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ABSTRACT: CRISPR-Cas systems integrated with nucleic acid amplification techniques
improve both analytical specificity and sensitivity. We describe here issues and solutions
for the successful integration of reverse transcription (RT), recombinase polymerase
amplification (RPA), and CRISPR-Cas12a nuclease reactions into a single tube under an
isothermal condition (40 °C). Specific detection of a few copies of a viral DNA sequence
was achieved in less than 20 min. However, the sensitivity was orders of magnitude lower
for the detection of viral RNA due to the slow initiation of RPA when the complementary
DNA (cDNA) template remained hybridized to RNA. During the delay of RPA, the
crRNA-Cas12a ribonucleoprotein (RNP) gradually lost its activity in the RPA solution, and nonspecific amplification reactions
consumed the RPA reagents. We overcame these problems by taking advantage of the endoribonuclease function of RNase H to
remove RNA from the RNA-cDNA hybrids and free the cDNA as template for the RPA reaction. As a consequence, we significantly
enhanced the overall reaction rate of an integrated assay using RT-RPA and CRISPR-Cas12a for the detection of RNA. We showed
successful detection of 200 or more copies of the S gene sequence of SARS-CoV-2 RNA within 5−30 min. We applied our one-tube
assay to 46 upper respiratory swab samples for COVID-19 diagnosis, and the results from both fluorescence intensity measurements
and end-point visualization were consistent with those of RT-qPCR analysis. The strategy and technique improve the sensitivity and
speed of RT-RPA and CRISPR-Cas12a assays, potentially useful for both semi-quantitative and point-of-care analyses of RNA
molecules.

■ INTRODUCTION

CRISPR technology has significantly advanced genome editing
as well as molecular detection.1−5 CRISPR-associated (Cas)
proteins can target different genes of interest with a
corresponding guide RNA designed to be complementary to
the target nucleic acids.6 This programmable RNA-guided site-
specific recognition is simpler than the mechanisms of previous
genome editing tools because CRISPR-Cas eliminates the need
to engineer individual proteins for targeting each site.7 In the
CRISPR-Cas reaction cascade, target recognition activates Cas
systems to either operate on the target nucleic acids for gene
editing or function as a trans-cleavage nuclease to cleave
collaterally nucleic acid reporters for molecular detection.1,4,8,9

CRISPR-based diagnostics modularly combines nucleic acid
amplification techniques with the target-specific detection
capability of CRISPR-Cas systems. Combining isothermal
amplification with CRISPR-Cas is especially advantageous for
potential point-of-care applications. Isothermal amplification,
such as loop-mediated isothermal amplification (LAMP)10 and
recombinase polymerase amplification (RPA),11 can exponen-
tially amplify DNA rapidly to improve analytical sensitivity but
is susceptible to nonspecific amplification, which weakens
analytical specificity if target-specific detection probes are not
used. Following isothermal exponential amplification, CRISPR-

Cas systems specifically detect the amplicon of target
molecules and thus improve analytical specificity.5 Thus,
methods of combining nucleic acid amplification with
CRISPR-Cas have been successfully applied to the detection
of pathogens, including SARS-CoV-2, the causative agent of
the coronavirus disease of 2019 (COVID-19).12−14

Limited by the incompatibility of the reaction temperature
and reagents, most isothermal assays used the CRISPR
technology for detection in a separate post-amplification
step.8,13,15 However, opening tubes after exponential amplifi-
cation risks contaminating the working environment with the
DNA amplicons and causing false positives.16 Therefore, it is
desirable to complete both the amplification and detection in
the same tube without opening the tube after the amplification
step.
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RPA typically operates at a moderate temperature (e.g., 40
°C),11 matching the optimal reaction temperatures of most
Cas enzymes, such as Cas13a and Cas12a.17 Cas12a recognizes
double-stranded DNA (dsDNA) and is suitable for the direct
detection of dsDNA amplicons. Cas13a recognizes RNA and
requires an extra step of T7 transcription of DNA amplicons
for detection. Although RPA and CRISPR-Cas systems have
been integrated into single-tube assays,8,18−26 most of these
assays require the separate placement of RPA and CRISPR-Cas
reagents to achieve sensitive detection (Supporting Informa-
tion Table S1).8,18,20−22 Ding et al.23 recently developed a one-
pot assay with the RT-RPA and CRISPR-Cas12a reactions
taking place in the same solution. This assay used two crRNA-
Cas12a ribonucleoproteins (RNPs), each activated by a
displaced single-stranded region of the RPA amplicon, to
generate fluorescence signals. However, the crRNA-Cas12a
RNP is less specific for differentiating mismatches in single-
stranded DNA (ssDNA) than in dsDNA.8 Additionally, the use
of the two RNPs requires the design of two crRNA sequences
and increases the cost of the assay.
Previous studies also showed that the detection of RNA

