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Abstract

Polymerase chain reaction (PCR), a central technology for molecular diagnostics, is

highly sensitive but susceptible to the risk of false positives caused by aerosol

contamination, especially when an end‐point detection mode is applied. Here, we

proposed a solution by designing a clustered regularly interspaced short palindromic

repeat (CRISPR)/Cas9 eraser strategy for eliminating potential contamination amplifi-

cation. The CRISPR/Cas9 engineered eraser is firstly adopted into artpcr reverse‐
transcription PCR (RT‐PCR) system to achieve contamination‐free RNA detection.

Subsequently, we extended this CRISPR/Cas9 eraser to the PCR system.We engineered

conventional PCR primers to enable the amplified products to contain an implanted

NGG (protospacer adjacent motif, PAM) site, which is used as a code for specific

CRISPR/Cas9 recognition. Pre‐incubation of Cas9/sgRNA with PCR mix leads to a

selective cleavage of contamination amplicons, thus only the template DNA is amplified.

The developed CRISPR/Cas9 eraser, adopted by both RT‐PCR and PCR systems,

showed high‐fidelity detection of SARS‐CoV‐2 and African swine fever virus with a

convenient strip test.
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1 | INTRODUCTION

Polymerase chain reaction (PCR) technology is the most widely used

technique in molecular diagnostics for detecting small amounts of

target DNA and RNA (Park et al., 2011). In a typical PCR reaction, up

to 109‐fold replication efficiency can be achieved due to its ex-

ponential amplification ability (You et al., 2020). After completing a

PCR process, aerosol cross‐contamination from product exposure

easily occurs when downstream operations, such as end‐point de-

tection, are performed (Aslanzadeh, 2004; Borst et al., 2004; Cimino

et al., 1990; Mens et al., 2012; Salter et al., 2014; Xu et al., 2014;

C. Zhang et al., 2018; S. Zhang et al., 2020). These aerosol particles,

containing up to 106 amplicons, will contaminate laboratory reagents

and equipment in a short period of time. In such a contaminated
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situation, negative or control PCR tests often present the same

amplification results as the positive reactions, which is termed

false‐positive amplification. This is a tricky problem encountered in

molecular diagnostics (Aslanzadeh, 2004; Borst et al., 2004; Cimino

et al., 1990; Salter et al., 2014).

Now, PCR can be executed by a closed detection mode. For

example, in fluorescent quantitative PCR (qPCR), both amplification

and detection are completed in a closed‐tube mode, which greatly

reduces the possibility of PCR contamination (though not com-

pletely) (Corless et al., 2000). Nevertheless, there is still a market for

open‐tube PCR detection for downstream applications. For example,

PCR combined with end‐point clustered regularly interspaced short

palindromic repeat (CRISPR) detection can further improve detec-

tion sensitivity and specificity. And PCR combined with test strip

detection can avoid the use of an expensive fluorescence detection

device, therefore it can reduce the cost of testing (Mens et al., 2012;

Xu et al., 2014; C. Zhang et al., 2018; S. Zhang et al., 2020). In

addition, some PCR applications, such as digital PCR, cannot use the

closed‐tube mode because it involves an essential droplet transfer

process (Chen et al., 2017; Liao et al., 2020).

For end‐point PCR detection, once PCR contamination occurs, the

equipment involved in the PCR process needs to be cleaned and all PCR

reagents need to be replaced. To prevent such cross‐contamination, the

physical space isolation method is currently widely adopted by mole-

cular diagnostic laboratories (Aslanzadeh, 2004; Borst et al., 2004;

Genzen, 2020; Salter et al., 2014). This method requires reagent pre-

paration, sample preparation, amplification, and detection steps to be

performed in separate spaces. Space isolation is effective in preventing

cross‐contamination, but it also makes the construction of such a PCR

laboratory expensive. Other methods, such as irradiation and enzymatic

hydrolysis have been used to nonselectively degrade contaminated

amplicons. However, these nonselective degradation methods are often

incompatible with single‐tube operations, thus increasing the com-

plexity of the procedure (Deragon et al., 1990; Kwok, 1990; Sarkar &

Sommer, 1991; Walder et al., 1993).

Therefore, an ideal method should be able to selectively degrade

contaminated amplicons without affecting the integrity of primers and

DNA templates. It has been reported that by designing restriction en-

zyme recognition sites on PCR primers, the contaminated amplicons

can be degraded before a new round of amplification. However, this

method is not universal due to the limitation of the sequence specificity

of the restriction enzyme (Dougherty et al., 1993). Another currently

widely used method is the uracil‐N‐glycosylase (UNG) assay (Pang

et al., 1992; Pruvost et al., 2005; Tetzner et al., 2007; Udaykumar

et al., 1993). UNG is a DNA repair enzyme that recognizes and removes

uracil from DNA. When thymine in the PCR reagent is replaced with

uracil, the contaminated amplicons would contain a large number of

uracil bases, which can be digested by UNG. the DNA template is not

affected because it does not contain uracil. The UNG assay works well

for amplifying DNA templates. However, the UNG assay cannot be

directly applied to the one‐step reverse‐transcription PCR (RT‐PCR)
system because UNG also degrades the uracil embedded in reverse

transcription c‐DNA product, which results in the break of the c‐DNA

template. In addition, uracil‐containing amplification products also have

obstacles for downstream operations, such as cloning, southern blot

hybridization, and restriction enzyme recognition.

