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Abstract

Background: The outbreak of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has
triggered a global health crisis, with genetic mutations and evolution further creating uncertainty about
epidemic risk. It is imperative to rapidly determine the nucleic acid sequence of SARS-CoV-2 and its
variants to combat the coronavirus pandemic. Our goal was to develop a rapid, room-temperature, point-of-
care (POC) detection system to determine the nucleic acid sequences of SARS-CoV-2 isolates, especially
omicron variants.

Methods: Based on the conserved nucleotide sequence of SARS-CoV-2, bioinformatics software was used
to analyze, design, and screen optimal enzymatic isothermal amplification primers and efficient CRISPR
RNAs (crRNAs) of CRISPR/Casl3a to the target sequences. Reverse transcription-recombinase
polymerase amplification (RT-RPA) was used to amplify the virus, and CRISPR/Cas13a-crRNA was used
to cleave the SARS-CoV-2 target sequence. The sensitivity of nucleic acid detection was assessed by serial
dilution of plasmid templates. All reactions were performed at room temperature.

Results: RT-RPA, combined with CRISPR/Cas13a, can detect the SARS-CoV-2 with a minimum content
of 102 copies/uL, and can effectively distinguish between the original strain and the Omicron variant with a
minimum limit of detection (LOD) of 10° copies/uL.

Conclusion: The method developed in this study has potential application in clinical detection of SARS-
CoV-2 and its omicron variants.
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Introduction

The SARS-CoV-2 outbreak has led to a global the World Health Organization (WHO) (2).

health emergency (1), with over 768 million
people infected and more than 6.9 million
deaths to date. In addition, the virus is
constantly evolving and producing new mutant
strains, including Alpha, Beta, Gamma, Delta,
and Omicron, which are closely monitored by

The Omicron variant is highly transmissible
and has more than 30 changes in its spike
protein (S protein) compared to the original
strain (3, 4). This S protein is the main target
of immune responses and enables the virus to
invade host cells by binding to receptors (5).
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The Omicron variant's receptor-binding
domain (RBD) is more effective at receptor
binding than the original strain due to 15
mutations (6), four of which affect nine key
residues and potentially increase the virus's
ability to bind hACEZ2 (7).

Currently, the SARS-CoV-2 detection
methods include antigen detection, antibody
testing, and nucleic acid molecular detection
methods (8, 9). Of these, antigen- and
antibody-based rapid tests are the least
sensitive, take longer to develop, and may be
ineffective in the early/acute infection stages.
Reverse transcription-quantitative PCR (real-
time RT-PCR) technology is the gold standard
for molecular diagnosis. However, the long
diagnostic PCR times (typically 4-5 hr),
expensive infrastructure instruments, and
professional technical operators limit its
application. Therefore, there is an urgent need
for a point-of-care (POC) detection method
with high sensitivity, easy operation and low
technical requirements.

To address these limitations, CRISPR/Cas
gene editing technology has been explored for
nucleic acid detection. Cas proteins such as
Cas9, Casl2, Casl3, and Casl4 can be guided
by RNA sequences to target and cut specific
DNA or RNA molecules (10-17). Among them,
Cas9, Casl2, and Cas14 are DNA nucleases,
while Cas13 is an RNA nuclease. In addition to
their abilities to accurately cleave target nucleic
acid sequences, Cas12, Casl3, and Casl4 also
have "collateral cleavage" effects. These
proteins interact with target sequences. Cas12
targets double-stranded (ds) DNA, Casl4
targets single-stranded (ss) DNA, and Casl3
targets RNA utilizing guide RNA by forming
double strands through base complementary
pairing, which activates the enzymatic activity
of Cas proteins. The “collateral cleavage” effect
refers to Cas enzymes being able to cut single-
stranded target DNA or RNA molecules non-
specifically (16-18). This collateral cleavage
can transform target molecules into signal
molecules, allowing sensitive and specific
nucleic acid detection (19-22).

The detection of nucleic acids using
isothermal amplification and collateral
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cleavage by CRISPR-associated enzymes is an
alternative to quantitative PCR. In this study
we designed and analyzed the RPA-CRISPR-
Casl3a system to detect SARS-CoV-2 RNA
and Omicron variants.

