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A B S T R A C T   

Simple and accurate testing tools for SARS-CoV-2 viral RNA detection are essential for the prevention of the 
spread of the virus and timely governmental actions. Herein, we present a reverse transcription loop-mediated 
isothermal amplification (RT-LAMP) assay for the simultaneous detection of ORF1ab and N gene fragments of 
SARS-CoV-2 in one pot. Using two primer sets and two molecular beacon (MB) probes respectively labelled with 
different fluorophore, positive results were obtained with a limit of detection of 20 and 2 copies/μL for ORF1ab 
and N gene fragments, respectively. Moreover, the RT-LAMP based assay was applied to detect single-site dif-
ferences in S genes using two one-step displacement (OSD) probes targeting wild-type and mutant (P681R 
mutation was chosen as model) genes. Through that, the wild type strain and P681R mutant variant were well 
distinguished from each other, and a preliminary observation was also made on other mutations at this site such 
as P681H. The proposed method has high sensitivity for quantification and high specificity for mutation dif-
ferentiation. In addition, it does not require accurate sophisticated thermal cycler instrumentation and can be 
used in clinical settings in resource-limited regions.   

1. Introduction 

The emergence of the novel severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) at the end of December 2019 caused an 
outbreak of the coronavirus disease 2019 (COVID-19) pandemic [1]. As 
of December 10, 2021, two years after the outbreak, over 267 million 
cases and approximately 5.2 million deaths have been reported, which 
have significantly affected the global public health and economic sys-
tems [2]. While the pandemic, in some countries, has begun to show 
signs of subsiding, many countries continue to struggle with the spread 
of constantly mutating SARS-CoV-2 variants. The emergence of 
SARS-CoV-2 variants was a key factor in the second wave of the 
COVID-19 pandemic, which has caused worldwide catastrophe. For 
example, the alpha (B.1.1.7) variant became dominant in Europe and 
North America in early 2021 [3]. As of August 2021, the delta variant 
had rapidly emerged as a common variant of the COVID-19 pandemic 
[4,5]. In such situations, the development of a rapid, sensitive, and 
reliable diagnostic method to timeously isolate infected cases is vital for 
epidemic control. Outbreak situations require an accurate, timeous 
identification of mutations and exclusion of relevant variants of concern. 

These are essential for tracing and preventing further spread of the virus 
as well as guiding the choice of clinical treatment. 

The genome of SARS-CoV-2 is a single-stranded RNA with a length of 
29.8 kb, which encodes an open reading frame (ORF) and four structural 
proteins, namely, the spike (S), envelope (E), matrix (M), and nucleo-
capsid (N) proteins [6–8]. Among them, the ORF1ab, N, and E genes are 
always the target for the nucleic acid detection of SARS-CoV-2. Several 
mutant variants of the SARS-CoV-2 that are currently circulating are 
caused by mutations at some key sites of the S gene. These mutations 
increase the affinity of the mutant variants with cell receptors or with 
the neutralizing antibody (NAb), which leads to an increase in infec-
tivity compared with the original virus [9–14]. Moreover, S gene mu-
tations, such as L452R, E484K/Q, N501Y, and P681H/R, have occurred 
independently in multiple current variants of concern [15]. Conse-
quently, the S gene RNA is an important target for the detection and 
diagnosis of SARS-CoV-2 variants [16,17]. 

Among the various viral RNA detection methods, reverse transcrip-
tion quantitative polymerase chain reaction (RT-qPCR), a traditional 
and relatively mature method, is the benchmark for the detection of the 
SARS-CoV-2 viral nucleic acids [7,18,19]. There are many commercial 
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kits based on RT-qPCR that are easy to operate [20]. 
Reverse-transcription loop-mediated isothermal amplification 
(RT-LAMP) is another nucleic acid amplification-based molecular 
diagnostic technique. LAMP can amplify target genes at a constant 
temperature without a thermal cycling process, in which four primers 
stringently bind to the template, resulting in high specificity [21–24]. In 
addition, Bst DNA polymerase in the LAMP reaction is highly tolerant of 
common clinical inhibitors [25–27]. Owing to its apparent advantages, 
LAMP has been widely used for the detection of pathogens, single 
nucleotide polymorphisms (SNPs), nucleic acid methylation, and RNA 
[28,29]. Currently, many commercial kits based on the LAMP principle 
to detect pathogens are available [30,31]. 