using RT-RPA and CRISPR-Cas is less sensitive than the
detection of DNA,13,24 the reason for which has not been well
elucidated. We hypothesize that rapid initiation of RPA is
critical for the success of a single-tube assay and that dynamic
formation of RNA-cDNA hybrids delays the initiation of RPA.
We report here our tests of the hypothesis, our understanding
of the underlying problem, and an approach to overcoming the
problem. Using the detection of SARS-CoV-2 RNA as an
example, we reveal the importance of generating single-
stranded cDNA for rapid RPA initiation in an integrated RT-
RPA-CRISPR-Cas12a technique and demonstrate a single-tube
assay for the rapid and semi-quantitative detection of a specific
RNA target. To ensure the specificity of the assay, we design a
crRNA to recognize the dsDNA of the RPA amplicons instead
of recognizing the ssDNA. An additional benefit of using the
crRNA targeting dsDNA is that the trans-cleavage activity of
crRNA-Cas12a RNPs is higher for dsDNA than for ssDNA.8

Thus, only one RNP is needed to generate readout signals for
detection.

■ EXPERIMENTAL SECTION
SARS-CoV-2 Viral RNA. The original SARS-CoV-2 virus

strain (SARS-CoV-2/CANADA/VIDO 01/2020) was ob-
tained from the University of Saskatchewan, Canada. SARS-
CoV-2 was produced from the infection of Vero-E6 cells at a
multiplicity of infection (MOI) of 0.01 for 48 h followed by
harvesting of the supernatant. The amount of SARS-CoV-2
RNA in the supernatant was measured by RT-quantitative
PCR (RT-qPCR). RNA in 140 μL cell supernatants was
isolated by using the QIAmp Viral RNA Mini kit (Qiagen) and
reverse transcribed using the Superscript IV Vilo Master Mix
(Invitrogen). The S gene and RdRp gene were quantified using
a lab-developed RT-qPCR assay. A 2 μL aliquot of RNA
extracts was mixed with the RT-qPCR master mix, which
comprised 0.6 μL of 10 μM each primer, 0.5 μL of 10 μM
probe, and 1× TaqPath 1-Step RT-qPCR Master Mix
(ThermoFisher) to a final volume of 20 μL. The sequences
of primers and probes and RT-PCR program are listed in
Tables S2−S4.
RT-RPA and Cas12a Reactions in a Single Tube Assay.

LbCas12a RNP containing 0.5 μM LbCas12a (NEB, M0653T)
and 0.65 μM crRNA in 1× NEB buffer 2.1 was incubated at 37

°C for 0.5 h and kept on ice. Before each analysis, the RT mix
for eight reactions was prepared by mixing 1 μL of 10× M-
MuLV Buffer, 0.8 μL of RPA primer mix (50 μM each), 2 μL
of 10 mM dNTP, 4 μL of 200 U/μL M-MuLV reverse
transcriptase (NEB, M0253L), and 2 μL of 2 U/μL RNase H
(ThermoFisher, 18021−014). The RPA mix was prepared by
adding 52 μL of rehydration buffer, 0.8 μL of RPA primer mix
(50 μM each), and 10 μL of 100 μM Cas12a reporter to two
tubes of lyophilized RPA reagents (TwistAmp Basic Kit).
The single-tube assay was conducted in a MicroAmp Fast 8-

