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OPEN A colorimetric reverse-transcription

loop-mediated isothermal
amplification method targeting
the L452R mutation to detect
the Delta variant of SARS-CoV-2
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The rapid spread of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has triggered
global difficulties for both individuals and economies, with new variants continuing to emerge.

The Delta variant of SARS-CoV-2 remains most prevalent worldwide, and it affects the efficacy of
coronavirus disease 2019 (COVID-19) vaccination. Expedited testing to detect the Delta variant of
SARS-CoV-2 and monitor viral transmission is necessary. This study aimed to develop and evaluate

a colorimetric reverse-transcription loop-mediated isothermal amplification (RT-LAMP) technique
targeting the L452R mutation in the S gene for the specific detection of the Delta variant. In the test,
positivity was indicated as a color change from purple to yellow. The assay’s 95% limit of detection was
57 copies per reaction for the L452R (U1355G)-specific standard plasmid. Using 126 clinical samples,
our assay displayed 100% specificity, 97.06% sensitivity, and 98.41% accuracy in identifying the Delta
variant of SARS-CoV-2 compared to real-time RT-PCR. To our knowledge, this is the first colorimetric
RT-LAMP assay that can differentiate the Delta variant from its generic SARS-CoV-2, enabling it as
an approach for studying COVID-19 demography and facilitating proper effective control measure
establishment to fight against the reemerging variants of SARS-CoV-2 in the future.
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Coronavirus disease 2019 (COVID-19) is caused by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2). SARS-CoV-2 was discovered in China in December 2019, and it quickly spread globally, presenting sig-
nificant challenges to public health and economies. The virus continues to spread, new variants have continually
emerged! . At present, five dominant SARS-CoV-2 variants are circulating globally, namely the Alpha (B.1.1.7,
formerly known as the UK variant), Beta (B.1.351, formerly known as the South Africa variant), Gamma (P.1,
formerly known as the Brazil variant), Delta (B.1.617.2, formerly known as the India variant), and Omicron
(B.1.1.529). The latter of which had spread to 57 countries*®.

The receptor-binding domain (RBD) has been mutated in several SARS-CoV-2 variants, increasing their bind-
ing capacity for human cell receptors. A single-nucleotide polymorphism (SNP) from U to G at nucleotide posi-
tion 1355 (U1355G) in the S gene results in an amino acid change from leucine to arginine (L452R) in the spike
protein. This mutation has been observed in the Delta variant (B.1.617.2)”. This mutation might provide com-
petitive advantages over other variants. Mutation of the spike protein at residue 452 in the RBD could enhance
immune evasion and resistance to antibody neutralization. All of these alterations might lead to an increase in
ACE?2 receptor affinity and resistance to antibody neutralization, which would boost transmissibility®’. Scientists
have officially proven that the presence of one specific change, namely L452R, in the RBD region of the Delta
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variant significantly increases its ability to spread and infect humans, resulting in significantly more severe cases
of morbidity and mortality compared to the findings for the other SARS-CoV-2 variants'®.

Obviously, SNPs represent the most common type of genetic variation found in individuals, and they have
strong influences on human diseases'*. Regarding SARS-CoV-2, the variant of concern- and variant being mon-
itored-specific amino acid substitutions, especially those in the Delta variant, can be identified using a specific
RT-PCR assay targeting SNPs'>. For example, a diagnostic kit based on RT-PCR was developed to identify the
Delta variant by targeting specific mutations (P681R and L452R) in the S gene'®. However, using PCR assay might
pose challenges in terms of conducting tests on-site or in low-resource settings. Thus, new SNP detection tech-
niques that can be applied rapidly without advanced laboratory tools or a refrigerated supply chain are needed.
Loop-mediated isothermal amplification (LAMP) can be used in point-of-care settings to identify target SNPs
with high specificity and sensitivity'’.

