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1. Summary

Rapid molecular testing for severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) variants may contribute to the development of public health
measures, particularly in resource-limited areas. Reverse transcription
recombinase polymerase amplification using a lateral flow assay (RT-RPA-LF)
allows rapid RNA detection without thermal cyclers. In this study, we developed
two assays to detect the SARS-CoV-2 nucleocapsid (N) gene and Omicron
BA.1 spike (S) gene-specific deletion—insertion mutations (del211/ins214).
Both tests had a detection limit of 10 copies/uL in vitro and the detection time
was approximately 35 min from incubation to detection. The sensitivities of
SARS-CoV-2 (N) RT-RPA-LF by viral load categories were 100% for clinical
samples with high (> 9015.7 copies/pL, cycle quantification (Cq): < 25) and
moderate (385.5-9015.7 copies/pL, Cqg: 25-29.9) viral load, 83.3% for low
(16.5—-385.5 copies/uL, Cq: 30—-34.9), and 14.3% for very low (< 16.5 copies/pL,
Cq: 35-40). The sensitivities of the Omicron BA.1 (S) RT-RPA-LF were 94.9%,
78%, 23.8%, and 0%, respectively, and the specificity against non-BA.1 SARS-
CoV-2-positive samples was 96%. The assays seemed more sensitive than
rapid antigen detection in moderate viral load samples. Although
implementation in resource-limited settings requires additional improvements,
deletion—insertion mutations were successfully detected by the RT-RPA-LF
technique.

Keywords: SARS-CoV-2, variant of concern (VOC), deletion-insertion

mutation, COVID-19, recombinase polymerase amplification (RPA).



2.1

Introduction

SARS-CoV-2

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
belongs to the Nidovirales order, Coronaviridae family, Coronavirinae
subfamily and Betacoronavirus genus, sharing more than 90 % of amino acid
identity on the sequence of the replicase conserved domains with other
coronavirus belonging to the same genus, including the SARS-CoV, MERS-
CoV, and the common cold human coronaviruses hCoV-OC43, hCoV-HKU-1
1, The infectious particle of the SARS-CoV-2, also known as the virion, consists
of an envelope composed of the structural proteins Spike (S), Envelope (E),
membrane (M), and nucleocapsid (N) 2. The genetic material of the virus is
organized as a positive-sense, single-stranded ribonucleic acid (RNA)
containing approximately 30,000 nucleotides (nt). The two-thirds in the region
5' end of the genome contains the open reading frames 1a and 1b, responsible
for coding proteins related to virus replication, the one-third in the region 3'
codifies for structural proteins and eight accessory genes 3.

During the early stages of the pandemic, several genes were proposed as
targets for the molecular detection of SARS-CoV-2, including the orfl(a,b)
region, envelope (E), nucleocapsid (N), spike (S), and reverse dependent RNA
polymerase (RdRp) 4. The nucleocapsid gene was proposed by the CDC in the
United States °, since it showed lower mutation rates and a relatively more
conserved region 6. Additionally, previous studies on coronaviruses

demonstrated that the level of messenger RNA expression (MRNA) of the



Nucleocapsid gene is at least 3—10 times higher than other structural proteins
during the first 12 hours after infection .

Further studies showed that the nucleocapsid gene proved to be one of the
most accurate markers for the detection and frontline screening of SARS-CoV-
2 8 However, it is now known that depending on a specific region, the
nucleocapsid gene also exhibits mutation rates similar to other genes such as
S or RdRp. On the other hand, being the non-structural proteins (NSP) are the
most stable for genetic mutation °.

The SARS-CoV-2 enters the host cell by interacting with the human
Angiotensin Converting Enzyme 2 (hACEZ2) through its Spike glycoprotein 0.
The Spike glycoprotein is a major target for neutralizing antibodies, therapeutic
monoclonal antibodies, and vaccine development. It is composed of
homotrimers that extend from the viral surface, giving it a crown-like
appearance. The full-length protein consists of 1273 amino acids and
comprises two functional subunits: subunit one (S1) and subunit two (S2). S1
is responsible for binding to the host cell receptor and contains the N-terminal
domain (NTD) and receptor binding domain (RBD). S2 is involved in fusing the
viral membrane with the host cell membrane. It consists of the fusion peptide
(FP), heptad repeat 1 (HR1), central helix (CH), connector domain (CD),
heptad repeat 2 (HR2), transmembrane domain (TM), and cytoplasmic tail. To
facilitate the fusion of the virus membrane and the host cell, the S1 and S2
subunits undergo a cleavage process at a specific region known as the S1/S2
furin-cleavage site (FCS), which is mediated by the transmembrane serine

protease 2 (TMPRSS2) 2. The SARS-CoV-2 recognizes hACE2 through the
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2.2.

RBD, which requires the Spike protein to adopt an "up" conformation, exposing
the RBD on the surface of the Spike protein 1°.

The evolutionary mechanism of SARS-CoV-2 has led to the emergence of
various mutations. In early 2020, the first mutation to demonstrate a fitness
advantage was the D614G mutation in the Spike protein 1. This mutation has
been associated with higher viral loads ! and has shown an approximately
20% increase in infectivity compared to previous variants 12,

Since October 2020 variants with multiple mutations, particularly in the
Spike protein, have been reported. These mutations have been found to affect
both infectivity and transmissibility 3. However, now we known that mutations
in the Spike protein are not the sole contributors to improved viral fitness 13.

To identify variants that exhibit significantly altered pathogenicity or immune
escape, the World Health Organization (WHO) established the convention of
variants of concern (VOC) and emphasized the importance of monitoring these
variants continuously. These variants have been designated with specific
letters of Greek alphabet 4, such as Alpha (Pango lineage B.1.17), Beta
(B.1.351), Gamma (P.1), Delta (B.1.351), and Omicron (B.1.1.529), along with
sub-lineages like BA.1, BA.2, BA.3, BA.4, and BA.5. This classification allows

for a focused approach in tracking and studying these variants.

SARS-CoV-2 Omicron variant of concern
Omicron variant (B.1.1.529) was first reported in Africa in November 2021
15 and rapidly became a worldwide dominant VOC by early 2022 16

Consequently, the Omicron subvariants emerged and the global prevalence of



the subvariants is reported as half for XBB.1.5 (47.5%), followed by XBB.1.16
(8.6%), XBB.1.9.1 (12.4%), XBB.1.9.2 (3.8%), XBB.2.3 as of May 7th, 2023 V.
The XBB.1.5 is the most reported subvariant in American and European
regions, while XBB.1.16 and XBB.1.9.1 is dominating South-East Asia and
Eastern Mediterranean regions, respectively. In the African and Western
Pacific regions, similar proportions of different XBB subvariants are circulating.
However, a reduction in testing and genomic surveillance challenges the
assessment of the subvariants, which may be of particular concern in low-

resource settings.

Omicron variant (B.1.1.529) had > 30 mutations on the spike gene (S) 8. It
is characterized to have three deletions (del69, del143—145, del211) and
insertion 214 (ins214) in the N-terminal domain. The deletion del143—145
promotes immune evasion 1% and the ins214 in combination with Y145D shows
seven-fold resistance to antibodies ?°. The mutations D614G+P681H are
known to promote TMPRSS2-independent viral entry, which probably
increased the COVID-19 cases with upper respiratory tract infection 2°. The
Omicron subvariant XBB.1.5, a variant of interest (VOI) has a specific mutation
of S486P associated with increased ACE?2 affinity 2. Recently, XBB1.16 (VOI)
with additional mutations E180V, F486P, and K478R has been spreading

without additional public health risk to XBB1.5 22,



2.3.

Recombinase Polymerase Amplification RPA

Isothermal nucleic acid amplification methods are a set of techniques that
allow the amplification of nucleic acids at a constant temperature. Unlike PCR,
which requires temperature changes for denaturation (92 °C), annealing
(62 °C), and elongation (72 °C) steps, isothermal methods achieve nucleic acid
amplification at one step under a stable temperature and simpler conditions,
avoiding the use of thermal cycler. Different isothermal methods show distinct
characteristics, differing on their principle, number of primers, and complexity
of design, hence showing different advantages and disadvantages. Among
those most well know isothermal methods are recombinase polymerase
amplification (RPA), loop-mediated amplification (LAMP), nucleic acid-based

amplification (NASBA), and exponential strand displacement amplification 3.

RPA method was developed by Piepenburg 24, it allows rapid, sensitive, and
specific nucleic acid amplification at low and constant temperatures (25 to
42 °C)Click or tap here to enter text.. The RPA relies on the mechanism of genetic
recombination where two DNA molecules are exchanged at homologous
regions using recombinase enzymes 2°. The DNA-strand exchange
Recombinase (UvsX) bind to oligonucleotide primers in presence of ATP,
forming a nucleoprotein complex that search and exchange DNA strands at

specific primer-complementary sequences at DNA template strand (Figure 1a).



The nucleoprotein complex replace the complementary strand at target site
forming a D-loop structure, which is stabilized by single-stranded DNA binding
proteins (SSB) (Figure 1b), the DNA Polymerase will anneal the primers and
synthesize new DNA from the 5' to 3' direction (Figure 1c, d), as a result, a
specific exponential amplification of the target is achieved at constant

temperature. (Figure le).

Notably, various developments in RPA have been assessed for the
detection of pathogens that cause infectious diseases such as Fasciola
hepatica 2, Plasmodium falciparum 27, Cryptosporidium spp 28 parasites,
Mycobacterium tuberculosis. ?° and viruses such Ebola virus 20, Influenza A

virus, Influenza B virus 3! and Chikungunya virus3233,

Recently, RPA has been developed for the rapid molecular detection of
Delta variant specific mutation R203M and other three VOC-specific mutations,
using a multi-step procedure that showed high accuracy in clinical samples
taking about 60 minutes 3435, Similarly, a single-copy sensitive assay for Delta
mutation L452R using a two-step showed a reaction time of 75 minutes 3.

