://doi.org/10.1111/tbed.12989
https://doi.org/10.1016/bs.aivir.2017.10.002
https://doi.org/10.1128/JCM.00857-15
https://doi.org/10.1007/s00705-016-3069-3
https://doi.org/10.1128/JCM.43.1.112-119.2005
https://doi.org/10.1111/tbed.13770
https://doi.org/10.1186/s12917-016-0831-4
https://doi.org/10.3389/fmicb.2019.01004
https://doi.org/10.3389/fmicb.2020.01696
https://doi.org/10.1016/j.jviromet.2020.113885
https://doi.org/10.1016/j.jviromet.2009.11.034
https://doi.org/10.3390/v12121444
https://doi.org/10.1038/srep42903
https://doi.org/10.1111/lam.12569
https://doi.org/10.1038/nprot.2008.57
https://doi.org/10.1016/j.jviromet.2017.01.017
https://doi.org/10.1126/science.aam9321
https://doi.org/10.1126/science.aaq0179
https://doi.org/10.1126/science.aas8836
https://doi.org/10.1373/clinchem.2018.299347
https://doi.org/10.1166/jbn.2019.2742
https://doi.org/10.1021/acssensors.9b00239
https://doi.org/10.1002/advs.202003611
https://doi.org/10.1126/science.aar6245
https://doi.org/10.1038/s41421-018-0028-z
https://doi.org/10.1021/acssynbio.9b00209
https://doi.org/10.1038/s41587-020-0513-4
https://doi.org/10.1039/D1SC06832F
https://doi.org/10.1016/j.cell.2016.04.059
https://doi.org/10.1021/acssynbio.6b00215
https://doi.org/10.1038/s41551-019-0371-x
https://doi.org/10.1186/s13059-019-1742-z
https://doi.org/10.1126/science.aav4294
https://doi.org/10.1038/nrmicro.2016.184
https://doi.org/10.1016/j.cell.2015.09.038
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Qin et al.

One-Pot Visual Detection of ASFV

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Dong D, Ren K, Qiu X, Zheng J, Guo M, Guan X, et al. The crystal
structure of Cpfl in complex with CRISPR RNA. Nature. (2016) 532:522-
6. doi: 10.1038/nature17944

Stella S, Alcon P, Montoya G. Structure of the Cpfl endonuclease
R-loop complex after target DNA cleavage. Nature. (2017) 546:559-
63. doi: 10.1038/nature22398

East-Seletsky A, O’Connell MR, Burstein D, Knott GJ, Doudna JA.
RNA targeting by functionally orthogonal type VI-A CRISPR-Cas
enzymes. Mol Cell. (2017) 66:373-83.e3. doi: 10.1016/j.molcel.2017.
04.008

Kundert K, Lucas JE, Watters KE, Fellmann C, Ng AH, Heineike BM, et
al. Controlling CRISPR-Cas9 with ligand-activated and ligand-deactivated
sgRNAs. Nat Commun. (2019) 10:2127. doi: 10.1038/s41467-019-09985-2
Malzahn AA, Tang X, Lee K, Ren Q, Sretenovic S, Zhang Y, et
al. Application of CRISPR-Casl2a temperature sensitivity for improved
genome editing in rice, maize, and arabidopsis. BMC Biol. (2019)
17:9. doi: 10.1186/512915-019-0629-5

Liu S, Tao D, Liao Y, Yang Y, Sun S, Zhao Y, et al. Highly
sensitive  CRISPR/Casl2a-based fluorescence detection of porcine
reproductive and respiratory syndrome virus. ACS Synth Biol. (2021)
10:2499-507. doi: 10.1021/acssynbio.1c00103

Chaijarasphong T, Thammachai T, Itsathitphaisarn O, Sritunyalucksana
K, Suebsing R. Potential application of CRISPR-Casl2a fluorescence
assay coupled with rapid nucleic acid amplification for detection
of white spot syndrome virus in shrimp. Aquaculture. (2019)
512. doi: 10.1016/j.aquaculture.2019.734340

Smith CW, Nandu N, Kachwala M]J, Chen Y-S, Uyar TB, Yigit
MV. Probing CRISPR-Casl2a nuclease using  double-
stranded DNA-templated fluorescent substrates. Biochemistry. (2020)
59:1474-81. doi: 10.1021/acs.biochem.0c00140