Materials and Methods

Preparation of SARS-CoV-2 DNA and RNA
targets

The SARS-CoV-2 DNA targets were
synthesized and then cloned into the pUC57
plasmid at Genscript Biotech (Nanjing,
China). The HiScribe® T7 High Yield RNA
Synthesis Kit (E2040S, NEB) was used for in
vitro transcription of RNA targets.

CrRNA Preparation

For in vitro transcription of crRNA, DNA
templates were synthesized by overlapping
PCR of two oligos. One oligo contained the T7
promoter sequence and the other contained a
spacer sequence. The PCR product was
incubated with T7 RNA polymerase for in
vitro transcription at 37 °C overnight, and then
purified using a miRNeasy Micro Kit (cat
217084, QIAGEN). The crRNA sequences are
presented in Table 1.

RT-RPA

Referring to the instructions of the RT-RPA
amplification kit (Weifang Amp-Future
Biotech), for the 50uL amplification system,
29.4 uL buffer A, 1uL RPA forward primer (10
uM), 1 pL RPA reverse primer (10 uM), and
16.1 uL nuclease-free water were added to the
base reaction tube of lyophilized powder, and
2.5 puL of activator was added to the tube after
thorough mixing, and then incubated at 39 °C
for 20 min. The primer sequences are listed in
Table 2.

Five pairs of RPA primers were designed
for the SARS-CoV-2 S, ORFlab, and N genes
to select the target sequences for isothermal
amplification. Two RPA primer pairs covering
the Omicron variant S gene were designed to
optimize isothermal amplification of target
sequences. The target sequences were
amplified via RT-RPA with different RPA
primer pairs, then subjected to agarose gel
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electrophoresis. The primers with distinct controls, the reactions were set up by replacing
amplification bands and no non-specific the templates with diethyl pyrocarbonate
amplification were selected. For negative (DEPC) -treated water.

Table 1. crRNA sequences used in this study.

Name sequences (5'—=3")
T7-crRNA-F GTAATACGACTCACTATAGGGGATTTAGACTACCCCAAAAACGAAGGGGACTAAAAC
S-crRNA-R1 CAGACTCAGACTAATTCTCCTCGGCGGGGTTTTAGTCCCCTTCG
S-crRNA-R2 TCAGACTAATTCTCCTCGGCGGGCACGTGTTTTAGTCCCCTTCG
S-crRNA-R3 TTCTCCTCGGCGGGCACGTAGTGTAGCTGTTTTAGTCCCCTTCG
ORF1lab-crRNA-R1 TCCGCGAACCCATGCTTCAGTCAGCTGAGTTTTAGTCCCCTTCG
ORFlab-crRNA-R2 CCCATGCTTCAGTCAGCTGATGCACAATGTTTTAGTCCCCTTCG
N-crRNA-R1 GGGGAACTTCTCCTGCTAGAATGGCTGGGTTTTAGTCCCCTTCG
N-crRNA-R2 GGTGATGCTGCTCTTGCTTTGCTGCTGCGTTTTAGTCCCCTTCG
N-crRNA-R3 GATTGAACCAGCTTGAGAGCAAAATGTCGTTTTAGTCCCCTTCG

