
Article
Rapid and sensitive one-tu
be detection ofmpox virus
using RPA-coupled CRISPR-Cas12 assay
Graphical abstract
Highlights
d An RPA-Cas12a system is designed for detection of orthopox

and mpox viruses

d The RPA-Cas12a detection system is highly sensitive, with an

LOD of 1 copy DNA

d The one-tube RPA-Cas12a system is able to detect mpox

virus within 30 min
Zhao et al., 2023, Cell Reports Methods 3, 100620
October 23, 2023 ª 2023 The Authors.
https://doi.org/10.1016/j.crmeth.2023.100620
Authors

Fei Zhao, Yamei Hu, Zhangling Fan, ...,

Fengwen Xu, Wenjie Tan, Fei Guo

Correspondence
xanadufw@aliyun.com (F.X.),
tanwj@ivdc.chinacdc.cn (W.T.),
guofei@ipb.pumc.edu.cn (F.G.)

In brief

Zhao et al. present an RPA-coupled

CRISPR-Cas12a detection assay for the

efficient and simultaneous detection of

mpox virus and orthopoxvirus infections.

The work also generates a rapid and

sensitive assay for the detection of mpox

in a tube and holds the promise of

providing point-of-care diagnosis for the

viral infection.
ll

mailto:xanadufw@aliyun.com
mailto:tanwj@ivdc.chinacdc.cn
mailto:guofei@ipb.pumc.edu.cn
https://doi.org/10.1016/j.crmeth.2023.100620
http://crossmark.crossref.org/dialog/?doi=10.1016/j.crmeth.2023.100620&domain=pdf


OPEN ACCESS

ll
Article

Rapid and sensitive one-tube detection
of mpox virus using RPA-coupled CRISPR-Cas12 assay
Fei Zhao,1,6 Yamei Hu,1,6 Zhangling Fan,1,6 Baoying Huang,2,6 Liang Wei,1 Yu Xie,1 Yu Huang,1 Shan Mei,1 Liming Wang,3

Lingwa Wang,4 Bin Ai,3 Jugao Fang,4 Chen Liang,5 Fengwen Xu,1,* Wenjie Tan,2,* and Fei Guo1,7,*
1NHC Key Laboratory of Systems Biology of Pathogens, Institute of Pathogen Biology and Center for AIDS Research, Chinese Academy of

Medical Sciences & Peking Union Medical College, Beijing 100730, P.R. China
2NHC Key Laboratory of Biosafety, National Institute for Viral Disease Control and Prevention, Chinese Center for Disease Control and
Prevention, Beijing 102206, P.R. China
3Department of Medical Oncology, Beijing Hospital, National Center of Gerontology, Institute of Geriatric Medicine, Chinese Academy of

Medical Sciences, Beijing 100730, P.R. China
4Department of Otolaryngology Head and Neck Surgery, Beijing Tongren Hospital, Capital Medical University, Beijing 100730, P.R. China
5Lady Davis Institute, Jewish General Hospital, McGill University, Montreal, QC H3T 1E2, Canada
6These authors contributed equally
7Lead contact
*Correspondence: xanadufw@aliyun.com (F.X.), tanwj@ivdc.chinacdc.cn (W.T.), guofei@ipb.pumc.edu.cn (F.G.)

https://doi.org/10.1016/j.crmeth.2023.100620
MOTIVATION The rise of mpox cases in many previously non-endemic countries in 2022 prompted the
WHO to declare mpox as a public health emergency of international concern. Since it is difficult to detect
mpox at the early stage of infection, a rapid and accurate diagnostic assay for the mpox virus is essential
to control its spread and enable timely treatment. Here, we present an RPA-Cas12a ribonucleoprotein-
based method for rapid and sensitive detection of mpox.
SUMMARY
Mpox is caused by a zoonotic virus belonging to the Orthopoxvirus genus and the Poxviridae family. In this
study, we develop a recombinase polymerase amplification (RPA)-coupled CRISPR-Cas12a detection assay
for the mpox virus. We design and test a series of CRISPR-derived RNAs(crRNAs) targeting the conserved
D6R and E9L genes for orthopoxvirus and the unique N3R and N4R genes for mpox viruses. D6R crRNA-1
exhibits the most robust activity in detecting orthopoxviruses, and N4R crRNA-2 is able to distinguish the
mpox virus from other orthopoxviruses. The Cas12a/crRNA assay alone presents a detection limit of 108

copies of viral DNA, whereas coupling RPA increases the detection limit to 1–10 copies. The one-tube
RPA-Cas12a assay can, therefore, detect viral DNA as low as 1 copy within 30 min and holds the promise
of providing point-of-care detection for mpox viral infection.
INTRODUCTION

Mpox is a viral zoonotic disease caused by viruses belonging to

the Orthopoxvirus genus, the Poxviridae family.1 Mpox viruses

are divided into two different genetic clades, the Central Africa

clade and theWest Africa clade, of which the West African clade

is less virulent but more widely spread.2 Mpox was originated in

rodents such as squirrels, rats, and mice. Its name came from

the finding of a smallpox-like disease in monkeys in 1958.3

Mpox virus was transmitted into humans as a result of close con-

tact with infected animals or contaminated inanimate objects.4

Since the first human cases of mpox were reported in Zaire

(Democratic Republic of Congo) in 1970, human mpox cases

have been rising over the past five decades, especially in Congo

and Nigeria.5 Outside Africa, the first cases of human mpox
Cell Rep
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emerged in 2003 in the US.6 From 2018 to 2021, the UK, the

US, Singapore, and Israel reported outbreaks of mpox associ-

ated with trips to Nigeria and animal-to-human transmission.7

Since May 2022, many non-endemic regions have been report-

ing mpox outbreaks, which led to the declaration by the World

Health Organization (WHO) of mpox as a public health emer-

gency of international concern on July 23, 2022.8 With the

continuation of COVID-19, mpox poses a new and unique chal-

lenge for global health. There have been over 87,000 mpox

cases (including 140 deaths) from 111 member states across

all 6 WHO regions to date,9 including one imported mpox case

that was reported in mainland China.10 Rapid and accurate diag-

nosis will be essential for the control and timely treatment of

mpox, a valuable lesson learned fromeffective COVID-19mitiga-

tion strategies.
orts Methods 3, 100620, October 23, 2023 ª 2023 The Authors. 1
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Figure 1. Screening crRNAs for detection of orthopoxviruses and

mpox viruses together with Cas12a

(A) Illustration of D6R and E9L genes that are conserved among four ortho-

poxviruses and genes N3R and N4R that are unique for mpox viruses. VACV,

vaccinia virus; VARV, variola virus; CPV, cowpox virus; MPXV, mpox virus.

(B) Depiction of the target sites of the designed crRNAs. All target genes are

shown in the 50 to 30 direction.
(C) Illustration of Cas12a-crRNA ribonucleoprotein (RNP) complex binding

target DNA, resulting a cleavage of target DNA with its RuvC domain. Upon

Cas12a activation, quenched-fluorophore DNA reporters were cleaved, and

fluorescence signals were detected.

(D, F, H, and J) Each crRNA was tested individually together with Cas12a

against 1010 copies/reaction (final concentration: 0.05 nM) of each target

plasmid DNA. Fluorescence signals were recorded every minute for 100 min.