Therefore, a single-step assay with less reaction time would be useful.

In addition to RPA, the isothermal method LAMP was developed by Notomi
37, which allows simultaneous amplification of six segments across the template
sequence. It was referred to as an effective tool for the diagnosis of SARS-

CoV-2, including in middle- and low-income countries 3,



However, RPA presents some advantages compared to LAMP. Among
them, RPA has a relatively lower limit of detection, being reported ranging from
1 to 10 copies/uL 233° while it is 10 to 10° copies/uL for LAMP 2340 L AMP
requires a laborious and complex primer design; considering factors such as
the distance between the six target genes and primer melting temperatures for
at least four different primers. As a result of such complexity in primer design
and optimization, LAMP showed a rate of primer design/development of 67%

compared to 100 % for RPA 1.

On the other hand, RPA shows a simpler primer design and optimization
process, only requiring a set of primers of two primers without the need to
consider melting temperature. This reduces the number of optimization

experiments hence the test developing time is also expected to be reduced.

In addition, although | could not be included in this study, the RPA can be
adapted more rapidly to a multiplex system compared to LAMP, allowing for
the simultaneous detection of multiple target genes “2. Therefore, testing
SARS-CoV-2 detecting N gene and testing variants by S gene or testing two

variants at the same time will be possible using lateral flow methods.

The relatively higher sensitivity, shorter test developing time, and rapid test
and multiplex capability are ideal advantages in a scenario where there is a
need to promptly design molecular tests in response to the emergence of new

SARS-CoV-2 variants.



2.4.

Problem statement and relevance of this study

Developing sensitive and specific diagnostic tests is crucial for identifying
infected persons to isolate and intervene in the transmission spread 4344,
Molecular diagnosis using real-time reverse transcription polymerase chain
reaction (real-time RT-PCR) has been widely used for COVID-19 diagnosis and
is mainly based on the detection of the partial nucleocapsid (N) protein region.
Whole viral genome sequencing has also been conducted to monitor VOC,
such as Alpha, Beta, Delta, and Omicron, and to understand viral evolution
patterns 4°. Despite the implementation of the COVID-19 vaccination program,
the emergence of new variants and subvariants has led to several surges in

cases 46,

Although next-generation sequencing (NGS) is widely used at an
unprecedented level, the coverage of genomic surveillance based on
sequencing remains variable among countries, especially in low- and middle-
income countries, owing to limited resources 4’. Mutation-specific real-time RT-
PCR assays have also been implemented for the detection of VOCs %80, thus
reducing the time and cost of VOC monitoring, however, the need of thermal
cycler and implemented laboratories may limit its application, especially in low-
resource-settings. On the other hand, the SARS-CoV-2 antigen rapid detection
test (Ag-RDT) possesses favorable characteristics of low-cost, point-of-care,
and rapid testing. However, it has relatively low sensitivity in clinical samples

10
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with low or moderate viral loads 512, To the best of my knowledge, this method

has not yet been adapted to detect specific VOCs.

Study Objectives

To develop a rapid molecular test for the detection of the SARS-CoV-2
nucleocapsid protein gene using reverse transcription recombinase
polymerase amplification, SARS-CoV-2 (N) RT-RPA-LF.

To perform the diagnostic evaluation of the SARS-CoV-2 (N) RT-RPA-LF using
respiratory clinical samples.

To develop a test concept for the detection of deletions-insertions present in
Omicron BA.1 VOC using recombinase polymerase amplification.

To perform the diagnostic evaluation of the Omicron BA.1 (S) using RT-RPA-

LF on human respiratory clinical samples.

Materials and Methods

In this study, | developed two rapid molecular tests for the detection of the
SARS-CoV-2 nucleocapsid gene and a variant-specific Omicron BA.1 using
deletion and insertion as molecular markers. The development process
consisted of primer design (1) for the SARS-CoV-2 nucleocapsid (N) and Spike
(S) genes, a primer selection (2) using positive controls based on plasmid DNA
controls, determination of limit of detection (3) testing RNA standards, cross-
reactivity evaluation (4) testing nucleic acid (DNA/RNA) from some of the most
common human respiratory viruses, and test accuracy evaluation (5) assessing

sensitivity and specificity testing clinical samples. The sensitivity was evaluated

11



according to different viral load categories, including high, moderate, low, and

very low viral loads.

3.1. Primer design

3.1.1. Nucleocapsid Gene

For molecular diagnosis of SARS-CoV-2, a conserved region of the N gene
has been used and found to be sensitive >>3. Therefore, | designed two RPA
primers to amplify a 166 nucleotide (nt) segment of the SARS-CoV-2 N gene
(GenBank: LC523807.1) (Figure 2). Primer-BLAST was performed following
the TwistAmp DNA Amplification Kits Assay Design Manual 4. A 46 nt long
probe was designed to have a fluorescein isothiocyanate molecule (6-FITC) at
5', an abasic site (d-pacer) at probe nucleotide position 31, and a C3-dSpacer
at 3' end. The reverse primer was modified to include a biotin molecule at 5'.
The primers and probe were synthesized by FASMAC (FASMAC, Kanagawa,

Japan).

3.1.2. Spike Gene

| selected the Omicron BA.1 specific deletion-insertion mutation,
del211/ins214 in the S gene, for the primers and probes design (Figure 3a).
Among SARS-CoV-2 sequences downloaded from the Global Initiative on
Sharing All Influenza Data (GISAID) > from January 15 to February 17, 2022,
57 were classified as Omicron BA.1 using the Pangolin COVID-19 Lineage
Assigner %6, Multiple sequence alignment was performed against the SARS-
CoV-2 reference strain (MN908947.3) using MEGA, Version 7.0 %. A 394-
nucleotide consensus sequence of Omicron BA.1 was named

12



“S_211del+214ins_deleted” (Table 1) and used to design SARS-CoV-2
specific primers. In addition, probes were designed by aligning a 46 nt segment
covering the del211/ins214 (Figure 3b). The probe included a fluorescein
isothiocyanate molecule (6-FITC) at the 5' end, an abasic residue (d-spacer)
located after the ins214, and a C3-dSpacer at the 3' end. It was expected that
annealing of the probe to the del211l/ins214 segment would allow the
endonuclease IV to cleave the abasic residue (d-spacer) (Figure 3c), releasing
the C3-dSpacer (Figure 3d), allowing the DNA polymerase to synthesize
complementary DNA from 5' to 3' end (Figure 3e). A no proper alignment of the
probe and the template sequence containing the del211/ins214 may produce
a loop structure exposing a single-stranded DNA, which will inhibit the cleavage
activity of the end IV on the abasic residue, showing a negative result for
Omicron BA.1 (Figure 3f). The RPA amplicons synthetized containing the FITC
and Biotin tags will be further detected using immunochromatographic lateral
flow strips (Figure 3g). The reverse primer included a biotin molecule at the 5'
end. Primers and probes were synthesized at FASMAC (FASMAC, Kanagawa,

Japan).

3.2. Primer selection
For the selection of the RPA primers, | evaluated the presence of
amplification bands testing the primers with controls containing the SARS-CoV-

2 nucleocapsid and spike genes.

13



3.2.1. Controls for Nucleocapsid Gene
The 2019-nCoV_N_Positive Control (IDT; Catalog#10006625) (IDT,
Coralville, IA, USA) was used as a positive control for the initial primer selection

process.

3.2.2. Synthesis of positive control for Omicron BA.1 Spike Gene

To generate the positive control for the Omicron BA.1 (S) RT-RPA-LF assay,
| selected a 394 nucleotides sequence ranging the 21952nt-22345nt of
Omicron BA.1(OL822906.1) (Table 1). The sequence was ordered to be cloned
in a 2966 bp plasmid vector pUCFa (FASMAC, Kanagawa, Japan). This
plasmid was utiized as a DNA-positive control and named
“S_211del+214ins_deleted”. The positive control was resuspended with100 uL
of TE buffer, and the DNA concentration was quantified using Qubit2.0
Fluorimeter (Invitrogen, Waltham, MA, USA). The copy number was calculated
as referred elsewhere % and 10-fold dilutions were prepared to obtain a stock
of 10° copies/uL. Aliquots were prepared and stored at -80 °C until further

utilization.

3.2.3. Synthesis of negative control (wild-type) for Spike Gene

Similarly, | selected a 395-nucleotide sequence located at 21984—22378 nt
from SARS-CoV-2 showing a wild-type (OL817641.1) segment for the mutation
del211/214ins (Table 1). The segment was set to be cloned on a 2966 bp
plasmid vector pUCFa (FASMAC, Kanagawa, Japan). The plasmid was utilized
as a DNA-negative control for the Omicron BA.1 (S) RT-RPA-LF. The plasmid

was resuspended on 100 pL of TE buffer. After DNA quantification, the copy

14



number was calculated as referred elsewhere %8 and 10-fold dilutions were
prepared equivalent to 103 copies/uL. The aliquots were stored at -80 °C until

further utilization.

3.2.4. Primer test for the Nucleocapsid Gene

To evaluate the two RPA primers designed for a partial segment in the
nucleocapsid gene, a master mix was prepared for each primer sets RPA_N1
and RPA_N2. The primers were evaluated using the TwistAmp® Basic RPA
kit. The reaction mixes contained the lyophilized pellet enzymes provided in the
RPA kit, 29.5 pL of rehydration buffer, 2.4 yL of forward primer (480nM), 2.4
ML of reverse primer (480nM), 5 pL of template, 8.2 pL of nuclease-free water,
and 2.5 puL of Magnesium Acetate (14nM) to obtain a final volume of 50 pL.
The 2019-nCoV_N_Positive Control (10° copies/uL) was used as a positive
control (PC), and nuclease-free water was used as a non-template control
(NTC). The RPA mixture was incubated at 37 °C for 30 minutes using a block
heater CTU-N (Taitec Co, Ltd, Tokyo, Japan). Then the mixture was
homogenized using a vortex and spun down in a microcentrifuge for 3 to 5
minutes. The amplification products were resolved using 3% gel

electrophoresis.