Tube Strip (ThermoFisher, 4358293). To allow all reactions in
the same batch to start at the same time with sufficient
priming, 4 μL of sample and 1.1 μL of RT mix were added to
the lid. Separate from this mixture, 1 μL of MgOAc (280 mM)
was added to another location of the lid. LbCas12a RNP (1
μL) was added to the bottom of the tube, and the RPA mix (7
μL) was added to the wall of the tube. Then, the tubes were
spun, and the reaction was mixed thoroughly (∼10 inversions)
followed by another spin before real-time fluorescence
monitoring (StepOnePlus Applied Biosystems). The single-
tube RPA-Cas12a assay for DNA followed the same protocol
except for omitting the RT mix but adding a total of 1.6 μL of
RPA primer mix (50 μM each) into the RPA mix.

Analysis of Clinical Samples for the S Gene of SARS-
CoV-2 RNA. We analyzed RNA extracts from 46 clinical
specimens of Alberta, Canada residents, comprising 21 SARS-
CoV-2 positive specimens and 25 SARS-CoV-2 negative
specimens confirmed with an RT-qPCR assay.27 RNA from
each of the 46 respiratory nasopharyngeal swab specimens was
extracted using one of the three platforms: the easyMAG
(BioMerieux, Quebec, Canada), the KingFisher Flex auto-
mated extraction and purification systems (Thermo Fisher), or
the Hamilton STARlet automated extractor (Hamilton, Reno,
NV). The specimen input was 200 μL, and the purified nucleic
acid was extracted into 100 μL total volume of the RNA extract
from each specimen. An aliquot of 1−4 μL of RNA extract was
used as the sample input for the one-tube RT-RPA-Cas12a
assay of the S gene of SARS-CoV-2.

■ RESULTS AND DISCUSSION
Integration of Reverse Transcription (RT), Recombi-

nase Polymerase Amplification (RPA), and CRISPR-
Cas12a Detection in a Single Tube. The overall process
of integrating reverse transcription (RT), recombinase
polymerase amplification (RPA), and CRISPR-Cas12a-medi-
ated signal generation, in order to detect a specific RNA in a
single tube under isothermal conditions (40 °C), is shown in
Figure 1. We use the detection of the viral RNA of SARS-CoV-
2 as an example to illustrate the principles of our integrated
RT-RPA-CRISPR-Cas12a assay, which includes the following
reactions in one tube: reverse transcription of the RNA
template producing a complementary DNA (cDNA), removal
of the RNA template from cDNA by RNase H, exponential
amplification of the cDNA by RPA, CRISPR RNA (crRNA)-
directed recognition of dsDNA amplicons by the crRNA-
Cas12a ribonucleoprotein (RNP), and multiple cleavage of
quencher-fluorophore ssDNA reporters by the activated RNP,
resulting in detectable fluorescence.

Optimization of RPA-CRISPR-Cas12a in a Single Tube.
To integrate RPA with CRISPR-Cas12a detection for high
sensitivity and specificity, we first examined the detection of a
specific DNA sequence, which was reverse transcribed from a
conserved region of SARS-CoV-2 RNA within the spike (S)
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protein. We chose to target dsDNA using CRISPR-Cas12a
because CRISPR-Cas12a has a higher specificity for dsDNA
than for ssDNA.8 We designed a crRNA to target a specific
sequence of dsDNA between the sequences recognized by the
two RPA primers15 (Figure S1). The CRISPR-targeting site
contained a PAM domain of TTTV and a recognition domain
of 20 nt (Figure S1).
We optimized the reaction conditions for both RPA and

CRISPR-Cas12a, with an emphasis on maximizing the
amplification efficiency of RPA and thus the signal generation
capability of CRISPR-Cas12a. A higher concentration of Mg2+