Background fluorescence in the absence of Cas12a, gRNA, template, or probe

DNA is shown as DCas12a, DgRNA, Dtemplate, and Dprobe, respectively.
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Much effort has been made to develop new diagnostics of se-

vere acute respiratory syndrome coronavirus 2 (SARS-CoV-2) by

leveraging novel technologies,11 including the CRISPR-Cas-

based SARS-CoV-2 diagnosis, which has the advantage of

simplicity, convenient use, and high specificity.12 The CRISPR-

Cas system has been used for rapid detection of both DNA and

RNA sequences.13 To date, the four Cas enzymes Cas9,

Cas12, Cas13, and Cas14, which are commonly used in nucleic

acid detection, all belong to the class II system and are capable

of recognizing and cleaving single-stranded (ss)DNA, double-

stranded (ds)DNA, or ssRNA.14 Cas12, Cas13, andCas14 exhibit

trans-cleavage activity, an ability to cut nucleic acids in a non-se-

lective and collateralmanner.15 Cas12, togetherwith itsCRISPR-

derived RNA (crRNA), recognizes ssDNA or dsDNA containing a

PAM sequence and cleaves the DNA with its RuvC domain.16

Cas12 executes robust and non-specific ssDNA cleavage while

cleaving dsDNA in a sequence-specific manner, a property that

has been widely used in many assays since its discovery.17

In the absenceof nucleic acid amplification, thedetection sensi-

tivity of CRISPR-Cas varies between 0.01 and 1 nMand thus is not

suitable for clinicaldiagnosisofpathogens.18PCR is routinelyused

for nucleic acid amplification but is often associatedwith relatively

high costs, long durations, and the need for specialized equip-

ment.19 Therefore, isothermal amplification methods have been

adopted incombinationwithCRISPR-Cas fordiagnosticpurposes

such as themost frequently used recombinase polymerase ampli-

fication (RPA) and loop-mediated isothermal amplification (LAMP)

reactions, which have been successfully integrated with CRISPR-

Cas, leading to the development of a variety of CRISPR-Cas-

based diagnosis platforms including SHERLOCK, DETECTR,

HOLMES, and AIOD-CRISPR.20,21

The RPA method combines isothermal recombinase-driven

primer targeting of template with strand-displacement DNA syn-

thesis, which can occur at room temperature withminimal sample

pretreatment.22,23 Thus far, RPA-based diagnostics have been

developed for the detection of different pathogens, including vi-

ruses,24 fungi,25 bacteria,26 andparasites.27 In this study,wecom-

bined RPA and CRISPR-Cas12a and developed a rapid and ultra-

sensitive diagnosis system for mpox virus detection. This system

has optimized cRNAs that detect the viral gene that is conserved

for all orthopoxviruses and the viral gene that is specific for

mpox viruses. The entire reaction can be completed within

30min at 37�C in one tube with a sensitivity of viral DNA detection

under 10copies. Thisplatform thushas thepotential for fast, accu-

rate, and point-of-care diagnosis of mpox at low cost.

RESULTS

Design and test CRISPR-Cas12a crRNAs targetingmpox
viruses
We designed two pools of crRNAs. One pool of crRNAs

targets viral genes D6R and E9L that are conserved among
Data are presented as mean ± standard deviation (SD) of three technical

replicates.

(E, G, I, and K) Shown are fluorescence signals at 15, 30, 60, and 90 min

corresponding to (D), (F), (H), and (J).

See also Figures S1 and S2 and Table S1.



Figure 2. The detection limit of Cas12a/crRNA for target plasmid DNA

(A, D, G, and J) detection limits of crRNAs D6R-1, E9L-4, N3R-1, and N4R-2 were determined by testing 10-fold dilution of each target plasmid DNA ranging from

109 to 106 copies. Fluorescence signals over 100 min were recorded. Data are presented as mean ± SD of three technical replicates.

(legend continued on next page)
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orthopoxviruses including mpox and thus can be used to detect

all orthopoxviruses. The second pool of crRNAs target regions in

the N3R and N4R genes that are nearly 100% conserved among

multiple species of mpox viruses but exhibit low homology in

other orthopoxviruses (Figures 1A and S1A–S1D).28 The D6R

and E9L genes were amplified from vaccinia virus and cloned

into plasmid vectors. The N3R and N4R geneswere synthesized.

Five crRNAs were designed to target each viral gene (Figures 1B

and S2A; Table S1). All crRNAs were blasted, and the sequence

identities were calculated. crRNAs targeting N3R and N4R were

highly conserved among mpox genomes, while some crRNAs

targeting D6R and E9L showed one or two mismatches among

orthopoxvirus genomes (Figure S1).

The detection assay takes advantage of the collateral cleav-

age of a quenched fluorescent DNA probe when AsCas12a/

crRNA specifically recognizes its DNA target and is activated

for DNA cleavage (Figure 1C).29 We established this assay in a

96-well format and measured fluorescence signals for a duration

of 100 min. At a 0.05 nM (1010 copies/reaction) final concentra-

tion of the target plasmid DNA, all five crRNAs targeting each

viral gene showed reactivity profoundly higher than the negative

control that contained Cas12a, crRNA, and reporter DNA, but

not viral DNA target, with some crRNAs exhibiting stronger activ-

ity than others (Figures 1D–1K). The crRNAs D6R-1, E9L-4,

N3R-1, and N4R-2 are selected for developing the diagnosis

assay based on their strong and fast activation of the fluores-

cence signals and high conservation among orthopoxviruses

or mpoxes.

Cas12a/crRNA detects mpox viral DNA at 0.0005 nM
The minimal DNA concentrations for detectable Cas12a cleav-

age without amplification vary from 100 fM to 50 pM.30 In order

to determine the limit of detection (LOD) of Cas12a on mpox vi-

rus DNA, we performed Cas12a/crRNA cleavage assay with

serially diluted target plasmid DNA. All four crRNAs, D6R-1,

E9L-4, N3R-1, and N4R-2, generated significantly higher fluo-

rescence signals than control at 109 and 108 copies of target

DNA by 100 min of reactions (Figures 2A, 2D, 2G, and 2J).

Since the linear rate of the fluorescence signals generated by

the enzymatic activity of Cas12a should approximate

Michaelis-Menten enzyme kinetics,31 we also calculated the

slopes by linear regression over 100 min within each group.

Significantly higher than control signals were observed at 106

and 107 copies of target DNA for D6R-1 and N4R-2 crRNAs

but not for E9L-4 and N3R-1 (Figures 2B, 2E, 2H, and 2K). To

further confirm the LOD of these Cas12a/crRNAs, we calcu-

lated the signal-to-background ratio (S/B ratio) at 50 and

100 min (Figures 2C, 2F, 2I and 2L). We found that at 106

and 107 copies of target DNA in each group, the S/B ratios

were lower than 2 and thus cannot be convincingly set as the

LOD. Based on the S/B ratios at 100 min, we determine that
(B, E, H, and K) Slopes of the curves over 100 min shown in (A), (D), (G), and (J)

replicates and are shown as slope ±95%confidence interval. Slopeswere compar

NS, not significant; ****p < 0.0001.

(C, F, I, and L) Signal-to-background ratios (S/B ratios) at 50 (black) and 100 min (r

the Dtemplate group. Data are presented as mean ± SD of three technical replic

See also Figure S3.
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the LOD of target DNA with D6R-1, E9L-4, N3R-1, and N4R-2

crRNAs is 108 copies (final concentration: 0.0005 nM).

Orthopoxviruses are large, enveloped viruses containing

linear, dsDNA genomes that can vary from 130 to 375 kb.32 To

evaluate the efficiency of the Cas12a/crRNA system in detecting

these large DNA viruses, we used vaccinia virus (VACV) and a re-

combinant VACV (VACV-N3R/N4R), which contains mpox virus

genes N3R and N4R as models (Figure S2B). The D6R-1 and

N4R-2 crRNAs were used in detecting VACVs because of their

high detection sensitivity as shown in Figure 2. Given the diffi-

culty of preparing vaccinia viral DNA at a concentration of 109

copies, we measured the LOD of Cas12a using vaccinia viral

DNA at concentrations of 108, 107, and 106 copies. When

VACV DNA was tested as the target, the D6R-1 crRNA detected

the viral genome at no lower than 108 copies, while the N4R-2

crRNA did not detect VACV DNA since VACV does not have

the target sequence of N4R-2 crRNA (Figures 3A–3F). Using

VACV-N3R/N4R DNA as a template, both D6R-1 and N4R-2

crRNAs detected the VACV-N3R/N4R DNA with a detection limit

of 108 copies (Figures 3G–3L). These results demonstrate that

the Cas12a/crRNA system is able to detect orthopoxviruses at

a detection limit of 108 copies (final concentration: 0.0005 nM)

and that the D6R-1 and N4R-2 crRNAs together can distinguish

mpox virus from other orthopoxviruses.