The mutation and evolution of SARS-CoV-2 have mainly been 
detected by whole-genome sequencing (WGS), which is the standard for 
identifying SARS-CoV-2 variations [32–35]. However, routine genomic 
testing is expensive and difficult to perform in real time. It is not 
available in many areas owing to the lack of resources. Subsequently, 
qPCR [36], melting-temperature RT-PCR [37], and 
CRISPR-Cas13a-based transcription amplification [38], which are based 
on WGS data, are also used for the detection of single-site mutations of 
SARS-CoV-2 variants. Methods based on PCR typing have demonstrated 
their potential for practical diagnostic applications. However, the 
mismatch recognition ability of qPCR is limited and can only qualita-
tively indicate the presence or absence of the respective SNP. If there is 
another mutation at this specific site, it cannot be completely discarded. 
Novel methods based on CRISPR technology may have many advan-
tages, but they are not easily accessible owing to high prices and 
implementation challenges. RT-LAMP is similar to RT-PCR such that 
both are easy to operate using the same instrument. Moreover, LAMP 
has the advantages of isothermal amplification and strong mismatch 
recognition ability [39]. Therefore, the RT-LAMP assay might be a 
promising method for SARS-CoV-2 viral RNA detection at present, and it 
might be particularly applicable for the detection of single-site muta-
tions in variants. 

This study focuses on an RT-LAMP assay that combines molecular 
beacon (MB) probes for the detection of RNA fragments of ORF1ab and 
N genes in SARS-CoV-2. Two RNAs in one pot were detected using two 
MB probes labelled with different fluorophores. A highly sensitive and 
specific detection of the target RNA was achieved through the rational 
design of the primers and probes and optimization of the experimental 
parameters. The limits of quantification of ORF1ab and N genes were 20 
copies/μL and 2 copies/μL, respectively. Additionally, based on the WGS 
data of SARS-CoV-2 variants and the unique performance of the RT- 
LAMP technique, the detection of single-site mutations in the S gene 
of SARS-CoV-2 variants was achieved by combining one-step displace-
ment (OSD) probes. In this strategy, the P681R mutation in the S gene, 
which is a characteristic of the virology phenotype of the B.1.617 variant 
(delta), was selected as the target mutation. The mutation site was 
localized in the free loop region between B1c and B2c in the LAMP 
products. Two OSD probes respectively labelled with NED and FAM 
were added to target the wild-type and P681R mutation S genes, 
respectively. The amplification of the wild-type S gene RNA in the RT- 
LAMP reaction resulted in a strong fluorescence signal in the NED 
channel and a weak signal in the FAM channel. RNA from the P681R 
mutant S gene was reversed. Moreover, other interfering mutations, 
such as P681H (observed in other mutants, including alpha, mu, and 
omicron), generated relatively weak fluorescence signals in both chan-
nels. No signal was detected for the blank sample. Not only were the wild 
type strain and P681R mutant variant well distinguished from each 
other, but a preliminary observation was also made on other mutations 
at this site, such as P681H. By changing the mutation site, designing 
corresponding primers and detection probes, this platform can be 
readily used for the detection of other variants. Therefore, the proposed 
RT-LAMP assay has both high sensitivity for quantification and high 
specificity for mutation differentiation. 

2. Experimental section 

2.1. Materials and apparatus 

ThermoPol Reaction Buffer Pack, AMV Reverse Transcriptase and its 
reaction buffer, Bst 2.0 DNA Polymerase, HiScribe™ T7 High Yield RNA 
Synthesis Kit, Monarch RNA Cleanup Kit, were all purchased from New 
England Biolabs (Beijing, China). dNTP Set 100 mM Solutions, RNase- 
Free DNase I and Eco32 I were obtained from Thermo Scientific 
(Shanghai, China). TRNzol Universal Reagent, EndoFree Mini Plasmid 
Kit II and Universal DNA Purification Kit were acquired from TIANGEN 
(Bei-jing, China). TB Green Premix Ex Taq was bought from Takara 
Biotechnology (Dalian, China). HiScript II Q RT SuperMix for qPCR was 
purchased from Vazyme (Nanjing, China). Betaine was supplied by 
Sigma (USA). Diethyl pyrocarbonate (DEPC) treated water, oligonucle-
otides and pcDNA 3.1 recombinant plasmids containing the DNA frag-
ment of target genes were acquired from Sangon Bio-technology 
(Shanghai, China). The sequences of oligonucleotides are listed in 
Table S1. The real-time fluorescence measurements of the RT-LAMP 
reactions were performed using an Applied Biosystem 7500 Fast real- 
time PCR instrument. 