(21 mM) than that recommended for the RPA kit (14 mM)
enhanced the hybridization between the primers and the DNA
templates, thus improving amplification and detection (Figure
S2A). The optimum crRNA-Cas12a RNP concentration of 30
nM provided the fastest kinetics of nuclease activity for the

amplified fluorescence detection (Figure S2B). The design and
use of a shorter ssDNA reporter than those used by others
minimized background fluorescence.
The integration of RPA and CRISPR-Cas12a reactions in

one tube resulted in the successful detection of the specific
DNA sequences corresponding to the S gene of SARS-CoV-2.
The overall reaction took only 5−22 min to detect DNA
ranging from 106 copies to 5 copies (Figure 2). The intensity
of the fluorescence signals increases with the concentration of
the target DNA. We determined that the measured
fluorescence intensity of 150,000 (arbitrary unit) or higher
corresponded to the visible fluorescence easily recognizable by
the naked eyes (Figure S3). The time needed to reach this
threshold fluorescence intensity was correlated inversely with
the concentration of the target DNA (Figure 2B). The
detection of five copies of DNA took only 22 min to reach the
threshold fluorescence intensity of 150,000.

Challenges and Necessity for Rapid Initiation of the
RPA Reaction. Having succeeded in rapid and sensitive
detection of DNA, we extended the assay to the detection of
viral RNA from SARS-CoV-2. The assay was able to detect
high concentrations of RNA. However, the detection of 10,000
copies of RNA required 35 min (Figure S4), whereas the
detection of only five copies of the equivalent DNA sequence
was achieved in 22 min (Figure 2B). We investigated this
dramatic decrease in sensitivity for the detection of RNA
compared to the detection of DNA. We hypothesized that
reverse transcription of RNA to cDNA delayed the initiation of
the RPA reaction. We reasoned that the slow initiation of RPA
could cause two problems in the one-tube assay: (1)
nonspecific amplification reactions could consume the RPA
reagents, and (2) the activity of the crRNA-Cas12 RNP
decreased over time prior to its activation by the target dsDNA
amplicons.
We first examined nonspecific amplification products using

SYBR Green detection. In the absence of the target, SYBR
Green fluorescence was detectable within 10 min of the one-
tube reactions (Figure S5). Although the nonspecific
amplicons were not detectable by CRISPR-Cas12a, the
nonspecific reactions could deplete RPA reagents and impede
the detection of low copy numbers of the target RNA.

Figure 1. Schematics showing integration of reverse transcription
(RT), recombinase polymerase amplification (RPA), and CRISPR-
Cas12a-mediated fluorescence generation for isothermal (40 °C)
single-tube detection of specific RNA. Once a sample is added to a
reaction tube containing RT-RPA and CRISPR-Cas12a reagents, the
tube is kept closed and maintained at 40 °C. RPA primers and reverse
transcriptase interact with the target RNA to produce a comple-
mentary DNA (cDNA). RNase H cleaves the RNA template to make
the cDNA free for exponential amplification by RPA. Directed by the
CRISPR RNA (crRNA), the crRNA-Cas12a ribonucleoprotein
(RNP) recognizes and binds to the specific sequence (shown in
orange and purple) in dsDNA amplicons. Sequence-specific binding
of the RNP/dsDNA complex activates the trans-cleavage activity of
Cas12a, resulting in cleavage of short ssDNA reporters and thereby
generating fluorescence.

Figure 2. Fluorescence intensity, measured over time, from the single-tube RPA-Cas12a assay for the detection of the DNA sequence of the SARS-
CoV-2 S gene, ranging from 5 copies to 106 copies. The standard deviation from triplicate analyses of each DNA concentration is shown as a
matching colored band around each curve. (A) Fluorescence intensity measured over time. (B) Fluorescence intensity up to a set threshold value of
150,000 (arbitrary unit) and the time took to reach this threshold fluorescence intensity.
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To understand the second problem, we tested the activity of
the crRNA-Cas12a RNP in a scenario in which the DNA
required to activate the RNP (DNA activator) was added after
a time of delay. Normally, when the RNP was activated
without delay (red curve in Figure 3A and Figure S6A), its
catalytic activity remained over time (70 min) as indicated by
the continuing increase of fluorescence due to the trans-
cleavage of the reporters by the RNP. However, when the
addition of the DNA activator was delayed by 20−50 min, the
slower increase of fluorescence over time indicated lower
activity of the RNP. If the activation of RNP was delayed by 20
min in the reaction mixture of RPA and CRISPR-Cas12a, the
RNP lost 30% of its activity as indicated by the reduced initial
cleavage rate (Figure 3B). A 40 min delay of the RNP
activation resulted in more than 50% loss of the RNP activity
in the reaction mixture. The decrease in the activity of non-