It has been reported that combination of crRNAs increases the

sensitivity of Cas13a detection of SARS-CoV-2 RNA.33 Similarly,

multiple crRNAs render CRISPR-Cas12a to detect cytochrome b

gene of meat adulteration at lower DNA copies.34We thus exam-

ined whether crRNA combination also enhances Cas12a detec-

tion of orthopoxvirus DNA. With plasmid DNA at 108 copies, the

fluorescence signals, the slopes of the detection, and the S/B ra-

tios increased as a function of the number of crRNAs used in the

DNA cleavage reactions, for either the D6R gene target or the

N4R gene target (Figures S3A–S3C and S3G–S3I). However,

even combinations of up to four crRNAs did not result in signifi-

cantly higher than control DNA cleavage signals at the 107 copies

of target DNA (Figures S3D–S3F and S3J–S3L). The same obser-

vation was made with the VACV-N3R/N4R viral genome at 108

copies when multiple crRNAs were added in the reactions

(Figures S4A–S4C and S4G–S4I). It was encouraging to detect

low, but significantly higher than control, fluorescence signals

at 107 copies of VACV-N3R/NR DNA (Figures S4D–S4F and

S4J–S4L). We further investigated whether combination of

crRNAs targeting different genes can also enhance Cas12a

detection sensitivity. Indeed, combination of D6R-1 crRNA-1

and N4R-2 crRNA-2 increased the detection sensitivity of 108

copies VACV-N3R/N4R viral DNA to a similar degree as the com-

bination of N4R crRNA-2 and crRNA-4 (Figures S4M–S4O).

Therefore, combination of multiple crRNAs markedly increases

the sensitivity of the CRISPR-Cas12a system to detect

orthopoxviruses.
were calculated by performing simple linear regression to data merged from

ed to theDtemplate alone control through an analysis of covariance (ANCOVA).

ed) reaction times were calculated and are shown. Background fluorescence is

ates.



(legend on next page)
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RPA increases the detection limit of Cas12a to under 10
copies of orthopoxvirus DNA
The detection limit of orthopoxvirus DNA by CRISPR-Cas12a is

108 copies, which is not suitable for clinical diagnosis. To maxi-

mally increase the detection sensitivity by Cas12a, we designed

primers that can be used to amplify the vaccinia viral DNA se-

quences containing the target of D6R-1 or N4R-2 crRNA.

Sequence alignment analysis showed that these primers are

highly conserved in orthopoxviruses (Figure S5). We tested viral

DNA at concentrations of 102 copies, 10 copies, and 1 copy. Viral

DNA was first amplified with RPA using the designed primers at

37�C for 30 min, followed by incubation with the Cas12a/crRNA

detection system for 100 min. Results showed that the VACV

viral DNA was efficiently detected with the D6R crRNA-1 even

at 1 copy (Figures 4A–4D). As expected, N4R crRNA-2 did not

detect the VACV viral DNA at any concentration tested. The

VACV-N3R/N4R viral DNA was detected with both D6R

crRNA-1 andN4R crRNA-2 at 1 copy (Figures 4E–4H). Moreover,

mpox virus (MPXV) was amplified, and viral DNA were extracted

from MPXV-B.1-China-C-Tan-CQ01, which was isolated from

the only mpox case imported from a European country to China

on September 14, 2022.35 MPXV DNA was diluted to 102 copies,

10 copies, and 1 copy and determined by droplet digital PCR

(Figure S7C). Both D6R crRNA-1 and N4R crRNA-2 are able to

detect authentic MPXV DNA at 1 to 10 copies (Figures 5A–5D).

These results demonstrate the extremely high sensitivity of the

RPA-coupled Cas12a system in detecting orthopoxvirus at con-

centrations as low as 1–10 copies and its robust specificity in

distinguishing MPXV from other orthopoxviruses.

Toevaluate the potential utility of theRPA-Cas12asystem inde-

tecting orthopoxvirus in clinical samples, we first applied this

detection system to test the total DNA of Vero cells that were in-

fected with VACV or VACV-N3R/N4R at MOIs of 0.001, 0.0001,

and 0.00001. The uninfected Vero cells served as mock controls.

The number of viral DNA in the extracted total Vero cellular DNA

was first determined by droplet digital PCR (ddPCR)

(Figures S7A and S7B). The results showed that RPA-Cas12a sys-

tem, when supplied with D6R crRNA-1, was able to detect both

VACV and VACV-N3R/N4R from the infected cells (Figures S6A,

S6B, S6E, and S6F), and N4R crRNA-2 allowed detection of

VACV-N3R/N4R, but not VACV, in the infected cell DNA samples

(Figures S6C, S6D, S6G, and S6H). The RPA-Cas12a system did

not generate any positive fluorescence signals with samples of

the uninfected Vero cells. We further evaluate the specimens of

blister fluid swab, oropharyngeal swab, and nasopharyngeal

swab from the only mpox case.35 The results showed that both

D6R crRNA-1 and N4R crRNA-2 were able to detect MPXV DNA
Figure 3. Detection limit of Cas12a/crRNA for viral genomic DNA

(A, D, G, and J) Detection limits of crRNAs D6R-1 and N4R-2 were determined b

copies. Fluorescence signals over 100 min were recorded. Results are presented

N4R, recombinant VACV containing mpox virus N3R and N4R genes.

(B, E, H, and K) Slopes of the curves over 100 min shown in (A), (D), (G), and (J)

replicates and are shown as slope ±95% confidence interval. Slopes were comp

****p < 0.0001.

(C, F, I, and L) S/B ratios at 50 (black) and 100min (red) reaction times were calcula

presented as mean ± SD of three technical replicates.

See also Figure S4.
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in these clinical samples (Figures 5E–5H). To demonstrate the

specificity for mpox, we next tested the designed crRNAs against

negative controls including herpes simplex virus type 1/2, vari-

cella-zoster virus,Candida albicans, Staphylococcus epidermidis,

and P. aeruginosa. None of these pathogens generated positive

signals, confirming that these crRNAs are highly specific and suit-

able for clinical sampledetection (FigureS7D). Therefore, theRPA-

Cas12a system is able to detect as low as 10 copies of orthopox-

virus DNA from infected cells (MOI: 0.00001) and clinical samples,

which further supports their utility as a clinical diagnostic tool.

The one-tube RPA-Cas12a system detects
orthopoxvirus DNA at 10 copies within 30 min
Finally, we tested the integration of the amplification anddetection

steps into a one-tube, two-step system to simplify and shorten the

entireprocedure andminimize the riskof carry-over contamination

or aerosol pollution.36 We adopted the strategy of adding the

amplification reagents to the bottom of the tube and Cas12a/

crRNA reagents to the cap or wall of the tube as reported in other

studies (Figure 6A).37 RPA proceeded for 15 min, and then the

Cas12a/crRNA reagentswere spundown to start the detection re-

action for 20 min. For both viral DNA and clinical swabs, fluores-

cence signals quickly rose and reached plateau between 15 and

20 min. VACV was readily detected using D6R crRNA-1, and

VACV-N3R/N4R was detected with both D6R crRNA-1 and N4R

crRNA-2 (Figures 6B–6E). MPXV and specimens’ DNA were de-

tected with both D6R crRNA-1 and N4R crRNA-2 (Figures 6F–

6I). Therefore, this one-tube RPA-Cas12a system is able to detect

orthopoxviruses and distinguish MPXVs from other orthopoxvi-

ruses within 30min at 37�Cwith a detection limit of 10 copies viral

DNA, thus holding great potential of being developed into a highly

sensitive diagnostic tool for MPXV infection.

