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Detecting lineage‑defining 
mutations in SARS‑CoV‑2 
using colorimetric RT‑LAMP 
without probes or additional 
primers
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Despite the advance of vaccination worldwide, epidemic waves caused by more transmissible and 
immune evasive genetic variants of SARS-CoV-2 have sustained the ongoing pandemic of COVID-19. 
Monitoring such variants is expensive, as it usually relies on whole-genome sequencing methods. 
Therefore, it is necessary to develop alternatives that could help identify samples from specific 
variants. Reverse transcription loop-mediated isothermal amplification is a method that has been 
increasingly used for nucleic acid amplification, as it is cheaper and easier to perform when compared 
to other molecular techniques. As a proof of concept that can help distinguish variants, we present 
an RT-LAMP assay capable of detecting samples carrying a group of mutations that can be related 
to specific SARS-CoV-2 lineages, here demonstrated for the Variant of Concern Gamma. We tested 
60 SARS-CoV-2 RNA samples extracted from swab samples and the reaction showed a sensitivity of 
93.33%, a specificity of 88.89% and a kappa value of 0.822 for samples with a Ct ≤ 22.93. The RT-LAMP 
assay demonstrated to be useful to distinguish VOC Gamma and may be of particular interest as a 
screening approach for variants in countries with poor sequencing coverage.

Mutations are inevitably introduced in the viral genome during the replication process in host cells. Genetic 
and evolutionary characteristics such as the large genome and high mutation rate give the coronaviruses a high 
level of genetic plasticity1. In this sense, the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) 
has undergone several mutations over time that have resulted in genetic variations, which have sustained the 
ongoing pandemic2,3. Mutations have been defined by mapping changes in the genetic sequence of the SARS-
CoV-2 virus compared to Wuhan-Hu1 reference sequence in a given population4. In this way, in early 2022, 
over 1.600 lineages have been suggested at the PANGO Lineages network (https://​cov-​linea​ges.​org/​linea​ge_​list.​
html updated on 26-02-2022). These introductions rarely settle in the population, and very few can potentially 
impact the properties of the virus5. However, the combination of certain mutations has demonstrated the capacity 
to alter viral transmissibility, and these variants are called variants of concern (VOCs)6. Besides faster spread, 
VOCs have been related to resistance to antibody neutralization and decreased response to available diagnostics7.

Five main VOCs that chronologically upsurged in Europe (Alpha/B.1.1.7/Q.*), Africa (Beta B.1.351/), Ameri-
cas (Gamma/P.1/P.1.*), Asia (Delta/B.1.617.2/AY.*) and Africa (Omicron/BA.1.1.529/BA.*) spread around the 
world8,9. The Gamma variant first appeared in the state of Amazonas in northern Brazil in December 202010, and 
by March of 2021 was the most prevalent VOC nationwide being suppressed only in August 2021 by the Delta 
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variant (http://​www.​genom​ahcov.​fiocr​uz.​br/​dashb​oard-​en/). In December 2021, Omicron rapidly overtook all 
circulating variants in Brazil11.

Monitoring emerging variants using genetic sequencing techniques is essential for guiding science-based 
public health policies. In this sense, with 11.1% of all positive cases sequenced and deposited to the EpiCoV 
database in GISAID, the United Kingdom is one of the countries with larger sequencing coverage. On the other 
hand, Brazil, which has the third-highest number of confirmed cases in the world, has sequenced only about 
one (0.4%) in every 243 positive cases (https://​www.​gisaid.​org/​submi​ssion-​track​er-​global/). This situation can 
be even more challenging in other developing countries, where the lack of funding and structure has resulted in 
a severe blackout of genomic data, as observed in Bolivia, Kyrgyzstan and Honduras, which have deposited the 
sequences of about 0.05% of all positive cases12,13.

Although whole-genome sequencing is the gold standard for identifying and detecting SARS-CoV-2 vari-
ants, some studies have proposed real-time quantitative reverse transcription polymerase chain reaction (RT-
qPCR) with variant-specific primers and probes to increase surveillance capacity, with lower execution costs14–17. 
These assays target lineage-defining mutations and can indirectly detect some of the variants that are currently 
circulating18. This approach has also been used to detect VOCs in matrices that SARS-CoV-2 has been less suc-
cessfully sequenced, such as wastewater19.