Spike371-375-WT-R1

TATATAATTCCGCATCATTTTCCACTTTGTTTTAGTCCCCTTCG

Spike371-375-Mut-R1

TATATAATCTCGCACCATTTTTCACTTTGTTTTAGTCCCCTTCG

Spike371-375-WT-R2

ATATAATTCCGCATCATTTTCCACTTTTGTTTTAGTCCCCTTCG

Spike371-375-Mut-R2

ATATAATCTCGCACCATTTTTCACTTTTGTTTTAGTCCCCTTCG

Spike477-478-WT-R1

TCTATCAGGCCGGTAGCACACCTTGTAAGTTTTAGTCCCCTTCG

Spike477-478-Mut-R1

TCTATCAGGCCGGTAACAAACCTTGTAAGTTTTAGTCCCCTTCG

Spike477-478-WT-R2

CTATCAGGCCGGTAGCACACCTTGTAATGTTTTAGTCCCCTTCG

Spike477-478-Mut-R2

CTATCAGGCCGGTAACAAACCTTGTAATGTTTTAGTCCCCTTCG

Spike493-498-WT-R1

TCCTTTACAATCATATGGTTTCCAACCCGTTTTAGTCCCCTTCG

Spike493-498-Mut-R1

TCCTTTACGATCATATAGTTTCCGACCCGTTTTAGTCCCCTTCG

Spike493-498-WT-R2

CCTTTACAATCATATGGTTTCCAACCCAGTTTTAGTCCCCTTCG

Spike493-498-Mut-R2

CCTTTACGATCATATAGTTTCCGACCCAGTTTTAGTCCCCTTCG

Table 2. Primer sequences used in this study

Name sequences (5'—=3")
pUC57-F CGAATGCATCTAGATATCGG
pUC57-R TTACGCCAAGCTTGCATGCA
S-RPA-F1(T7) GAAATTAATACGACTCACTATAGGGAGGTTTCAAACTTTACTTGCTTTACATAGA
S-RPAR1 TCCTAGGTTGAAGATAACCCACATAATAAG
S-RPA-F2(T7) GAAATTAATACGACTCACTATAGGGTTCTAATGTTTTTCAAACACGTGCAGGCTGTTT
S-RPA-R2 ATAGTGTAGGCAATGATGGATTGACTAGCTA
N-RPA-F1(T7) GAAATTAATACGACTCACTATAGGGAAATTCAACTCCAGGCAGCAGTAGGGGAACTT
N-RPA-R1 CTTGTTGTTGTTGGCCTTTACCAGACATTTTG
N-RPA-F2(T7) GAAATTAATACGACTCACTATAGGGATCACGTAGTCGCAACAGTTCAAGAAATTCAA
N-RPA-R2 TGCCGAAAGCTTGTGTTACATTGTATGCTTTA
ORF1ab-RPA-F1(T7) GAAATTAATACGACTCACTATAGGGGTTTTACACTTAAAAACACAGTCTGTACCGT
ORFlab-RPA-R1 ATTGTGCATCAGCTGACTGAAGCATGGGTT
RPA-S371-375-F(T7)  GAAATTAATACGACTCACTATAGGGCAACTGTGTTGCTGATTATTCTGTCCTATA
RPA-S371-375-R1 TATTTCCAGTTTGCCCTGGAGCGATTTGTC
RPA-5371-375-R2 AGTTTGCCCTGGAGCGATTTGTCTGACTTCA
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Casl3a-based detection assay

The Casl3a-CRISPR RNA complex binds
specifically to the amplified targets RNA and
triggers collateral activity, resulting in
cleavage of RNA reporters. These cleaved
reporters can be detected through fluorescence
signals [signal-to-noise (S/N) ratio] or using a
colorimetric  lateral-flow  strip  (biotin-
fluorescence RNA reporter).

The CRISPR-Casl3a-based detection
system is shown in Table 3. Casl3a
recombinant protein was purchased from
Shanghai HuicH Biotech Co., Ltd (Shanghai,
China). The FAM-RNA-biotin reporter (20
UM stock; Genscript, China) and RNase Alert
v2 (2 uM stock; Thermo) were used for lateral-
flow or fluorescence detection, respectively.
The RNA transcribed using RT-RPA products
as templates were added as target RNA
template to the Casl3a reaction, and then
incubated at 37 °C for 30 min.

Table 3. CRISPR/Cas13a detection system for this study

Casl3a detection system (20pL)  volume/pL

Tris-Cl (400 mM, pH 7.4) 2
MgCl, (120 mM) 1
Casl3a (1 uM) 1
Recombinant RNase Inhibitor (40 U/uL) 0.5
T7 RNA Polymerase (50 U/uL) 0.6
AJ/C/G/UTP (100 mM) 0.2/each
RNA-probe 1
crRNA (22.5 nM) 1
template 1
DEPC treated water 111

After incubation, for lateral-flow detection,
80 uL of HybriDetect assay buffer was added,
then samples were mixed, and HybriDetect
strips (Milenia Biotech) were inserted for 5
min. The results were observed at last. The
appearance of a test band (T) indicated a
positive result. For fluorescence detection,
fluorescence values were measured on a
Varioskan  microplate  reader (Thermo,
wavelength 490 nm, emitted light wavelength
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520 nm). High S/N ratio indicated high
targeting activity.

To screen out the efficient crRNAs for
Spike (S), open reading frame lab (ORF1ab),
and Nucleocapsid (N) genes, the activity of
crRNAs was confirmed by in vitro digestion of
target RNAs. Briefly, the RNA transcribed in
vitro was used as a template to detect the
activity of crRNA-guided CRISPR/Casl3a
cleavage of SARS-CoV-2 RNA, and the
reaction products were subjected to RNA
denatured gel electrophoresis.