DISCUSSION

There are four major species of orthopoxviruses that are patho-

genic to humans, including variola virus, vaccinia virus, cowpox

virus, and MPXV. Mpox has similar but much milder clinical

manifestation compared with smallpox and has quickly spread

from its original endemic regions in Africa to Europe and the

US in recent years, thus now posing a greater threat to global

health.38 Molecule surveillance represents an effective tool to

monitor the transmission and evolution of MPXVs and has pri-

marily utilized the PCR method since 2006.39 PCR is suitable

for laboratory-based analysis but is not practical for mpox

testing at home or in resource-limited settings. To meet this

need, we have developed a one-tube RPA-Cas12a system that
y testing 10-fold dilution of each target viral genome ranging from 108 to 106

as mean ± SD of three technical replicates. VACV, vaccinia virus; VACV-N3R/

were calculated by performing simple linear regression to data merged from

ared to the Dtemplate alone control through an ANCOVA. NS, not significant;

ted and are shown. Background fluorescence is theDtemplate group. Data are



Figure 4. Detection of viral genomic DNAwith RPA-coupledCas12a/

crRNA

(A, C, E, and G) VACV and VACV-N3R/N4R viral genomes were diluted to 102

copies, 101 copies, and 1 copy. Viral DNA samples were first amplified with

RPA using both D6R primers and N4R primers and then added into the

Cas12a/crRNA detection system. Fluorescence signals over 100 min were

recorded. Background fluorescence is shown as Dtemplate. Data are pre-

sented as mean ± SD of three technical replicates.

(B, D, F, andH) Slopes of the curves over 20min shown in (A), (C), (E), and (G) were

calculated by performing simple linear regression to data merged from replicates

and are shown as slope ±95% confidence interval. Slopes were compared to the

Dtemplate alone control through an ANCOVA. NS, not significant; ****p < 0.0001.

See also Figure S5.
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can detect mpox infection within 30 min at 37�C and can distin-

guish MPXV from other orthopoxviruses.

The specificity of our RPA-Cas12detection system iswarranted

by thecarefully designedandvigorously testedcrRNAs.Oneset of
crRNAs recognizes the D6R and E9L genes that are conserved for

all known orthopoxviruses,while the other set targets theN3Rand

N4Rgene sequences that are unique forMPXVs. A combination of

the selected D6R crRNA-1 and N4R crRNA-2 allows Cas12a to

specifically detect MPXVs. This strategy can be applied to detect

specific subtypes of MPXVs, including any newMPXV lineages to

emerge, through properly designed and validated crRNAs that

target the differential DNA sequences between MPXV subtypes.

The ultrasensitivity of RPA-Cas12a relies on the RPA step of

the assay. Without RPA, the detection limit of Cas12a is 108

copies viral DNA. Inclusion of RPA increases the detection sensi-

tivity by several magnitudes to the range of 1–10 copies viral

DNA. Both LAMP and RPA methods have been used to comple-

ment the CRISPR-Cas system in nucleic acid detection. One

advantage of the LAMP method is its high sensitivity, as a set

of four primer pairs are used to recognize multiple target se-

quences simultaneously.40,41 However, LAMP requires 65�C to

function. RPA can efficiently operate between 37�C and 42�C,
and even at room temperature, which renders the use of RPA

in field applications.42,43 While RPA is suboptimal if the ambient

temperature is below 10�C, this can be compensated for by

longer reaction times.44 It is thus optimistic that the RPA-

Cas12a detection system can be deployed in at-home and field

testing of MPXV infections.

The one-tube RPA-Cas12a system proceeds with two sequen-

tial reactions, the RPA and Cas12a cleavage. Different strategies

have been reported to ensure this sequence of events. We have

added amplification reagents to the bottom and Cas12a reagents

to the cap of the tube so that these two reaction mixtures are

temporarily separated. Different concentrations of sucrose solu-

tions have been used to physically separate the RPA reaction sys-

tem and the Cas12a reaction system in one tube.36 A Cas12a-PB

sensorcomposedofachamberwasalso tested.45Finally, theone-

tubeSHERLOCKsystemhas theRPA reagentsdirectlymixedwith

the CRISPR reagents.46 Testing these different methods will help

optimize our one-tube RPA-Cas12a system for field testing of

MPXV infection.

In the current RPA-Cas12a detection system, the readout is a

fluorescence signal, which requires the use of a fluorescenceplate

reader. For homeand field testing, visual readout is an asset of any

successful diagnostic system. Different readout methods have

been tested and reported with the CRISPR-Cas system, including

visual colorimetric readout29 and lateral flow-based readout.47,48

In addition, point-of-care or field-deployable MPXV diagnostics

will require rapid and easy sample preparation. A few methods of

sample preparations have been reported for point-of care or

field-deployable diagnostics, including one-step sample extrac-

tion with TNA-Cifer Reagent,49 using dipstick extraction technol-

ogy,50 and disposable pen-like sensor systems,51 which can be

tested along with our mpox detection assay. Our RPA-Cas12a

system can be optimized by incorporating the visual readout

component and one-step sample preparations with the aim for

field and home use.

In summary, we have successfully developed a one-tubeRPA-

Cas12a system that can detect and distinguish MPXV from other

orthopoxviruses within 30 min at a minimum concentration of 1–

10 copies viral DNA. Its ultrasensitivity, robust specificity, and

short completion time support further development of this
Cell Reports Methods 3, 100620, October 23, 2023 7



Figure 5. Detection of authentic MPXV and

clinical samples with RPA-Cas12a

(A, C, E, and G) Viral DNA of MPXV and clinical sam-

ples was detected with the RPA-Cas12a system as

shown in Figure 4. Fluorescence signals over 100 min

are shown. Background fluorescence is shown as

Dtemplate. Data are represented as mean ± SD of

three technical replicates.

(B, D, F, and H) Slopes of the curves over 20 min

shown in (A), (C), (E), and (G) were calculated by per-

forming simple linear regression to data merged from

replicates and are shown as slope ±95% confidence

interval. Slopes were compared to the Dtemplate

alone control through an ANCOVA. NS, not significant;

****p < 0.0001.

See also Figures S6 and S7.
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Figure 6. Detection of viral DNA with the one-tube RPA-Cas12a system

(A) Illustration of the one-tube assay. Cas12a/crRNA RNP was added to the cap of the tube, and the RPA reagent was added to the tube bottom. After 15 min

incubation at 37�C for the RPA reaction to complete, Cas12a/crRNA RNPwas centrifuged to the bottom andmixed with the RPA products. Fluorescence signals

were recorded for 20 min.

(B–E) VACV and VACV-N3R/N4R viral DNA genomes were diluted to 102 and 101 copies/mL. RPA-Cas12a/crRNA reactions were performed as shown in (A). Viral

DNA was amplified with RPA using both the D6R primers and the N4R primers. Data are presented as mean ± SD of three technical replicates.

(F–I) MPXV viral DNA genomes and clinical samples in Figure 5. RPA-Cas12a/crRNA reactions were performed as shown in (A). Viral DNAwas amplified with RPA

using both the D6R primers and the N4R primers. Data are presented as mean ± SD of three technical replicates.

Article
ll

OPEN ACCESS
detection system into a diagnostic tool for MPXV and potentially

other pathogenic DNA viruses, which can be deployed in home-

testing, field-screening, and resource-limited settings.