activated Cas12a RNP was not caused by changes in the buffer
pH or concentration of reagents. When fresh RNP and DNA
activator were added to the RPA reaction mixture after a 60
min delay, a normal activity (and initial cleavage rate as shown
in Figure 3B and Figure S6B) was observed. These results
suggest that the timely activation of the RNP by the DNA
target is critical for the trans-cleavage activity of the RNP.
In the presence of all the reagents for RT, RPA, and

CRISPR-Cas12a reactions in a single tube, both nonspecific
amplification and loss of RNP activity occurred. Overcoming
both problems requires the rapid generation of DNA
amplicons from trace amounts of the RNA target and rapid
initiation of RPA.

Removal of the RNA Template after Reverse Tran-
scription Significantly Improves the Performance of the
Single-Tube RT-RPA-Cas12a Assay. Reverse transcription

Figure 3. Stability of crRNA-Cas12a ribonucleoprotein (RNP) activity in the RPA reaction solution, measured by the fluorescence intensity of the
reporter (A) and initial cleavage rate of the trans-cleavage activity of crRNA-Cas12a RNP (B). There was no amplification target in the mixture.
Instead, a short dsDNA activator, containing only a CRISPR-targeting sequence but no primer binding sequence, was used to activate the RNP.
The dsDNA activator (10 nM, 1.25 μL) and a quencher-fluorophore-labeled ssDNA reporter (100 μM, 1.25 μL) were added to separate tubes
containing RPA reagents (11 μL) and RNP (0.5 μM, 1 μL) at different delay times (0−50 min). At a delay time of 60 min, fresh RNP (0.5 μM, 1
μL), along with the DNA activator and reporter, was added. The trans-cleavage of the quencher-fluorophore-labeled ssDNA reporter by the RNP
generated fluorescence. The initial cleavage rate in Figure 3B was calculated by converting the slopes of curves in Figure 3A to the concentration of
reporters cleaved in 1 min based on a calibration curve of fluorescence intensity vs concentration of reporters cleaved (Figure S6C).

Figure 4. Comparison of reverse transcriptases and supplementation of RNase H in the detection of the S gene of SARS-CoV-2 RNA using the
integrated RT-RPA-Cas12a assay. (A) Comparison of four reverse transcriptases used in the detection of 1000 copies of SARS-CoV-2 RNA,
namely, ProtoScript II (200 U/μL, 0.5 μL/reaction), AMV (10 U/μL, 0.5 μL/reaction), RevertAid (200 U/μL, 0.5 μL/reaction), and M-MuLV
(200 U/μL, 0.5 μL/reaction). (B) Addition of RNase H to the RT-RPA-Cas12a reaction mixture for the detection of 100 copies of SARS-CoV-2
RNA.
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of RNA and dissociation of the RNA-cDNA hybrid are two
potential critical processes leading to rapid RPA initiation. We
compared four different reverse transcriptases, Protoscript II,28

AMV,29 RevertAid,30 and M-MuLV,31 used in our assay for the
detection of SARS-CoV-2 RNA (Figure 4). With M-MuLV,
the assay required only 15 min to produce a fluorescence
intensity of 150,000 (arbitrary unit), whereas 30 min was
needed when the other three reverse transcriptases were used
(Figure 4A). M-MuLV is known to have a “functional RNase
H domain”, whereas the other three reverse transcriptases have
either reduced or no RNase H activities.28−31 The endor-
ibonuclease activity of RNase H catalyzes the hydrolysis of
phosphodiester bonds of RNA in RNA-DNA hybrids.32 The
removal of RNA from the RNA-cDNA hybrids leaves cDNA
free to hybridize with RPA primers for amplification. We
hypothesized that RNase H and its ability to remove RNA
from the cDNA played an important role in fast RPA initiation.
To test the requirement for RNase H, we conducted assays