Compared to electrophoresis, fluorescence
method was faster, more intuitive, and didn’t
require opening of the lid, so it did not cause
secondary contamination. To select the crRNA
with highest activity to target SARS-CoV-2
variant Omicron, we mixed Casl3a and
different crRNAs with their targeted RNA
fragments with variant sites synthesized in
vitro and used a fluorescence labeled RNA as
report for reaction in 37 °C. 12 specific
crRNAs were designed. These included S-
371L/373P/375F (Mut-crRNA 1,2), S-
4TTN/AT8K/484A (Mut-crRNA 3,4) and S-
493R/496S/498R (Mut-crRNA 5,6) for the
Omicron variant S gene, and S-
371S/373S/375S  (WT-crRNA  1,2), S-
AT77S/478T/A84E (WT-crRNA 3,4) and S-
493Q/496G/498Q (WT-crRNA 5,6) for the
original S gene to specifically detect SARS-
CoV-2 mutant strains. The reaction which
RNA fragment replaced with DEPC water was
taken as negative control.

Sensitivity of the RT-RPA/CRISPR—Cas13a assay
Sensitivity of the RT-RPA/CRISPR—Casl3a
assay for SARS-CoV-2 RNA or SARS-CoV-2
variant Omicron RNA detection, was
investigated by the diluted RNA template
using background-subtracted fluorescence
readout in final values at 30 min or lateral-flow
readout at 30 min.

RNA expression assay (Real-time RT-PCR
detection)

The activity of crRNA was verified by clinical
samples. Prior to real-time RT-PCR, the
SARS-CoV-2 RNA of clinical samples reacted
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with the CRISPR/Casl3a cleavage system.
The samples treated with system without
Cas13a enzyme were used as control samples.
According to the product instructions, the
processed RNA was amplified by 2019-nCoV
Nucleic Acid Diagnostic Kit, a commercial
real-time RT-PCR kit to detect SARS-CoV-2
ORFlab and N gene (Sansure Biotech,
Changsha, China).

Clinical nucleic acid samples

In 2020, the nasopharyngeal swabs of two
patients infected SARS-CoV-2 who confirmed
by real-time RT-PCR detection in clinical
laboratory of the First People's Hospital of
Chenzhou were extracted for viral nucleic acid
testing. In 2022, the nasopharyngeal swabs of
nine SARS-CoV-2 positive patients with
Omicron variant verified in clinical laboratory
of the First People's Hospital of Chenzhou
were extracted for viral nucleic acid testing.
The remaining nucleic acid samples after the
detection of clinical laboratory were approved
by the Ethics Committee of the First People's
Hospital of Chenzhou for the research of new
nucleic acid detection methods based on
nucleic acid isothermal amplification and
CRISPR-Cas technology. Furthermore, the
clinical samples with Omicron variant were
confirmed by sequencing using the
amplification products of RT-RPA.

Results

Optimization of Cas13a-mediated detection
By analyzing the gene sequence of SARS-
CoV-2, three target genes were selected. These
were Spike (S), ORFlab, and Nucleocapsid
(N) (Fig. 1A). Three S gene crRNAs (crRNA-
S1, crRNA-S2, crRNA-S3), and two ORFl1ab
crRNAs (crRNA-ORFlabl, CcrRNA-
ORF1ab2), and three N gene crRNAs (crRNA-
N1, crRNA-N2, crRNA-N3) were designed.
Through RNA denatured gel electrophoresis,
the results showed after treated with
crRNA/Casl3a, the amount of SARS-CoV-2
RNA were obviously decreased compared to
control group, implicating RNA templates
were cut by Casl13a effectively. Of these eight
crRNAs, the targeting activity of crRNA-S2,

crRNA-ORFlab-1, and crRNA-N3 were
greatest (Fig. 1B).

Then, we adopted crRNA-S2, crRNA-
ORF1lab-1, and crRNA-N3 to detect different
SARS-CoV-2 gene regions. The activity of
these crRNAs was confirmed through
fluorescence readout. The S/N ratios of the test
groups (with crRNA) were significantly greater
than those of the control groups (without
crRNA), indicating these crRNAs can guide
Casl3a to cut the targeted RNA sequence of
SARS-CoV-2 efficiently (Fig. 1C).