3.2.5. Primer test for the Spike Gene

To evaluate the three RPA primer sets designed in this study for a partial
segment in the Spike gene, a master mix was prepared for each primer set.
The primers were evaluated using the TwistAmp® Basic RPA kit. The reaction

mixes contained the lyophilized pellet enzymes provided in the RPA kit, 29.5

15



uL of rehydration buffer, 2.4 uL of forward primer (480nM), 2.4 uL of reverse
primer (480nM), 5 uL of template, 8.2 uL of nuclease-free water, and 2.5 uL of
Magnesium Acetate (14nM) to obtain a final volume of 50 yuL. The Omicron
BA.1 DNA plasmid (10° copies/pL) was used as a positive control (PC), and
nuclease-free water was used as a NTC. The RPA mixture was incubated at
37 °C for 30 minutes using a block heater CTU-N (Taitec Co, Ltd, Tokyo,
Japan). Then the mixture was homogenized using a vortex and spun down in
a microcentrifuge for 3 to 5 minutes. The amplification products were resolved
using 3% gel electrophoresis.

The primer Set2 was further evaluated for the limit of detection testing 10-
fold dilutions of the positive control, with concentrations equivalent to 10°, 10%,
103, 102, 10, and 1 copy/pL.

To evaluate if the probes worked properly, two master mixes were prepared
for the primer Set 2 and Probes 1 and primer Set 2 and Probe 2, the probes
were evaluated testing the positive plasmid control (PC) and NTC, the probe 2
was chosen for the next step considering it produced a positive band for the
positive control and no band for the non-template control.

To evaluate if the Primer Set t and Probe 2 could differentiate the positive
control from the wild-type version from spike gene (negative control), master
mixes were prepared for Primer Set 2/Probe 2 testing positive control (PC), a
triplicate of negative control (NC) based on a 395 nt segment wild-type for
del211/214ins (S_211del+214ins_Wildtype) (10° copies/uL) (Table 1) and NTC,
the results were evaluated using lateral flow strips and gel electrophoresis

analysis.

16



3.3.

Synthesis of RNA Standards

3.3.1. Nucleocapsid Gene

The initial RPA primers for the nucleocapsid gene, which were designed to
be 32 nucleotides in length, were shortened to 22 nucleotides to be used in
PCR. This was done because the optimal primer length for PCR is in the range
of 18 to 22 nucleotides, in addition, the T7 promoter sequence was inserted on
the 5' of the forward primer, labeled as PCR_T7_N_2F and the reverse primer
PCR_T7_N_2R (Table 2). The 2019-nCoV_N_Positive Control (IDT, Coralville,
IA, USA) (Catalog#10006625) was amplified using PCR. The master mix was
composed of 0.5 pL PrimeSTAR® HS DNA Polymerase enzyme (2.5 U/uL)
(Takara, Japan), 10 pL of 5x PrimerSTAR buffer, 4 L of ANTP Mixture (2.5mM),
1 pL of Primer PCR_T7_N_2F (100 nM), 1 pL of reverse PCR_T7__N_2R (200
nM), 1 pL of plasmid control at 2x10° copies/pL, and 32.5 uL of nuclease-free
water. The PCR conditions were as follows: 95°C x 10 Sec [98°C x 10 sec,
55 °C x 55 sec, and 72 °C x 15 sec] x 30 cycles. The amplification products
were analyzed using 3% gel electrophoresis and purified using the QIAquick®
PCR Purification kit (Qiagen, Hilden, Germany). The DNA concentration was
determined using a Qubit®2.0 Fluorimeter (Invitrogen, Waltham, MA, USA).
The amplification products were then concentrated by adding 0.1 volumes of
Sodium Acetate (3M) and 2.5 volumes of absolute ethanol. The mixture was
incubated on ice for 20 minutes, followed by centrifugation at 15000 RPM at
4°C for 20 minutes. The supernatant was decanted and dried for 5 minutes,

after which 200 pL of 75% ethanol was added. Then the mixture was
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centrifuged at 15000 RPM at 4°C for 5 minutes. The supernatant was discarded,
and the pellet was reconstituted with 25 uL of TE buffer (10 mM Tris-HCI, pH
8.0/1 mM EDTA) (Nippon Gene, Tokyo, Japan). The DNA concentration was
determined using a Qubit®2.0 Fluorimeter (Invitrogen, Waltham, MA, USA).
Next, eight uL of PCR amplicon was used for the RNA transcription template
using the MEGAshortscriptTM Kit (Ambion, Austin, TX, USA) following the
manufacturer's instructions. The RNA was purified using the RNAeasy Minikit
(Qiagen, Hilden, Germany), and the DNA was quantified using a Qubit®2.0
Fluorimeter (Invitrogen, Waltham, MA, USA).

As previously described, | calculated the number of RNA copies based on the
amount of RNA, the amplicon length, and Avogadro's number®®. The RNA

standards were aliquoted and stored at -80°C.

3.3.2. Spike Gene

The RPA primers previously designed in this study for the partial spike gene
originally in 32 nucleotides length were shortened to 22 nt, because PCR
requires an optimal primer size around the 18—22 nucleotides. Additionally,
the T7 promoter sequence was inserted in the 5' end of the forward primer
(Table 2). The DNA positive control for Omicron BA.l
(S_211del+214ins_deleted) was amplified by PCR using the following reaction
mix: 0.5 pL of PrimeSTAR® HS DNA Polymerase enzyme (2.5 U/uL) (Takara,
Tokyo, Japan), 10 pL of 5x PrimerSTAR buffer, 4 uL of dNTP Mixture (2.5 mM),
1 uL of PCR_T7 214ins SET2 F (100 nM), 1 puL of reverse

PCR_T7_214ins_SET2_R (200 nM), 1 pL of plasmid control (1x108 copies/uL),
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and 32.5 pL of nuclease-free water. The PCR conditions were 95°C x 10 Sec
[98°C x 10 sec, 55 °C x 55 sec and 72 °C x 15 sec] x 30 cycles. The
amplification products were analyzed by a 3% gel electrophoresis and purified
using the QIAquick® PCR Purification kit (Qiagen, Hilden, Germany). The DNA
concentration was determined using a Qubit®2.0 Fluorimeter (Invitrogen,
Waltham, MA, USA).

Next, eight pL of the PCR amplicons were used for the RNA transcription
template using the MEGAshortscriptTM Kit (Ambion, Austin, TX, USA)
following the manufacturer's recommendations. The RNA was purified using
the RNAeasy Minikit (Qiagen, Hilden, Germany) and quantified using a
Qubit®2.0 Fluorimeter (Invitrogen, Waltham, MA, USA). The number of copies
was calculated as previously described. The RNA standard was aliquoted and

stored at -80°C.

3.4. Determination of the Limit of Detection

3.4.1. Nucleocapsid Gene

One-step isothermal SARS-CoV-2 RNA amplification and detection were
developed using the TwistAmp Basic RPA Kit (TwistDX, Cambridge, UK),
reverse transcriptase Moloney Murine Leukemia Virus enzyme (M-MLV)
(Invitrogen, Carlsbad, CA, USA), and endonuclease IV (New England Biolabs,
Ipswich, MA, USA). The mixture comprised rehydration buffer (29.5 puL),
nuclease-free water (6 pL), forward primer (RPA_N_2F) (360 nM) (Table 2),
reverse biotin-labeled primer (RPA_N_2R-Bio) (360 nM), M-MLV (4 U/uL),

dithiothreitol (DTT) (2 mM) (Invitrogen), endonuclease IV (0.1 U/uL),
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RNAaseOUT™ (0.4 U/uL) (Invitrogen), and RPA_Probe N1 (40 nM). The
mixture was transferred to a microtube containing pellet enzymes provided with
the RPA Kit. Magnesium acetate (14 nM) was then carefully applied to the inner
part of the tube lid. Finally, 5 uL of an RNA template was added to the mixture,
resulting in a final volume of 50 pL. The reaction tube was centrifuged for 5 s,
vortexed for 3 s, and centrifuged again. The mixture was incubated at 37 °C for
30 min using a block heater CTU-N (Taitec Co., Ltd., Tokyo, Japan). |
performed a gentle hand-mixing and centrifuged the mixture after 5 min of
incubation.