with or without supplementing the single-tube mixtures of RT,
RPA, and CRISPR-Cas12a reactions with RNase H (Figure
4B). One hundred copies of SARS-CoV-2 RNA were
detectable in 44 min using the M-MuLV reverse transcriptase,
which has a functional RNase domain. Supplementing the
reaction with additional RNase H resulted in a shorter time
(35 min) to produce equivalent fluorescence for the detection
of the same amount of RNA. When Protoscript II was used as
the reverse transcriptase, the assay could not yield a positive
detection of 100 copies of SARS-CoV-2 RNA after 60 min.
With the addition of RNase H to the reaction mixture, the
detection of this low number of RNA molecules was achieved
in 38 min (Figure 4B). These results demonstrate the
importance of including RNase H to the single-tube reaction
mixture. The addition of RNase H did not impair the trans-
cleavage activity of Cas12a (Figure S7).
To further confirm that the treatment of the RNA-cDNA

hybrid with RNase H was important for the detection of low
copy numbers of SARS-CoV-2 RNA, we separated the reverse

transcription of viral RNA from the subsequent RPA-Cas12a
reaction and prepared RNA-cDNA hybrids using ProtoScript
II. Since ProtoScript II reverse transcriptase has little RNase H
activity, and the reaction temperature is relatively low (37−40
°C), RNA-cDNA hybrids remain after reverse transcription.
We then left half aliquot untreated as RNA-cDNA hybrids and
added RNase H to the other aliquot to obtain free cDNA. Both
aliquots were subsequently inactivated, diluted, and analyzed
using the RPA-Cas12a assay. RNase H treatment shortened
the time to the positive detection of various amounts of RNA
ranging from 50 to 500 copies per reaction (Figure 5A). The
enhancement by the addition of RNase H was more significant
at lower concentrations of the target RNA. We confirmed the
finding of the RNase H treatment by extending the approach
to the detection of low copy numbers of the RdRp gene of
SARS-CoV-2 (Figure 5B and Figure S8). Fifty copies of the
RdRp gene were detectable only after RNase H was added to
the reaction (Figure 5B).
Our result demonstrated the necessity of RNase H in the

single-tube assay of viral RNA involving RT, RPA, and
CRISPR-12a reactions. The observed differences in the overall
sensitivity between DNA detection and RNA detection may be
explained by the requirement for rapid initiation of RPA and
the function of the main proteins involved in RPA. For the
detection of DNA by RPA, the interaction of primers with the
template is facilitated by a recombinase and an ssDNA-binding
protein (SSB). The recombinase unwinds dsDNA and allows
the primers to hybridize with the template strand for the
subsequent polymerase extension. SSB binds to the displaced
strand, preventing the primers from being displaced.11

However, in RNA detection, the RNA-cDNA hybrid formed
after the reverse transcription of RNA has a lower binding
affinity to SSB. Without SSB to bind and hold onto the
displaced RNA strand, the ability of RPA to load the primers to
the template is decreased. Therefore, additional RNase H
activity is required to remove RNA from RNA-cDNA hybrids,
making cDNA available for the rapid initiation of RPA.