Although the use of RT-qPCR in lineage-defining assays has represented an advance in SARS-CoV-2 surveil-
lance, the method still has cost-related limitations in countries with inadequate laboratory infrastructure. Other 
techniques, such as Reverse Transcriptase Loop-Mediated Isothermal Amplification (RT-LAMP), can potentially 
simplify the execution of the test. The RT-LAMP has been proposed as a reliable diagnostic tool for detecting 
SARS-CoV-220–23. This method can detect the target genome with high specificity and sensibility in < 40 min, 
without the need for a real-time thermocycler. However, regular RT-LAMP reactions do not have enough speci-
ficity to detect point mutations24. Thus, several modifications to the technique have been proposed to address 
this issue25,26. These modifications that increase RT-LAMP specificity can be broadly divided into primer-based 
and probe-based approaches24. In general, these approaches use additional primers or primers and probes to 
accelerate the amplification of targets harbouring the desired single nucleotide polymorphisms (SNPs) whilst 
delaying the amplification of the targets that do not contain them.

In this study, we develop a set of primers for RT-LAMP capable of detecting the specific mutations C21614T 
(also known as S: L18F) and C21638T (also known as S: P26S) that are lineage-defining mutations to the VOC 
Gamma and descendent lineages. Although these mutations might also be found in the Beta variant, according 
to data extracted from GISAID, only 11 cases were reported in Brazil. The frequency in which these two muta-
tions can be found in other variants of concern is displayed in Fig. S1. The proposed RT-LAMP assay reported 
here was able to discriminate samples containing Gamma-specific mutations, indirectly monitoring its preva-
lence. To our knowledge, this is the first report of RT-LAMP being used to detect mutations to detect the VOC 
Gamma of SARS-CoV-2 without probes or additional primers. The current test serves as a proof of concept that 
RT-LAMP has the potential to aid in increasing variant surveillance, as it can differentiate variants without the 
need for expensive molecular beacons.

Results
Optimization of the RT‑LAMP assay.  To assess the optimal temperature, we performed RT-LAMP 
at temperatures ranging from 60 to 70 °C. Additionally, samples were evaluated at different times from 20 to 
120 min. The best temperature for variant-specific amplification was 65 °C and the time required was 70 min. 
For time points longer than 70 min, some negative reactions would become orangish and yellowish. This colour 
change was probably caused by spurious amplification, a well-documented problem with RT-LAMP reactions27.

In the optimized temperature and time, cross-reactivity was evaluated against the Gamma, Zeta, Alpha, B.1, 
Delta, and Omicron variants. As shown in Fig. 1, only in the presence of the Gamma variant the reaction showed 
positivity, both through colorimetric detection and by agarose gel.

Analytical sensitivity.  The Limit of Detection (LoD) of the test is the minimum number of RNA copies 
that can be detected by the method 95% of the time. When assaying samples carrying a number of copies near 
the detection limit, the amplification is stochastic, i.e., may or may not occur. To correctly estimate the LoD, we 
diluted the RNA from 2.1 × 106 to 8.5 × 102 copies per reaction and quantified each point by RT-qPCR. We tested 
eight replicates of each point using RT-LAMP and performed a probit analysis. Given a C95, the limit of detection 
according to the probit analysis is 4.8 × 104 copies per reaction which corresponds to a Ct of ≅ 22.93. The results 
are shown in Fig. 2.

Validation in clinical samples.  To assess whether this RT-LAMP assay could be used to differentiate 
samples carrying the lineage-defining mutations in field samples, we included RNA samples from 60 swabs 
confirmed positive for SARS-CoV-2 by RT-qPCR and sequencing. GISAID and/or GenBank accession codes 
are displayed in Table S1. The reactions were performed in triplicates, and sequencing data was only retrieved 
after the RT-LAMP results had been analysed. Samples were pre-selected based on Ct, and only samples with 
a medium Ct for the N1 and N2 primer sets ≤ 22.93 were included. We used 1.5 μL of target RNA in a 15 μL 
reaction. Table 1 shows the Ct values as quantified by the RT-qPCR, the sequencing results as categorized by 
the Pangolin lineage assigner (https://​cov-​linea​ges.​org/​resou​rces/​pango​lin.​html) and the results for the three 
RT-LAMP replicates.