Dai Y, Somoza RA, Wang L, Welter JE Li Y, Caplan Al, et al. Exploring
the trans-cleavage activity of CRISPR-Casl2a (cpfl) for the development
of a universal electrochemical biosensor. Angew Chem Int Ed Engl. (2019)
58:17399-405. doi: 10.1002/anie.201910772

Li E Ye Q, Chen M, Zhou B, Zhang J, Pang R, et al. An
CRISPR/Casl2a  based
for Listeria monocytogenes detection.
179:113073. doi: 10.1016/j.bios.2021.113073
Wang Y, Ke Y, Liu W, Sun Y, Ding X. A one-pot toolbox based on
Casl2a/crRNA enables rapid foodborne pathogen detection at attomolar level.
ACS Sens. (2020) 5:1427-35. doi: 10.1021/acssensors.0c00320

Ai JW, Zhou X, Xu T, Yang M, Chen Y, He GQ, et al. CRISPR-based rapid
and ultra-sensitive diagnostic test for Mycobacterium tuberculosis. Emerg
Microbes Infect. (2019) 8:1361-9. doi: 10.1080/22221751.2019.1664939

Wang N, Zhao D, Wang J, Zhang Y, Wang M, Gao Y, et al. Architecture of
African swine fever virus and implications for viral assembly. Science. (2019)
366:640-4. doi: 10.1126/science.aaz1439

Dominguez AA, Lim WA, Qi LS. Beyond editing: repurposing CRISPR-Cas9
for precision genome regulation and interrogation. Nat Rev Mol Cell Biol.
(2016) 17:5-15. doi: 10.1038/nrm.2015.2

Yin H, Xue W, Anderson DG. CRISPR-Cas: a tool for cancer
research and therapeutics. Nat Rev Clin Oncol. (2019) 16:281-
95. doi: 10.1038/541571-019-0166-8

Yang L, Grishin D, Wang G, Aach J, Zhang CZ, Chari R, et al
Targeted and genome-wide sequencing reveal single nucleotide variations
impacting specificity of Cas9 in human stem cells. Nat Commun. (2014)
5:5507. doi: 10.1038/ncomms6507

Fu Y, Sander JD, Reyon D, Cascio VM, Joung JK. Improving CRISPR-
Cas nuclease specificity using truncated guide RNAs. Nat Biotechnol. (2014)
32:279-84. doi: 10.1038/nbt.2808

Li Y, Liu L Liu G. CRISPR/Cas multiplexed biosensing: a
challenge or an insurmountable obstacle? Trends Biotechnol. (2019)
37:792-5. doi: 10.1016/j.tibtech.2019.04.012
Scott DA, Zhang F. Implications
in CRISPR-based therapeutic genome
23:1095-101. doi: 10.1038/nm.4377
Mustafa Mujahed I, Makhawi Abdelrafie M, Kraft Colleen S. SHERLOCK
and DETECTR: CRISPR-cas systems as potential rapid diagnostic tools

activity

biosensor
(2021)

electrochemical
Biosens  Bioelectron.

ultrasensitive

variation
(2017)

of human genetic
editing. Nat Med.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

for emerging infectious diseases. J Clin Microbiol. (2021) 59:¢00745-
20. doi: 10.1128/JCM.00745-20

Zhou W, Hu L, Ying L, Zhao Z, Chu PK, Yu XF. A CRISPR-Cas9-triggered
strand displacement amplification method for ultrasensitive DNA detection.
Nat Commun. (2018) 9:5012. doi: 10.1038/s41467-018-07324-5

Gong S, Zhang S, Wang X, Li J, Pan W, Li N, et al. Strand
displacement  amplification  assisted ~CRISPR-Casl2a  strategy for
colorimetric ~analysis of viral nucleic acid. Anal Chem. (2021)
93:15216-23. doi: 10.1021/acs.analchem.1c04133

Chen X, Deng Y, Cao G, Xiong Y, Huo D, Hou C. Ultra-sensitive
MicroRNA-21 detection based on multiple cascaded strand displacement
amplification and CRISPR/Cpfl (MC-SDA/CRISPR/Cpfl). Chem Commun.
(2021) 57:6129-32. doi: 10.1039/D1CC01938D