Figure 5. RNase H shortens the time for the positive detection of the RNA targets in both the S gene and RdRp gene. (A) Effect of RNase H
treatment on the detection of the S gene cDNA at different concentrations. The RNA target (5 × 104 copies) was first reverse transcribed using
ProtoScript II (NEB, M0368L) at 42 °C for 50 min in 1× ProtoScript II buffer with 1 μM of each RPA primer, 0.01 M DTT, and dNTP mix (1
mM each). Equal aliquots of the reverse transcription products were either treated with RNase H (1 U for 5 μL cDNA) at 42 °C for 10 min or an
equivalent amount of water. The enzymes were then inactivated at 80 °C for 5 min. Serial dilutions corresponding to cDNA concentrations of 50,
100, and 500 copies/reaction were made and analyzed using the RPA-Cas12a assay. (B) Effect of RNase H treatment on the detection of the RdRp
gene cDNA at different concentrations. Experimental procedures were the same as for the detection of the S gene, except RPA primers RdRP-F2-5
and Rd-R1, and CRISPR RNA RdRp-crRNA3 were used (sequences in Figure S8).
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Figure 6. Detection of the S gene of SARS-CoV-2 RNA using the single-tube RT-RPA-Cas12a assay. (A) Fluorescence generation over time in
response to the SARS-CoV-2 RNA extracted from the Vero E6 cell culture medium. The standard deviation of triplicates in each SARS-CoV-2
RNA concentration is shown as a shadow around the curve in the same hue. (B) Correlation of time to threshold and concentration of SARS-CoV-
2 RNA.

Figure 7. Results from the RT-RPA-Cas12a analysis of 46 clinical upper respiratory swab samples using real-time fluorescence detection (A, B) and
end-point (90 min) visualization (C). (A) Correlation between the results of RT-RPA-Cas12a analysis and RT-qPCR analysis of 21 positive
samples. The time to reach the threshold fluorescence of 150,000 (arbitrary unit) was obtained from continued real-time monitoring of
fluorescence at 1 min intervals. (B) Results of RT-RPA-Cas12a analysis and RT-qPCR analysis of 25 negative samples. None of the negative
samples reached threshold fluorescence after 90 min of reaction. (C) End-point fluorescence visualization of 46 samples along with negative
controls (NC) and positive controls (PC).
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Single-Tube RT-RPA-CRISPR-Cas12a Assay for the
Detection of SARS-CoV-2 RNA. We successfully integrated
RT, RPA, and CRISPR-Cas12a into a single tube for the
detection of SARS-CoV-2 RNA. Compared with adding
CRISPR-Cas12a at the end of RT-RPA reaction, real-time
monitoring of the fluorescence signal in this single-tube assay
also provided the relative SARS-CoV-2 RNA concentration
(Figure S9). Viral RNA was extracted from a SARS-CoV-2-
infected Vero-E6 cell culture medium and diluted to various
concentrations, ranging from 105 copies/reaction to 1 copy/
reaction. We were able to detect 120 copies of viral RNA in
under 40 min (Figure 6A). However, we observed an
increasing variation among repeat tests of viral RNA samples
with low copy numbers. In two of the three tests of 12 copies
of viral RNA per reaction, the fluorescence signals were
increasing and could be differentiated from background;
however, the fluorescence intensity did not reach the threshold
value of 150,000 within 90 min. We therefore examined the
reproducibility of our assay for the detection of low copy
numbers of viral RNA. Viral RNA ranging from 50 to 400
copies was analyzed in nine replicate experiments. We
consistently detected 9 positives in all 9 tests when 200 or
more copies of viral RNA were present in each reaction
(Figure S10). The detection of very low numbers of RNA was
less consistent, resulting in 8 positives in 9 tests of 100 copies
of SARS-CoV-2 RNA/reaction and 7 positives in 9 tests of 50
copies/reaction. The limit of detection for RNA, 200 copies/
reaction (or 50 copies/μL of RNA extract sample), meets the
sensitivity requirement for the population SARS-CoV-2
screening test, which is estimated to be 100 copies/μL.33

The S gene target of SARS-CoV-2 is sufficiently different from
the corresponding regions in SARS-CoV and MERS-CoV
(Figure S11) for the CRIPSR-Cas12a RNP to differentiate
them. Thus, the SARS-CoV and MERS-CoV gene (104 copies/
reaction) did not generate any false positive result (Figure
S11).
While other RPA-based assays have primarily been used for

binary positive or negative screening tests, our RT-RPA-
Cas12a assay provided a semi-quantitative detection of SARS-
CoV-2 RNA in a range of 100 to 100,000 copies/reaction
(Figure 6B). The time to threshold correlated with the
concentrations of SARS-CoV-2 RNA in the samples. Detection
of SARS-CoV-2 RNA at concentrations over 105 copies (Ct =
18) was achieved in 7 min with the RT-RPA-Cas12a assay
(Figure 6B and Figure S12).
Analysis of RNA Extracted from Respiratory Swab