Limitations of the study
The methods presented here allow for rapid and accurate diag-

nosis of MPXV under laboratory conditions. However, it has to

benoted that samplepreparation, visual readout, and temperature

may interfere with the sensitivity of the detection system. Further
development is needed for the deployment of field screening or

home testing. Besides, clinical samples came from only one

mpox case; the diversity of samples is insufficient.
STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:
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3. Dou, D., Revol, R., Östbye, H., Wang, H., and Daniels, R. (2018). Influenza

A Virus Cell Entry, Replication, Virion Assembly and Movement. Front. Im-

munol. 9, 1581. https://doi.org/10.3389/fimmu.2018.01581.
Cell Reports Methods 3, 100620, October 23, 2023
4. Lansiaux, E., Jain, N., Laivacuma, S., and Reinis, A. (2022). The virology of

human monkeypox virus (hMPXV): A brief overview. Virus Res. 322,

198932. https://doi.org/10.1016/j.virusres.2022.198932.

5. Breman, J.G., Kalisa, R., Steniowski, M.V., Zanotto, E., Gromyko, A.I., and

Arita, I. (1980). Humanmonkeypox, 1970-79. Bull. World Health Organ. 58,

165–182.

6. Likos, A.M., Sammons, S.A., Olson, V.A., Frace, A.M., Li, Y., Olsen-Ras-

mussen, M., Davidson, W., Galloway, R., Khristova, M.L., Reynolds,

M.G., et al. (2005). A tale of two clades: monkeypox viruses. J. Gen. Virol.

86, 2661–2672. https://doi.org/10.1099/vir.0.81215-0.

7. Simpson, K., Heymann, D., Brown, C.S., Edmunds, W.J., Elsgaard, J.,

Fine, P., Hochrein, H., Hoff, N.A., Green, A., Ihekweazu, C., et al. (2020).

Humanmonkeypox - After 40 years, an unintended consequence of small-

pox eradication. Vaccine 38, 5077–5081. https://doi.org/10.1016/j.vac-

cine.2020.04.062.

8. Burki, T. (2022). What does it mean to declare monkeypox a PHEIC? Lancet

Infect. Dis. 22, 1286–1287. https://doi.org/10.1016/s1473-3099(22)00540-0.

9. Organization, W.H. (2023). Mpox (Monkeypox) Outbreak:Global Trends,

pp. 2022–2023. https://worldhealthorg.shinyapps.io/mpx_global/.

10. Zhao, H., Wang, W., Zhao, L., Ye, S., Song, J., Lu, R., Zong, H., Wu, C.,

Huang, W., Huang, B., et al. (2022). The First Imported Case of Monkey-

pox in the Mainland of China - Chongqing Municipality, China,

September 16, 2022. China CDC Wkly. 4, 853–854. https://doi.org/10.

46234/ccdcw2022.175.

11. Alhamid, G., Tombuloglu, H., Rabaan, A.A., and Al-Suhaimi, E. (2022).

SARS-CoV-2 detection methods: A comprehensive review. Saudi J.

Biol. Sci. 29, 103465. https://doi.org/10.1016/j.sjbs.2022.103465.

12. Fu, J., Li, J., Chen, J., Li, Y., Liu, J., Su, X., and Shi, S. (2022). Ultra-specific

nucleic acid testing by target-activated nucleases. Crit. Rev. Biotechnol.

42, 1061–1078. https://doi.org/10.1080/07388551.2021.1983757.

13. Li, S.Y., Cheng, Q.X., Wang, J.M., Li, X.Y., Zhang, Z.L., Gao, S., Cao, R.B.,

Zhao, G.P., and Wang, J. (2018). CRISPR-Cas12a-assisted nucleic acid

detection. Cell Discov. 4, 20. https://doi.org/10.1038/s41421-018-0028-z.

14. Makarova, K.S., Wolf, Y.I., Alkhnbashi, O.S., Costa, F., Shah, S.A., Saun-

ders, S.J., Barrangou, R., Brouns, S.J.J., Charpentier, E., Haft, D.H., et al.

(2015). An updated evolutionary classification of CRISPR-Cas systems.

Nat. Rev. Microbiol. 13, 722–736. https://doi.org/10.1038/nrmicro3569.

15. Aman, R., Mahas, A., and Mahfouz, M. (2020). Nucleic Acid Detection Us-

ing CRISPR/Cas Biosensing Technologies. ACS Synth. Biol. 9, 1226–

1233. https://doi.org/10.1021/acssynbio.9b00507.

16. Zetsche, B., Gootenberg, J.S., Abudayyeh, O.O., Slaymaker, I.M., Makar-

ova, K.S., Essletzbichler, P., Volz, S.E., Joung, J., van der Oost, J., Regev,

A., et al. (2015). Cpf1 is a single RNA-guided endonuclease of a class 2

CRISPR-Cas system. Cell 163, 759–771. https://doi.org/10.1016/j.cell.

2015.09.038.

17. Li, S.Y., Cheng, Q.X., Liu, J.K., Nie, X.Q., Zhao, G.P., and Wang, J. (2018).

CRISPR-Cas12ahasbothcis-and trans-cleavageactivitiesonsingle-stranded

DNA. Cell Res. 28, 491–493. https://doi.org/10.1038/s41422-018-0022-x.

18. Gootenberg, J.S., Abudayyeh, O.O., Kellner, M.J., Joung, J., Collins, J.J.,

and Zhang, F. (2018). Multiplexed and portable nucleic acid detection plat-

form with Cas13, Cas12a, and Csm6. Science 360, 439–444. https://doi.

org/10.1126/science.aaq0179.

19. Teymouri,M., Mollazadeh, S.,Mortazavi, H., Naderi Ghale-Noie, Z., Keyvani,

V., Aghababaei, F., Hamblin, M.R., Abbaszadeh-Goudarzi, G., Pourghada-

myari, H., Hashemian, S.M.R., and Mirzaei, H. (2021). Recent advances

and challenges of RT-PCR tests for the diagnosis of COVID-19. Pathol.

Res. Pract. 221, 153443. https://doi.org/10.1016/j.prp.2021.153443.

20. Chen, J.S., Ma, E., Harrington, L.B., Da Costa, M., Tian, X., Palefsky, J.M.,

and Doudna, J.A. (2018). CRISPR-Cas12a target binding unleashes indis-

criminate single-stranded DNase activity. Science 360, 436–439. https://

doi.org/10.1126/science.aar6245.

21. Ding, X., Yin, K., Li, Z., Lalla, R.V., Ballesteros, E., Sfeir, M.M., and Liu, C.

(2020). Ultrasensitive and visual detection of SARS-CoV-2 using all-in-one

https://doi.org/10.1016/j.crmeth.2023.100620
https://doi.org/10.1016/j.crmeth.2023.100620
https://doi.org/10.1016/j.micpath.2022.105794
https://doi.org/10.3390/v12111257
https://doi.org/10.3389/fimmu.2018.01581
https://doi.org/10.1016/j.virusres.2022.198932
http://refhub.elsevier.com/S2667-2375(23)00284-9/sref5
http://refhub.elsevier.com/S2667-2375(23)00284-9/sref5
http://refhub.elsevier.com/S2667-2375(23)00284-9/sref5
https://doi.org/10.1099/vir.0.81215-0
https://doi.org/10.1016/j.vaccine.2020.04.062
https://doi.org/10.1016/j.vaccine.2020.04.062
https://doi.org/10.1016/s1473-3099(22)00540-0
https://worldhealthorg.shinyapps.io/mpx_global/
https://doi.org/10.46234/ccdcw2022.175
https://doi.org/10.46234/ccdcw2022.175
https://doi.org/10.1016/j.sjbs.2022.103465
https://doi.org/10.1080/07388551.2021.1983757
https://doi.org/10.1038/s41421-018-0028-z
https://doi.org/10.1038/nrmicro3569
https://doi.org/10.1021/acssynbio.9b00507
https://doi.org/10.1016/j.cell.2015.09.038
https://doi.org/10.1016/j.cell.2015.09.038
https://doi.org/10.1038/s41422-018-0022-x
https://doi.org/10.1126/science.aaq0179
https://doi.org/10.1126/science.aaq0179
https://doi.org/10.1016/j.prp.2021.153443
https://doi.org/10.1126/science.aar6245
https://doi.org/10.1126/science.aar6245


Article
ll

OPEN ACCESS
dual CRISPR-Cas12a assay. Nat. Commun. 11, 4711. https://doi.org/10.

