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Abstract

:

Loop-mediated isothermal amplification (LAMP) is a method of nucleic acid amplification that is more stable and resistant to DNA amplification inhibitors than conventional PCR. LAMP multiplexing with reverse transcription allows for the single-tube amplification of several RNA fragments, including an internal control sample, which provides the option of controlling all analytical steps. We developed a method of SARS-CoV-2 viral RNA detection based on multiplex reverse-transcription LAMP, with single-tube qualitative analysis of SARS-CoV-2 RNA and MS2 phage used as a control RNA. The multiplexing is based on the differences in characteristic melting peaks generated during the amplification process. The developed technique detects at least 20 copies of SARS-CoV-2 RNA per reaction on a background of 12,000 MS2 RNA copies. The total time of analysis does not exceed 40 min. The method validation, performed on 125 clinical samples of patients’ nasal swabs, showed a 97.6% concordance rate with the results of real-time (RT)-PCR assays. The developed multiplexed LAMP can be employed as an alternative to PCR in diagnostic practice to save personnel and equipment time.
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1. Introduction


The SARS-CoV-2 virus, belonging to Betacoronavirus genera, caused the COVID-19 coronavirus infection pandemic, which is continuing as of May 2021. The disease has spread throughout the world, and an urgent need has emerged for the for SARS-CoV-2 diagnostic tests. Most widely used test systems are based on real-time (RT)-PCR, requiring 1.5–2 h to obtain the final results. Meanwhile, the sharply increased pressure on diagnostic laboratories and the limited number of thermocyclers has made the time of analysis one of the factors limiting the number of tests that can be performed in a single day. In other words, techniques that are faster than qPCR are necessary to increase the throughput capacity of laboratories.



During the last several decades, the explosive development of molecular biology has brought about a vast amount of different approaches for the amplification of nucleic acids. Many of these rely on the amplification of DNA at a constant temperature, also known as isothermal amplification (NASBA, RPA, LAMP, HDA, MDA, RCA, SDA and some other approaches) [1,2,3,4,5,6,7,8]. The constant temperature of the reaction avoids the use of thermocyclers, providing the ability to miniaturize the required equipment and to develop devices for point-of-care testing. Among isothermal amplification methods, the loop-mediated isothermal amplification (LAMP) technique [8] is one of the most popular. LAMP utilizes the strand displacement activity of some DNA polymerases and two or three pairs of oligonucleotide primers. The reaction product can be visualized by means of gel electrophoresis, naked-eye colorimetric detection [9], fluorescent intercalating dyes or probes [10,11,12], turbidimetry [13] or electrochemical methods [14], either in real-time mode or after the reaction. LAMP has become the basis for multiple tests for infectious agents in humans, plants and livestock animals, such as influenza and Zika viruses, tuberculosis and malaria agents [15,16,17,18]. In terms of sensitivity and specificity, LAMP is equal to PCR, while being more resistant to inhibitors and providing results two to three times faster (30–40 min vs. 1.5–2 h).



The advantages of LAMP make it a promising method for the development of SARS-CoV-2 diagnostic tests. In 2020, several LAMP-based tests were designed; some of them have been certified for clinical use [19,20,21,22,23,24]. In most works, the real-time monitoring of LAMP results was used for assay optimization and the testing of analytical performance, whereas after the optimization, results have been observed by means of naked-eye colorimetry. Meanwhile, real-time LAMP is suitable for clinical laboratories, and could increase testing throughput by reducing analysis time.



Multiplex amplification is the simultaneous amplification of two or more DNA fragments in the same tube, which enables the concurrent detection of several pathogens and cuts testing costs. Multiplexing allows for the simultaneous amplification of internal reaction controls or internal controls in DNA or RNA isolation, which allows researchers to monitor the quality of NA isolated from samples and the performance of reagents for reverse transcription and amplification. The nature of the amplification mechanism makes the multiplexing of LAMP a challenging task. Thus, DNA polymerases employed for LAMP lack 5′–3′ exonuclease activity [25], forestalling use of hydrolyzing fluorescently labeled probes. The concatemeric nature of LAMP products, consisting of repetitive amplified DNA fragments, hinders the separation of products without additional procedures. LAMP multiplexing can be performed using endonuclease digestion followed by gel-electrophoresis [26,27], modified oligonucleotides [28,29,30] or the melting of amplification products in the presence of intercalating dyes [31,32]. In the latter case, the products are differentiated based on their characteristic melting temperatures. Several papers have described multiplex LAMP for the detection SARS-CoV-2 and other viruses [33,34].