To assess the limit of detection of the SARS-CoV-2 (N) assay, | tested 10-
fold dilutions of RNA standards with concentrations equivalent to 104, 103, 102,
and 1 copies/pL in two independent experiments. The standards consisted of
a 166-nucleotide segment of the N gene flanked by the RPA primers of the
SARS-CoV-2 (N) RT-RPA-LF. Nuclease-free water was used as NTC. The 6-
FITC and biotin-labeled amplicons generated by the SARS-CoV-2 (N) RT-
RPA-LF were detected using HybriDetect lateral flow strips (Milenia Biotec,
Gieben, Germany). In a tube, 2 uL of RPA amplicon was carefully mixed with
98 pL of assay buffer. The lateral flow strip was then immersed in the buffer,
and positive results were considered if a band was confirmed within 5 min, as
previously described %°. In addition, the amplification products were analyzed

by a 3% gel electrophoresis.
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3.4.2. Spike Gene

One-step isothermal Omicron BA.1 RNA (del211/ins214) amplification and
detection was developed preparing a master mix containing rehydration buffer
(29.5 pL), nuclease-free water (4.6 pL), forward primer (RPA_214ins_SET2_F)
(480 nM) (Table 2), reverse biotin-labeled primer (RPA_214ins_SET2_R_Bio)
(480 nM), M-MLV (4 U/uL), DTT (2 mM), endonuclease IV (0.1 U/uL),
RNAaseOUT™ (0.4 U/uL), and RPA_214INS_Probe_2 (60 nM) (Table 2) the
mixture was transferred to a microtube containing the pellet enzymes provided
in the RPA Kit. Magnesium acetate (14 nM) was then carefully applied to the
inner part of the tube lid. Finally, 5 pL of an RNA template was added to the
mixture, resulting in a final volume of 50 uL. The reaction tube was centrifuged
for 5 s, vortexed for 3 s, and centrifuged again. The mixture was incubated at
37 °C for 30 min in a block heater. Soft hand mixing and spin-down were
performed after the first five minutes of incubation.

| evaluated the limit of detection of the Omicron BA.1 assay testing 10-fold
dilutions of RNA standards with concentrations equivalent to 104, 102, 102, and
1 copies/pL in three independent experiments. The RNA standards
corresponded to a 185-nucleotide segment of the S gene containing the
(del211/ins214), as previously described. A synthetic segment of 395 bp of the
S gene of the (wild-type) flanked by the Omicron BA.1 primer was used as a
negative control. Nuclease-free water was used as NTC. The amplicons were
analyzed using lateral flow strips. In a tube, 2 L of RPA amplicon was carefully
mixed with 98 pL of assay buffer. The lateral flow strip was then immersed in

the buffer, and positive results were considered if a band was confirmed within
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5 min, as previously described °°. In addition, the amplification products were

analyzed by a 3% gel electrophoresis.

3.5. Cross-reactivity
To evaluate the cross-reactivity of the SARS-CoV-2 (N) RT-RPA-LF and
Omicron BA.1 (S) RT-RPA-LF assays, we tested the standards (ATCC,
Manassas, VA, USA), virus isolates, and clinical samples associated with some

common human respiratory viruses (Table 3).

3.6. Clinical samples

In this study, | received 454 clinical respiratory samples from two hospitals
and three laboratories in Miyagi, Japan, and Peru (Figure 8, Table 3). One
hundred eleven nasopharyngeal samples were collected from children with
respiratory symptoms before the COVID-19 pandemic. Among 328 SARS-
CoV-2-positive samples, 86 were included for the evaluation of SARS-CoV-2
(N) RT-RPA-LF (Figure 9), and 257, including variants of BA.1 (n = 172), BA.2
(n=15), BA5 (n=7), Alpha (n = 15), Delta (n = 15), Gamma (n = 7), Lambda
(n =10), and Mu (n = 1), were tested to evaluate Omicron BA.1 (S) RT-RPA-
LF (Figure 10). Sixty-seven pre-pandemic samples were tested in both RT-
RPA-LF assays.

SARS-CoV-2 variants were identified based on Sanger sequencing (partial
S gene, Table 6) or whole genome sequencing. The SARS-CoV-2 sequences
collected in Japan (n = 224) and included in the Omicron BA.1 (S) RT-RPA-LF
testing have been submitted to GISAID (Table 8). Also, the genetic sequences

from samples collected and previously submitted in Perd (n = 33) were
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accessed from GISAD to assess the presence of del211/ins214 and establish
the group wildtype and non-BA.1 VOC. The accession numbers of these
sequences can be found in Table 8.

The RNA was extracted using QIAmMp® Viral RNA Mini Kit (Qiagen, Valencia,
CA, USA), MagMAX™ CORE Nucleic Acid Purification Kit (ThermoFisher
Scientific, Paisley, UK), Maxwell RSC Total Nucleic Acid Purification Kit
(Promega, Madison, WI, USA) and Nucleic Acid Extraction-Purification kit
(Sansure Biotech, Changsha, China). The samples were tested for SARS-CoV-

2 using real-time RT-PCR >°3 and preserved at -80 °C until further utilization.

3.6.1. Ethical Statement

The research project was reviewed and approved by the Institutional Ethics
Committee of the Graduate School of Medicine, Tohoku University (2020-1-
333, N-19577) and Peruvian Cayetano Heredia University (SIDISI:212025 and

205559).

3.7. Diagnostic evaluation of SARS-CoV-2 (N) RT-RPA-LF
A total of 190 clinical samples were tested to evaluate the SARS-CoV-2 (N)
RT-RPA-LF assay. The samples were divided into a "positive group” (n=86),
consisting of samples that tested positive using SARS-CoV-2 RT-gPCR and a
"negative group” (n=104), consisting of nasopharyngeal swabs samples
collected before the COVID-19 pandemic (Figure 9). The positive group was
stratified by different viral load categories according to quantitative real-time

PCR results as follows: high > 9015 copies/uL (Cq<24.9), moderate 9015—
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385 copies/uL (Cq 25—29.9), low 385—16 copies/pL (Cq 30—34.9) and very
low <16 copies/uL (Cq 35—40) following similar categorization established in
previous studies 5280, The sensitivity on clinical samples was calculated
independently for each category and | performed the evaluation of RT-RPA-LF
blinded to the SARS-CoV-2 real-time RT-PCR results of the samples. In vitro
transcribed RNA standard (10° copies/pyL) was utilized as a positive control,
and nuclease-free water was utilized as NTC in all the experiments. The test

results were annotated in Table 5a.

3.8. Diagnostic evaluation of the Omicron BA.1(S) RT-RPA-LF

Similarly, 331 clinical samples were tested to evaluate the Omicron BA.1 (S)
RT-RPA-LF assay. Based on Sanger or NGS results, | created a "positive
group” (n=172) consisting of samples confirmed to be Omicron BA.1. Samples
were selected by Cq level categories as described above (Figure 10). |
established two "negative groups™: the wild-type+non-BA.1 VOC group (n=85),
consisting of specimens confirmed as wild-type and VOCs other than BA.1,
and pre-COVID-19 specimens (n=74). The procedure was carried out blinded,
as explained above. Transcribed RNA standard containing the del211/ins214
(10° copies/uL) was used as a positive control, and a plasmid containing the
wild-type for del211/ins214 (10° copies/pL) was used as a negative control.
Nuclease-free water was utilized as NTC. The results for Omicron BA.1 (S) RT-

RPA-LF were annotated in Table 5b.

24



4. Results

4.1. Primer design
For the molecular detection of the SARS-CoV-2 Nucleocapsid gene, two
RPA primer sets and one probe were designed. Moreover, three RPA primers
and two probes were designed for the SARS-CoV-2 spike region, covering the

del211 and ins214 (Table 2).

4.2. Primer selection

4.2.1. Nucleocapsid Gene

The primer Sets RPA N1 and RPA_N2 showed a band under gel
electrophoresis analysis for the positive plasmid control, however, RPA_ N2
showed a significantly more intense band (Figure 4) so | chose it for the next

development process.

4.2.2. Spike Gene

The primers Set 2 and Set 3 produced an amplification band under gel
electrophoresis analysis (Figure 5a), however, the primer Set 2 was chosen for
the next developing process since it produced a slightly more intense band
under visual qualitative analysis compared to primer Set 3, no band was
observed for NTC. The primer Set 2 showed a limit of detection of 10 copies/uL
testing the positive control (Figure 5b). Probe 1 and Probe 2 showed a test line
in the positive control for the lateral strip however, only Probe 2 showed to work
properly showing the absence of a band on the lateral flow for the NTC (Figure

5c¢). The presence of amplicon on the positive control and absence of amplicon

25



on the NTC was confirmed using gel electrophoresis analysis (Figure 5d).

Probe 2 was chosen for the next development step.

The primer Set 2 and Probe 2 proved to discern the positive control
containing the del211 and ins214 from the negative control containing the wild-
type version of the del211 and ins214, showing band for the lateral flow for the
positive control and band at any of the triplicates of the negative control, also
no bad was observed on the NTC (Figure 5e). The proper function of the primer
and probe mechanism was confirmed by gel electrophoresis analysis,
observing amplification bands in the positive and negative controls. The
presence of bands in the negative controls is explained as a result of correct
annealing of the primers to the partial segment of the spike gene of the SARS-
CoV-2 (Figure 5f), only Probe 2 was designed to discern a segment containing
del211 and ins214 from a wild-type. Finally, the combination of the Primer Set

2 and probe 2 was selected for the evaluation of clinical samples.

4.3. Determination of the Limit of Detection
4.3.1. Nucleocapsid Gene
The SARS-CoV-2 (N) RT-RPA-LF showed a limit of detection of 10 copies/pL

(RNA standards) (Figure 6a, b).

4.3.2. Spike Gene
The Omicron BA.1 (S) RT-RPA-LF showed a limit of detection of 10 copies/uL

(RNA standards) (Figure 6c¢, d).
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4.4. Cross-reactivity

4.4.1. Nucleocapsid Gene

The SARS-CoV-2 (N) RT-RPA-LF did not show cross-reactivity against
some of the most common human respiratory viruses, including human
metapneumovirus, influenza A (H1N1)pdmOQ9, respiratory syncytial virus,
human parainfluenza virus type 2, human parainfluenza virus type 4, human
adenovirus, human parainfluenza virus type 1, human parainfluenza virus type
3, influenza B virus, influenza C virus, severe acute respiratory syndrome
coronavirus, and middle east respiratory syndrome coronavirus (Figure 7a),

human coronavirus 229E and human coronavirus OC43 (Figure 7b, Table 4).

4.4.2. Spike Gene
The Omicron BA.1 (S) RT-RPA-LF did not showed cross-reactivity testing
pre-COVID-19 coronaviruses 229E, OC43, NL63, and HKU1, (Figure 7c, d),

Alpha and Delta VOCs (Figure 7e, f, Table 4).