2.2. Preparation of target RNA sequence 

The target RNA sequences like ORF1ab, N, S-wild type, S–P681H and 
S–P681R RNA sequence were produced using T7 transcription from 
recombinant pcDNA 3.1 plasmids (Fig. S1). These plasmids contain T7 
promoter preceding the transcription initiation site of DNA template 
sequence. In vitro transcription procedure includes linearization, puri-
fication, transcription, and template digestion, which finally produces 
single-stranded target RNA fragments. Before the transcription, the 
plasmid DNA was linearized by Eco32 I restriction endonuclease. After 
the digestion product was purified using Universal DNA Purification Kit, 
the target gene DNA was then transcribed using HiScribe™ T7 High 
Yield RNA Synthesis Kit according to the manufacturer’s instruction. 
Then, the solution was treated with RNase-Free DNase I to remove DNA 
template. The reaction systems of the above procedures are shown in 
Table S3. The RNA products were purified using Monarch RNA Cleanup 
Kit, then were stored at − 80 ◦C for the future use. The RNA oligos 
synthesized using the approach above were used as the RNA target, of 
which sequences are shown in Table S2. 

2.3. Preparation of the RT-LAMP reaction 

The LAMP primer sets (F3, B3, FIP, BIP) for targeting three genes of 
SARS-CoV-2 were designed by PrimerExplorer V5 (https://primerexplo 
rer.jp/e/index.html). Information of the primers and sequences are 
shown in Table S1. In RT-LAMP assay, 11 μL mixture containing target 
RNA, DEPC treated water, LAMP primer sets, and dNPT was pre- 
denatured at 65 ◦C for 3 min, then kept on ice for 2 min. Then, this 
solution was added into 14 μL mixture containing Betaine solution, 
MgSO4, AMV Reverse Transcriptase, Bst 2.0 DNA Polymerase, Ther-
moPol reaction buffer, AMV RT buffer, two detection probes labelled 
with different fluorophore and DEPC treated water to form reaction 
system. For co-detection of ORF1ab and N gene, two MB probes 
respectively labelled with FAM and NED were used as detection probes, 
while two OSD probes were used as detection probes for the differen-
tiation of wild type and P681R mutant S gene. Then the 25 μL solution 
was put into 7500 Fast real-time PCR instrument to conduct the RT- 
LAMP under a constant temperature. The amplification temperature 
for co-detection of ORF1ab and N gene RNA is 54 ◦C, and for S gene RNA 
is 58 ◦C. The reaction systems are shown in Table S4 and S5, respec-
tively. The instrument was adjusted to simultaneously record signals 
from FAM and NED channels, and the fluorescence intensity of RT-LAMP 
reaction system were real-time monitored for 30 s at intervals of 2.5 min. 
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2.4. Statistical analysis 

Linear regression analysis and curve fitting were performed using 
Graphpad Prism 8.4. Two-tailed Student’s t-tests were performed to 
calculate P values using Microsoft Excel 2019. All data were obtained at 
least triplicated and represented by mean ± standard deviation. A two- 
tailed P < 0.05 was considered statistically significant. 

3. Results and discussion 

3.1. Design principle of the RT-LAMP assay for the detection of SARS- 
CoV-2 RNA 

The ability to recognize nucleic acids is essential for the molecular 
diagnostic method for SARS-CoV-2. While the approved common com-
mercial kits only demonstrate the presence or absence of an infectious 
agent, detection kits that can also identify viruses and discriminate 
mutants would be more practical. Therefore, we developed a method 
based on the LAMP principle for the complete identification of SARS- 
CoV-2 RNA and differentiation of mutants only by changing the 
primers and detection probes without extra operational steps and 
instrumentation, which are usually required for commercial PCR kits. 
The SARS-CoV-2 RNA RT-LAMP detection method is schematically 
illustrated in Fig. 1. The final RT-LAMP product comprised concatemers 
containing free loops between the F1 and F2, B1 and B2, F1c and F2c, 
and B1c and B2c regions (Fig. S2). One of the free loops was selected as 
the recognition unit, then a MB probe target this unit was designed. MB 
probe is dual-labelled (with fluorophore in 5′ end and a quencher in 3’ 
end) hairpin shaped DNA, in which the loop fragment is complementary 
to the analyte. It can emit fluorescence by hybridizing with analyte. 
When not hybridized to the target, it has the hairpin-loop conformation, 