Here, we have developed a method of SARS-CoV-2 RNA detection employing multiplex reverse-transcription loop-mediated isothermal amplification. The method couples multiplex real-time RT-LAMP with melting curves analysis, allowing for the addition of MS2 phage as an internal control in all test procedures.




2. Results


2.1. Choosing and Testing LAMP Primers


We designed the multiplex RT-LAMP for the simultaneous detection of two RNA molecules, the fragment of SARS-CoV-2 RNA (GenBank ID NC_045512.2) and MS2 phage RNA (GenBank ID NC_001417). The latter served as an internal control for RNA isolation when added to the clinical samples before the isolation procedure.



As targets for the LAMP, we selected conserved regions of SARS-CoV-2 genomic RNA, encoding E and N proteins, and two regions of MS2 phage genomic RNA. The primers were designed according to the recommendations on the primerexplorer.jp website. In total, we made two primer sets for the LAMP-based detection of SARS-CoV-2 and MS2 (Table 1).



As DNA standards for the evaluation of LAMP efficiency, we constructed plasmids based on pBlueScript II SK (+) vector and 200-bp SARS-CoV-2 and MS2 genome fragments. As RNA standards, we used RNA fragments obtained by the in vitro transcription of SARS-CoV-2 plasmid standards or MS2 genomic RNA. All standards were quantified by means of droplet digital PCR using the QX200 platform (Bio-Rad, USA).



For the evaluation of real-time LAMP efficiency with the selected primers, we used serial dilutions of plasmid DNA (2 × 105, two copies per reaction). The results are presented in Figure 1a. The CoV-2-E primer set showed higher amplification efficiency than the CoV-2-N set, resulting in a lower Tt values (time to reach the threshold fluorescence intensity)—in other words, a higher reaction rate. Analogous testing of LAMP primers for MS2 revealed that the set MS2-1 was more effective than MS2-2. The observed difference can be related to the complex secondary structure of DNA fragments generated with CoV-2-N and MS2-2 primers, which slows down the Gss polymerase. For further analysis, we selected CoV-2-E and MS2-1 primers.



Next, we verified the RT-LAMP efficiency, using in vitro RNA transcript standards as templates. For CoV-2-E primers, we also determined the limit of detection, i.e., the minimum amount of target RNA molecules detected by RT-LAMP. The results (Table 2) demonstrated that LAMP with both primer sets was able to detect more than 100 copies of the RNA template in the reaction. For a more precise evaluation of LAMP’s sensitivity with CoV-2-E primers, we performed 20 technical repeats with 100, 50, 20 and 10 copies of the RNA template per reaction. This experiment showed the reliable detection (20/20 technical repeats) of more than 20 molecules of SARS-CoV-2 RNA.




2.2. Multiplex LAMP Assay Evaluation


2.2.1. Testing the Feasibility of Duplex CoV-2-E-MS2 LAMP


We compared the amplification efficiencies of LAMP monoplexes CoV-2-E, MS2 and MS2-CoV-2-E duplex. For this purpose, LAMP was performed with serial dilutions of plasmid DNA CoV-2-E, MS2 and the corresponding primer sets. The duplex was tested separately with each serial dilution; CoV-2-E and MS2 primers were mixed at a 1:1 ratio. The final concentrations of primers in the duplex were equal to those in the monoplexes. Figure 1b and Figure 2 show the evaluation results. No difference in the Tt values between the monoplexes and duplex was observed for all template concentrations. Therefore, the mixing of primer sets does not hinder the either CoV-2-E or MS2 amplification. With a difference in melting temperatures of 9 °C, the melting curves of CoV-2-E and MS2 products in the duplex were clearly distinguishable.