4.5. Diagnostic evaluation of SARS-CoV-2 (N) RT-RPA-LF

The sensitivity against the real-time RT-PCR-positive clinical samples varied
according to the viral load categories as follows: 100.0% (95% CI: 98.7.1—
100.0) for samples with high viral load, 100.0% (95% CI: 97.1-100.0) for those
with moderate viral load, 83% (95% CI: 63.3—100.0) for those with low viral load,
and 14.3% (95% CI. 0-47.4) for those with very low viral load (Figure 11la,
Table 5a). We observed six false negatives under the very low viral load
category, of which three resulted below the limit of detection of 10 copies/pL,

while others showed 19.55, 23.25, and 53.5 copies/pL. The specificity against
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pre-COVID-19 samples was 100% (95% CI: 96.6—100). The detection time

from reaction incubation to detection was approximately 35 min.

4.6. Diagnostic evaluation of the Omicron BA.1 (S) RT-RPA-LF

The sensitivity varied according to the real-time RT-PCR Cq categories as
follows: 94.9% (95% CI: 90.3—99.8) for high viral load, 78% (95% CI: 65.5-90.5,
Cl = 95%) for moderate viral load, 23.8% (95% CI: 3.21-44) for low viral load,
and 0% for very low viral load (Figure 7b, Table 5b). We observed three false
negatives in the very low viral load category, of which two showed a viral load
below the limit of detection of 10 copies/pL, and one sample was close to the
limit of detection, showing 16.3 copies/uL. The specificities against the wild-
type and non-BA.1 VOC samples and pre-COVID-19 samples were 96.5%

(90.1-100, CI = 95%) and 95.9% (95% CI: 88.7-98.9), respectively.

The Omicron BA.1 (S) RT-RPA-LF testing yielded six false-positive results,
of which three resulted from the negative group of wild-type +non-BA.1 VOC
and the other three from the pre-COVID-19 group. We confirmed that there
were no del211/ins214 mutations in the sequences from the samples with
false-positive results in the wild-type+non-BA.1 VOC group. Three re-tested
samples from the six false-positive samples yielded negative results. Therefore,
we considered that the false positives occurred mainly due to technical issues

during sample loading or amplicon dilution before lateral flow strips.

Among the 172 Omicron BA.1-positive samples tested, | could not assess
the presence or absence of del211/ins214 in five sequences; however, those
samples were included in the sensitivity analysis because they were able to be
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classified as BA.1 lineage using the Pangolin COVID-19 Lineage Assigner. The
viral load for those samples was 2.3, 19.1, 31.5, 60.4, and 1545.2 copies/uL.
The frequencies of del211 and ins214 in sequences from 167 Omicron BA.1-
positive samples, tested by Omicron BA.1 (S) RT-RPA-LF excluding those five
samples without the sequences, were 100% (167/167) and 99.4% (164/167),
respectively. The result of the sample missing the ins214 was positive by
Omicron BA.1 (S) RT-RPA-LF. None of the 85 samples in the “wild-type and

non-BA.1 VOC” group had del211 or ins214.

Discussion

In this study, | developed and evaluated two RPA assays for the detection
of the SARS-CoV-2 partial N gene and Omicron BA.1 variant-specific deletion-
insertion mutations in the S gene. The detection limit using the RNA standard
(10 copies/uL) was similar to 6% or slightly higher than that reported in other
SARS-CoV-2 RT-RPA studies 263, In addition, the detection limit was lower
than that of other isothermal amplification methods developed for SARS-CoV-
2, such as the 100 RNA copies for LAMP %465 However, the RPA assays had
slightly lower sensitivity than that found using real-time RT-PCR, reported by
the Centers for Disease Control and Prevention, World Health Organization®®,
and the Japanese National Institute for Infectious Diseases, whose detection

limit is reported as 1 copy/uL 2.

Several previous studies have evaluated SARS-CoV-2 RT-RPA in clinical
samples and reported sensitivities ranging from 65% to 100% and specificities

ranging from 77% to 100% 6263.67-70_ However, among these studies, only three
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included > 50 SARS-CoV-2-positive clinical samples. Gosh et al. evaluated the
sensitivity of different viral load categories in RT-PCR-positive samples in 76
positive clinical samples °. The sensitivities of RT-RPA-N for samples with Cq
levels of 0—30, 31-35, and 36—40 were 97.4%, 71.4%, and 12.5%, respectively.
Similarly, this study showed the high sensitivity of the SARS-CoV-2 (N) RT-
RPA-LF assay in clinical samples with relatively high and moderate viral loads
(both 100%). Another study reported a high sensitivity of 98.7% using RT-RPA-

targeting N genes in 78 positive samples 68,

Although my results and those of others showed decreased sensitivity in
samples with moderate and low viral loads, my two RT-RPA assays seemed to
have better sensitivity than Ag-RDT 5152in low (N: 83%, BA.1: 24% vs. Ag: 0—
14%) to moderate (N: 100%, BA.1: 78% vs. Ag: 42—86%) viral load samples
(Table 7). Compared with the sensitivity of the LAMP 4, my assay also showed
higher sensitivity in the limited number of low-viral load samples (N: 83.3% vs.
20%) whereas, the BA.1 assay showed comparable sensitivity (24%) to the

LAMP.

The higher sensitivity of RPA compared to LAMP in clinical samples with
low viral load may be explained in part by the greater efficiency of RPA in
amplifying a single target gene, as opposed to the six different target genes
amplified by LAMP?Z, This difference in sensitivity may be more evident in

clinical samples with low viral load.

Another explanation relies on the colorimetric detection method commonly
used by LAMP, that have been reported to obtain false negatives in clinical
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samples due to the ambiguity of distinguishing positives from negatives by

color changes, especially in clinical samples under low viral loads .

In other studies, the RT-RPA assay was combined with clustered regularly
interspaced short palindromic repeats (CRISPR)/CRISPR-associated proteins
(Cas) to improve sensitivity 7>73. A study of CRISPR/Cas12a showed similar
sensitivity as that observed in this study, and the others showed similar or
slightly lower sensitivities using CRISPR/Casl2b (40 copies/pL) or
CRISPR/Cas9 assays (8 copies/uL) "3, compared to my study. Only a few
studies have applied RT-RPA with CRISPR to a large number of clinical
samples. One study that evaluated 53 positives and 111 negatives samples
showed a high sensitivity of 96.3% and a specificity of 100% 2. Another
relatively small study with 36 positive and 12 negative samples reported a

sensitivity of 93.8% .

In this study, | did not utilize CRISPR, which usually requires a two-step
system and additional incubation time. Instead, | developed an alternative,
simple, and straightforward system that prioritized the time for testing. To the
best of my knowledge, no study has reported the sensitivity of RT-RPA with
CRISPR/Cas according to viral load levels. This may be feasible, particularly

for samples with low viral loads.

Even though both the SARS-CoV-2 (N) and the Omicron BA.1 (S) assays
had the same limit of detection (10 copies/pL), the SARS-CoV-2 (N) assay
showed higher sensitivity than the Omicron BA.1 (S) assay in clinical samples,
especially for moderate to very low viral loads. This difference in sensitivity may
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be due to multiple factors, including the potential degradation of RNA due to
repeated freeze-thaw cycles 74, different periods of sample preservation 7>, the
exclusive use of the N gene instead of the S gene for viral RNA detection and
its quantification using real-time PCR, as well as a possible difference in the

expression rate between the N and S genes.

RNA degradation as a consequence of freeze-thaw cycles is explained due
to the activity of RNAases released by disrupted lysosomes in preserved
tissues or cleave pressure by ice crystals on mRNA molecules “. For instance,
during the evaluation of the positive group of Omicron BA.1 (S), the samples
underwent up to three thawing cycles because of the procedures of real-time
PCR, cDNA synthesis for sequencing, and RPA testing whereas the samples
used for the evaluation of the SARS-CoV-2 (N) test only experienced two
thawing steps. Additionally, the average time difference from the SARS-CoV-2
real-time PCR to RPA for the positive samples was longer for the Omicron BA.1

test than the SARS-CoV-2 test (4.5 vs. 2.9 months).

To quantify the viral load in the clinical samples, only the SARS-CoV-2 (N)
gene real-time PCR assay was employed and not the S gene. However, it is
important to note that the expression levels of subgenomic RNA of the N gene
and the S gene in SARS-CoV-2 may not be directly comparable. Previous
studies in Coronaviruses have indicated that the subgenomic RNA expression
of the N gene is 3—10 times higher during 12 hours post-infection”’’. Hence,
a higher expression of subgenomic RNA of the N gene compared to the S gene
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may explain the higher sensitivity of the SARS-CoV-2 (N) test compared to the

Omicron (S) test in clinical samples.

Deletions and insertions have been used as molecular markers for the
detection and characterization of viruses other than SARS-CoV-2 7879, |
selected del211/ins214 as a molecular marker since | found highly prevalent in
Omicron BA.1 during the primer design analysis. Deletions and insertions are
significant sources of genetic diversification and can induce a significant impact
on the properties and evolution of proteins €. It is also known to facilitate Alpha
and Omicron viral entry mediating spike stability and immune evasion 8. Also,
it shows an association in drug resistance for HIV-1 mediating viral reverse-

transcriptase fitness 82,

Although Omicron BA.1 is not circulating anymore, | addressed the
applicability of an assay to detect a SARS-CoV-2 variant containing
deletions/insertions. The test design reported in this study may be useful in
future applications for the detection of SARS-CoV-2 VOC using

deletions/insertions as molecular markers.