Here, we proposed a solution by designing a CRISPR/Cas9 eraser

strategy for eliminating contamination amplicons. The CRISPR/Cas9

engineered eraser is firstly adopted into RT‐PCR and RT‐qPCR system

for achieving high‐fidelity RNA amplification. Furthermore, we also

prove that this CRISPR/Cas9 eraser strategy can be extended to the

PCR system. For DNA amplification system, engineering of conventional

PCR primers enables the amplified products to contain an implanted

NGG (protospacer adjacent motif, PAM) site, which is used as a code for

specific CRISPR/Cas9 recognition and cleavage. We also combined this

contamination‐free RT‐PCR and PCR system, CRISPR recognition, and

lateral flow test strip strategy to construct a convenient end‐point
method for detecting RNA (severe acute respiratory syndrome cor-

onavirus 2 [SARS‐CoV‐2]) and DNA (African swine fever virus, ASFV)

virus. We proved the reliability and accuracy of the test results and the

convenience of the method by analyzing clinical SARS‐CoV‐2 samples

and pig blood samples from a suspected ASFV infection. The developed

CRISPR/Cas9 eraser, adopted by both RT‐PCR and PCR system,

showing high‐fidelity detection of SARS‐CoV‐2 and ASFV, proved that

PCR can be developed as a more convenient molecular diagnostic

technology without the need for an expensive detection device.

2 | MATERIALS AND METHODS

2.1 | Materials

All the DNA and RNA sequences listed in Table S1 were supplied by

Sangon Biotech. Citric acid, sodium bicarbonate, sodium carbonate, so-

dium hydrogen phosphate, sodium citrate dihydrate, sodium dihydrogen

phosphate, streptavidin, sucrose, Tween‐20, Triton X‐100, Tris–HCl,

20 × sodium chloride–sodium citrate (SSC) buffer, 20 × phosphate‐
buffered saline (PBS), sodium chloride were purchased from Sangon

Biotech. HAuCl4 solution was purchased from Aladdin. Bovine serum

albumin (BSA) and isopropyl β‐D‐thiogalactopyranoside (IPTG) were pur-

chased from Sigma‐Aldrich. The enzymes, buffers, and NTPs used for

RNA transcription were obtained from Bio‐Life Science. Evo M‐MLV

One‐Step RT‐PCR Kit was purchased from Accurate Biotechnology.

Uracil‐N‐glycosylase, dUTPmixture, Premix Taq (Takara Taq Version 2.0),

and TaKaRa Taq™ HS PCR Kit, UNG plus were purchased from Takara.

Bacterial genomic DNA was extracted by the TIANamp Bacteria DNA

Kit. Reagents used for protein expression and purification were pur-

chased from Abiotech. The pNS20‐SpCas9‐SNAP plasmid used to pre-

pare S. pyogenes Cas9 was a gift from Feng Zhang (Addgene plasmid

#11371; http://n2t.net/addgene:113717; RRID: Addgene_113717).

2.2 | Apparatus

The XYZ three‐dimensional film and spray gold instrument used for

preparing test strips were purchased from Shanghai Jinbiao
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Biotechnology Co., Ltd. High‐speed centrifuge and PCR instruments

were purchased from Eppendorf Co. Polyacrylamide gel electro-

phoresis (PAGE) and agarose electrophoresis experiments were

performed using an electrophoresis apparatus (Liuyi Corporation)

and imaged by a Gel Imaging System (Beijing).

2.3 | Cas9 protein expression and purification

The Cas9 protein was expressed in Escherichia coli Rosetta2 (DE3)

cells and cultured in Terrific Broth (TB) containing 34 μg/ml chlor-

amphenicol and 50 μg/ml ampicillin. The cells were cultured over-

night at 18°C until an OD600 = 0.6 was reached, after that, 0.1 mM

IPTG was added and cells were cultured at 26°C for 4 h to induce

Cas9 protein expression. The collected bacterial solution was cen-

trifuged and the supernatant was then removed. The precipitate was

ultrasonically lysed in lysis buffer (20mM Tris–HCl, pH 7.5, 1M

NaCl, and 10% glycerol). After centrifugation at 4°C, the supernatant

was purified on a nickel column (Abiotech), and washed by washing

buffer (20mM Tris–HCl, pH 7.5, 150mM NaCl, 20mM imidazole,

and 10% glycerol) to remove the heterologous proteins, and finally

eluted with elution buffer (20mM Tris–HCl, pH 7.5, 150mM NaCl,

500mM imidazole, and 10% glycerol). The eluted Cas9 proteins were

confirmed by PAGE and Coomassie Blue staining (Figure S1). Then,

the eluted Cas9 proteins were collected and dialyzed with dialysis

solution (20mM Tris–HCl, pH 7.5, 150mM NaCl, and 50% glycerol),

finally, it was stored at −20°C for future use.

2.4 | Synthesis and DNA modification of 13 nm
AuNPs

AuNPs were prepared using the sodium citrate reduction method. In

brief, all the glassware were soaked in aqua regia (HNO3:HCl = 1:3) for

more than 30min, followed by rinsing with ultrapure water. After that,

100ml of 1mM HAuCl4 solution was added into a 250ml flask and then

heated to boiling. Subsequently, 10ml of 38.8mM sodium citrate solu-

tion was added quickly with stirring into the flask, which resulted in a

color change of the solution from pale yellow to wine red in 20min. Then,

we stopped heating, but continued stirring until the solution dropped to

room temperature. The prepared solution was stored at 4°C in the dark.

For DNA modification, 500µl prepared AuNPs was mixed with poly

A‐tagged DNA probes (100 μM, 25μl) and frozen at −20°C for at least

2 h. After thawing, the solution was centrifuged at 13000 rpm for 30min

at 4°C. Then, the supernatant was discarded and a suspension buffer was

added to suspend the solution. The centrifugation step needs to be re-

peated four times. The suspension buffer used for the first two cen-

trifugation was 0.1M NaCl, 0.01M PB, and the suspension buffer used

for the third centrifugation was ultrapure water (>18.25MΩ cm). Finally,

the supernatant was carefully aspirated and the pellet was suspended

with 300 μl buffer (20mM Na3PO4, 5% BSA, 0.25% Tween‐20, and 10%

sucrose). The resulting AuNP‐DNA probes were stored at 4°C in the dark

until further use.