2.2.2. Adjusting Optimal Concentrations for LAMP MS2 Primers


To increase the sensitivity of the LAMP duplex assay, we varied the concentration of MS2 primers from 1× to 0.25× that of the standard, whereas the concentration CoV-2-E LAMP primers remained constant (1×). Using serial dilutions of plasmid DNA, we compared Tt values and melting curves for monoplexes of CoV-2-E and MS2 and the duplex. We also tested the amplification efficiency of the MS2-CoV-2-E duplex with the CoV-2-E plasmid on the background of the MS2 plasmid (2000 copies per reaction). The results of the comparison are presented in Figure 3. Although the concentration of MS2 primers decreased, the Tt values increased both for the monoplex and for the duplex with CoV-2-E, and the peak of the MS2 product on the melting profile flattened. For 0.25× MS2 primers, we did not observe the MS2 product peak when more than 100 copies of CoV-2-E plasmid standard were added in the reactions. Considering the Tt values in the MS2 monoplex and peak height of MS2 product in the duplex, we selected 0.5× MS2 primers for further analysis.




2.2.3. Choosing an Optimal Concentration for the Control MS2 RNA


We determined an optimal concentration of the control MS2 RNA. We compared the amplification efficiency of CoV-2-E primers or the MS2-CoV-2-E duplex using serial dilutions of CoV-2-E RNA on the background of MS2 RNA (12,000, 2500 or 20 copies per reaction). The height of the corresponding peak on the melting curve served as an assessment criterion of the amplification efficiency. The results of the comparison are presented in Figure 4. The detection of more than 100 CoV-2-E RNA copies per reaction was achieved with all concentrations of MS2 RNA. However, the Tt values for 2500 and 20 MS2 RNA copies per reaction were 15 and 20 min, respectively, whereas 100 copies of CoV-2-E RNA were detected in 12 min (Figure S1). Thus, the use of fewer than 12,000 copies of MS2 RNA per reaction would only increase the total analysis time, without increasing the sensitivity of SARS-CoV-2 RNA detection. For further analysis, we used the MS2 phage as an internal control for isolation and amplification, in the amount equivalent to approximately 12,000 copies of MS2 RNA in the LAMP reaction mixture.





2.3. Evaluation of Duplex Assay Limit of Detection


The limit of detection (LoD) was defined as the lowest amount of SARS-CoV-2 RNA reliably detectable in a single reaction. We evaluated the LoD of the multiplex LAMP using various amount of CoV-2-E RNA, ranging from 100 to 10 copies per reaction, on the background of 12,000 copies of MS2 RNA. For each concentration, LAMP with the MS2-CoV-2-E duplex was performed in 20 technical repeats in a single run. The reaction was defined as “positive” when the peak corresponding to CoV-2-E RNA was presented on the melting curve (Figure 5). It should be noted that in the presence of more than 50 CoV-2-E RNA copies, the melting peak corresponding to MS2 RNA vanished. We marked 20 of 20 technical repeats as “positive”for 100, 50 and 20 CoV-2-E RNA molecules per reaction and 16 of 20 repeats for 10 CoV-2-E RNA molecules per reaction. The limit of detection for the multiplex LAMP was more than 20 molecules of SARS-CoV-2 RNA per reaction.




2.4. Testing of Clinical Samples


Multiplex MS2-CoV-2-E LAMP was validated on clinical samples of nasal swabs taken from 125 patients from CNMT ICBFM SB RAS. All patients participating in the study signed an informed consent form. Each clinical sample was spiked with 6*106 MS2 phage particles before RNA purification. RNA was isolated from the samples using an AmpliSens® RIBO-prep kit (Central Research Institute of Epidemiology, Moscow, Russia), then was tested by two methods: real-time RT-PCR with primers recommended by the WHO [35] and multiplex MS2-CoV-2-E LAMP (Table 1). The results of both tests were in agreement for 122 of 125 samples (Table 3). MS2 phage RNA was detected in 71.2% of samples (five SARS-CoV-2 positive and 84 negative); no MS2 peak was found in 28.8% of samples (36 SARS-CoV-2-positive). For two RT-PCR negative samples, which gave positive results according to LAMP, the Cq value of real-time RT-PCR exceeded 35. Therefore, the concordance between multiplex LAMP and real-time RT-PCR was 97.6%.





3. Discussion


Since the discovery of the novel SARS-CoV-2 coronavirus in December of 2019, dozens of studies have been published on LAMP-based testing for SARS-CoV-2 detection [36,37,38]. Most of these works have focused on designing cost-effective and single-tube tests suitable for point-of-care applications, such as mass home testing or testing at places of mass gathering (airports, train stations, etc.). This profound interest can be explained by the convenience of LAMP for portable testing devices, since the main advantage of LAMP is absence of the need for thermocyclers. Meanwhile, LAMP also allows for the design of tests for real-time SARS-CoV-2 detection. LAMP is two to three times faster than PCR, which saves equipment and personnel time—the most valuable resources during the current pandemic.