and no fluorescence is emitted due to the proximity of the quencher to 
the fluorophore. So, it led to a high fluorescent signal with the ampli-
fication of the target gene, whereas no signal is detected for amplicons 
from primer amplification artifacts generated in the absence of the 
target gene (Fig. 1A). Different genes (such as ORF1ab or N genes from 
viral RNA) could be detected simultaneously using two detection probes 
with different fluorophores, while monitoring the fluorescent signals in 
two channels. The early diagnosis of COVID-19 is vital in controlling 
illness progression and limiting viral spread within a population and 
could be more effective and timesaving in sudden epidemics. 

A specific set of fluorescent probes and primers were designed to 
distinguish single-site mutations. Owing to the inherent sequence 
specificity of toehold-mediated strand exchange, in this section, OSD 
probes composed of hybridized oligonucleotides was designed to target 
S gene mutations (S-wild type and S-681R). They were composed of 
target binding strand contains a fluorophore at its 5’ (Reporter F), and 
the opposing strand contains a corresponding quencher (Reporter Q). 
Reporter F should be longer than Reporter Q in order to ensure a rela-
tively fast toehold-mediated strand exchange reaction. Target binding to 
the toehold will initiate a strand-exchange reaction that should lead to a 
displacement of Reporter F from Reporter Q and thus to turning on the 
fluorophore. Wild-type and P681R mutant S genes produced strong in-
tensity fluorescent signals in their respective channels, while low in-
tensity fluorescent signals in both channels were detected for the P68H1 
mutation. Moreover, no signal was detected for the blank sample. 
Therefore, information on whether the RNA is from the wild-type or 
mutated gene can be obtained based on fluorescence intensity in the two 
channels (Fig. 1B). Accordingly, a preliminary observation can be made 
regarding the mutations, which may prevent further spread and predict 
subsequent infectious waves of viral recurrence in future. 

Fig. 1. Schematic depicting of the mechanism of SARS-CoV-2 RNA detection by RT-LAMP assay. (A) The co-detection of two RNA fragments in one-pot by MB probes 
(B) The differentiation of single-site mutations on S gene by OSD probes. 
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3.2. Optimization of reaction parameters 

Experimental parameters were systematically optimized, including 
the amount of LAMP primer sets, dNTP, betaine solution, Mg2+, AMV 
reverse transcriptase, Bst 2.0, DNA polymerase, detection probes, and 
RT-LAMP amplification temperature, to establish the optimal detection 
method. During preliminary studies conducted by our group, the ratio of 
internal primers FIP/BIP and external primers F3/B3 was 4:1 [39]; 
therefore, we designed different primer concentrations for optimization 
based on this fixed ratio. In the ORF1ab and N gene co-detection 
method, the parameters with the maximum ΔCt value (Ct blank – Ct 
sample) were selected as the optimal experimental conditions 
(Fig. S3-Fig. S10). To distinguish between wild-type and single-site 
mutated genes using RT-LAMP, the appropriate discrimination is ach-
ieved using the fluorescent signal produced; therefore, the OSD probe 
concentration and amplification temperature were independently opti-
mized to obtain the maximum differentiation. The OSD probe concen-
trations were optimized using an OSD-Q to OSD-F ratio of 2:1. While the 
concentration of the OSD probe affects Ct value as well as the discrim-
ination factor (difference between fluorescent signal intensities gener-
ated by different targets), the most suitable concentrations were 
determined based on the above two results (Fig. S11-Fig. S13). 