2.5 | Preparation of the lateral flow device

The lateral flow device consists of a sample pad, a conjugate pad, an

NC membrane, an absorbent pad, and a bottom plate. The sample

pad, which was composed of glass fibers, was first thoroughly soaked

with a buffer (pH 8.0) containing 0.25% Triton X‐100, 0.05M

Tris–HCl, and 0.15M NaCl, and then dried at 37°C. The material

used for the conjugate pad was also glass fibers which had been

completely embedded with the AuNP‐DNA probe solution and dried

at 37°C. The test line on the NC membrane was sprayed with

streptavidin solution and the control line was sprayed with a

streptavidin‐biotinylated DNA probe solution. Then the NC mem-

brane was dried at 37°C. Finally, the sample pad, the conjugate pad,

the NC membrane, and the absorption pad were attached to the

bottom plate and stored at 4°C for future use.

2.6 | Synthesis of single guide RNA (sgRNA)

All sgRNAs described in this assay were transcribed in vitro from

DNA templates using T7 RNA polymerase. The DNA template was

obtained by a bridge‐fill‐in PCR method. And in a bridge‐fill‐in PCR,

the forward primer comprises a T7 promoter sequence and a 20‐nt
targeting sequence, while the reverse primer consists primarily of

sequences encoding the 3′ end of the sgRNA scaffold. PCR was

performed using Premix Taq under the following thermal cycling

program: 95°C for 2min, followed by 35 cycles at 95°C for 20 s, 63°C

for 10 s, and 72°C for 45 s, a final extension at 72°C for 10min and

10°C for hold. The PCR product served as a template for transcrip-

tion. The transcription system contained 0.5 mM NTPs, 250 U T7

RNA polymerase, 50 U recombination RNase inhibitor, and 200 ng of

DNA template, then it was incubated at 37°C for 4 h. The obtained

sgRNA was used immediately or stored at −80°C.

2.7 | Viral RNA and genomic DNA extraction

SARS‐CoV‐2 RNA standards were obtained from the National In-

stitute of Metrology. Nasopharyngeal swab samples were collected

from the suspected COVID‐19 patients in Wuhan, China (during

March 2020). The RNA extraction of these swab samples was exe-

cuted by the automatic extraction platform (Qiagen, EZ1) in the P3

biosafety laboratory of Hubei Provincial Center for Disease Control

and Prevention and this study is approved by the Ethics Committee

of Hubei Provincial Center for Disease Control and Prevention/

Academy of Preventive Medicine (No. 2020‐061‐01)
The Neisseria meningitidis genomic DNA used in this assay was

extracted by the TIANamp Bacteria DNA Kit. The extracted DNA

was stored at −20°C until use. Viral DNA templates from ASFV were

obtained from the African Swine Fever Regional Laboratory of China

(Guangzhou). Swine serum samples were collected from Huangpu

District, Guangzhou City, Guangdong Province, China (OIE

Surveillance Data Archive, https://www.oie.int/wahis_2/public/
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wahid.php/Reviewreport/Review?page_refer=MapEventSummary%

26reportid=29047). It should be noted that all the swine serum

samples have been inactivated at 60°C for 30min before use. A

heating and chemical reduction method was employed to prepare

virus DNA for PCR amplification. In this assay, tris(2‐carboxyethyl)
phosphine (TCEP) and EDTA were added to swine serum samples at

final concentrations of 100 and 1mM, respectively. Then, the swine

serum samples were inactivated at 50°C for 5min followed by

heating at 64°C for another 5min. The supernatant obtained by brief

centrifugation (5000 rpm/min) can be directly used for the sub-

sequent PCR reaction.

2.8 | Conventional RT‐PCR and PCR conditions

The conventional RT‐PCR was performed in a 50 μl system. RT‐PCR
primers of SARS‐CoV‐2 were designed according to the

recommendations of the Chinese Center for Disease Control and

Prevention and are shown in Table S1. The 50 μl RT‐PCR reaction

system was conducted by Evo M‐MLV One‐Step RT‐PCR Kit. The

reaction system contains 1 ×One‐Step Reaction Solution A, 2 uL One

Step Enzyme Mix, 0.4 μM forward primer, 0.4 μM reverse primer, and

2 μl RNA template. The temperature procedure of RT‐PCR was 37°C

for 30min, then 95°C for 2min, 35 circles at 94°C for 30 s, 60°C for

30 s and 72°C for 1min, finally extension at 72°C for 5min and 10°C

for hold. In the end, the RT‐PCR products were stored at −20°C for

further use.

PCR primers used for conventional PCR were shown in Table S1. A

total of 50 μl PCR reaction system contained 300 nM forward and

reverse primers, 25 μl 2 × Premix Taq, 2 μl DNA templates, and deio-

nized water. The PCR thermal cycling program of ctrA from Neisseria

meningitidis was 94°C for 5min, 33 cycles at 95°C for 30 s, 54°C for

35 s, 72°C for 35 s, then extension at 72°C for 10min and 10°C for

maintenance. And the PCR thermal cycling program of the P72 gene

from ASFV was 95°C for 15min, followed by 40 cycles of 95°C for 15 s,

51°C for 30 s, 72°C for 45 s, and a final extension at 72°C for 10min,

then 10°C for hold. Finally, the PCR products were stored at –20°C for

further use.

2.9 | UNG assay in RT‐PCR system

The UNG assay in the RT‐PCR system was carried out in a 50 μl

solution containing 1 U of UNG and 0.6mM dUTP, as well as other

reagents used in conventional RT‐PCR. And the reaction was executed

using the same condition as the conventional RT‐PCR described above.