In the context of laboratory diagnostics, real-time detection of the pathogen provides a quantitative and semi-quantitative analysis of infectious agents. However, the option of multiplexing is equally significant, i.e., the single-tube detection of several targets saves time, consumables and samples for analysis. Multiplexing allows for the introduction of qn internal control for nucleic acid isolation and amplification, thus lowering the probability of false-negative results originating from the incorrect processing of clinical samples.



A wide spectrum of methods is available for the detection of LAMP results, from intercalating fluorescent dyes to turbidimetry. However, LAMP multiplexing remains a complicated task, requiring a solution. Here, we developed a multiplexing technique using fluorescent intercalating dye and melting curves analysis. This approach has been widely applied in PCR and has also been used for LAMP in two works [31,39]. Thus, analysis using standard real-time thermocyclers is available, without relatively expensive fluorescently labeled oligonucleotides or other specific equipment.



During the in vitro amplification of nucleic acids, the simultaneous amplification of several fragments can be hampered due to unequal reaction efficiencies for different fragments or the formation of primer dimers [40,41]. This effect has been observed for PCR but has been poorly investigated for LAMP. Considering the greater number of primers (for to six for LAMP vs. two for PCR) and their higher concentration in the reaction mixture, one should expect the same phenomenon of lowering the amplification efficiency after multiplexing to occur in LAMP. Lower efficiency can decrease the overall sensitivity of the analysis. The amplification efficiency decreased only when the simultaneous amplification of MS2 and SARS-CoV-2 fragments occurred, which consistently led to a decrease in the SARS-CoV-2 RNA detection sensitivity. We sufficiently overcame this problem by lowering the concentration of primers for the control MS2 fragment, according to the method widely used in PCR for such cases. A similar approach was applied in multiplex probe-based LAMP for the detection of SARS-CoV-2, influenza virus and human RNA as an internal control [34]. As a result, the efficiency of amplification for the MS2 phage genome fragment decreased, which improved the sensitivity of SARS-CoV-2 RNA detection using the MS2-CoV-2-E duplex to the level of CoV-2-E monoplex. MS2 fragment amplification is inhibited when more than 50 SARS-CoV-2 RNA copies are present in the reaction, making three outcomes possible: (1) MS2 fragment amplification only if the sample is SARS-CoV-2-negative, (2) SARS-CoV-2 fragment amplification only if the sample contains more than 50 SARS-CoV-2 RNA copies, and (3) amplification of both SARS-CoV-2 and MS2 fragments with two corresponding melting peaks. The latter two cases would result in SARS-CoV-2-positive samples. Therefore, MS2 amplification occurs only in the case of a low amount or absence of SARS-CoV-2 RNA, marking the importance of the proper handling of the sample before the analysis.



The characteristics of the developed duplex LAMP assay for SARS-CoV-2 RNA detection are similar to previously published analogous tests based on monoplex LAMP. The limit of detection for reported monoplex LAMP tests lies in the range of 300–10 copies of viral RNA per reaction; the concordance with PCR results was 92–95%. Therefore, the developed approach demonstrated its feasibility and can be further used to detect other nucleic acids related to other pathogens.



It is worth noting that LAMP, and the approach to multiplexing used in this study, possess some limitations. The large amount of the amplified product makes LAMP reactions a potential contamination source for lab equipment, requiring careful handling and proper waste disposal. LAMP requires more primers than PCR: six primers instead of two, and in higher concentrations. The length of BIP/FIP primers is about 40–50 nt. These two factors lead to higher requirements for the quality and quantity of synthesized oligonucleotides. LAMP also requires Bst-like DNA polymerases, which are less available compared to Taq polymerase and its analogues, which are routinely employed in PCR.



LAMP is known to be more specific than PCR due to its use of six primers instead of two. Although high specificity itself makes the test more robust and less prone to false-positive results, the detection of mutated pathogens by means of LAMP could be challenging. The SARS-CoV-2 genome is known to bear multiple mutations that could be located in the primers’ binding sites and affect the sensitivity of tests. Thus, including more target regions in the multiplex LAMP for SARS-CoV-2 detection could prevent possible false-negative results caused by mutations in primer-binding sites.