The RT-LAMP assay targeted two mutations of Gamma variant and descendant lineages (P.1.7 and P.1.12). 
All sequences were aligned using MAFFT Software (https://​mafft.​cbrc.​jp/​align​ment/​server/) and individually 
checked for the presence of the mutations using BioEdit Software (version 7.2), as shown in Fig. S2. We confirmed 
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that only Gamma and descendant lineages presented the mutations. All data considered for statistical analysis is 
shown (Table 2). Statistical analysis was performed for each triplicate. The mean specificity of the test was 88.89%, 
and the sensitivity for samples with a Ct ≤ 22.93 was 93.33%. The mean kappa value was 0.822. The positivity of 
the samples was assayed by naked eye and confirmed by agarose gel electrophoresis, as can be seen in Fig. S3. 
When loaded to the agarose gel, positive samples present the typical LAMP pattern. It is possible to visualize 
a distinct banding pattern on the agarose gel for sample code B48 in A, samples codes F16, F23 and F25 in D, 
samples B240 and B245 in F, F16, F23 and F28 in H, samples B29 and B211 in I, sample B228 in J and F13 in K, 
which are probably the result of spurious amplification. Since there was no color change to yellow, these samples 
were considered negative.

Discussion
It is essential to understand how SARS-CoV-2 changes by accumulating mutations during the pandemic. Vari-
ants that carry mutations that offer some advantage tend to become established in the population. Some SARS-
CoV-2 variants, such as the Gamma variant, display mutations that increase viral transmissibility and result in 
antibody evasion28. The VOCs have been related to the successive epidemic waves worldwide29. In this sense, 
monitoring new variants with greater transmission potential is instrumental for SARS-CoV-2 surveillance. 
Whole-genome sequencing has allowed the monitoring and detection of novel variants. The presence of these 

Figure 1.   Specificity of the RT-LAMP reaction incubated at 65 °C for 70 min. A: RT-LAMP amplification of 
the Gamma variant, among RNA samples from different lineages of SARS-CoV-2 as a target. The WarmStart 
Colorimetric Kit uses a pH indicator that turns from pink to yellow in the presence of amplicons. B: 
Visualisation of amplicons using 2% agarose gel electrophoresis. The positive sample presents the typical ladder-
like pattern common to RT-LAMP fragments. MM: Molecular Marker, NTC: Non-template control using H2O 
instead of a target.

Figure 2.   Determination of the detection limit of the LAMP assay by Probit analysis using different analyte 
concentrations with a total of eight replicates per concentration. (A) Eight independent replicates per dilution 
were performed. The number of RNA copies per reaction is displayed on the left, and the Hit Rate (%) is 
displayed on the right (B). Probit regression analysis with a sigmoid dose–response curve of the concentration–
response data.
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Sample1 Ct2

Sequencing Results3 RT-LAMP Results4

Variant Replicate 1 Replicate 2 Replicate 3

B25 18.17 Alpha + − −

B29 16.43 Alpha − − −

B48 20.55 Alpha − − −

B186 20.47 Zeta − − −

B195 19.19 B.1.1 − − −

B211 19.58 Zeta − − −

B212 16.32 Gamma + + +

B213 15.07 Gamma + + +

B214 14.46 P.1.12 + + +

B215 14.91 Gamma + + +

B216 16.38 P.1.7 + + +

B217 14.62 Gamma + + +

B218 12.03 Gamma + + +

B219 22.30 Gamma + + +

B220 14.22 Gamma + + +

B221 14.46 Gamma + + +

B222 21.53 Gamma − + −

B223 18.61 Gamma + + +

B224 18.63 Gamma + + +

B225 20.94 Gamma − + −

B227 15.92 Gamma + + +

B228 22.38 Gamma − + −

B229 19.36 Gamma + + +

B230 18.82 Gamma + + +

B231 18.49 Gamma + + +

B236 21.89 Zeta − − −

B240 18.13 Zeta − − −

B244 20.28 P.7 − − −

B245 16.80 P.7 − − −

B247 17.17 Gamma + + +

F1 12.89 Gamma + + +

F2 17.51 P.1.7 + + +

F3 13.89 Gamma + + +

F4 19.44 P.1.7 + + +

F5 17.20 P.1.7 + + +

F6 16.30 Gamma + + +

F7 21.98 P.1.7 + + +

F8 20.48 P.1.7 + + +

F9 21.26 P.1.7 + + +

F10 15.92 Gamma + + +

F11 21.97 Delta − − −

F12 21.07 Delta − − −

F13 20.61 Delta − − −

F14 19.29 Delta − − −

F15 18.11 Delta − − +

F16 17.77 Delta − − +

F17 16.01 Delta + + +

F18 15.09 Delta + + +

F19 15.96 Delta + − −

F20 21.31 Delta − − −

F21 22.55 Omicron − − −

F22 21.27 Omicron − − −

F23 20.20 Omicron − − −

F24 19.13 Omicron − − −

F25 17.41 Omicron − − −

Continued
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lineage-defining mutations serves as a "signature" that can be also used to identify the variant by other means 
rather than sequencing.