1038/s41467-020-18575-6.

22. Daher, R.K., Stewart, G., Boissinot, M., and Bergeron, M.G. (2016). Re-

combinase Polymerase Amplification for Diagnostic Applications. Clin.

Chem. 62, 947–958. https://doi.org/10.1373/clinchem.2015.245829.

23. Suther, C., Stoufer, S., Zhou, Y., andMoore, M.D. (2022). Recent Develop-

ments in Isothermal Amplification Methods for the Detection of Foodborne

Viruses. Front. Microbiol. 13, 841875. https://doi.org/10.3389/fmicb.2022.

841875.

24. Zaghloul, H., and El-Shahat, M. (2014). Recombinase polymerase amplifi-

cation as a promising tool in hepatitis C virus diagnosis. World J. Hepatol.

6, 916–922. https://doi.org/10.4254/wjh.v6.i12.916.

25. Wang, L., Fu, J., Cai, G., Cheng, X., Zhang, D., Shi, S., and Zhang, Y.

(2022). Rapid and Visual RPA-Cas12a Fluorescence Assay for Accurate

Detection of Dermatophytes in Cats and Dogs. Biosensors 12, 636.

https://doi.org/10.3390/bios12080636.

26. Wang, Y.L., Zhang, X., Wang, Q., Liu, P.X., Tang, W., Guo, R., Zhang,

H.Y., Chen, Z.G., Han, X.G., and Jiang, W. (2022). Rapid and visual

detection of Staphylococcus aureus in milk using a recombinase poly-

merase amplification-lateral flow assay combined with immunomagnetic

separation. J. Appl. Microbiol. 133, 3741–3754. https://doi.org/10.1111/

jam.15811.

27. Shao, H., Jian, J., Peng, D., Yao, K., Abdulsalam, S., Huang, W., Kong,

L., Li, C., and Peng, H. (2023). Recombinase Polymerase Amplification

Coupled with CRISPR-Cas12a Technology for Rapid and Highly Sensi-

tive Detection of Heterodera avenae and Heterodera filipjevi. Plant Dis.

107, 1365–1376. https://doi.org/10.1094/pdis-02-22-0386-re.

28. Shchelkunov, S.N., Totmenin, A.V., Safronov, P.F., Mikheev, M.V., Gu-

torov, V.V., Ryazankina, O.I., Petrov, N.A., Babkin, I.V., Uvarova, E.A.,

Sandakhchiev, L.S., et al. (2002). Analysis of the monkeypox virus

genome. Virology 297, 172–194. https://doi.org/10.1006/viro.2002.1446.

29. Qin, C., Liu, J., Zhu, W., Zeng, M., Xu, K., Ding, J., Zhou, H., Zhu, J., Ke, Y.,

Li, L.Y., et al. (2022). One-Pot Visual Detection of African Swine Fever Virus

Using CRISPR-Cas12a. Front. Vet. Sci. 9, 962438. https://doi.org/10.

3389/fvets.2022.962438.

30. Yue,H., Shu,B., Tian,T., Xiong, E.,Huang,M., Zhu,D.,Sun, J., Liu,Q.,Wang,

S., Li, Y., and Zhou, X. (2021). Droplet Cas12a Assay Enables DNA Quantifi-

cation fromUnamplifiedSamplesat theSingle-MoleculeLevel.NanoLett.21,

4643–4653. https://doi.org/10.1021/acs.nanolett.1c00715.

31. Huyke, D.A., Ramachandran, A., Bashkirov, V.I., Kotseroglou, E.K., Kot-

seroglou, T., and Santiago, J.G. (2022). Enzyme Kinetics and Detector

Sensitivity Determine Limits of Detection of Amplification-Free CRISPR-

Cas12 and CRISPR-Cas13 Diagnostics. Anal. Chem. 94, 9826–9834.

https://doi.org/10.1021/acs.analchem.2c01670.

32. Essbauer, S., Pfeffer, M., and Meyer, H. (2010). Zoonotic poxviruses. Vet.

Microbiol. 140, 229–236. https://doi.org/10.1016/j.vetmic.2009.08.026.

33. Fozouni, P., Son, S., Dı́az de León Derby, M., Knott, G.J., Gray, C.N.,

D’Ambrosio, M.V., Zhao, C., Switz, N.A., Kumar, G.R., Stephens, S.I.,

et al. (2021). Amplification-free detection of SARS-CoV-2 with CRISPR-

Cas13a and mobile phone microscopy. Cell 184, 323–333.e9. https://

doi.org/10.1016/j.cell.2020.12.001.

34. Chen, Y., Yang, T., Qian, S., Peng, C., Wang, X., Wang, T., Che, Y., Ji, F.,

Wu, J., and Xu, J. (2022). Multiple crRNAs-assisted CRISPR/Cas12a

assay targeting cytochrome b gene for amplification-free detection of

meat adulteration. Anal. Chim. Acta 1231, 340417. https://doi.org/10.

1016/j.aca.2022.340417.

35. Huang,B., Zhao,H.,Song, J.,Zhao,L.,Deng,Y.,Wang,W.,Lu,R.,Wang,W.,

Ren,J.,Ye,F., et al. (2022). IsolationandCharacterizationofMonkeypoxVirus

from the First Case of Monkeypox - Chongqing Municipality, China, 2022.

China CDCWkly. 4, 1019–1024. https://doi.org/10.46234/ccdcw2022.206.

36. Yin, K., Ding, X., Li, Z., Zhao, H., Cooper, K., and Liu, C. (2020). Dynamic

Aqueous Multiphase Reaction System for One-Pot CRISPR-Cas12a-
Based Ultrasensitive and Quantitative Molecular Diagnosis. Anal. Chem.

92, 8561–8568. https://doi.org/10.1021/acs.analchem.0c01459.

37. Ali, Z., Aman, R., Mahas, A., Rao, G.S., Tehseen, M., Marsic, T., Salunke,

R., Subudhi, A.K., Hala, S.M., Hamdan, S.M., et al. (2020). iSCAN: An RT-

LAMP-coupled CRISPR-Cas12 module for rapid, sensitive detection of

SARS-CoV-2. Virus Res. 288, 198129. https://doi.org/10.1016/j.virusres.

2020.198129.

38. Kozlov,M. (2022). Monkeypox goes global: why scientists are on alert. Na-

ture 606, 15–16. https://doi.org/10.1038/d41586-022-01421-8.

39. Li, Y., Olson, V.A., Laue, T., Laker, M.T., and Damon, I.K. (2006). Detection

of monkeypox virus with real-time PCR assays. J. Clin. Virol. 36, 194–203.

https://doi.org/10.1016/j.jcv.2006.03.012.

40. Dhama, K., Karthik, K., Chakraborty, S., Tiwari, R., Kapoor, S., Kumar, A.,

and Thomas, P. (2014). Loop-mediated isothermal amplification of DNA

(LAMP): a new diagnostic tool lights the world of diagnosis of animal

and human pathogens: a review. Pakistan J. Biol. Sci. 17, 151–166.

https://doi.org/10.3923/pjbs.2014.151.166.

41. Parida, M.M., Santhosh, S.R., Dash, P.K., Tripathi, N.K., Saxena, P., Am-

buj, S., Sahni, A.K., Lakshmana Rao, P.V., and Morita, K. (2006). Develop-

ment and evaluation of reverse transcription-loop-mediated isothermal

amplification assay for rapid and real-time detection of Japanese enceph-

alitis virus. J. Clin. Microbiol. 44, 4172–4178. https://doi.org/10.1128/jcm.

01487-06.

42. Crannell, Z.A., Rohrman, B., and Richards-Kortum, R. (2014). Equipment-

free incubation of recombinase polymerase amplification reactions using

body heat. PLoS One 9, e112146. https://doi.org/10.1371/journal.pone.