Multiplexing of LAMP is a complex task, which limits the number of pathogens for a single-tube analysis. The LAMP multiplexing method chosen in this study requires a careful selection of primers and the adjustment of melting temperatures of amplified fragments to exclude the overlapping of melting peaks. Therefore, LAMP, as well as PCR, possesses its own requirements and limitations, and the choice of testing method should be based on the careful consideration of the technique’s features and the facilities of the diagnostic lab.



We have developed a test for the detection of SARS-CoV-2 RNA based on multiplex loop-mediated isothermal amplification. Fragments of SARS-CoV-2 RNA and MS2 phage RNA were detected in a single-tube format; MS2 phage served as an internal control for RNA isolation and amplification. Multiplexing was based on the melting curves analysis of the amplification products. The limit of detection for multiplex LAMP was 20 copies of SARS-CoV-2 RNA per reaction. Testing of 125 clinical samples showed a 97.6% concordance rate with real-time RT-PCR results. The developed multiplexed LAMP can be employed as an alternative to PCR in diagnostic practice to save personnel and equipment time.




4. Materials and Methods


4.1. Clinical and Standard Samples


Clinical samples (nasal swabs) were taken from patients in the Center of New Medical Technologies ICBFM SB RAS. Plasmids with genome fragments of SARS-CoV-2 and MS2 phage, prepared using a traditional restriction-ligation cloning method, in vitro synthesized RNA fragments and MS2 phage RNA served as the control samples. For full descriptions of the cloning procedures, in vitro transcription, MS2 phage growth and MS2 phage RNA purification, see the Supplementary Materials.




4.2. Droplet Digital PCR


The concentrations of DNA and RNA in the obtained standards were refined by means of a digital PCR, using the QX200™ Droplet Digital™ PCR System (Bio-Rad, Hercules, CA, USA) according to the manufacturer’s instructions. The reactions were carried out in a total volume of 20 µL, containing the DNA under examination (approximately 103 copies per 20 µL), 1× ddPCR master-mix (Bio-Rad, Hercules, CA, USA), 300 nM oligonucleotide primers and probes: E_Sarb_F/R/P for CoV-2-E, N_Sarb_F/R/P for CoV-2-N [35] and MS2-5_F/R/P for MS2 phage (Table 1). For droplet generation, 20 µL of the PCR mix and 70 µL of the droplet generation oil were placed into corresponding wells of the DG8 cartridge, and the droplets were obtained in a droplet generator. Then, 40 µL of the obtained droplets were transferred to the 96-well PCR plate, foil-sealed and placed in the thermocycler. The amplification was performed using the following program: 96 °C; for 10 min, following by 45 cycles of 96 °C for 30 s, 58 °C for 60 s, with final heating for 10 min at 98 °C; the rate of plate heating was 2 °C/s for all steps. The droplets were analyzed using the droplet reader, and the obtained data were processed using the QuantaSoft package (Bio-Rad, Hercules, CA, USA).




4.3. Real-Time RT PCR


Real-time RT PCR was performed in a CFX 96 thermocycler (Bio-Rad, Hercules, CA, USA) in a total reaction volume of 20 µL, containing 1× PCR buffer (65 mM Tris-HCl pH 8.9, 24 mM (NH4)2SO4, 0.05% Tween 20, 2.5 mM MgCl2), 0.3 µM primers and 0.1 µM probes: E_Sarb_F/R/P for CoV-2-E and N_Sarb_F/R/P for CoV-2-N (Table 1), 1 unit of Taq-polymerase (Biosan, Novosibirsk, Russia), 100 units of M-MuLV reverse transcriptase (Biosan, Novosibirsk, Russia) and an RNA template. The amplification was performed using the following program: reverse transcription for a 10 min at 50 °C, denaturation at 95 °C for 3 min and 45 cycles with denaturation at 95 °C for 10 s, followed by annealing and elongation at 60 °C for 40 s with the registration of fluorescent signals in FAM and HEX channels.