Recently, several studies have related the RT-LAMP technique to variants of the new coronavirus30,31. These 
papers have focused on developing protocols that allow the detection of SARS-CoV-2, regardless of the variant. 
Although these works are essential for molecular diagnostic purposes, they cannot be used for epidemiological 
research to investigate the course of the health crisis, as they do not distinguish the variants. In contrast, RT-
LAMP has been used to detect SARS-CoV-2 genomes containing the S1Δ69-70 deletion present in the alpha 
variant (B.1.1.7)32. The authors used molecular beacons and additional oligonucleotides to block nucleic acids. 
Another study reported an RT-LAMP-based genotyping method focusing on R203M in the SARS-CoV-2 N gene 
to detect Delta variants specifically33. Although the test did not use additional oligonucleotides, the excellent 
ability to distinguish between Delta and non-Delta variants occurred by calculating a ratio between the Cts of two 
different reactions per sample. Our study advanced the frontier of knowledge by proposing a new specific method 
for gamma variants and descendants that contain the mutations C21614T (also known as S:L18F) and C21638T 
(also known as S: P26S). Our methodology doesn’t rely on the use of additional probes and is independent of 
the sophisticated instrumentation necessary for protocols that perform conventional qLAMP.

In this study, we designed RT-LAMP primers capable of differentiating samples carrying lineage-defining 
mutations of the VOC Gamma and its descendant lineages. These mutations can be used as a proxy to identify 
Gamma with a 91.11% accuracy for samples with Ct ≤ 22.93.

The detection limit of 4.8 × 104 copies (Ct ~ 22.93) found in the present study is higher than those reported in 
the literature24–27,34. Nonetheless, it has excellent potential for the confirmatory diagnosis of the VOC Gamma. 
The RT-LAMP test is not sensitive enough to detect the virus in patients with a lower viral load. However, it is 
sensitive enough to detect patients who are in the acute phase of infection (which includes up to the fifth day 
of infection) in which the load viral load is averaging 6.76 × 105 copies, as demonstrated by Wölfel et al.35 in a 
study performed with samples collected during the clinical course of COVID-19. Considering that this value is 
substantially higher than the detection limit obtained in this study (4.8 × 104 copies), the proposed RT-LAMP 
assay here could indirectly monitor the prevalence of Gamma-specific mutations in patients who are within the 
first days of infection.

The RT-LAMP assay for monitoring emerging variants has shown promising results by providing a sensitivity 
that is adequate to enter the same workflow as the regular sequencing technique, which is considered the gold 

Table 1.   Comparison between sequencing and RT-LAMP results for field samples. The cycle threshold of 
RT-qPCR was used as a sample selection criterion. Ct Cycle threshold. (−) indicates a negative result (no 
color change). (+) indicates a positive result (color change). 1 Sample identification code based in the list 
provided by LGBIO laboratory, UFG (B- samples) or FIOCRUZ (F- samples); 2 The Ct column corresponds 
to the quantification cycle of the sample positive for SARS-CoV-2 using the 2019nCoV primer kit; 3 Results of 
sequencing obtained in the GISAID EpiCoV platform; 4 Results of RT-LAMP assay in triplicate;

Sample1 Ct2

Sequencing Results3 RT-LAMP Results4

Variant Replicate 1 Replicate 2 Replicate 3

F26 21.96 Omicron − − −

F27 20.76 Omicron − − −

F28 19.89 Omicron − − −

F29 18.51 Omicron − − −

F30 15.44 Omicron − − −

Table 2.   Summary of the RT-LAMP and Sequencing results. All Gamma and descendant lineages were 
confirmed positive by sequencing. Even though positive for SARS-CoV-2, samples that did not have the 
target mutations were marked as “negative” in this table. Rows show the RT-LAMP results and columns 
show sequencing results. The number in the table is the number of samples in which the results agree or 
disagree between the two methodologies for each replicate. RT-LAMP Reverse-Transcriptase Loop-Mediated 
Amplification; Rep Replicates; Pos Positive; Neg Negative.