2.10 | CRISPR/Cas9 eraser‐assisted RT‐PCR and
RT‐qPCR

The RT‐PCR with Cas9/sgRNA reaction was performed in a 50 μl

system containing 20 nM Cas9, 20 nM sgRNA, and other reagents

used in conventional RT‐PCR. The RT‐qPCR with Cas9/sgRNA re-

action was executed in a 20 μl system containing 20 nM Cas9, 20 nM

sgRNA, 1 × SYBR Green I, and other reagents used in conventional

RT‐PCR. Both the reactions were carried out with the same condi-

tion as the conventional RT‐PCR described above.

2.11 | Cas9‐mediated lateral flow nucleic acids
assay (CASLFA) detection of SARS‐CoV‐2

The CASLFA detection system includes the Cas9 reaction and lateral

flow detection. First, 20 μl of the Cas9 reaction contains 100 nM

Cas9, 100 nM sgRNA, 5mM MgCl2 and biotinylated amplicons of

SARS‐CoV‐2 from CRISPR/Cas9 eraser‐assisted RT‐PCR. Then, it

was incubated at 37°C for 5min to obtain the Cas9‐sgRNA‐
biotinylated amplicon complex. Then, a 30 μl running buffer (com-

ponents: 4 × SSC, 0.05% Tween‐20 (v/v), 1 × PBS, and 1% BSA) with

20 μl Cas9 reaction solution was added to the sample pad of the

lateral flow device. 2 min later, 50 μl of running buffer were added.

Then, the bands in the test line and control line appeared within

1min. After finishing the test, a photograph of the lateral flow device

was captured.

2.12 | In vitro CRISPR/Cas9 cleavage experiments

A total of 10 µl reaction solution included 5mM MgCl2, 100 nM

Cas9, 100 nM sgRNA, and 2 µl target DNA. Then it was incubated at

37°C for 10min. Reactions were stopped by heating the samples to

95°C for 5min. The cleaved products were analyzed by PAGE elec-

trophoresis (Figures S3 and S5).

2.13 | CRISPR/Cas9 eraser‐assisted
PAM‐implanted PCR

PCR primers with one or two C base modifications used for

PAM‐implanted PCR are shown in Table S1. The total of the 50 μl

PAM‐implanted PCR reaction system contained 300 nM forward and

reverse primers, 25 μl 2 × Premix Taq, 20 nM sgRNA, 20 nM Cas9,

2 μl DNA templates, and deionized water. Before the PCR program,

the reaction solution was first incubated at 37°C for 10min for

cleavage. Then, PCR thermal cycling programs of ctrA from Neisseria

meningitides or P72 gene from ASFV were the same as the conven-

tional PCR amplifications described above, respectively. The PCR

products were stored at −20°C for further use.

2.14 | CASLFA detection of ASFV

The CASLFA detection of ASFV was the same as the SARS‐CoV‐2
described above. PAM‐implanted PCR products of ASFV were served

as target DNA in Cas9 reaction.
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3 | RESULTS

3.1 | Design of the CRISPR/Cas9 eraser strategy
for RT‐PCR

RT‐PCR, including the reverse transcription (RT) and PCR amplifi-

cation step, is used to amplify and detect RNA sequences, such as

mRNA, noncoding RNA, 16sRNA, and virus RNA. To simplify the

procedure, RT and PCR procedures can be integrated into a one‐tube
operation. Here, we experimentally confirmed that the UNG assay, a

widely used contamination removal strategy in PCR, is not suitable

for one‐tube homogeneous RT‐PCR. As shown in Figure 1a, in the

UNG assay, dUTP and UNG enzymes must be included. In the pro-

cess of RT, dUTPs are embedded into the newly synthesized cDNA

strands. However, the cDNA strands embedded with dUTPs are

easily degraded by the UNG enzyme. RT‐PCR and subsequent

electrophoresis analysis showed that adding both dUTP and UNG

enzymes for single‐tube RT‐PCR reaction lead to amplification

failure, while adding only dUTP or UNG enzymes alone did not affect

RT‐PCR (Figure 1a).

Cas9 is an enzyme that can recognize specific DNA sequence

and cut the DNA at an adjacent PAM site (NGG) under sgRNA

programmability (Jiang et al., 2015; Jinek et al., 2012). The NGG

PAM sequence occurs once on average every 8 bps of random DNA

that gives CRISPR/Cas9 the versatility of DNA sequence cleavage

and downstream bioanalytical applications (Bao et al., 2020;

Gu et al., 2016; Hajian et al., 2019; Huang et al., 2018; S. H. Lee

et al., 2017; H. Lee et al., 2018; Liu et al., 2019; Quan et al., 2019;

T. Wang et al., 2019; Yang et al., 2018; W. Zhou, Hu, et al., 2018).

Based on this feature, here we designed a CRISPR/Cas9 eraser

strategy for building a contamination‐free RT‐PCR system

(Figure 1b). In this strategy, a sgRNA was designed to target the

double‐stranded DNA (dsDNA) amplification products. In the

one‐tube RT‐PCR process, the designed Cas9/sgRNA is added and

the potential dsDNA contamination amplicons can be selectively

cleaved at 37°C RT step. However, the RNA template, single strand

cDNA and DNA primers in the system can be free of Cas9/sgRNA

cleavage. After the RT process completed, the PCR program is

switched to the PCR thermal cycling process. At this time point

Cas9/sgRNA is inactivated due to its instability at high temperature.

Therefore, only the cDNA obtained from RT rather than potential

DNA contamination is amplified, ensuring the fidelity of the RT‐PCR.
This concept was identified using a simulated RT‐PCR con-

tamination system. As shown in Figure 1b, adding trace amounts of

DNA contaminant amplicons to an RNA template omitted RT‐PCR
system caused a false positive amplification (Figure 1b, line 3).