3.3. Ultrasensitive co-detection of two RNAs in one pot using RT-LAMP- 
MB assay 

For the co-detection of two RNA fragments from the ORF1ab region 
and N gene, one of the free loops in their LAMP product was selected 
(loop between B1c and B2c region for the ORF1ab gene; loop between 
the F1c and F2c region for the N gene). Subsequently, two MB probes 
were designed to detect these target specific loops. The primers and MB 
probes are listed in Table S1, which are specific to the SARS-CoV-2 
genome sequence and have been cross-validated to ensure that the 
sequence has no homology with the human SARS-CoV-2 and bat SARS- 
related CoV genomes (Fig. S14A). In addition, the primers and MB 
probes were cross-validated to ensure that the sequences were suitable 
for the amplification of SARS-CoV-2 variants, such as alpha, beta, 
gamma, and delta (Fig. S14B). The ORF1ab-specific MB probe was 
labelled with the FAM fluorophore, whereas the N-specific MB probe 
was labelled with the NED fluorophore. As the two MB probes were able 
to separately detect their cognate LAMP products by reporting different 
colors, the RT-LAMP amplifications of the two target RNAs were con-
ducted in a one-pot system. By monitoring the Ct value from the two 
fluorescent signals, the target RNAs could be quantified simultaneously. 

In a typical assay, 107 copies/μL of RNA transcripts of the ORF1ab 
and N genes were prepared and serially diluted 10-fold. Different con-
centrations of RNA were added to the RT-LAMP-MB assay system as 

Fig. 2. RT-LAMP-MB assay was performed for SARS-CoV-2 ORF1ab gene and N gene co-detection in one-pot. (A) The Ct values for a series dilution of ORF1ab gene 
fragment and blank sample. (B) The linear regression analysis for a series dilution of ORF1ab gene fragment in RT-LAMP assay and in RT-qPCR method. (C) The Ct 
values for a series dilution of N gene fragment and blank sample. (D) The linear regression analysis for a series dilution of N gene fragment in RT-LAMP assay and in 
RT-qPCR method. All data were obtained triplicated and represented by mean ± SD. Two-tailed Student’s t-test was used and **P < 0.01. 
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target RNAs for detection. The amplification curves are shown in 
Fig. S15, and the Ct values and standard curves are shown in Fig. 2, 
where the Ct values are inversely proportional to the concentration of 
the target RNA. The limits of quantification for ORF1ab and N were 20 
copies/μL and 2 copies/μl, respectively. The R2 values (of measured Ct 
values on a logarithmic scale) were 0.9785 for ORF1ab and 0.9864 for N 
in the linear range of 20–2 × 106 copies/μL and 2–2 × 106 copies/μL, 
respectively. Additionally, the sensitivity of our RT-LAMP assay was 
compared to that of the existing classic RT-qPCR method. In the RT- 
qPCR method, a commercially available HiScript II Q RT SuperMix for 
qPCR was used for the reverse transcription of the target RNA to cDNA, 
whereas TB Green Premix Ex Taq was used for qPCR detection. The 
primer sequences and experimental details for RT-qPCR are summarized 
in Table S1 and S6. The detection sensitivity of RT-qPCR for ORF1ab and 
N was 200 copies/μL, with R2 values of 0.9915 and 0.9956, respectively, 
in which the RT-LAMP assay exhibited enhanced sensitivity for ORF1ab 
and N gene RNA fragments. Additionally, the total costs of RT-LAMP and 
RT-qPCR are almost the same. 

3.4. Selectivity of RT-LAMP assay for the detection of SARS-CoV-2 RNA 

The selectivity of the RT-LAMP assay for the quantification of 
ORF1ab and N gene RNA fragments was examined by adding the human 
genomic DNA, total RNA in lung cells, neuropilin 2 (NRP2), and two 
interfering RNAs (RNA fragments from MERS-ORF1a and MERS- 
ORF1b). The sequence of NRP2, MERS-ORF1b, and MERS-ORF1b are 
listed in Table S2. The addition of the above nucleic acid fragments had 
no significant effect on the detection signal of the ORF1ab and N genes. 
As a negative control, the amplification of non-SARS-CoV-2 nucleic 

acids, human genomic DNA, cellular total RNA, NRP2, MERS1a, and 
MERS1b exhibited no significant difference compared with that of the 
background without these fragments (Fig. 3). 