Sequencing

Replicate # Pos Neg Sum

RT-LAMP

Pos

#1 27 4 31

#2 30 2 32

#3 27 4 31

Neg

#1 3 26 29

#2 0 28 28

#3 3 26 29

Sum 90 90 180



6

Vol:.(1234567890)

Scientific Reports |        (2022) 12:11500  | https://doi.org/10.1038/s41598-022-15368-3

www.nature.com/scientificreports/

standard. In our study, the RT-LAMP method was able to differentiate samples with Ct up to ≤ 22.93. Samples 
with lower Ct are preferred for sequencing as they correlate with higher coverages, thus allowing better identi-
fication of samples36. Therefore, the RT-LAMP presented in this study could be used as a screening method in 
places with a low sequencing capacity.

Another relevant aspect of the RT-LAMP as an alternative to identify variants is the time and cost for test 
execution compared to other technologies (Table 3). The cost for application of RT-LAMP per sample is 50 and 
4.6 times cheaper than Next-generation sequencing (NGS) and RT-qPCR respectively.

Another valuable feature of RT-LAMP is the run time that can vary from 30 min to 1 h. The RT-LAMP is a 
faster method when compared to RT-qPCR which takes at least two hours, and NGS that can take from one to 
two days. Therefore, RT-LAMP has the potential to be applied as a rapid diagnostic method and valuable tool 
for the surveillance of VOCs.

Even though it might not be possible to design primers targeting two or more mutations for a great variety 
of targets, this approach was successful to differentiate samples carrying both mutations in the Gamma variant, 
as it resulted in different times-to-threshold between the samples that harbored or not the mutations. The time-
to-threshold is the amount of time it takes a positive sample to turn from pink to yellow and it is an indicator of 
how efficiently the amplification occurred. Low viral loads and non-specific amplifications usually take longer 
to amplify than high viral load specific amplifications, so it is possible to estimate a time with optimal specificity 
and sensibility ratios. Even though this test is not as sensitive as RT-qPCR, samples infected with the Gamma 
variant have been found to have a tenfold increase in viral load when compared to non-Gamma samples10. This 
could lower the negative impact of the low sensitivity of the test, as the median Ct for samples infected with 
Gamma variant is around 19.810.

As vaccination continues worldwide, monitoring emerging variants is vital for guiding public policies and 
avoiding outbreaks of new variants that might significantly escape antibodies or promote high rates of contami-
nation, as seen recently by the Omicron variant. Gamma variant was the most prevalent variant in Brazil from 
February 2021 to July 2021, when it was suppressed by the Delta variant11. In the present study, we highlight 
how a lineage-specific RT-LAMP can be a useful tool to estimate the prevalence of variants in the population 
in a given epidemiological week. An updated set of primers capable of detecting specific mutations of potential 
novel variants that may surge could be used as a screening method before sequencing, in places where sequenc-
ing reagents are expensive or that lack the infrastructure to sequence many samples.

Methods
RNA control and biological samples.  The Laboratory of Respiratory Viruses and Measles, Reference 
Laboratory for COVID-19 (WHO) of Oswaldo Cruz Foundation (FIOCRUZ) provided the RNA samples of 
different SARS-CoV-2 variants (Alpha, Gamma, B.1, Zeta, Delta and Omicron), which we used to optimize the 
test. During the validation step, we used RNA extracted from swab samples from SARS-CoV-2 positive patients. 
Samples B25-B247 were kindly provided by the Laboratory of Genetics and Biodiversity (LGBIO) from the Uni-
versity of Goiás (UFG). They performed the SARS-CoV-2 gene sequencing study in accordance with the ethics 
committee no. 4.365.579. All other samples were provided by the Laboratory of Respiratory Viruses and Measles. 
Sequence data of the samples were deposited to the EpiCoV database in the GISAID and/or GenBank platforms, 
and all accession numbers are displayed in Table S1. The samples provided by LBGIO were randomly selected 
for the RT-LAMP assay, and then tested based on Ct. Sequencing results were only retrieved after the RT-LAMP 
results had been analyzed. The RNA and biological samples were stored at − 80 °C in the Molecular Genetics and 
Cytogenetics Laboratory at UFG until use.