Tian B, Minero GAS, Fock J, Dufva M, Hansen MF. CRISPR-Cas12a based
internal negative control for nonspecific products of exponential rolling circle
amplification. Nucleic Acids Res. (2020) 48:e30. doi: 10.1093/nar/gkaa017

Xu L, Dai Q, Shi Z, Liu X, Gao L, Wang Z, et al. Accurate MRSA
identification through dual-functional aptamer and CRISPR-Casl2a
assisted rolling circle amplification. J Microbiol Methods. (2020)
173:105917. doi: 10.1016/j.mimet.2020.105917

Huang M, Zhou X, Wang H, Xing D. Clustered
interspaced  short palindromic repeats/Cas9  triggered
amplification for site-specific nucleic acid detection. Anal Chem. (2018)
90:2193-200. doi: 10.1021/acs.analchem.7b04542

Wang X, Chen X, Chu C, Deng Y, Yang M, Huo D, et al. Naked-
eye detection of site-specific ssRNA and ssDNA using PAMmer-assisted
CRISPR/Cas9 coupling with exponential amplification reaction. Talanta.
(2021) 233:122554. doi: 10.1016/j.talanta.2021.122554

Wang X, Ji P, Fan H, Dang L, Wan W, Liu S, et al. CRISPR/Casl2a
technology =~ combined  with immunochromatographic  strips  for
portable detection of African swine fever virus. Commun Biol. (2020)
3:62. doi: 10.1038/s42003-020-0796-5

Ma QN, Wang M, Zheng LB, Lin ZQ, Ehsan M, Xiao XX, et al.
RAA-Cas12a-Tg: a nucleic acid detection system for toxoplasma gondii
based on CRISPR-Casl2a combined with recombinase-aided amplification
(RAA). Microorganisms. (2021) 9:1644. doi: 10.3390/microorganisms90
81644

Chen Y, Mei Y, Zhao X, Jiang X. Reagents-loaded, automated
assay that integrates recombinase-aided amplification and Casl2a
nucleic acid detection for a point-of-care test. Anal Chem. (2020)
92:14846-52. doi: 10.1021/acs.analchem.0c03883

Pang B, Xu J, Liu Y, Peng H, Feng W, Cao Y, et al. Isothermal amplification
and ambient visualization in a single tube for the detection of SARS-CoV-
2 using loop-mediated amplification and CRISPR technology. Anal Chem.
(2020) 92:16204-12. doi: 10.1021/acs.analchem.0c04047

Chen Y, Shi Y, Chen Y, Yang Z, Wu H, Zhou Z, et al. Contamination-
free visual detection of SARS-CoV-2 with CRISPR/Casl2a: a promising
method in the point-of-care detection. Biosens Bioelectron. (2020)
169:112642. doi: 10.1016/j.bi0s.2020.112642

Ding X, Yin K, Li Z, Lalla RV, Ballesteros E, Sfeir MM, et al. Ultrasensitive and
visual detection of SARS-CoV-2 using all-in-one dual CRISPR-Cas12a assay.
Nat Commun. (2020) 11. doi: 10.1038/s41467-020-18575-6

Wang R, Qian C, Pang Y, Li M, Yang Y, Ma H, et al. opvCRISPR: One-
pot visual RT-LAMP-CRISPR platform for SARS-CoV-2 detection. Biosens
Bioelectron. (2021) 172:112766. doi: 10.1016/j.bi0s.2020.112766

Wang X, Zhong M, Liu Y, Ma P, Dang L, Meng Q, et al. Rapid and
sensitive detection of COVID-19 using CRISPR/Casl2a-based detection
with naked eye readout, CRISPR/Casl12a-NER. Sci Bull. (2020) 65:1436-
9. doi: 10.1016/j.5¢ib.2020.04.041

Wang B, Wang R, Wang D, Wu J, Li ], Wang J, et al. Casl2aVDet: a
CRISPR/Casl2a-based platform for rapid and visual nucleic acid detection.
Anal Chem. (2019) 91:12156-61. doi: 10.1021/acs.analchem.9b01526

He Q, Yu D, Bao M, Korensky G, Chen J, Shin M, et al. High-throughput and
all-solution phase African swine fever virus (ASFV) detection using CRISPR-
Casl2a and fluorescence based point-of-care system. Biosens Bioelectron.
(2020) 154:112068. doi: 10.1016/j.bios.2020.112068