In addition, the cross-reactivity of the RT-LAMP method for mutation 
detection in the SARS-CoV-2 virus S gene was investigated. In our 
method, the P681 site in the SARS-CoV-2 virus S gene was selected as the 
target detection site. This site was localized at the region between B1c 
and B2c on the template. The bases of the wild-type strain, P681H 
mutation, and P681R mutation at this site are C, A, and G, respectively. 
RNA templates from the wild type, P681H mutation, and P681R muta-
tion produced loop structures with single-base differences. The Reporter 
F of wild type-specific OSD probe was labelled with fluorophore NED, 
whereas the Reporter F of P681R-specific OSD probe was labelled with 
fluorophore FAM. The activation degrees of OSD probes by different 
loop sequences were different, resulting in the generation of different 
fluorescence intensities by a perfectly matched versus a mismatched 
amplicon. As shown in Fig. 4, the FAM channel had a high fluorescent 
signal intensity for the P681R mutant RNA, with negligible background 
from the wild type or P681H mutant strains (Fig. 4A and C). Conversely, 
in the NED channel, the wild type generated a strong fluorescent signal, 
and the P681R or P681H yielded negligible background intensities 
(Fig. 4B and D). Additionally, almost no fluorescent signal was detected 
for the blank sample in both channels. Therefore, our method can 
determine whether the infection is due to the wild type strain or the 
delta variant with P681R mutation. In addition, a preliminary obser-
vation can be made on other variants with P681H mutation, such as 
alpha. 

Moreover, we further validated the ability of OSD probes to 
discriminate templates with different concentrations, for which 2 × 106, 

Fig. 3. Selectivity of RT-LAMP-MB assay for the detection of SARS-CoV-2 ORF1ab and N gene dual-RNA fragments. Amplification curves and Ct values of the ORF1ab 
(A, B) and N (C, D) gene fragment with a non-complementary sequence of the MERS1a, MERS1b, NRP2, and human genomic DNA, human cellular total RNA. All data 
were obtained quadruplicated and represented by mean ± SD. Two-tailed Student’s t-test was used (ns: P > 0.05, ***: P < 0.001). 
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2 × 105, 2 × 104 copies/μL of RNA templates of S-wild type, S–P681H, 
and S–P681R genes, respectively, were prepared and detected using the 
RT-LAMP-OSD method. The results are shown in Fig. S16; the fluores-
cence intensity of the RT- LAMP product is approximately the same for 
the same template at different concentrations. In this RT-LAMP process, 
the target site was located at the region between B1c and B2c, which 
would not hybridize with primers; therefore, the common primers for 
wild-type and mutant genes resulted in the same degree of amplifica-
tion. Consequently, a perfectly matched versus a mismatched cases 
produced different fluorescence intensities and approximately similar Ct 
values in the same fluorescence channel. 

4. Conclusion 

We report a novel RT-LAMP assay for SARS-CoV-2 RNA detection, 
which is a potential diagnostic procedure that can detect dual-RNA in 
one pot and discriminate variants based on single-site mutations. For 
dual RNA co-detection, our platform exhibited high sensitivity and 
selectivity. To detect single site mutations, OSD probes specific to the 
two different strains were labelled with different fluorophores, and the 
signals in the two channels were detected simultaneously. The approach 
was able to distinguish between wild type and specific mutant variants, 
and it was not affected by other mutations at this site. By changing the 
mutation site, this platform can be readily used for the detection of other 
variants. Considering that the LAMP assay is an isothermal amplification 
method that has an ultrasensitive detection limit and does not require 
sophisticated thermal cycler instrumentation, it is accessible to clinical 
settings in resource-limited regions. 
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R. Johnson, B. Jackson, F.F. Nascimento, S.M. Rey, S.M. Nicholls, R.M. Colquhoun, 
A. da Silva Filipe, J. Shepherd, D.J. Pascall, R. Shah, N. Jesudason, K. Li, R. Jarrett, 
N. Pacchiarini, M. Bull, L. Geidelberg, I. Siveroni, I. Goodfellow, N.J. Loman, O. 
G. Pybus, D.L. Robertson, E.C. Thomson, A. Rambaut, T.R. Connor, Evaluating the 
effects of SARS-CoV-2 spike mutation D614G on transmissibility and pathogenicity, 
Cell 184 (2021) 64–75, e11. 

[33] S. Laha, J. Chakraborty, S. Das, S.K. Manna, S. Biswas, R. Chatterjee, 
Characterizations of SARS-CoV-2 mutational profile, spike protein stability and 
viral transmission, Infect. Genet. Evol. 85 (2020), 104445. 