0112146.

43. Wang, R., Zhang, F., Wang, L., Qian, W., Qian, C., Wu, J., and Ying, Y.

(2017). Instant, Visual, and Instrument-Free Method for On-Site Screening

of GTS 40-3-2 Soybean Based on Body-Heat Triggered Recombinase Po-

lymerase Amplification. Anal. Chem. 89, 4413–4418. https://doi.org/10.

1021/acs.analchem.7b00964.

44. Li, J., Macdonald, J., and von Stetten, F. (2018). Review: a comprehensive

summary of a decade development of the recombinase polymerase ampli-

fication. Analyst 144, 31–67. https://doi.org/10.1039/c8an01621f.

45. Wu, H., Qian, C., Wu, C., Wang, Z., Wang, D., Ye, Z., Ping, J., Wu, J., and

Ji, F. (2020). End-point dual specific detection of nucleic acids using

CRISPR/Cas12a based portable biosensor. Biosens. Bioelectron. 157,

112153. https://doi.org/10.1016/j.bios.2020.112153.

46. Kellner, M.J., Koob, J.G., Gootenberg, J.S., Abudayyeh, O.O., and

Zhang, F. (2019). SHERLOCK: nucleic acid detection with CRISPR nucle-

ases. Nat. Protoc. 14, 2986–3012. https://doi.org/10.1038/s41596-019-

0210-2.

47. Arizti-Sanz, J., Freije, C.A., Stanton, A.C., Petros, B.A., Boehm, C.K., Sid-

diqui, S., Shaw, B.M., Adams, G., Kosoko-Thoroddsen, T.S.F., Kemball,

M.E., et al. (2020). Streamlined inactivation, amplification, and Cas13-

based detection of SARS-CoV-2. Nat. Commun. 11, 5921. https://doi.

org/10.1038/s41467-020-19097-x.

48. Kham-Kjing, N., Ngo-Giang-Huong, N., Tragoolpua, K., Khamduang, W.,

and Hongjaisee, S. (2022). Highly Specific and Rapid Detection of Hepati-

tis C Virus Using RT-LAMP-Coupled CRISPR-Cas12 Assay. Diagnostics

12, 1524. https://doi.org/10.3390/diagnostics12071524.

49. Pollak, N.M., Fais, O., Kristoffersen, J., Phuthaworn, C., Knibb, W., and

Macdonald, J. (2022). Rapid sample preparation and low-resource molec-

ular detection of hepatopancreatic parvoviruses (HPV) by recombinase

polymerase amplification lateral flow detection assay in shrimps (Fenner-

openaeusmerguiensis). PLoSOne 17, e0276164. https://doi.org/10.1371/

journal.pone.0276164.

50. Kumar, S., Kharb, A., Vazirani, A., Chauhan, R.S., Pramanik, G., Sen-

gupta, M., and Ghosh, S. (2022). Nucleic acid extraction from complex

biofluid using toothpick-actuated over-the-counter medical-grade cot-

ton. Bioorg. Med. Chem. 73, 117009. https://doi.org/10.1016/j.bmc.

2022.117009.
Cell Reports Methods 3, 100620, October 23, 2023 11

https://doi.org/10.1038/s41467-020-18575-6
https://doi.org/10.1038/s41467-020-18575-6
https://doi.org/10.1373/clinchem.2015.245829
https://doi.org/10.3389/fmicb.2022.841875
https://doi.org/10.3389/fmicb.2022.841875
https://doi.org/10.4254/wjh.v6.i12.916
https://doi.org/10.3390/bios12080636
https://doi.org/10.1111/jam.15811
https://doi.org/10.1111/jam.15811
https://doi.org/10.1094/pdis-02-22-0386-re
https://doi.org/10.1006/viro.2002.1446
https://doi.org/10.3389/fvets.2022.962438
https://doi.org/10.3389/fvets.2022.962438
https://doi.org/10.1021/acs.nanolett.1c00715
https://doi.org/10.1021/acs.analchem.2c01670
https://doi.org/10.1016/j.vetmic.2009.08.026
https://doi.org/10.1016/j.cell.2020.12.001
https://doi.org/10.1016/j.cell.2020.12.001
https://doi.org/10.1016/j.aca.2022.340417
https://doi.org/10.1016/j.aca.2022.340417
https://doi.org/10.46234/ccdcw2022.206
https://doi.org/10.1021/acs.analchem.0c01459
https://doi.org/10.1016/j.virusres.2020.198129
https://doi.org/10.1016/j.virusres.2020.198129
https://doi.org/10.1038/d41586-022-01421-8
https://doi.org/10.1016/j.jcv.2006.03.012
https://doi.org/10.3923/pjbs.2014.151.166
https://doi.org/10.1128/jcm.01487-06
https://doi.org/10.1128/jcm.01487-06
https://doi.org/10.1371/journal.pone.0112146
https://doi.org/10.1371/journal.pone.0112146
https://doi.org/10.1021/acs.analchem.7b00964
https://doi.org/10.1021/acs.analchem.7b00964
https://doi.org/10.1039/c8an01621f
https://doi.org/10.1016/j.bios.2020.112153
https://doi.org/10.1038/s41596-019-0210-2
https://doi.org/10.1038/s41596-019-0210-2
https://doi.org/10.1038/s41467-020-19097-x
https://doi.org/10.1038/s41467-020-19097-x
https://doi.org/10.3390/diagnostics12071524
https://doi.org/10.1371/journal.pone.0276164
https://doi.org/10.1371/journal.pone.0276164
https://doi.org/10.1016/j.bmc.2022.117009
https://doi.org/10.1016/j.bmc.2022.117009


Article
ll

OPEN ACCESS
51. Lu, X., Lin, H., Feng, X., Lui, G.C., and Hsing, I.M. (2022). Disposable and

low-cost pen-like sensor incorporating nucleic-acid amplification based

lateral-flow assay for at-home tests of communicable pathogens. Biosens.

Bioelectron. X 12, 100248. https://doi.org/10.1016/j.biosx.2022.100248.
12 Cell Reports Methods 3, 100620, October 23, 2023
52. Mei, S., Fan, Z., Liu, X., Zhao, F., Huang, Y., Wei, L., Hu, Y., Xie, Y., Wang,

L., Ai, B., et al. (2022). Immunogenicity of a vaccinia virus-based severe

acute respiratory syndrome coronavirus 2 vaccine candidate. Front. Im-

munol. 13, 911164. https://doi.org/10.3389/fimmu.2022.911164.

https://doi.org/10.1016/j.biosx.2022.100248
https://doi.org/10.3389/fimmu.2022.911164


Article
ll

OPEN ACCESS
STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

VACV Tiantan strain this paper JX489139.1

MPVX Wenjie Tan MPVX-B.1-China-C-Tan-CQ01

Chemicals, peptides, and recombinant proteins

Penicillin-Streptomycin (5,000 U/mL) Thermo Fisher Scientific Cat#15070063

DMEM Hyclone Cat#SH30243.01

FBS Hyclone Cat#SH30396.02

EcoRI-HF NEB Cat#R3101S

BamHI-HF NEB Cat#R3136S

GenCRISPRTM Cas12a (Cpf1) Nuclease GenScript Cat#Z03502

10xNEBuffer2.1 NEB Cat# B6002S

Critical commercial assays

QIAamp DNA Mini Kit Qiagen Cat#51306

TwistAmp� Basic kit TwistDx Cat#TABAS03KIT

QuantStudio 3DDigital PCR 20KChip Kit v2 Applied Biosystems Cat#A26316

Experimental models: Cell lines

Vero ATCC Cat# CRL-1586

Oligonucleotides

ddPCR E9L-F this paper 50-GAACATTTTTGGCAGAGAGAGCC-30

ddPCR E9L-R this paper 50-CAACTCTTAGCCGAAGCGTATGAG-30

ddPCR Probe this paper FAM-

ACGCTTCGGCTAAGAGTTGCACATCCA-

TAMRA

crRNAs and RPA primers used in the study this paper Table S1

Recombinant DNA

puc57-D6R this paper N/A

puc57-E9L this paper N/A

puc57-N3R this paper N/A

puc57-N4R this paper N/A

Software and algorithms

BIO-RAD CFX manager Bio-RAD 1845000

GraphPad Prism 8.0 software GraphPad Prism N/A
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Fei Guo

(guofei@ipb.pumc.edu.cn)

Materials availability
This study did not generate new unique reagents. The detailed info of all materials and reagents used is given in the key resources

table.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines
Monkey kidney epithelial cells (Vero, CRL-1586) were purchased from American Type Culture Collection (ATCC). Cells were cultured

in DMEM supplemented with 10% FBS (Hyclone), 1% penicillin (100 U/ml) and streptomycin (100 mg/mL) (Thermo Fisher Scientific).