Furthermore, the activity of these crRNAs
was verified by SARS-CoV-2 clinical samples.
RNA of two SARS-CoV-2 clinical samples
reacted with the CRISPR/Casl3a cleavage
system prior to real-time RT-PCR. After
reacting with CRISPR/Casl3a cleavage
system, the RNA expression levels of S,
Orflab, and N gene of SARS-CoV-2 were
detected by real-time RT-PCR, and the results
showed the RNA levels were much less than
those of the control groups (Figs. 1D & 1E).
Together, these results indicate that these three
crRNAs have specificity and higher activity
for guiding Cas13a to targeted cleave SARS-
CoV-2 RNA.

RT-RPA combined with Casl3a-mediated
detection to detect SARS-CoV-2

RT-RPA was used to amplify and enrich the
targeted RNA fragment of SARS-CoV-2.
Follow RT-RPA, the amplified sequence was
converted to RNA in vitro by transcription and
was used as template to be cut by Cas13a and
CcrRNA, triggering the incidental cleavage
effect of the reporter molecule, which was
detected by fluorescent or lateral flow strips
(Fig. 2A).

To optimize the RT-RPA primer pairs, we
designed several different RPA primer pairs
crossing the crRNAs binding region for
amplification of S and Orflab genes of SARS-
CoV-2 according to the RPA primer rules and
used the targeted RNA sequences of SARS-
CoV-2 as template to amplify by RT-RPA.
Then the products of RT-RPA were subjected
to agarose gel electrophoresis. As shown in
Fig. 2B the amplification bands of lanes 2 and
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5 were evident and there was no non-specific
amplification, indicating that these two primer
pairs for the Spike gene (RPA primer set 2) or
ORFlab (RPA primer set 5) had the best
amplification  efficiency. Based on
comprehensive consideration, RPA primer set
2 and crRNA-S2 targeting S gene were
selected for follow-up experiments.

To evaluate the sensitivity of RT- RPA

combined with Casl3a, gradient-diluted
synthetic SARS-CoV-2 RNA templates (10'%,
10%°, 108, 10°, 10* and 102 copies/uL) and two
clinical RNA samples of SARS-CoV-2 were
tested. The fluorescence and strip assays based
on RT-RPA combined Cas13a/crRNA system
have shown that this method can detect
templates as low as 102 copies/pL, and clinical
samples were also detected (Figs. 2C & 2D).