Electrophoresis analysis shows that false positive amplification band

is indistinguishable from real RNA amplification reactions (Figure 1b,

line 1). Applying a designed Cas9/sgRNA in the RT‐PCR system, the

DNA contaminants that caused false positive amplification dis-

appeared (Figure 1b, line 4) but the RNA template mediated ampli-

fication was not affected (Figure 1b, line 2). By employing

nontargeted sgRNA, the CRISPR/Cas9 eraser strategy becomes

invalid, proving its dependence on sgRNA programmability and

specificity (Figure 1b, line 5).

It seems that CRISPR/Cas9 eraser strategy may be particularly

useful for end‐point RT‐PCR detection. For example, using test strips

instead of expensive fluorescence device for detecting RT‐PCR
products can reduce instrument costs and provide more convenient

readout. Conventionally, these end‐point detection methods require

the PCR test tube to be opened, which increases the contamination

risk. We therefore evaluated the applicability of this CRISPR/Cas9

eraser strategy in RT‐PCR by adopting a CASLFA detection strategy

that we previously developed. CASLFA is a nucleic acid strip detec-

tion method through engineering a CRISPR/Cas9 system to enhance

detection specificity but avoid the conventional probe hybridization

process (X. Wang, Xiong, et al., 2020). As shown in Figure 1c, by

employing the CRISPR/Cas9 eraser strategy, the false positives

caused by this contamination amplification disappeared. It is

therefore expected that this high‐fidelity strategy will significantly

improve the applicability of the CASLFA method. At the same time,

we proved that CRISPR/Cas9 eraser was also compatible with

RT‐qPCR system (Figure S2). we found that adding Cas9/sgRNA to

the RT‐qPCR system does not affect RT‐qPCR efficiency. And only

when the correctly matched sgRNA is present can the contamination

be removed. Therefore, the CRISPR/Cas9 eraser can also be applied

to RT‐qPCR to prevent contamination.

Encouraged by experimental verification of a high‐fidelity
RT‐PCR end‐point detection method based on CASLFA, we moved

to further identify its applicability for the development of a low‐cost,
easy‐to‐use SARS‐CoV‐2 detection technology. Currently, there are

almost 50 million individuals infected with SARS‐CoV‐2 worldwide

(Sethuraman et al., 2020; Xia, 2020). Large‐scale population diag-

nosis is one of the key measures to control the spread of SARS‐CoV‐
2 (da Silva et al., 2020; Feng et al., 2020; Qin et al., 2020). RT‐qPCR,
due to its high sensitivity and specificity, simplicity of primer design,

and easy availability of amplification enzymes, is the current gold

standard technology for SARS‐CoV‐2 diagnosis (Y. Wang, Kang,

et al., 2020). However, two issues may hinder its adoption in de-

veloping countries and regions. On the one hand, the RT‐qPCR in-

strument needs to be equipped with an expensive fluorescent

detection device. For example, an RT‐qPCR instrument is usually ten

times more expensive than an ordinary PCR instrument. On the

other hand, it is also expensive to equip a PCR laboratory with an air

control system and physical space separation for eliminating cross‐
contamination.

CASLFA, combined with a CRISPR/Cas9 eraser‐assisted RT‐PCR,
is developed for detecting clinical SARS‐CoV‐2 samples (Figure 2a).

This method retains the advantages of PCR, such as high sensitivity

and specificity, simplicity of primer design, and easy availability of

amplification enzymes, but reduces the cost of equipment and la-

boratory construction. The SARS‐CoV‐2 RNA genome is about

30,000 bases in length (Kim et al., 2020). Nucleocapsid (N), envelope

(E), and open reading frame 1ab (ORF1ab) genes, due to their high

sequence conservation, are usually used as target genes to detect

SARS‐CoV‐2 (Broughton et al., 2020; Patchsung et al., 2020). Here,
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F IGURE 1 Development of CRISPR/Cas9 eraser for building contamination‐free RT‐PCR system. (a) UNG assay cannot be applied to one‐tube
RT‐PCR system. Scheme presentation of UNG assay cannot be applied to RT‐PCR (left), and experimental confirmation of UNG assay cannot be applied
to one‐step RT‐PCR (right). (b) Design of CRISPR/Cas9 eraser for RT‐PCR. Flow chart of CRISPR/Cas9 eraser working principle in RT‐PCR (left).
Experimental confirmation of CRISPR/Cas9 eraser‐assisted contamination‐free RT‐PCR (right). (c) End‐point detection of RT‐PCR products by combining
with CASLFA. The bottom right is the test strips analysis of the RT‐PCR products corresponding to (b). CASLFA, Cas9‐mediated lateral flow nucleic acids
assay; cDNA, complementary DNA; CRISPR, clustered regularly interspaced short palindromic repeat; RT‐PCR, reverse‐transcription polymerase chain
reaction; sgRNA, single guide RNA; UNG, uracil‐N‐glycosylase [Color figure can be viewed at wileyonlinelibrary.com]
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we choose the E gene as the target gene to evaluate the clinical

applicability of this method. A sgRNA, used for both CRISPR/Cas9

eraser and CASLFA, is designed to target the middle region of the

forward primer and reverse primer (Figures 2b and S3). Ten clinical

SARS‐CoV‐2 RNA samples, firstly diagnosed with a clinically

approved RT‐PCR Kit, were used for CRISPR/Cas9 eraser‐assisted
RT‐PCR and CASLFA analysis. Results indicated that CASLFA shows

consistency with RT‐PCR, and the primer dimer amplification did not

cause interferences in CASLFA (Figure 2c).

3.2 | Design of the CRISPR/Cas9 eraser strategy
for PCR

After proving that CRISPR/Cas9 eraser can be used in high‐fidelity
RT‐PCR detection, we tried to extend its application to PCR ampli-

fication. However, direct transplantation of the CRISPR/Cas9 eraser

strategy to PCR system is not feasible due to both DNA

contaminants and the DNA template exhibiting the same target se-

quence that can be cleaved by designed Cas9/sgRNA. To successfully

construct a CRISPR/Cas9 eraser for PCR, the designed CRISPR/Cas9

system should selectively cut the DNA contaminants but not the

DNA template.