LAMP permits the rapid and accurate amplification of DNA under consistent temperature settings'®. It can
also be used to detect viral RNA by simply adding reverse transcriptase into the reaction. Reverse-transcription
(RT)-LAMP enables more rapid genetic material testing than conventional RT-PCR, and it has displayed util-
ity in identifying COVID-19%. Various methods can confirm the results of the amplification process, such as
changes in turbidity, fluorescence, pH indicators, or gel electrophoresis combined with UV detection®-?2. A
commonly used approach for identifying plant, animal, and human diseases, especially COVID-19, is a pH-
based colorimetric test that delivers visible results to the naked eye!*?*-%. For example, some tests use xylenol
orange for visual confirmation?*?. Through developing rapid molecular diagnostic tests based on colorimetric
RT-LAMP for Delta variant-specific mutations of interest, laboratories can monitor variants more rapidly and
efficiently implement more focused and suitable surveillance and control programs. However, few colorimetric
RT-LAMP assays have focused on SNPs. In this study, we established a probe-free colorimetric RT-LAMP assay
based on the L452R mutation to detect the Delta variant (B.1.617.2) of SARS-CoV-2 and discriminate this vari-
ant from other variants.

Results

RT-LAMP primer set screening

For RT-LAMP to effectively serve as an isothermal amplification assay, it must be compatible with at least four
primers, specifically F3, B3, forward inner primer (FIP), and BIP. Loop primers which are classified as extra
primers can be used to enhance the kinetics of LAMP. This study established that the combination of FIP and
loop primer forward (LPF) played a crucial role in specifically targeting the L452R (CTG to CGG) mutation on
the RBD region of the S gene. FIP and LPF were meticulously optimized to directly interact with the specific site
of the SNP. To examine the effect of mutations on primer sets, we conducted an in-silico analysis to assess the
performance of our designed primers. We investigated primers with 0-3 nucleotide base mismatches adjacent to
the specific SNP position in their sequences. These sets were termed set-0 (zero mismatch), set-1 (one mismatch),
set-2 (two mismatches), and set-3 (three mismatches), as presented in Table 1. The primer sets were evaluated by
empirical methods using the genomic RNA of the mutant (Delta variant) and wild-type strains (Wuhan-Hu-1)
of SARS-CoV-2. The presence of signal fluorophores was observed, indicating the successful amplification of
the mutant strain compared to the wild-type strain. This amplification occurred under an isothermal condition
maintained at appropriate temperatures of 60 °C and 63 °C. Primer sets that specifically amplified the mutant
template within the given assay time were selected to effectively amplify and differentiate the mutant and wild-
type samples by monitoring the deviation in the quantitative cycle (Cq) values between the two samples.

Primer Sequence (5°-3’) Nucleotide mismatches Length (bp) %CG Tm (°C)
F3 AGCTTGGAATTCTAACAATC - 20 35 48
B3 CCAACACCATTAGTGGGTTGG - 21 52 56
BIP (Blc+B2) ;g}éTCAGGCCGGTAGCTTTTGATTGTAAAGGAAAG 40 40 63
FIP-0 (Flc+F2) iﬁ?’?ﬁggggTGAGATTAGACTTTTGTTGGTGGTAATTAT 0 48 33 62
LPF-0 CCTAAACAATCTATACCG 18 39 44
FIP-1 (Flc+F2) gg??:CGAGg'GTTGAGATTAGACTTTTGTTGGTGGTAATTAT 1 48 31 61
LPF-1 CCTAAACAATCTATATCG 18 33 41
FIP-2 (Flc+F2) gﬁ??ﬁffggTGAGATTAGACTTTTGTTGGTGGTAATTAT 5 48 29 61
LPE-2 CCTAAACAATCTATTTCG 18 33 42
FIP-3 (Flc+F2) i[/:??éfiggTGAGATTAGACTTTTGTTGGTGGTAATTAT 3 48 31 61
LPE-3 CCTAAACAATCTAGTTCG 18 39 44

Table 1. Colorimetric RT-LAMP primers with L452R SNP-targeting nucleotide mismatches in FIP and LPF.
The underlined nucleotide represents the L452R SNP mutation (CTG to CGG) in the receptor-binding domain
(RBD) of the spike gene of SARS-CoV-2. Bold letter denotes mismatches generated at position — 1, — 2, and

-3.
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Based on our investigation, primer set-3, in which three bases neighboring the U1355G site were modified,
failed to amplify the mutant or wild-type templates (Cq data unavailable). Primer set-2 generated a fluorescence
signal at 60 °C, whereas no response was observed at 63 °C. Using primer set-1, a delay in the detection of Cq
for the mutant template was observed on real-time fluorograms. Primer set-0, despite a noticeable delay in the
reaction of the mutant template at 63 °C with a Cq of approximately 30 cycles, efficiently amplified the mutant
template at an extremely rapid rate with a Cq of less than 20 cycles at 60 °C (Fig. 1). Using the real-time fluo-
rescence signal, all different primer sets failed to amplify sequences of the wild-type strain (Wuhan-Hu-1) of
SARS-CoV-2. To summarize, we selected primer set-0 for the targeted identification of U1355G (L452R) inside
the Delta variant of SARS-CoV-2 using an isothermal condition at 60 °C.