A
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b e T e ] R P
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Fig. 1. Optimization of Casl3a-mediated detection. (A) SARS-CoV-2 representative genome. Three targets (red bars)
were selected for detection on the SARS-CoV-2 genome. ORF1ab, S, Spike. N, nucleocapsid genes of SARS-CoV-2. (B)
In vitro cleavage assay of various crRNA samples for S, ORFlab, and N genes. The RNA synthesized in vitro was used
as a template to detect the activity of crRNA-guided CRISPR/Cas13a cleavage of SARS-CoV-2 RNA, and the reaction
products were subjected to RNA denatured gel electrophoresis. C, control, treated with a cleavage system without plus
crRNA. (C) Identification of crRNA-S2, crRNA-ORFl1abl and crRNA-N3 through CRISPR/Casl3a trans-cleavage of
the fluorescence reporter. The S/N ratios of the test groups (with crRNA) were significantly greater than those of the
control groups (without crRNA), indicating that the targeting activity of these crRNAs was high. (D, E) RNA expression
levels of SARS-CoV-2 RNA extracts from two clinical samples. SARS-CoV-2 RNA from clinical samples reacted with
the CRISPR/Cas13a cleavage system prior to real-time RT-PCR test. According to the product instructions, the processed
RNA was amplified by a commercial real-time RT-PCR kit for SARS-CoV-2 ORF1lab, N gene (2019-nCoV Nucleic Acid
Diagnostic Kit). Con, control group, the samples treated with cleaved system without Cas13a enzyme. Signal-to-noise
(S/N) of fluorescence intensities: with noise being the fluorescence intensity from a negative sample with water as input
performed in parallel.
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Fig. 2. RT-RPA combined with Casl3a-mediated detection to detect SARS-CoV-2. (A) Schematic of Casl3a-mediated
detection. The SARS-CoV-2 RNA region of interest is amplified to DNA using RT-RPA (reverse transcription recombinase
polymerase amplification), which is then converted back to RNA via T7 transcription. The Cas13a-CRISPR RNA complex
binds specifically to the amplified RNA targets and triggers collateral activity, resulting in cleavage of RNA reporters. These
cleaved reporters can be detected through fluorescence signals or using a colorimetric lateral-flow strip (biotin-fluorescence
RNA reporter). This approach enables sensitive and reliable detection of SARS-CoV-2 RNA in a rapid and efficient manner.
(B) Selection of RPA primers for SARS-CoV-2. The target sequences of SARS-CoV-2 were amplified via RT-RPA with
different RPA primer pairs, then subjected to agarose gel electrophoresis. S-RPA-F2/S-RPA-R2 was selected because of the
strong brightness of the amplification band. Lane M1, 50bp DNA Marker; Lane NC, Negative control (RNase-free water as the
input template for RPA); Lanes 1 and 2 (for Spike gene fragments), S-RPA-F1/S-RPA-Rland S-RPA-F2/S-RPA-R2
respectively; Lanes 3 and 4 (for N gene fragments), N-RPA-F1/N-RPA-R1 and N-RPA-F2/N-RPA-R2 respectively; Lane 5
(for ORF1ab gene fragments), ORFlab-RPA-F1/ORF1lab-RPA-RL1 (all from Table 2); Lane M2: 100bp DNA Marker. (C, D)
Sensitivity of the RT-RPA/CRISPR—Cas13a assay for SARS-CoV-2 detection, was investigated by the diluted RNA template
from 2 x 10! to 2 x 102 copies/uL using background-subtracted fluorescence readout in final values at 30 min (C) or lateral-
flow readout at 30 min (D). Signal-to-noise (S/N) of fluorescence intensities, with noise being the fluorescence intensity from a
negative sample with water as input performed in parallel. The red arrowhead indicates the expected band appearance at T (test
line). C, control line. Green arrows indicate the flow direction.
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Casl3a-mediated detection of SARS-CoV-2 the most mutations. Fig. 3A shows the
variant Omicron mutation sites in the Alpha, Beta, Gamma,
Compared with the original strain of SARS- Delta, and Omicron variant S protein RBD
CoV-2, the Omicron variant has more than 30 regions. We focused on these mutations, which
mutations in the S protein, with RBD having differ from those of other variants.
A
Alpha RBD |
(B.1.1.7) \A"“\*
Beta | |
(B.1.351) & &Q\*
Gamma | ]
(P.1) & &8
Delta
(B.1.617.2)
c;;bgo .‘A.;‘:;}? f;:?“l"?r _;.1 (\A *6903‘?‘
Omicron | | | | | [1] | |
(B.1.1.529) 0 @(\e e \@\*

B

WT S gene (3718, 373S, 375S) S5-CCTATATAATTCCGCATCATTTTCCACTTTTAA-3'
Mut S gene (371L, 373P, 375F) 5'-CCTATATAATC TCGCACCATTTTTCACTTTTAA-3'

WT-crRNA1 S-UAUAUAAUUCCGCAUCAUUUUCCA Juyyu-3'
Mut-crRNA1 5-UAUAUAAUCUCGCACCAUUUUUCACUUL-3
WT-crRNA2 5-AUAUAAUUCI AUCAUUUUCCACUUUU-3
Mut-crRNA2Z2 5.-AUAUAAUCUCGCACCAUUUUUCACUUUUTB
WT S gene (477S, 478T) 5-AATCTATCAGGCCGGTAGCACACCTTGTAATG-3’
Mut S gene (477N, 478K) 5’ AATCTATCAGGCCGGTAM CA»«ACCTI'GTAATG 3
WT-crRNA3 & G GCACACC

Mut-crRNA3

WT-crRNA4 5'-CUAUCAGGCCGGUAGCACACCUUGUAAU-3'
Mut-crRNA4 5'-CUAUCAGGCCGGUAACAAACCUUGUAAL-T

WT S gene (493Q, 496G, 498Q) S'-TTTCCTTTACAATCATATGGTTTCCAACCCAC-3'
Mut S gene (493R, 496S, 498R) S-TTTCCTTTACGATCATATAGTTTCCGACCCAC-3'

WT-crRNAS 5'-UCCUUUVACAAUCAVAUGGUUUCCAACCC-3'
Mut-crRNAS 5.UCCUUUACGAUCAUAUAGUUUCCGACCC-3
WT-crRNAG 5.CCUUUACAAUCAUAUGGUUUCCAACCCA-Z
Mut-crRNAG 5'-CCUUUACGAUCAUAUAGUUUCCGACCCA-3’

Fig. 3. crRNA design of mutation sites in Omicron variant Spike protein RBD regions. (A) Schematic diagram of
mutation sites in the Spike protein RBD region of the Alpha, Beta, Gamma, Delta, and Omicron variants. (B) Schematic
of target regions and the crRNA sequences used for detection.