In this study, | developed a one-step RT-RPA-LF system. This system
utilizes a reverse transcriptase enzyme to enable complementary DNA
synthesis (cDNA), along with a probe labeled with FITC and a reverse primer
labeled with Biotin. Additionally, it incorporates an endonuclease IV and utilizes
commercially available lateral flow strips (LF) designed for the detection of DNA
amplicons labeled with FITC and Biotin. The developed system allows for the
detection of SARS-CoV-2 and Omicron BA.1 in less than 35 minutes. This
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approach offers a faster and straightforward alternative to previously reported

methods targeting other mutations in SARS-CoV-2 VOC 3536,

| designed a probe to bind to the remaining ends of the deletion/insertion
and detect the mutation as a positive result, which is different from other PCR
methods that give negative results for deletion detection . One sample with
del211 but without ins214 was also positive, possibly because the probe
annealed to a portion of the remaining del211 ends. Detecting specific
deletions seems useful; however, these mutations may be shared with new
variants in the future. Therefore, genomic monitoring of the sequence is
necessary. For example, Omicron XBB.1.5, currently circulating in the United
States and other countries, shares most of its spike mutations with BA.2,
including a deletion mutation in del144 84, which was previously observed in

Alpha and other variants of interest.

The cost per sample for the RT-RPA-LF was 3,000 Japanese yen (JPY),
which is three times more expensive than real-time PCR (1,100 JPY) and also
more expensive than rapid antigen tests (800 JPY). These costs include the
price of the RNA extraction kit in both cases. However, part of the cost
difference may be because of the additional importation or supplier costs due

to the low level of distribution in Japan.
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Regarding the test development time of RT-RPA-LF, it is estimated to take
around two weeks, if a panel is prepared of clinical samples properly
characterized as positive and negative controls. This relatively short
development period would be useful in scenarios where a rapid response is
needed to develop molecular tests for new variants of SARS-CoV-2 or other

emerging pathogens.

My study has limitations. First, clinical samples were not analyzed at the
same institution using real-time RT-PCR parallel to RT-RPA-LF; therefore, the
viral load was lower than the values tested at each institution. Because of RNA
degradation due to time or unfreezing, some misclassification of viral load
categories may have occurred. Second, the positive sample selection for
Omicron BA.1 (S) RT-RPA-LF was limited to samples whose sequences were
available by Sanger sequencing or NGS. Mutation-specific real-time RT-PCR,
which is a highly sensitive method, allows the addition of a high number of
samples with low viral loads. Third, the limited number of samples in the low
and very low virus categories resulted in a wide range of 95% CI for sensitivity.
Finally, RNA samples obtained from children during the pre-COVID-19 period
and other VOCs were used as negative controls. Specificity was not evaluated

for samples collected from populations with similar backgrounds and periods.

The RT-RPA-LF system still has some disadvantages for implementation in
resource-limited settings. First, the system requires RNA extraction from RNA
viruses. Therefore, additional laboratories, equipment, and time are required.

Secondly, the lateral flow assay has a higher risk of contamination than the
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single-tube assay, which uses coloring technigques. The need to open the
reaction tube after amplification to perform lateral flow detection has been
highlighted as an important source of cross-contamination, owing to amplicon

aerosolization ©°.

Therefore, to utilize this sensitive detection method of specific deletion-
insertion mutation in SARS-CoV-2 VOC or other RNA virus pathogens in the
future, further studies may adapt the instrument-free and rapid nucleic acid

extraction methods and/or single-tube systems.

Conclusions

In this study | developed two rapid molecular tests for the detection of SARS-
CoV-2 nucleocapsid gene (N) and variant-specific Omicron BA.1. Both
methods showed high sensitivity and specificity in clinical samples. Further
research is needed for the development and adaptation of the instrument-free
RNA isolation method which should allow the application of this test in point-

of-care or low-resource settings.
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7. List of abbreviations

6-FITC 6- fluorescein isothiocyanate

Ag-RDT Antigen Rapid detection test

CD Connector domain

cDNA Complementary DNA

CH Central helix

COVID-19 Coronavirus disease 2019

Cq Cycle quantification

CRISPR Clustered regularly interspaced short palindromic repeats
FCS Furin-cleave site

FP Fusion peptide

GISAID Global Initiative on Sharing All Influenza Data

hACE2 Angiotensin Converting Enzyme 2

HR1 Heptad repeat 1

NGS Next-generation sequencing

NTD N-terminal domain

PCR Polymerase Chain Reaction

RBD Receptor binding domain

RT-LAMP Reverse transcription loop-mediated isothermal amplification
RT-RPA Reverse transcription recombinase polymerase amplification
SARS-CoV-2 severe acute respiratory syndrome coronavirus 2

SSB Single-stranded DNA binding proteins

TMPRSS2 Transmembrane serine protease 2

VOC Variant of concern
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5 ssess0c000 >

3 f 5
Synthesis of two DNA strands
5’ : 3
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DNA Polymerase < Recombinase vSingIe-stranded DNA binding protein
Primers <« Primers/Recombinase complex

Figure 1. Principle of recombinase polymerase amplification (RPA). (a) The RPA primers and Recombinase
proteins combine to form a nucleoprotein complex. (b) The nucleoprotein complex anneals at the target region
sequence, the complementary strand is displaced forming a Loop, and the loop structure is stabilized by single-
stranded DNA binding proteins (SSB). (c) The DNA polymerase synthetizes DNA from 5' to '3 direction. (d) The

parental strand separates as DNA synthesis continues. (e) Two new DNA strands are synthesized.
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Primers for SARS-CoV-2 detection

Primers for gPCR SARS-CoV-2 detection

It

“Europe and China” “USA” “Japan”
‘;';gg P(r;‘";:r ?Z;?:; qPCR Primer €DC gPCR Primer NIID
vl (N1) 28295-28366nt (N) 29133-29290nt
15451nt
B
@1 003781 ) M 003761 y 003751 = l )
QHZ . OHZ. B OHZ z aH){QHz00386.1,
g orflab i s &_; N
“1 1k 2k 3k 4k 5k 6k Tk 8k 9k 10k 11k 12k 13k 14k 15k 16k 17k 18k 19k 20k 21k 22k 23k 24k 29k 29 503'

RPA_N_2
(N) 29264-29429nt

Primers for RPA SARS-CoV-2 (N) designed in this study

RPA_N_1
(N) 29132-29298nt

Figure 2. Primer design for SARS-CoV-2 nucleocapsid gene (N).
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Figure 3. Principle for Omicron BA.1 (S) RT-RPA-LF. (a) representation of the del211/ins214 located in the N-
terminal domain (NTD), spike gene, Omicron BA.1. (b) RPA primers amplify a 179bp segment, and a 46 nt long
probe anneals a segment along the del211/ins214. (c) endonuclease IV specifically cleaves the abasic residue
(d-spacer) only after alignment of probe and del211/ins214. (d) The polymerase block molecule (C3-spacer) is
released from the 3‘ probe. The DNA polymerase incorporates nucleotides from 5' to 3'. (e) a 179 bp amplicon is
synthesized containing a 6-FITC tag at 5'end and a Biotin at 3'.(f) a partial or no binding of probe and template
won'’t allow end IV cleave the abasic residue, as a consequence no double tagged amplicon will be generated
producing a negative result. (g)The RPA amplicon tagged with FITC and Biotin can be detected by the universal

lateral flow strips specific for 6-FITC /Biotin molecules.
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RPA_N1_Set RPA_N2_Set

—L— PR A—
PC NTC MW PC  NTC

500 Bp —

200 Bp —>

100 Bp —>

Figure 4. Primer test for the SARS-CoV-2 (N) RT-RPA-LF. The primer set
RPA_N2_Set showed a more intense band in the positive control compared to
the set RPA N1 Set. The set RPA N2 Set was selected for the limit of
detection test. MW: Molecular weight marker. Bp: Base pairs. PC: Positive
control, CDC The 2019-nCoVN_Positive Control 10° copies/pL. NC: Negative

control, NTC: Non-template control, nuclease-free water.
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Probe 1
——
PC

NTC
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NC__NTC

Primer Set2

b

200 Bp

MW 105 104 103

102

10

1 _NTC

100 Bp

Primer Set 2
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Primer Set2+Probe 2
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Figure 5. Primer and probe evaluation for the Omicron BA.1 (S) RT-RPA-LF.

(&) RPA primers evaluation, amplification bands are confirmed on positive

control (PC) for primers Set 2 and Set 3, (b) gel electrophoresis shows a

detection limit of 10 copies/puL (plasmid control) for primer Set 2, (c) the

combination of primer Set 2 and Probe 2 produced a band on PC. No band

was observed for the NTC, and (d) gel electrophoresis confirms amplification

bands for both probes 1 and 2 at the PC, but no bands were detected at the

NTC. MW: Molecular weight marker. Bp: Base pairs. PC: Positive control,

del211/ins214 plasmid control 10° copies/uL. NC: Negative control, wildtype for

del211/214ins plasmid control 10° copies/uL. NTC: Non-template control,

nuclease-free water.
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104 103 102 10 1 NEG NTC MW 104 103 102 10 1 NEG NTC

Control line 200 Bp
Test line 100 Bp
C 104 103 102 d

Control line

300 Bp

200 Bp

Test line
100 Bp

Figure 6. The detection limit of SARS-CoV-2 (N) RT-RPA-LF and Omicron
BA.1 (S) RT-RPA-LF based on RNA standards (a), (b), SARS-CoV-2 (N) RT-
RPA-LF showed a detection limit up to 10 copies/pL of RNA standards, (c), (d)
The Omicron BA.1 (S) RT-RPA-LF showed a detection limit of 10 copies/pL of
RNA standards. WT: wild-type S gene (10* Copies/uL). NEG: negative control,
human DNA. NTC: non-template control, nuclease-free water. MW: molecular

weight marker. Bp: base pairs.
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Control line