RNA extraction and RT‑qPCR.  According to the manufacturer’s instructions, RNA from the swab sam-
ples was extracted using the Viral DNA/RNA Extraction Kit (Cellco, São Paulo, Brazil). The primer and probes 
used for the detection of the genes of SARS-CoV-2 and human RNase P were the 2019nCoV Kit (Integrated 
DNA Technologies, Iowa, USA), and the RT-qPCR was performed using the GoTaq probe 1-step RT-qPCR sys-
tem (Promega, Wisconsin, USA) in an AriaMx Real-Time PCR System (Agilent, California, USA). The amplifi-
cation program consisted of one cycle at 45 °C for 15 min for reverse transcription, one cycle at 95 °C for 2 min 
for reverse transcriptase denaturation and DNA polymerase activation, followed by 40 cycles at 95 °C for 3 s, and 
55 °C for 30 s for denaturation and amplification.

RT‑LAMP primer design.  The RT-LAMP primer set was designed targeting two lineage-defining muta-
tions in the Gamma variant using Primer Explorer (V.5.0) (available at http://​prime​rexpl​orer.​jp/​lampv​5e/​index.​
html), according to the developer’s instructions. In brief, primers were designed so that the mutations of inter-
est would be located either in the 5’ end of the F1c or B1c regions or in the 3’ end of F2, B2, F3, or B3 regions. 

Table 3.   Comparison between the cost, time and principle of different strategies for detection of SARS-CoV-2 
variants.

Method Working principle Time required Cost per sample

NGS The genomic strand is fragmented and the bases of each fragment are identified by signals emitted when the fragments are 
linked to a template strand 1–2 days ~ $150

RT-qPCR Synthesis of DNA from deoxynucleotide substrates on a single-stranded DNA template by temperature cycling About 2 h ~ $14

RT-LAMP Synthesis of DNA from deoxynucleotide substrates on a single-stranded DNA template using a constant temperature 30 min–1 h ~ $3

http://primerexplorer.jp/lampv5e/index.html
http://primerexplorer.jp/lampv5e/index.html


7

Vol.:(0123456789)

Scientific Reports |        (2022) 12:11500  | https://doi.org/10.1038/s41598-022-15368-3

www.nature.com/scientificreports/

RT-LAMP alone cannot usually differentiate SNPs18. To address this issue, we first looked for regions in the 
genome that would have more than one lineage-defining mutation (Fig. 3). Primers were designed so that the 
primers that bind to F3 and F2 regions would have the mutation located on its 3’ prime end. In this way, prim-
ers would have more affinity binding to mutated targets than wild ones. The use of two primers targeting two 
different SNPs allowed a certain level of redundancy, being crucial for sample differentiation. This primer set 
was designed targeting a region in the S gene harboring two mutations (C21614T and C21638T) predominantly 
present in the Gamma variant (Fig. S4).

The lineage-defining mutations were retrieved from PANGO lineages (https://​cov-​linea​ges.​org/) and com-
pared against the reference sequence (NC_045512). Primer sequences are displayed in Table 4.

RT‑LAMP colorimetric assay.  We performed the RT-LAMP assay using the WarmStart Colorimetric 
LAMP 2X Master Mix (New England Biolabs, Hitchin, UK) as described previously31. In brief, the final reaction 
volume was 15 μL consisting of 7.5 μL LAMP master mix, 0.2 µM of each outer primer (F3 and B3), 1.6 µM of 
each inner primer (FIP and BIP), 0.8 µM of each loop primer (LF and LB), 4.5 μL nuclease-free water (Sigma 
Aldrich, Missouri, EUA), and 1.5 μL of the RNA sample. The reaction was incubated at 65 °C for 70 min in a 
ProFlex 3 × 32-well PCR System (Thermofisher, Massachusetts, USA). The WarmStart Colorimetric Assay uses 
phenol red as an indicator of target amplification, and the color of the reaction changes from pink to yellow in 
the presence of amplicons (Silva et al.34). After amplification, we analyzed the color of the tube visually and con-
firmed it by agarose gel electrophoresis. For naked-eye visualization, the tubes were aligned over a white sheet 
of paper, and photos were acquired with a regular mobile phone camera (48MP, Xiaomi Redmi Note 8) with the 
aid of a rechargeable white LED light. Samples were then loaded into 10µL wells in an agarose gel and analyzed 
through electrophoresis. The gel was run for 45 min at 100 V and photos of the gel were acquired using a gel 
documentation system.