Cheng M, Xiong E, Tian T, Zhu D, Ju HQ, Zhou X. A CRISPR-
driven colorimetric code platform for highly accurate telomerase activity

regularly
isothermal

Frontiers in Veterinary Science | www.frontiersin.org

July 2022 | Volume 9 | Article 962438


https://doi.org/10.1038/nature17944
https://doi.org/10.1038/nature22398
https://doi.org/10.1016/j.molcel.2017.04.008
https://doi.org/10.1038/s41467-019-09985-2
https://doi.org/10.1186/s12915-019-0629-5
https://doi.org/10.1021/acssynbio.1c00103
https://doi.org/10.1016/j.aquaculture.2019.734340
https://doi.org/10.1021/acs.biochem.0c00140
https://doi.org/10.1002/anie.201910772
https://doi.org/10.1016/j.bios.2021.113073
https://doi.org/10.1021/acssensors.0c00320
https://doi.org/10.1080/22221751.2019.1664939
https://doi.org/10.1126/science.aaz1439
https://doi.org/10.1038/nrm.2015.2
https://doi.org/10.1038/s41571-019-0166-8
https://doi.org/10.1038/ncomms6507
https://doi.org/10.1038/nbt.2808
https://doi.org/10.1016/j.tibtech.2019.04.012
https://doi.org/10.1038/nm.4377
https://doi.org/10.1128/JCM.00745-20
https://doi.org/10.1038/s41467-018-07324-5
https://doi.org/10.1021/acs.analchem.1c04133
https://doi.org/10.1039/D1CC01938D
https://doi.org/10.1093/nar/gkaa017
https://doi.org/10.1016/j.mimet.2020.105917
https://doi.org/10.1021/acs.analchem.7b04542
https://doi.org/10.1016/j.talanta.2021.122554
https://doi.org/10.1038/s42003-020-0796-5
https://doi.org/10.3390/microorganisms9081644
https://doi.org/10.1021/acs.analchem.0c03883
https://doi.org/10.1021/acs.analchem.0c04047
https://doi.org/10.1016/j.bios.2020.112642
https://doi.org/10.1038/s41467-020-18575-6
https://doi.org/10.1016/j.bios.2020.112766
https://doi.org/10.1016/j.scib.2020.04.041
https://doi.org/10.1021/acs.analchem.9b01526
https://doi.org/10.1016/j.bios.2020.112068
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Qin et al.

One-Pot Visual Detection of ASFV

assay. Biosens Bioelectron. (2021) 172:112749. doi: 10.1016/j.bios.2020.
112749

Takahashi MK, Tan X, Dy AJ, Braff D, Akana RT, Furuta Y, et al. A low-
cost paper-based synthetic biology platform for analyzing gut microbiota
and host biomarkers. Nat Commun. (2018) 9:3347. doi: 10.1038/s41467-018-0
5864-4

Fozouni P, Son S, Diaz De Le6n Derby M, Knott GJ, Gray CN, D’ambrosio MV,
et al. Amplification-free detection of SARS-CoV-2 with CRISPR-Casl3a and
mobile phone microscopy. Cell. (2021) 184:323-33.€9. doi: 10.1016/j.cell.2020.
12.001

77.

78.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Qin, Liu, Zhu, Zeng, Xu, Ding, Zhou, Zhu, Ke, Li, Sheng, Li, Luo,
Jiang, Chen, Ding and Meng. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Veterinary Science | www.frontiersin.org

10

July 2022 | Volume 9 | Article 962438


https://doi.org/10.1016/j.bios.2020.112749
https://doi.org/10.1038/s41467-018-05864-4
https://doi.org/10.1016/j.cell.2020.12.001
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

	One-Pot Visual Detection of African Swine Fever Virus Using CRISPR-Cas12a
	Introduction
	Materials and Methods
	Preparation of Genomic DNA Samples
	Oligonucleotide Primers for Amplification and crRNA Preparation
	RPA, LAMP Assays, and Cas12a/crRNA Nucleic Acid Detection
	Establishment and Optimization of the One-Pot Visual Detection System
	Evaluation of the One-Pot Visual Detection System

	Results
	Establishing the One-Pot Detection Assay
	Specificity of the One-Pot Visual Detection System
	Sensitivity of the One-Pot Visual Detection System
	Evaluating Consistency Between the One-Pot Visual Detection and qPCR

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