Considering that CRISPR/Cas9 requires a target sequence ad-

jacent PAM site (NGG) for DNA recognition and subsequent clea-

vage, we decided to implant an artificial PAM site into the PCR

products through primer engineering. Here, we proposed a strategy

termed PAM‐implanted PCR to achieve this goal. For PAM‐
implanted PCR, we attempted to engineer a conventional PCR pri-

mer to contain two extra CC bases at the near 3′ terminal region so

that the amplified products will contain a new NGG PAM site

(Figure 3a). If the 3′ terminal region of a primer happens to contain a

C base, then we only need to add an additional C base to obtain such

a PAM site (Figure 3a). We assumed that a minor modification of the

F IGURE 2 High‐fidelity detection of clinical SARS‐CoV‐2 samples. (a) Scheme of CASLFA detection of CRISPR/Cas9 eraser‐assisted
RT‐PCR products for clinical SARS‐CoV‐2 diagnosis. (b) The genetic map of SARS‐CoV‐2, in which the amplified gene locations and target
regions are marked in detail. (c) Electrophoresis analysis of 10 SARS‐CoV‐2 clinical samples based on RT‐PCR combined with CRISPR/Cas9
eraser strategy. (d) The corresponding CASLFA detection result of the clinical samples in (c). CASLFA, Cas9‐mediated lateral flow nucleic acids
assay; CRISPR, clustered regularly interspaced short palindromic repeat; RT‐PCR, reverse‐transcription polymerase chain reaction; RT‐qPCR,
quantitative RT‐PCR; SARS‐CoV‐2, severe acute respiratory syndrome coronavirus 2 [Color figure can be viewed at wileyonlinelibrary.com]
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3′ terminal region of a PCR primer only has faint influence on its

function. Using this two C bases or single C base implanted primer

strategy, the amplified products will contain an artificial NGG

PAM site at the opposed DNA strand. A corresponding 20 bp sgRNA

with complementary pairing with the amplified PCR products can be

designed for matching this artificial PAM site for Cas9/sgRNA

recognition and cleavage. The designed Cas9/sgRNA was expected

to cleave the site that is 3 bp away from 5′ of PAM site of the

PCR products. Accordingly, in PAM‐implanted PCR, once PCR

cross‐contamination occurs, the designed CRISPR/Cas9 eraser

can selectively cut off the contaminated amplicons but not the

template target DNA so that false positive amplification is abolished

(Figure 3b).

3.3 | Verification of the PAM‐implanted PCR

One of the most critical prerequisites to determine the feasibility of

PAM‐implanted PCR is primer engineering. We firstly used two pairs

of reported PCR primers to support this concept. These two re-

ported primer pairs have been employed for PCR amplification of the

ctrA gene of Neisseria meningitides (Hughes, 2017). In a conventional

forward primer (5′‐GTCGCGGTGATGTGGTTA‐3′) there is no C base

in its 3′ terminal region. Accordingly, we inserted two C bases at

its 3′ terminal region and termed this modified primer as

PAM‐implanted primer (5′‐GTCGCGGTGATGTGCCGTTA‐3′). Using

this PAM‐implanted primer, we subsequently evaluated whether it

still works well for PCR amplification. Comparisons showed that both

the conventional primers and the PAM‐implanted primers exhibited

similar amplification specificity and efficiency (Figure 4a, left). We

further used DNA sequencing to verify whether the modified primers

resulted in the insertion of two new CC bases in the amplified pro-

duct. The sequencing of reverse DNA sequence showed that an ad-

ditional GG site was obtained (Figure 4a, right).

If the 3′ terminal region of a PCR primer contains a C base, then

in the PAM‐implanted primer strategy only an additional C base

needs to be inserted. We identified this idea by modifying another

PCR primer (5′‐ATTTTGCTGCGTCGCGGT‐3′) for ctrA gene amplifi-

cation. As shown in electrophoresis analysis of Figure 4b, the en-

gineered PAM‐implanted primer (5′‐ATTTTGCTGCGTCGCCGGT‐3′)
also exhibited similar amplification specificity and efficiency when

compared to the conventional forward primer. Sequencing results

also indicated that new PAM loci were obtained (Figure 4b, right).

3.4 | Verification of the selective cleavage of PCR
amplicons by CRISPR/Cas9 eraser

In the PAM‐implanted PCR, a new PAM site is obtained. Based on

this PAM site, we designed a matched sgRNA and a scrambled

sgRNA (control), respectively, to verify the selective recognition and

cleavage for PAM‐implanted PCR products. We added the designed

F IGURE 3 The design principle of applying CRISPR/Cas9 eraser to PCR. (a) The schematic of PAM‐implanted PCR. PAM‐implanted PCR
can be achieved through a two C bases implanted primer engineering strategy (up) or a single C base implanted primer engineering strategy
(blow), respectively. (b) The schematic of applying a Cas9/sgRNA eraser in PAM‐implanted PCR. Compared with template DNA, contaminated
amplicons originated from the previous amplification containing additional PAM sites can be selectively excised. protospacer adjacent motif;
PCR, polymerase chain reaction; sgRNA, single guide RNA [Color figure can be viewed at wileyonlinelibrary.com]
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Cas9/sgRNA complex to the conventional PCR and PAM‐implanted

PCR products to execute a cleavage reaction for verifying both two

C bases and single C base implanted PCR products. Gel electro-

phoresis results showed that conventional PCR products are still

intact regardless of using matched sgRNA or scrambled sgRNA

(Figure 5a, left and right). This result indicated that the PAM site is

essential for Cas9/sgRNA to perform the cleavage function. As ex-

pected, gel electrophoresis results showed that PAM‐implanted PCR

products were cleaved into smaller fragments with matched sgRNA

but not by control sgRNA (Figure 5a, left and right).