Virus and DNA samples
Recombinant vaccinia virus (VACV-N3R/N4R) bearing mpox virus genes N3R and N4R were generated by homologous recombina-

tion as reported.52 Briefly, mpox virus N3R and N4R sequences without ATG start codon were inserted into thymidine kinase (TK)

locus of the VACV Tiantan strain by homologous recombination. Recombinant vaccinia virus was obtained with five rounds of plaque

purification and the insertion of N3R and N4R into the viral genome was confirmed by PCR and DNA sequencing. VACV viruses and

purified recombinant VACV-N3R/N4R viruses were amplified by infecting Vero cells, and viral titers were determined with plaque

assay. To prepare DNA samples of infected cells, Vero cells were infected with VACV or VACV-N3R/N4R at different MOIs for 24 h.

MPXV were amplified by infecting Vero cells with the mpox virus MPXV-B.1-China-C-Tan-CQ01 that was isolated from the only

mpox case in China. Standard negative controls were purchased from GeneWell Company (Shenzhen) and all DNA were extracted

using QIAamp DNA mini kit (Qiagen), in accordance with the manufacturer’s instructions.

METHOD DETAILS

Plasmids construction
Full-length D6R gene (nucleotide positions 100176 to 102089) and E9L gene (nucleotide positions 53110 to 56130) were amplified by

PCR from vaccinia virus Tiantan strain DNA (GenBank accession number JX489139.1) and cloned into pUC57 vector usning EcoRI

and BamHI restriction sites. Full-length N3R gene (positions 190389 to 190919) and N4R gene (positions 191033 to 192346) from

mpox virus (GenBank accession number ON563414.3) were synthesized by Beijing Ruibio BioTech Co., LTD (Beijing, China) and

cloned into pUC57 vector using the same restriction sites. DNA copy number was calculated using the following formula: DNA

copy number per microliter = [(6.02x1023) x (plasmid concentration, in nanograms per microliter) x 10�9]/[(fragment length, in nucle-

otides) x 660].

crRNAs and RPA primers design
crRNAs of 23 nt were designed using CRISPR RGEN Tools (http://www.rgenome.net/cas-designer/). We confirmed the specificity of

each crRNA to orthopoxviruses or mpox using NCBI BLAST. For each target gene, we selected the top five crRNAs based on the

highest sequence identity to orthopoxviruses and the lowest sequence identity to human genes, to reduce the odds of off-target.

The 20 nt crRNA stem sequence is: 50-UAAUUUCUACUCUUGUAGAU-3’.

For RPA amplification, the amplicons were determined based on the target sequences of the most effective crRNAs of D6R and

N4R, RPA primers were designed based on TwistAmp Assay Design Manual. We also confirmed the specificity of RPA primers using

NCBI BLAST (Figure S5). See Table S1 for sequences of crRNAs and primers.

Fluorescence Cas12a nuclease assay
The Fluorescence Cas12a detection assay was performed with 50 nM AsCas12a, 62.5 nM crRNA, plasmid DNA or viral DNA of

different concentrations, and 500 nM quenched fluorescence reporter ssDNA. Briefly, the AsCas12a-crRNA RNP complexes

were preassembled by incubating 1.5 mL of AsCas12a (667 nM) and 2.5 mL of crRNA (500 nM) for 30 min at 37�C, then added

1 mL of ssDNA-FQ reporter (10 mM), 2 mL of 103reaction buffer, and 1 mL of plasmid DNA or viral DNA (109 to 10� copies/mL) or

10 mL RPA amplification product. Ultrapure water was added to keep the total volume of 20 mL. For assays containing more than

one crRNA simultaneously, the RNP complexes were separately assembled and then combined in the reaction at half (in 2 RNP

combinations) or one-third (in 3 RNP combinations) or one-fourth (in 4 RNP combinations) the volume to keep the total or combined

concentration of RNP constant. Reactions proceeded for 100 min at 37�C on BIO-RAD CFX96 Real-Time System. The fluorescence

signals were measured every 1 min (lex: 485nM; lem: 535nM).

Recombinase polymerase amplification (RPA)
RPA reaction was conducted using TwistAmp Basic kit (TwistDx). In brief, 1.2 mL of primer RPA-F (10 mM), 1.2 mL of primer RPA-R

(10 mM), 15 mL of RPA reaction buffer, 5.35 mL of ultrapure water, 1.25 mL of magnesium acetate (280 mM, MgOAc), and 1 mL of the

template DNA were mixed and incubated in BIO-RAD CFX96 Real-Time System at a constant temperature of 37�C for 15 to 30 min.

One-tube RPA-Cas12a cleavage assay
The 30 mL mixture containing AsCas12a (667 nM), 2.5 mL of crRNA (500 nM) and 3.5 mL of 103NEBuffer2.1 of 1.5 mL of AsCas12a

(667 nM), 2.5 mL of crRNA (500 nM) and 3.5 mL of 103NEBuffer2.1 (NEB, #B6002S) was added on the tube cap. The RPA mixture

containing 0.56 mL MgOAc (280 mM), 1.5 mL of primer RPA-F (10 mM), 1.5 mL of primer RPA-R (10 mM), and 14.75 mL of RPA reaction
e2 Cell Reports Methods 3, 100620, October 23, 2023
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buffer was added at the tube bottom. After RPA reaction at 37�C for 15 to 30 min, the mix on the tube cap was centrifuged into the

reaction solution and reaction continued at 37�C for 20min in BIO-RAD CFX96 Real-Time System.

Droplet digital PCR
The viral DNA was quantified by droplet-digital PCR (ddPCR) using QuantStudio 3D Digital PCR System (Applied Biosystems)

following QuantStudio 3D Digital PCR System USER GUIDE. The ddPCR reaction system contained target-specific forward and

reverse primers, FAM-labeled probe, master mix, template and ddH2O. The final concentration of primers used for E9L were

1mM. Probe (E9L: FAM-ACGCTTCGGCTAAGAGTTGCACATCCA-TAMRA) was synthesized by Tsingke Biotechnology Co., Ltd. (Bei-

jing, China) and the final concentration was 0.325 mM. Procedure of the ddPCRwere as follows: 95�C for 5 min, followed by 40 cycles

of 95�C for 15 s, 60�C for 20 s. The ddPCR primers are E9L-F (50-GAACATTTTTGGCAGAGAGAGCC-30) and E9L-R (50-CAACTCT
TAGCCGAAGCGTATGAG-30).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed with GraphPad Prism 8.0 software (GraphPad). Unless otherwise indicated, results are presented

as mean ± standard deviation (SD), and represent data from at least three independent experiments. The slope of the Cas12a reac-

tion is calculated with simple linear regression of raw data from time 0 for the set duration. Statistical significance was analyzed using

unpaired t test. Significance is indicated by asterisks: *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; NS, not significant.
Cell Reports Methods 3, 100620, October 23, 2023 e3
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