Test line

e

Control line

Test line

Figure 7. Cross-reactivity of SARS-CoV-2 (N) RT-RPA-LF tested against

nucleic acid samples from common respiratory pathogens. (a) no cross-

reactivity was observed for the SARS-CoV-2 (N) RT-RPA-LF testing human

metapneumovirus (hMPV), influenza A (H1IN1)pdm09 (IAV H1N1-pdm),

respiratory syncytial virus (RSV), human parainfluenza virus type 2 (hPI2V),

human parainfluenza virus type 4 (hPl14V), human adenovirus (HAdV), human

parainfluenza virus type 1 (hPI1V), human parainfluenza virus type 3 (hPI3V),
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influenza B virus (IBV), influenza C virus (ICV), severe acute respiratory syn-
drome coronavirus (SARS-CoV-1), and middle east respiratory syndrome
coronavirus (MERS-CoV), (b) no cross-reactivity was observed testing human
coronavirus 229E (HCoV-229E) and human coronavirus OC43 (HCoV-0C43),
(c) No cross-reactivity was observed for the Omicron BA.1 (S) RT-RPA-LF
testing pre-COVID-19 coronaviruses 229E (HCoV-229E), OC43 (HCoV-0OC43),
NL63 (HCoV-NL63), and HKU1 (HCoV-HKU1), (e),(f), No cross-reactivity was
observed testing Alpha and Delta VOCS. MW: molecular weight. Bp: base pairs.
WT: wild-type S gene (10* Copies/uL). NTC: non-template control, nuclease-

free water.
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Clinical samples

n=454
|
v v
| SARS-CoV-2 Pre-COVID-19
3432 111 ]
SARS-CoV-2 N Pre-COVID-19
86 Gy 104 7
37
67

BA.1, Wild-type, S Pre-COVID-19
» Non-BA.1VOC |<{=— 4
257

N: SARS-CoV-2 (N) RT-RPA-LF, S: Omicron BA.1 (S) RT-RPA-LF
a. Positive samples by institution is described in the Table S4

Figure 8. Study design diagram. N: SARS-CoV-2 (N) RT-RPA-LF, S: Omicron
BA.1 (S) RPA-LF, VOC: variant of concern. Pre-COVID19: Clinical samples
collected before the COVID-19. 2The sample numbers by institutions are

described in Table 3.
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SARS-CoV-2 (N) RT-RPA-LF

Clinical samples

n=190
I
! |
SARS-CoV-2 Pre-COVID-19
! l
Viral load n n
high 39 104
moderate 16
low 23
very low 8
Total 86

Figure 9. Flow chart of diagnostic evaluation for SARS-CoV-2 (N) RT-RPA-LF

SARS-CoV-2: Clinical samples positive to SARS-CoV-2 by real-time PCR. Pre-
COVID19: Clinical samples collected before the COVID-19. The viral loads
were stratified as; Hight viral load: > 9777.3 copies/uL, moderate viral load:
503.5—9777.3 copies/pL, low viral load: 25.8—503.4 to copies/pL and very low

viral load: < 25.8 copy/uL.
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Omicron BA.1 (S) RT-RPA-LF

Clinical samples
n=331
| }
BA.1 Wt+Non-BA.1 Pre-COVID-19
Viral load l n Lineage 1 n rJ;
high 98 Wild-type 15 74
moderate 48 Alpha 15
low 20 Delta 15
very low 6 BA.2 15
Total 172 BA.S5 7
Gamma 7
Lambda 10
Mu 1
Total 85

Figure 10. Flow chart of diagnostic evaluation for Omicron BA.1 (S) RT-RPA-

LF.

BALl: Clinical samples classified as Omicron BA.1 using Sanger or NGS
sequencing. Wt+Non-BA.1: Clinical samples classified as wild-type or VOC
other than Omicron BA.1. Pre-COVID19: Clinical samples collected before the
COVID-19. The viral loads were stratified as; Hight viral load: > 9777.3
copies/uL, moderate viral load: 503.5—9777.3 copies/uL, low viral load: 25.8—

503.4 to copies/pL and very low viral load: < 25.8 copy/uL.

Wt: wild-type
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% Sensitivity

a SARS-CoV-2 (N) RT-RPA-LF b Omicron BA.1 (S) RT-RPA-LF
1004 100 100 1004 949
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75 n=44 n=17 n=18 75- n=98 78.0
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Figure 11. Sensitivity of SARS-CoV-2 (N) RT-RPA-LF and Omicron BA.1 (S)
RT-RPA-LF tested in the clinical samples. (a) SARS-CoV-2 (N) RT-RPA-LF
showed different sensitivities compared to real-time RT-PCR Cq values, (b)
Omicron BA.1 (S) RT-RPA-LF showed different sensitivities compared to Cq
values. Viral loads were classified as a high viral load: > 9,015.7 copies/uL,
moderate viral load: 385.5-9,015.7 copies/uL, low viral load: 16.5-385.6 to

copies/pL, and very low viral load: < 16.5 copies/pL.
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9. Tables

Table 1. Consensus sequences for Omicron BA.1 and wild-type utilized for the generation of positive control (Omicron
BA.1) and negative control SARS-CoV-2 (wild-type)

Name Sequence (5'—3') Length (nt) | Position Reference

S 211d | AAAAGTTGGATGGAAAGTGAGTTCAGAGTTTATTCTAGTGCGAATAATTGCACTTT | 395 21984- OL817641.

el+214in | TGAATATGTCTCTCAGCCTTTTCTTATGGACCTTGAAGGAAAACAGGGTAATTTCA 22378 1

s_wildty | AAAATCTTAGGGAATTTGTGTTTAAGAATATTGATGGTTATTTTAAAATATATTCTAA

pe GCACACGCCTATTAATTTAGTGCGTGATCTCCCTCAGGGTTTTTCGGCTTTAGAAC
CATTGGTAGATTTGCCAATAGGTATTAACATCACTAGGTTTCAAACTTTACTTGCTT
TACATAGAAGTTATTTGACTCCTGGTGATTCTTCTTCAGGTTGGACAGCTGGTGCT
GCAGCTTATTATGTGGGTTATCTTCAACCTAGGACTTTTCTATTAAAATATAATGA

S 211d | CAAAAACAACAAAAGTTGGATGGAAAGTGAGTTCAGAGTTTATTCTAGTGCGAATA | 394 21952- 0OL822906.

el+214in | ATTGCACTTTTGAATATGTCTCTCAGCCTTTTCTTATGGACCTTGAAGGAAAACAG 22345 1

s_delete | GGTAATTTCAAAAATCTTAGGGAATTTGTGTTTAAGAATATTGATGGTTATTTTAAA

d ATATATTCTAAGCACACGCCTATTATAGTGCGTGAGCCAGAAGATCTCCCTCAGG

GTTTTTCGGCTTTAGAACCATTGGTAGATTTGCCAATAGGTATTAACATCACTAGG

TTTCAAACTTTACTTGCTTTACATAGAAGTTATTTGACTCCTGGTGATTCTTCTTCA

GGTTGGACAGCTGGTGCTGCAGCTTATTATGTGGGTTATCTTCAACCTAGGACTT

TT
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Table 2. Primers and probes designed in this study

RPA primers for the detection of SARS-CoV-2 and Omicron BA.1

Primer The nucleotide sequence (5'—3) GC | Lengt | amplico | Positio | Genome
(%) |h(nt) | n size|n reference
(Bp)
RPA_N_2F GAACGTGGTTGACCTACACAGGTGCCATCAAAT ‘5‘8' 33 ggggg' fp714083'
166
RPA_N_2R-Bio BIOTIN-GGTAAGGCTTGAGTTTCATCAGCCTTCTTCTTTT 4211. 34 ggggg_ (1)P714083'
FITC- 31 29242- | OP714083.
RPA_Probe N1 ACAAAGATCCAAATTTCAAAGATCAAGTCA[THF]TTTGCTGAAT 1 " | 46 NA 29287 |1
AAGCA-C3
RPA 214ins_SET2_F TCTTAGGGAATTTGTGTTTAAGAATATTGATGG 30. 33 2328421- ?P711808'
- 179
EiF(’)A_214|nS_SET2_R_ Biotin- TATGTAAAGCAAGTAAAGTTTGAAACCTAGTG gl' 32 ggig_ ?P711808'
FITC-ACACGCCTATTATAGTGCGTGAGCCAGAA[THF] 50. 22128- | OP711808.
RPA_214INS_Probe_2 | \rcTeccTCAGGGTTT-C3 o |4 [NA 22173 | 1
PCR primers adapted with theT7 promotor sequence utilized for the synthesis of RNA standards
PCR_T7_N_2F TAATACGACTCACTATAGGGAACGTGGTTGACCTACACA ‘613' 39 ggggg_ (1)P714083'
166
PCR_T7_N_2R GGTAAGGCTTGAGTTTCATCAG :_)15. 22 ggggg- ?P714O83'
PFCR—T7—214'”S—SET2 TAATACGACTCACTATAGGGTAATTTCAAAAATCTTAG 58' 38 ggggg' ?N062940'
- 185
PgR_T7_214|nS_SET2 TATGTAAAGCAAGTAAAGTT 25 20 gg%?_— ?N062940.