For these mutation sites, 12 specific 493R/496S/498R for the Omicron variant S
crRNAs were designed. These included S- gene, and S-371S/373S/375S, S-
371L/373P/375F, S-47T7N/4A78K/484A and S- 477S/478T/A84E and S-493Q/496G/498Q for
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the original S gene to specifically detect
SARS-CoV-2 mutant strains (Fig. 3B).

To select the crRNA with highest activity to
target SARS-CoV-2 variant Omicron, we
mixed Cas13a and different crRNAs with their
targeted RNA fragments with variant sites
synthesized in vitro and used a fluorescence
labeled RNA as report for reaction in 37 °C.
The results showed that the fluorescence
intensity of crRNAL1 and crRNA2 was six
times that of the negative control group, and
the crRNAs designed for S-371/373/375

A

WT taget RNA

S/N Ratio
> o

N
A

04
WT-crRNA 1 2 3 4 5 6

effectively recognized target sequences (Figs.
4A & 4B), where only mutation crRNAL [Mut-
crRNA1 (S-371L/373P/375F)] specifically
distinguished between the original strain S
gene and the Omicron variant S gene (Figs. 5A
& 5B).

We designed RPA primers covering the
Omicron variant S gene to optimize isothermal
amplification of target sequences, and selected
RPA-setl to proceed the next experimental
step due to its strong RPA amplification for
SARS-CoV-2 Omicron variants (Fig. 4C).

B
Mut taget RNA

SIN Ratio
&P 9

N
L

04

Mut-crRNA 1 2 3 4 5 6

Fig. 4. crRNA and primer selection of SARS-CoV-2 Omicron variants. (A, B) To select the crRNA with highest activity
to target SARS-CoV-2 variant Omicron, we mixed Casl3a and different crRNAs with their targeted RNA fragments with
variant sites synthesized in vitro and used a fluorescence labeled RNA as report for reaction in 37 °C. WT-crRNAs and
WT target RNA (A). Mut-crRNAs and Mut target RNA (B). The fluorescence intensity of crRNAL and crRNA2 was six
times that of the negative control group, indicating that these crRNAs effectively recognized target sequences. (C) Primer
selection. The target sequences were amplified via RT-RPA with different primer pairs, then subjected to agarose gel
electrophoresis. RPA-setl primer pair was selected due to its strong RPA amplification for SARS-CoV-2 Omicron
variants (lane 2). Lanel, RPA negative control (RNase-free water used as template); Lane 2, RPA-setl primer pair; Lane
3, RPA-set2 primer pair.

We combined RT-RPA pre-amplification
of viral nucleic acids and the Cas13a-mediated
detection. The wild-type S gene was
distinguished from the Omicron variant S gene
through Mut-crRNAs1 (Figs. 5C & 5D). The
limit of detection (LOD) was 103 copies/pL.

A validation study was performed with nine
clinical samples, including eight real-time RT—
PCR-verified SARS-CoV-2-positive samples

(Ctrange 21-35 for N gene) and one SARS-
CoV-2-negative sample. The poor sensitivity
of detecting samples using lateral flow (Fig.
5E) at higher Ct values (=35) may be due to
the need for a critical concentration of cleaved
RNA reporter to accumulate sufficient gold
nanoparticles to generate an observable
colorimetric signal on the test line.