Analytical sensitivity.  The RNA control was serially diluted in nuclease-free water and analyzed by RT-
qPCR to obtain the corresponding amplification cycle threshold (Ct). The viral genomic copies were calculated 
by plotting Ct values onto the standard curve constructed based on the 2019-nCoV_N_Positive Control (Inte-
grated DNA Technologies, Iowa, USA). Samples with a concentration ranging from 2.1 × 105 to 8.5 × 102 were 
analyzed by RT-LAMP in octuplicates. We performed a Probit analysis to determine the limit of detection (LOD) 
using MedCalc software (Version 19.6.4, MedCalc Software, Ostend, Belgium), giving a value of C95 (95% detec-
tion probability across all replicates). The RT-LAMP products of amplification were determined by visual obser-
vation and confirmed by gel electrophoresis (2% agarose and 0.5% Tris–EDTA–borate (TEB) buffer).

Figure 3.   Primers targeting the lineage-defining mutations in the target. The position of the lineage defining 
mutations within the F3 and F2 primer regions are marked as red squares. FIP = Forward Inner Primer, 
F3c = Primer complementary to region F3.

Table 4.   Nucleotide sequence of RT-LAMP primers designed for this study. F3 Forward Outer Primer; B3 
Backward Outer Primer; FIP Forward Inner Primer; BIP Backward Inner Primer; LF Loop Forward Primer; 
LB Loop Backward Primer. Underlined bold nucleotides highlight the mutation position in the primer.

Primer Name Sequence (5’ → 3’) Target Variant detected

F3 TCT​CTA​GTC​AGT​GTG​TTA​ATT
C21614T

Gamma

B3 GAC​AGG​GTT​ATC​AAA​CCT​CT

FIP AGG​ATC​TGA​AAA​CTT​TGT​CAG​GGT​TTT​TTT​CAA​ACA​GAA​CTC​AAT​TAC​CCT

C21638T
BIP ACT​CAG​GAC​TTG​TTC​TTA​CCT​TTC​TTT​TTT​TTA​GTA​CCA​TTG​GTC​CCA​GA

LF CAC​GTG​TGA​AAG​AAT​TAG​TGTAT​

LB TCC​AAT​GTT​ACT​TGG​TTC​CATGC​

https://cov-lineages.org/
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Optimization of the test.  RNA was extracted from the supernatant of cultures of specific variants or from 
samples confirmed by sequencing to evaluate if primers were annealing specifically to samples containing the 
targeted mutations. We tested RNA from variants B.1, Zeta, Alfa, Gamma, Delta and Omicron. Results were 
analyzed visually and by gel electrophoresis (2% agarose and 0.5% Tris–EDTA–borate (TEB) buffer).

RT‑LAMP validation in clinical samples.  We selected the RNA from 60 swab samples positive for SARS-
CoV-2 that had already been sequenced and quantified by RT-qPCR to validate the performance of RT-LAMP 
in detecting mutations in clinical samples. Considering the C95 for the test, we pre-selected samples based on Ct 
and only the 60 samples with Ct ≤ 22.93 were included. The diagnostic test parameters such as sensitivity, speci-
ficity, positive predictive value, negative predictive value and accuracy for each triplicate were calculated using 
MedCalc’s Diagnostic Test Evaluation online tool Calculator (available at: https://​www.​medca​lc.​org/​calc/​diagn​
ostic_​test.​php). After interpreting RT-LAMP results, sequence data were retrieved from GISAID and analyzed 
using the Pangolin Lineage Assigner (available at: https://​pango​lin.​cog-​uk.​io/). Sequences were then aligned 
using MAFFT Software (https://​mafft.​cbrc.​jp/​align​ment/​server/), and we used the BioEdit Software (version 7.2) 
to confirm the presence of the targeted mutations in all samples tested by RT-LAMP.

Data availability
The datasets analysed during the current study are available in the GISAID repository, at www.​gisaid.​org, and 
in the GenBank repository, at https://​www.​ncbi.​nlm.​nih.​gov/​genba​nk/. All accession numbers for samples are 
displayed in Table S1 in the supplementary file.
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