4.4. Real-Time Loop-Mediated Isothermal DNA Amplification (LAMP)


The reaction mixture for LAMP (20 µL) contained 1× reaction buffer for Bst-polymerase (20 mM Tris-HCl pH 8.8, 10 mM (NH4)2SO4, 150 mM KCl, 0.1% Tween-20, 2 mM M MgSO4), 1.4 mM each of dNTP, 0.2 µM each of external primer (F3/B3), 0.6 µM loop primers (LF/BF), 1.6 µM internal primers (FIP/BIP) (Table 1), DNA or RNA template (the type and amount of the template are given below), 2 units of Gss-polymerase (EC 2.7.7.7) from Geobacillus sp. 777 [15] and intercalating dye SYTO-82 in the final concentration of 1 µM [16]. For LAMP with reverse transcription, the reaction mixture was supplied with 100 units of M-MuLV reverse transcriptase (EC 2.7.7.49, Biosan, Novosibirsk, Russia). The reactions were performed in a CFX96 thermocycler (Bio-Rad, Hercules, CA, USA). The program included the following steps: 90 cycles of primer annealing and elongation, each at 64 °C for 20 s with the registration of fluorescence signal in the HEX channel; post-amplification melting of amplification products in the range of 70 °C–95 °C. For LAMP with reverse transcription, the program was supplied with an incubation step at 50 °C for 10 min before the amplification. The results of isothermal amplification were assessed using the Tt parameter (time-to-threshold—the time interval before the intersection between an amplification curve and a threshold line). All LAMP reactions were performed in three technical replicates.




4.5. The Evaluation of the Limit of Detection and Clinical Sensitivity and Specificity


The limit of detection of the multiplex LAMP was assessed by varying the amount of RNA template in the reaction mixture. Multiplex LAMP was performed with 1× CoV-2-E primers and 0.5× MS2 primers under the conditions described above. The amount of CoV-2-E RNA template in the reaction mixture was 100, 50, 20 or 10 copies, on the background of 12,000 copies of MS2 phage RNA. Multiplex LAMP was performed in 20 technical repeats; CoV-2-E RNA amplification was registered as a characteristic peak on the melting curve of the amplification products. The limit of detection was defined as the concentration of CoV-2-E RNA that provided the appearance of a melting peak for CoV-2-E amplification products in all technical repeats.



Analytical specificity was evaluated in silico by checking the homology of primers with the genomes of most widespread human viral pathogens causing respiratory infections. The comparison was made using the BLAST algorithm on the NCBI website.



The clinical sensitivity and specificity of the multiplex LAMP were assessed using clinical samples (nasal swabs) taken from the patients of CNMT ICBFM RAS. RNA was isolated from clinical samples using an AmpliSens® RIBO-prep kit (Central Research Institute of Epidemiology, Moscow, Russia) according to the manufacturer’s protocol. Each clinical sample was spiked with 6 × 106 MS2 phage particles before RNA purification. Purified RNA was tested in the presence of SARS-CoV-2 RNA using real-time PCR and multiplex LAMP.
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Figure 1. (a) LAMP with plasmids and different primers for SARS-CoV-2 and MS2; (b) LAMP with standard plasmids, monoplexes SARS-CoV-2, MS2 and duplex primer set MS2-SARS-CoV-2-E. Each primer set is marked by the color specified in the legend. Time-to-threshold (Tt) values are presented on the X-axis, and the amount of template per reaction on the Y-axis. Each run was triplicated; error bars represent one SD. 
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Figure 2. Melting curve analysis of the LAMP products. The graph represents characteristic melting peaks for LAMP products obtained with (A) monoplexes CoV-2-E (pink curves) and MS2 (blue curves); (B) duplex MS2-CoV-2-E, where green curves correspond to MS2 and purple curves to CoV-2-E. 
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Figure 3. LAMP with plasmids and different concentrations of MS2 primers in (a) monoplex, (b) duplex, (d) duplex with MS2 RNA and (c) without it. Each MS2 primer concentration is marked by the color specified in the legend. Tt values are presented on the X-axis, and amount of template per reaction on the Y-axis. Each run was triplicated; error bars represent one SD. 
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Figure 4. LAMP with CoV-2-E monoplex, duplex and various MS2 RNA concentrations. Each MS2 RNA concentration is marked by the color specified in the legend. Tt values are presented on the X-axis, and the amount of MS2 RNA per reaction on the Y-axis. Each run was triplicated; error bars represent one SD. 
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Figure 5. The melting curve analysis of the LAMP products: evaluation of the limit of detection for the MS2-CoV-2 duplex. The graph represents characteristic melting peaks for LAMP products obtained with the CoV-2-E monoplex and CoV-2-E RNA template (green curve), with the MS2 monoplex and MS2 RNA template (orange curve), with the MS2-CoV-2-E duplex, 12,000 copies/reaction MS2 RNA template, and with CoV-2-E RNA: 100 copies (purple curve), 50 copies (red curve) and 20 copies (blue curve). 
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Table 1. List of oligonucleotide primers and probes.
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	Name
	5′-Sequence-3′