The fluorescence detection result (Fig. 5F)
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was consistent with clinical real-time RT— confirmed the mutation sites S-
PCR results. The results of sequencing further 371L/373P/375F of the Omicron variant (Fig. 6).
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Fig. 5. Cas13a-mediated detection of SARS-CoV-2 variant Omicron. The Cas13a-CRISPR RNA complex binds specifically to
the RNA targets and triggers collateral activity, resulting in cleavage of RNA reporters. These cleaved reporters can be
detected through fluorescence signals (S/N ratio) or using a colorimetric lateral-flow strip (biotin-fluorescence RNA reporter).
(A) crRNA selection from WT-crRNA1-2 and Mut-crRNA1-2 by Casl3a fluorescence-based detection to distinguish
between wild and mutant RNA. Three crRNAs activity was high but can’t distinguished between WT RNA and Mut RNA.
Only mutation crRNAL [Mut-crRNAL (S-371L/373P/375F)] specifically distinguished between the original strain S gene
and the Omicron variant S gene. (B) Activity validation of Mut-crRNA1 activity through CRISPR/Cas13a lateral flow-based
detection. Compared with WT group, Mut group appeared obvious T band. (C) LOD assay of SARS-CoV-2 mutations S-
371L, 373P, 375F by Cas13a fluorescence-based detection. (D) LOD assay of SARS-CoV-2 mutations S-371L, 373P, 375F
by Cas13a lateral flow-based detection. Synthetic SARS-CoV-2 RNA was diluted to obtain 10, 102, 10° and 107 copies/pL.
The diluted samples were subjected to RT-RPA using primers (optimized RPA-Setl shown in Fig. 5C) and followed by
Cas13a lateral flow-based detection. Samples with 10° copies/uL were easily distinguishable from the sample containing no
target RNA. (E, F) Validation of our RT-RPA/CRISPR-Cas13a system for SARS-CoV-2 variant Omicron detection using
clinical samples. The detection results are presented as background subtraction, a lateral-flow readout within 30 min (E), or
a final fluorescence readout at 30 min (F). For the lateral-flow readout, the appearance of a test band (T) indicated a positive
result. For the fluorescence readout, we set the threshold of signal-to-noise (S/N) of fluorescence intensities (with noise being
the fluorescence intensity from a negative sample with water as input performed in parallel) for a positive result to be over
2. Ct, Ct values of real-time RT-PCR tested in clinical laboratory; +, indicates a positive sample, —, indicates a negative
sample; C, control band; T, test band; NC, no target control; NT, negative test sample.
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Fig. 6. One representative result of sequencing for Omicron variant clinical samples with mutation sites S-371L/373P/375F.
Three out of nine clinical viral nucleic acids samples with Omicron variant (S-371L/373P/375F) were amplified by RT-RPA
using RPA-setl primer pair. The amplification products were purified using DNA product purification kit (TIANGEN, Beijing,
China) and subjected to Sanger sequencing. The results of sequencing were confirmed by contrast to SARS-CoV-2 wild type
sequence. One representative result of sequencing is shown in this figure.

Discussion

Recently, researchers have detected nucleic
acid target sequences using the cleavage
activity of  CRISPR-Cas. In  the
CRISPR/Casl3a system, crRNAs are highly
targeted, inexpensive to design, and require
only 24 bases to cut target RNA by altering the
Casl3a protease conformation through the
uracil-rich stem-ring structure. However,
direct detection using CRISPR methods has
low sensitivity and long identification times
and is easily affected by sample type (23, 24).
Because the detection method combining
isothermal amplification and CRISPR has the
advantages of high sensitivity and specificity,
convenience, rapidity, and efficiency, it is
suitable for on-site diagnosis, and many
researchers use it to detect SARS-COV2.
Fluorescence readings have 100% specificity
and sensitivity, while lateral-flow results have
100% specificity and 97% sensitivity (25, 26).
Some researchers have used similar methods to
detect Spike gene mutation sites., These
include  K417N/T, L452R/Q, T478K,
E484K/Q, N501Y and D614G to distinguish
Alpha, Beta, Gamma, and Delta, but not
Omicron variants (27-29). The research focus

of this study was to detect and distinguish the
Omicron variant mutation site.

Our method can be performed using either
fluorescence or lateral-flow  readings,
depending on the purpose of use. Fluorescence
readings are better suited for high-throughput
assessment, while the lateral-flow readings are
better suited for POC usage in the community,
airport, or remote area.

However, some shortcomings remain.
Multiple crRNAs were designed for multiple
sites in the Omicron variant Spike gene RBD
region, although only one was highly specific.
However, this result showed the method’s
feasibility.

CRISPR gene editing technology is
developing rapidly. Christie et al (30) found
that SpRY was less limited by the PAM site in
vitro, can cut DNA on almost any sequence,
and SpRYgests can broaden the range of
various DNA engineering applications that
benefit from precise DNA breaks. By applying
other CRISPR techniques (Casl2, Casl4,
SpCas9 mutants, etc.), it will be possible to
find solutions to any new mutation sequence,
and more detectable mutation sites.
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