Next, we designed a simulated contaminated PCR system to

prove the applicability of the developed CRISPR/Cas9 eraser strat-

egy in high‐fidelity PCR amplification. Introduction of CRISPR/Cas9

eraser strategy to the PCR procedure will includes an additional

short pre‐incubation cleavage step (10min). After completing

CRISPR/Cas9 cleavage reaction, this procedure was then switched to

high‐temperature PCR amplification and Cas9/sgRNA system be-

comes inactive. We used both conventional PCR amplicons and

PAM‐implanted PCR amplicons as model DNA contaminants for

verifying this strategy. As illustrated in Figure 5b, when conventional

PCR amplicons are used as a template, the contaminant caused PCR

reaction cannot be inhibited by the CRISRP/Cas9 eraser. In contrast,

the contaminant‐caused PCR reaction using PAM‐implanted PCR

amplicons as a template was completely suppressed. Both PCR

reactions are not affected when the control sgRNA is used. Both two

C bases and single C base implanted strategies exhibit similar

CRISPR/Cas9 eraser effect (Figure 5b, right).

3.5 | CRISPR/Cas9 eraser for high‐fidelity PCR
detection of ASFV

ASFV is a nucleocytoplasmic large DNA virus, which is highly in-

fectious and pathogenic (Garigliany et al., 2019). Until now, there is

no available vaccine or antiviral drug for ASFV. The fatality rate of

pigs infected with ASFV is as high as 100% (Carlson et al., 2018;

Kolbasov et al., 2018; X. Zhou, Li, et al., 2018). Establishing a rapid

diagnostic method for the detection of ASFV is an effective means to

effectively control the spread of African swine fever (ASF) (Yuan

et al., 2020). The huge testing demand makes it urgent to develop

low‐cost testing technology. Based on the CRISPR/Cas9 eraser

strategy for PCR system, here, we established a PAM‐implanted PCR

end‐point detection method for visual end‐point detection of ASFV

(Figure 6a). Based on the amplification of the P72 gene, we obtained

PAM‐implanted primers by modifying a pair of PCR primers used in

conventional PCR (Figure 6b). This designed PAM‐implanted PCR

system and CRISPR/Cas9 eraser have demonstrated good amplifica-

tion and cleavage efficiency (Figures S4 and S5).

F IGURE 4 Verification of PAM‐implanted PCR. (a) On the left is the agarose gel analysis of products from conventional PCR and
PAM‐implanted PCR which contain primers implanted by two C bases. In the middle is the schematic diagram of primer modification and
amplification products. On the right is the sequencing result of products from conventional PCR (top) and PAM‐implanted PCR (bottom). (b) On
the left is the agarose gel analysis of products from conventional PCR and PAM‐implanted PCR which contain primers implanted by single C
base. In the middle is the schematic diagram of primer modification and amplification products. On the right is the sequencing result of products
from conventional PCR (top) and PAM‐implanted PCR (bottom). PAM, protospacer adjacent motif; PCR, polymerase chain reaction [Color figure
can be viewed at wileyonlinelibrary.com]
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WithIn the purpose of proving the ability of this method to

tolerate cross‐contamination, we analyzed 23 pig serum samples.

Seven of 23 pig serum samples were tested positive for ASFV by

q‐PCR. These pig serum samples were first treated with a previously

reported TCEP/EDTA method to release DNA and inactivate the

enzymes in the blood sample. We then employed CRISPR/Cas9

eraser to perform PCR on these samples and subsequent CASLFA

end‐point detection. In a contaminated PCR system, false‐positive
amplification makes the test strip results difficult to distinguish from

real positive samples (Figure S6). However, in the CRISPR/Cas9

eraser‐assisted PCR system, the electrophoresis and strip results

show that all sample tests are consistent with the qPCR method, and

there is no false positive caused by a cross‐contamination reaction

under open‐tube detection (Figures 6c,d and S6).

4 | DISCUSSION

The recent outbreaks of ASFV and SARS‐CoV‐2 pushed the im-

portance of nucleic acid testing to the center stage. The huge de-

mand for nucleic acid testing makes routine laboratory‐based
methods, which require professional and harsh experimental

conditions, difficult to deal with. The development of nucleic acid

testing technology compatible with low‐complexity laboratories will

make it easier for non‐professionals to operate, thereby expanding

its accessibility for screening and controlling of infectious diseases.

PCR‐based methods, including fluorescence q‐PCR, are currently

the gold standard method for nucleic acid testing. However, we did

verify that the CRISPR/Cas9 eraser is also compatible with the

RT‐qPCR system. But, q‐PCR instruments are expensive due to the

need for fluorescence emission and detection devices. For example,

q‐PCR instruments are about 10‐fold more expensive when com-

pared with conventional PCR instruments. Thus, the development of

nucleic acid testing by combining conventional PCR procedures with

highly specific end‐point detection methods, such as strip tests, will

be promising due to its simplicity of operation, low cost, and com-

patibility with low‐complexity laboratories.