[34] R.A. Bull, T.N. Adikari, J.M. Ferguson, J.M. Hammond, I. Stevanovski, A. 
G. Beukers, Z. Naing, M. Yeang, A. Verich, H. Gamaarachchi, K.W. Kim, F. Luciani, 
S. Stelzer-Braid, J.-S. Eden, W.D. Rawlinson, S.J. van Hal, I.W. Deveson, Analytical 
validity of nanopore sequencing for rapid SARS-CoV-2 genome analysis, Nat. 
Commun. 11 (2020) 6272. 

[35] A. Bal, G. Destras, A. Gaymard, K. Stefic, J. Marlet, S. Eymieux, H. Regue, 
Q. Semanas, C. d’Aubarede, G. Billaud, F. Laurent, C. Gonzalez, Y. Mekki, 
M. Valette, M. Bouscambert, C. Gaudy-Graffin, B. Lina, F. Morfin, L. Josset, Two- 
step strategy for the identification of SARS-CoV-2 variant of concern 202012/01 
and other variants with spike deletion H69-V70, France, Euro Surveill. 26 (2021), 
2100008. August to December 2020. 

[36] J. Durner, S. Burggraf, L. Czibere, A. Tehrani, D.C. Watts, M. Becker, Fast and cost- 
effective screening for SARS-CoV-2 variants in a routine diagnostic setting, Dent. 
Mater. 37 (2021) e95–e97. 

[37] P. Banada, R. Green, S. Banik, A. Chopoorian, D. Streck, R. Jones, S. Chakravorty, 
D. Alland, A simple RT-PCR melting temperature assay to rapidly screen for widely 
circulating SARS-CoV-2 variants, medRxiv (2021), 21252709. 

[38] Y. Wang, Y. Zhang, J. Chen, M. Wang, T. Zhang, W. Luo, Y. Li, Y. Wu, B. Zeng, 
K. Zhang, R. Deng, W. Li, Detection of SARS-CoV-2 and its mutated variants via 
CRISPR-Cas13-based transcription amplification, Anal. Chem. 93 (2021) 
3393–3402. 

[39] Y.S. Jiang, S. Bhadra, B. Li, Y.R. Wu, J.N. Milligan, A.D. Ellington, Robust strand 
exchange reactions for the sequence-specific, real-time detection of nucleic acid 
amplicons, Anal. Chem. 87 (2015) 3314–3320. 

J. Talap et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S0039-9140(22)00440-4/sref1
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref1
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref1
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref1
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref1
https://covid19.who.int
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref3
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref3
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref4
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref4
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref4
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref5
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref5
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref6
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref6
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref6
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref6
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref6
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref7
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref7
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref8
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref8
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref8
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref8
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref9
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref9
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref9
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref10
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref10
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref10
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref11
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref11
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref12
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref12
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref12
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref12
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref13
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref13
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref13
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref14
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref14
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref15
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref15
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref16
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref16
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref16
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref17
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref17
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref17
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref17
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref18
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref18
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref19
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref19
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref19
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref20
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref20
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref20
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref20
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref20
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref21
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref21
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref21
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref22
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref22
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref22
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref23
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref23
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref23
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref24
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref24
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref24
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref24
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref25
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref25
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref25
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref25
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref26
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref26
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref26
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref27
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref27
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref27
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref27
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref28
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref28
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref28
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref28
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref29
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref29
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref29
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref30
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref30
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref30
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref31
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref31
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref31
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref32
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref32
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref32
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref32
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref32
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref32
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref32
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref33
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref33
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref33
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref34
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref34
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref34
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref34
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref34
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref35
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref35
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref35
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref35
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref35
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref35
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref36
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref36
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref36
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref37
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref37
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref37
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref38
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref38
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref38
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref38
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref39
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref39
http://refhub.elsevier.com/S0039-9140(22)00440-4/sref39