NA= Not applicable
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Table 3. Clinical samples tested using SARS-CoV-2 (N) and Omicron BA.1 (S) RT-RPA-LF

Kawamura Tohoku Sendai Virus Miyagi Tohoku Universidad Total
children University City Research  Prefectural Kosai Peruana
RT-RPA-LE clinic Hospital® Institute of Center, Institute of Hospital’ Cayetano
Public Sendai Public Health Heredia?
Health® Medical and
Center Environment®
(SI\IA)RS'COV'Z 104 50 28 5 3 : - 190
(Osr)n'cron BA1 74 56 : : 128 40 33 331

In total, 454 samples were tested in this study. Of these, 190 were tested for SARS-CoV-2 (N) RT-RPA-LF, 331 were
tested for Omicron BA.1 (S) RT-RPA-LF, and 67 were tested for both. Institutions a, b, d, e, and f used the QIAamp Viral
RNA Mini Kit. The institution e used the MagMAX CORE Nucleic Acid Purification Kit and Maxwell RSC Total Nucleic Acid
Purification Kit. The institution g used a Nucleic Acid Extraction-Purification kit (Sansure Biotech, China). Institutions b, c,

d, e, and f used the SARS-CoV-2 PCR protocol (32), (33).
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Table 4. Samples utilized for the cross-reactivity test

SARS- Sample Type Cross-
CoV-2 (N) reactivity
RT-RPA-LF Human Clinical sample (cDNA) No
metapneumovirus
influenza A Clinical sample (cDNA) No
(HIN1)pdmO09
Influenza C virus Clinical sample (cDNA) No
Respiratory syncytial  Clinical sample (cDNA) No
virus
Human parainfluenza Clinical sample (cDNA) No
virus type 1
Human parainfluenza Clinical sample (CDNA) No
virus type 2
Human parainfluenza Clinical sample (cCDNA) No
virus type 3
Human parainfluenza Clinical sample (cDNA) No
virus type 4
Severe acute Bat SARS-like coronavirus isolate  No
respiratory syndrome  bat-SL-CoVZC45, genome
coronavirus standard (cDNA) (IDT, catalog
10006624)
Middle east Middle East respiratory syndrome-  No
respiratory syndrome related coronavirus isolate
coronavirus KNIH/002_05_ 2015, genome
standard (cDNA) (IDT, catalog
10006623)
Human coronavirus Human coronavirus 229E genome  No
229E standard (ATCC-VR-740) (RNA)
Human coronavirus Human coronavirus OC43 genome No
0OC43 standard (ATCC-VR-1558) (RNA)
Omicron Alpha (B.1.1.7) VOC Clinical sample (RNA) No
BA.1(S) Delta (1.617.2) VOC  Clinical sample (RNA) No
RT-RPA-LF Human coronavirus Human coronavirus 229E genome  No
229E standard (ATCC-VR-740) (RNA)
Human coronavirus Human coronavirus OC43 genome No
0OC43 standard (ATCC-VR-1558) (RNA)
Human coronavirus Clinical sample (RNA) No
NL63
Human coronavirus Clinical sample (RNA) No
HKU1 (

cDNA: complementary DNA
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Table 5

a. SARS-CoV-2 (N) RT-RPA-LF results by real-time RT-PCR using viral load
categories.

SARS-CoV-2 PCR positive

(by viral load categories) Pre-COVID- Total
Moderate Very low
RT-RPA High (%) (%) Low (%) (%)
" 44

Positive (100.0) 17 (100.0) 15(83.3) 1(14.2 0 (0.0) 77 (40.5)

. 113
Negative 0 (0.0) 0 (0.0) 3(16.7) 6 (85.8) 104 (0.0) (59.5)

44 18 190

Total (100.0) 17 (100.0) (100.0) 7 (100.0) 104 (100.0) (100.0)

b. Omicron BA.1 (S) results of real-time RT-PCR using viral load categories.

SARS-CoV-2 Omicron BA.1
Non- Pre -
BA.1 COVID- Total

RT-RPA- High Moderate  Low Very VoC 19

(by viral load categories?)

LF %) (%) ©%)  low (%)
Positive (95’4'9) 39 (78.0) 5(23.8) 0(0.0) 3(35) 3(4.1) (1;‘33_ )
Negative 5(5.1) 11 (22.0) (1766 ) ?100 . ?926 5 71(959) 188(6.8)
98 21 3 85 72 331
Total 100.0) 01990 160y  (1000) (100) (1000)  (100.0)

VOC: Variant of concern. Viral loads were classified as high viral load: > 9,015.7
copies/uL, moderate viral load: 385.6—9,015.7 copies/uL, low viral load: 16.5-385.5 to
copies/uL, and very low viral load: < 16.5 copies/pL.
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Table 6.

PCR primers were used for the partial amplification and sequencing of the spike protein
gene of the SARS-CoV-2 using the Sanger sequencing method

Primer Name Length Sequence: 5'—3'

(nt)
SARS-CoV-2_S 38F 25 GTCAGTGTGTTAATCTTACAACCAG
SARS-CoV-2_S 1191R 25 TGCATAGACATTAGTAAAGCAGAGA
SARS-CoV-2-S-omi- 20 TGAAGTTTTTAACGCCACCA
1017F
SARS-CoV-2_S 2249R 24 CTGCATTCAGTTGAATCACCACAA
SARS-CoV-2-S-omi- 20 CGAAAAACCCTGAGGGAGAT
663R
SARS-CoV-2-S-omi- 21 TGCGAATAATTGCACTTTTGA
486F
SARS-CoV-2_S 1583R 21 TTAGGTCCACAAACAGTTGCT
SARS-CoV-2-S-omi- 26 TTGTTTAGGAAGTCTAATCTCAAACC
1363F

nt = nucleotides
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Table 7.

Sensitivity of some rapid assay for SARS-CoV-2 on clinical samples under different viral

load values
Test Method  Sensitivity (%) by viral load Target
High Moderate  Low Very

low
SARS-CoV-2 (N) RT- RT-RPA 44/44 17/17 15/18 1/7 SARS-CoV-2
RPA-LF* (100) (100) (83) w4 (N)
Omicron BA.1 (S) RT- RT-RPA 93/98 39/50 5/21 0/3 Omicron
RPA-LF* (95) 78) 24) ) BA.1 (S)
Colorimetric RT-LAMP  RT- 51/51 28/30 4/20 0/16 SARS-CoV-2
64 LAMP (100) (93) (20) 0)
BD Veritor LFAs 13/13 10/14 0/8 1/13 SARS-CoV-2
5 G0 @) © ®
Sofia 2 SARS Ag LFAs 13/13 12/14 1/8 1/13 SARS-CoV-2
5 G99 (eg) 3 @®
BinaxNOW LFAs 13/13 11/14 1/8 1/13 SARS-CoV-2
5 N6 13 @®
Standard Q COVID-19 LFA 4/4 18/24 5/37 0/11 SARS-CoV-2
ig (100)  (75) 14)  (0)
Espline SARS-CoV-2 LFA 4/4 20/24 4/37 0/11 SARS-CoV-2
o (100) (83) (11) )
QuickNavi COVID19 LFA 4/4 10/24 2137 0/11 SARS-CoV-2
- 100) (42 ® O

51

RT-LAMP: Reverse transcription loop-mediated amplification. LFA: Lateral flow antigen

detection assays. N: Nucleocapsid protein gene, S: Spike protein gene.

* Test developed in this study.
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Table 8. List of sequences used for the clinical evaluation of the Omicron (S) BA.1 RT-

RPA-LF
Number Lineage Country Accession number
1. Omicron BA.1 Japan EPI ISL 13208893
2. Omicron BA.1 Japan EPI ISL 13209110
3. Omicron BA.1 Japan EPI ISL 14110653
4, Omicron BA.5 Japan EPI ISL 14125573
5. Omicron BA.5 Japan EPI ISL 14125574
0. Omicron BA.5 Japan EPI ISL 14125575
7. Omicron BA.5 Japan EPI ISL 14139800
8. Omicron BA.5 Japan EPI ISL 14139805
9. Omicron BA.5 Japan EPI ISL 14139806
10. Wild-type Japan EPI_ISL_17263993
11. Wild-type Japan EPI_ISL 17263994
12. Wild-type Japan EPI ISL 17263995
13. Wild-type Japan EPI ISL 17263996
14. Wild-type Japan EPI_ISL_17263997
15. Wild-type Japan EPI_ISL_17263998
16. Wild-type Japan EPI_ISL_17263999
17. Wild-type Japan EPI_ISL_17264000
18. Wild-type Japan EPI_ISL_17264001
19. Wild-type Japan EPI_ISL_17264002
20. Wild-type Japan EPI_ISL_17264003
21. Wild-type Japan EPI_ISL 17264004
22. Wild-type Japan EPI_ISL 17264005
23. Wild-type Japan EPI_ISL_17264006
24. Wild-type Japan EPI_ISL_17264007
25. Alpha Japan EPI_ISL_17264009
26. Alpha Japan EPI_ISL_17264010
27. Alpha Japan EPI_ISL_17264011
28. Alpha Japan EPI_ISL_17264012
29. Alpha Japan EPI_ISL_17264013
30. Alpha Japan EPI ISL 17264014
31. Alpha Japan EPI_ISL 17264015
32. Alpha Japan EPI ISL 17264016
33. Alpha Japan EPI_ISL_ 17264017
34. Alpha Japan EPI_ISL_17264018
35. Alpha Japan EPI_ISL_17264019
36. Alpha Japan EPI ISL 17267731
37. Alpha Japan EPI_ISL_17264020
38. Alpha Japan EPI ISL 17264021
39. Alpha Japan EPI ISL 17264022
40. Omicron BA.1 Japan EPI ISL 17264023
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41. Omicron BA.1 Japan EPI ISL 17264024
42. Omicron BA.1 Japan EPI ISL 17264025
43. Omicron BA.1 Japan EPI ISL 17264026
44. Omicron BA.1 Japan EPI_ISL 17264027
45, Omicron BA.1 Japan EPI_ISL 17264028
46. Omicron BA.1 Japan EPI ISL 17264029
47. Omicron BA.1 Japan EPI ISL 17264030
48. Omicron BA.1 Japan EPI ISL 17264031
49. Omicron BA.1 Japan EPI ISL 17264032
50. Omicron BA.1 Japan EPI ISL 17264033
51. Omicron BA.1 Japan EPI ISL 17264034
52. Omicron BA.1 Japan EPI ISL 17264035
53. Omicron BA.1 Japan EPI ISL 17264036
54. Omicron BA.1 Japan EPI_ISL 17264037
55. Omicron BA.1 Japan EPI_ISL 17267732
56. Omicron BA.1 Japan EPI ISL 17264038
57. Omicron BA.1 Japan EPI ISL 17264039
58. Omicron BA.1 Japan EPI ISL 17264040
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