Clinical Samples. We applied our single-tube assay to upper
respiratory swab samples collected from 46 patients for
COVID-19 diagnosis at Alberta Precision Laboratories
(APL). APL analyzed RNA extracts by RT-qPCR for the E
gene or the N gene and found that 25 samples were negative
and 21 were positive with Ct values ranging from 19 to 34. We
analyzed an aliquot (1−4 μL) of the sample extract using our
single-tube RT-RPA-Cas12a assay. We successfully identified
all the negative samples as negative (Figure 7B) and 18 of the
positive samples as positive (Figure 7A). Three samples (#4,
#39, and #44) that required 33.9, 33.9, and 32.7 cycles (Ct) to
achieve positive detection using RT-qPCR did not reach the
fluorescence intensity of 150,000 within 90 min using the RT-
RPA-Cas12a assay. This was expected because the concen-
tration of viral RNA was very low (<20 copies of S gene per
reaction) in these three samples and the sample volume used
for the RT-RPA-Cas12a assay (1−4 μL) was less than half for

the RT-qPCR analysis (5−10 μL). Nonetheless, the results of
the 18 positive samples from these two assays were consistent,
with a Pearson correlation coefficient of 0.653 between the Ct
values from RT-qPCR and the time to threshold from the RT-
RPA-Cas12a analysis (Figure 7A).
We also visualized the end-point fluorescence of all the 46

samples using our RT-RPA-Cas12a assay, thereby avoiding the
use of an expensive RT-qPCR instrument. We were able to
differentiate the positive samples with bright fluorescence from
the negative samples with almost no fluorescence (Figure 7C).
The results were consistent with our real-time fluorescence
detection (Figure 7A,B, Figure S13).

■ CONCLUSIONS

We integrated reverse transcription (RT), recombinase
polymerase amplification (RPA), and Cas12a-mediated
detection in a single tube for rapid and sensitive RNA
detection. We first achieved the detection of a few copies of
DNA in 20 min using the integrated RPA-Cas12a assay, but
our initial attempt showed that the assay did not perform as
well for RNA detection. Our study on the compatibility of RT,
RPA, and Cas12a-mediated detection suggested the impor-
tance of rapid reverse transcription reaction and RPA initiation
because once all the reagents are mixed in a single tube, both
nonspecific RPA amplification and loss of Cas12a RNP activity
occur.
We identified the importance of RNase H on the overall

reaction rate and sensitivity of the RT-RPA-Cas12a assay in a
single tube for the detection of RNA. Free cDNA initiates the
RPA-Cas12a reaction more efficiently than RNA-cDNA
hybrids. When the RNA copy number is very low, there is
little freely available cDNA. RNase H removed the RNA from
RNA-cDNA hybrids and significantly enhanced the perform-
ance of the integrated RT-RPA-Cas12a assay. Research
focusing on the development of RT-RPA techniques has also
reported the importance of RNase H by quantifying the RPA
products at the end of the reaction with qPCR.34 The real-time
monitoring of our assay provides information on how the
choice of reverse transcription and the addition of RNase H
affect the reaction kinetics.
With RNase H and the carefully optimized formulation of

our one-tube RT-RPA-Cas12a assay, we are able to amplify
and detect over 200 copies of S gene per reaction within 5−30
min incubation. Our results from the analysis of respiratory
swab clinical samples using real-time fluorescence monitoring
of our assay are correlated with the concentration of SARS-
CoV-2 RNA quantified by RT-qPCR. The CRISPR-based
detection improves the assay specificity. Our assay operates at
one temperature (40 °C) in a single tube and uses different
reagents from those of RT-PCR, thus holding promise to
complement current tests for COVID-19 screening. For point-
of-care testing, the test results can be directly visualized under
UV light or detected by a portable fluorescence reader for
semi-quantitative readings.
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