	PMTL-1
	CTTCGCTATTACGCCAGCT



	PMTL-2
	GCGGATAACAATTTCACACAG



	CoR1-F2
	GCCTTTGTAAGCACAAGCTG



	CoR1-B2
	AAGAAGGTTTTACAAGACTCACGT



	CoR1-LF
	CATCCTTACTGCGCTTCGAT



	CoR1-LB
	TAACGTACCTGTCTCTTCCGAAA



	CoR1-FIP
	GCAAGAAAAAGAAGTACGCTATTAACTAGAGTACGAACTTATGTACTCATTC



	CoR1-BIP
	CGTGGTATTCTTGCTAGTTACACTAGATATTGCAGCAGTACGCACAC



	CoR2-F2
	TGCAACTGAGGGAGCCTTG



	CoR2-B2
	TGGAGTTGAATTTCTTGAACTG



	CoR2-LF
	CGGCAGTCAAGCCTCTTCTC



	CoR2-LB
	ATTGTTAGCAGGATTGCGGGT



	CoR2-FIP
	GGAAGTTGTAGCACGATTGCAGATACACCAAAAGATCACATTGG



	CoR2-BIP
	GCTTCTACGCAGAAGGGAGCATGCGACTACGTGATGAGGAA



	MS2-1-FIP
	CTCCTGAGGGAATGTGGGAACCCCGGCGTGCGCGTTAT



	MS2-1-BIP
	GCCAGCGAGCTCTCCTCGGGCACCCGTGCTCTTTCGA



	MS2-1-F3
	CCGACAGCATGAAGTCCG



	MS2-1-B3
	AGCCCGCCCACCTTTC



	MS2-1-LB
	GTTAGCCACTCCGAAGTGCG



	MS2-1-LF
	GCTGACCGAGGGACCCC



	MS2-2-LB
	GTCTATACCAACGGATTTGAGCC



	MS2-2-LF
	GCATCCGATTCCATCTCCGAT



	MS2-2-F3
	TGCCTGTAAGGAGCCTGAT



	MS2-2-B3
	TGAGCGGATACGATCGAGAT



	MS2-2-FIP
	GCCAGACGCTGGTTGATCGATTAAGGGGTCGGTGCTTTCA



	MS2-2-BIP
	GGTTCGCTTGCGACGATAGACTTCTGGTGGGAGAAAACTCCA



	N_Sarb_F
	CACATTGGCACCCGCAATC



	N_Sarb_R
	GAGGAACGAGAAGAGGCTTG



	N_Sarb_P
	FAM-ACTTCCTCAAGGAACAACATTGCCA-BHQ1



	E_Sarb_F
	ACAGGTACGTTAATAGTTAATAGCGT



	E_Sarb_R
	ATATTGCAGCAGTACGCACACA



	E_Sarb_P
	HEX-ACACTAGCCATCCTTACTGCGCTTCG-BHQ2



	MS2-5-F
	GTACGAGGAGAAAGCCGGTTTC



	MS2-5-R
	GTTCTGCGGCACTTCGATG



	MS2-5-P
	FAM-TCCCTCGACGCACGCTCCTGCT-BHQ1
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Table 2. Time-to-threshold (Tt) values for LAMP with RNA template and primer sets CoV-2-E and MS2-2.
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	Concentration of Standard,

Copies/Reaction
	CoV-2-E
	Concentration of Standard,

Copies/Reaction
	MS2-2





	1 × 104
	7.88 ± 0.06
	1250
	13.18 ± 0.61



	1 × 103
	8.68 ± 0.68
	250
	15.83 ± 0.12



	50
	10.37 ± 1.03
	50
	17.89 ± 0.34



	5
	12.56 ± 1.22
	5
	20.69 ± 2.28
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Table 3. A comparison of results between multiplex MS2-CoV-2-E LAMP and real-time RT-PCR assays.
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RT-PCR

	
Multiplex LAMP

	
Total




	
Positive

	
Negative






	
Positive

	
40

	
2

	
42




	
Negative

	
1

	
82

	
83




	
Total

	
41

	
84

	
125
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