Combining conventional PCR procedure and end‐point detec-

tion, like CASLFA, requires the amplification tube opened, thus in-

creasing the risk of aerosol contamination. PCR amplicons diffused in

the aerosol can be used as a template for the next round of ampli-

fication. As PCR is extremely sensitive, even trace amounts of

aerosol contamination may cause false‐positive signals, which will be

unacceptable in clinical testing applications. Strategy for selective

F IGURE 5 Verify the function of CRISPR/Cas9 eraser. (a) PAGE analysis of Cas9/sgRNA cleavage of conventional PCR products and
PAM‐implanted PCR products which were amplified by primers with a two C bases implanted strategy (left) and with a single C base implanted
strategy (right). (b) Agarose gel electrophoresis analysis of products from PAM‐implanted PCR in which the CRISPR/Cas9 eraser was used with

two C bases implanted strategy (left) and with single C base implanted strategy (right). c‐PCR represents the conventional PCR, and p‐PCR
represents the PAM‐implanted PCR. CRISPR, clustered regularly interspaced short palindromic repeat; PAGE, polyacrylamide gel
electrophoresis; PAM, protospacer adjacent motif; PCR, polymerase chain reaction; sgRNA, single guide RNA [Color figure can be viewed at
wileyonlinelibrary.com]
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destruction of contaminated amplicons in the PCR system but

without damaging the primers and DNA templates will provide a

solution to this problem. However, currently, there is no ideal solu-

tion that can be applied to both RT‐PCR and PCR. For example, a

widely used strategy, the UNG assay, has been experimentally pro-

ven to be infeasible for one‐step RT‐PCR.
Here, we proposed a novel strategy to solve contamination

amplification by designing a CRISPR/Cas9 based cleavage system.

F IGURE 6 Detection of pig serum samples which are suspected to be infected with ASFV. (a) The flow chart of CASLFA detection of pig
serum samples by combining PAM‐implanted PCR with CRISPR/Cas9 eraser. (b) The schematic diagram of ASFV genome and primers used for
P72 gene amplification in this design. (c) The agarose gel electrophoresis analysis of 23 pig serum samples based on PAM‐implanted PCR with
CRISPR/Cas9 eraser. (d) The corresponding CASLFA detection results of the samples in (c). ASFV, African swine fever virus;
CASLFA, Cas9‐mediated lateral flow nucleic acids assay; CRISPR, clustered regularly interspaced short palindromic repeat; PAM, protospacer
adjacent motif; PCR, polymerase chain reaction; qPCR, quantitative PCR; sgRNA, single guide RNA; TCEP, tris(2‐carboxyethyl)phosphine
[Color figure can be viewed at wileyonlinelibrary.com]

LIN ET AL. | 2063

http://wileyonlinelibrary.com


The mechanism of CRISPR/Cas9 cleaving the dsDNA sequence relies

on base pairing between the dsDNA and the 20‐nt guide RNA se-

quence, as well as the presence of a PAM site proximal to the target

region. These characteristics prompted us to develop a CRISPR/Cas9

eraser strategy to be applied to the RT‐PCR system for selective

degradation of DNA contamination amplicons. As experimentally

proved in a one‐tube RT‐PCR system, potential DNA contamination

amplicons from the previous round amplification can be eliminated

by the designed CRISPR/Cas9 eraser at the RT step. The target RNA

and single‐stranded DNA primers are not affected because they are

not the substrate of the CRISPR/Cas9 eraser. CRISPR/Cas9 eraser

does not affect the subsequent PCR process because it is inactivated

at high temperatures. The introduction of CRISPR/Cas9 eraser to the

RT‐PCR is very convenient because all PCR reagents and the RT‐PCR
procedure do not need to be changed. We applied this method to the

detection of an RNA virus, SARS‐CoV‐2, and proved that it's a high‐
fidelity end‐point detection method with no need to worry about

false amplification risk. Detection of SARS‐CoV‐2 using this method

only requires a thermal cycler and a preassembled test strip, thus

giving it the potential to be used in low‐complexity laboratories.

Success in applying the CRISPR/Cas9 eraser into RT‐PCR drove

us to develop a similar strategy suitable for the PCR method. It is not

feasible to use the CRISPR/Cas9 eraser strategy directly into the

PCR procedure, due to both DNA template and DNA contamination

amplicons exhibit the same sequence characteristics. We solved this

problem by engineering conventional PCR primers by inserting a

single C base or two C bases proximal to the 3′ terminal. This primer

engineering strategy enables the amplified products to contain an

implanted NGG sites, which can be used as a code for specific

CRISPR/Cas9 recognition. Therefore, in such a PAM‐implanted PCR

system, only the contaminating amplicons can be cleaved by CRISPR/

Cas9 eraser but the template DNA will be intact. We also proved

that this PAM‐implanted PCR system is comparable to conventional

PCR amplification in terms of amplification efficiency and specificity.

This novel PAM‐implanted method, combined with CASLFA, has

shown promising applications for high‐fidelity end‐point detection of

23 serum samples that are suspected of being infected with a DNA

virus, ASFV.

A potential limitation of this CRISPR/Cas9 eraser strategy is that

there is still a possibility of cross‐contamination between amplifica-

tion of two closely related sequences, especially when PCR is applied

to complex biological samples. In this case, the contamination may

not be eradicated, and the amplified products caused by such con-

tamination cannot be distinguished from electrophoresis or non-

specific SYBR‐Green RT‐qPCR detection. But the subsequent specific

CASLFA test should be able to detect, which are the real amplified

products. However, if there is contamination caused by an unknown

gene sequence that is extremely homologous to the target gene, it

may not be possible to rule out false positives even with a highly

specific CASLFA test (due to the lack of corresponding knowledge

for specific probe design). In this situation, gene sequencing must be

employed to understand the source of contamination. Once the

source of contamination is known, new primers and sgRNA can be

designed to implement the CRISPR eraser strategy.

5 | CONCLUSIONS

In conclusion, the developed CRISPR/Cas9 eraser strategy, compa-

tible with RT‐PCR and PCR systems, solves a false‐positive obstacle

in the PCR end‐point detection method. CRISPR/Cas9 eraser‐
assisted PCR combined with the strip test technique provides a

cheaper nucleic acid testing solution when compared to the fluor-

escence q‐PCR method. We expect this advancement will bring

about end‐point PCR testing as a widely available screening strategy

for infected disease and other diagnosis applications.
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