Optimal incubation time for the colorimetric RT-LAMP assay

A colorimetric RT-LAMP assay permitting visual detection was developed to improve the convenience of the
application. The response generated a distinct alteration in color, transitioning from purple to yellow, across all
serial dilutions of the plasmid standard samples evaluated for 75 min. Hence, we selected 75 min as the most
effective duration for the visual examination (Fig. 2a). A slight color shift was observed after incubating 500
copies of the plasmid standard for 60 min. Unexpectedly, after 40 min, the color was an intermediate shade that
closely resembled a negative outcome across all serial dilutions. These results suggest that the colorimetric reac-
tion system achieves excellent visual detection with incubation for 75 min for the RT-LAMP assay.

Analytical sensitivity and specificity

The analytical sensitivity of the colorimetric RT-LAMP assay was determined using various dilutions of the
plasmid standard featuring the targeted L452R substitution in the RBD region of SARS-CoV-2. These dilutions
included 0, 25, 50, 100, 500, and 1000 copies per reaction, and each dilution was tested in 10 replicates. When the
concentration exceeded 100 copies of the plasmid standard, all 10 reactions (100%) exhibited a positive result,
as illustrated by a color change from purple to yellow. With concentrations of 25 and 50 copies of the plasmid
standard, three and nine replicates, respectively, exhibited positive results (Fig. 2b). Probit analysis was used to
compute the 95% limit of detection (LoD95) by determining the hit rate. The LoD95 was determined to be 57.00
copies per reaction (95% confidence interval [CI] 36.11-89.98%).

The analytical specificity of the assay was investigated by applying a plasmid standard and genomic RNA
samples from various viruses, including the wild-type strain and Alpha variant (B.1.1.7) of SARS-CoV-2, human
coronavirus (HCoV-229E), influenza A virus (IAV) subtype H3N2, influenza B virus (IBV, Victoria lineage),
respiratory syncytial virus (RSV), porcine epidemic diarrhea virus (PEDV), hepatitis A virus (HAV), enterovirus
71 (EV71), herpes simplex virus (HSV), dengue virus 1-4 (DENV1-4), Zika virus (ZIKV), Chikungunya virus
(CHIKYV), and Japanese encephalitis virus (JEV). The specificity tests revealed no amplification or any change
in color for any of the 14 viruses after 75 min of incubation. This indicates that the assay has excellent specificity
and the ability to accurately identify the Delta variant (B.1.617.2) of SARS-CoV-2 without any cross-reactivity
(Fig. 2¢).
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Fig. 1. The fluorescence signal of the real-time RT-LAMP assay was used to amplify the RNA-positive Delta
variant and wild-type strain (Wuhan-Hu-1) of SARS-CoV-2. The result was achieved using four primer sets
with different temperatures. (a) The temperature for real-time RT-PCR amplification was set at 60°C. (b) The
temperature for real-time RT-PCR amplification was set at 63°C. The primer set-0 (zero mismatch) is indicated
as a red line color. The primer set-1 (one mismatch) is indicated as a yellow line color. The primer set-2 (two
mismatches) is indicated as a purple line color. The primer set-3 (three mismatches) is indicated as a light blue
line color. The NTC, or negative control, is indicated as a green color, meaning that all primer sets were tested
with the wild-type strain (Wuhan-Hu-1) of SARS-CoV-2.
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Fig. 2. The performance of the colorimetric RT-LAMP assay. (a) Optimal incubation time at 60 °C used serial dilutions of
the plasmid standard including 50, 500, 5000, 50,000, and 500,000 copies per reaction for 40, 60, and 75-min time points. The
results provide excellent visual detection within a 75-min incubation period for RT-LAMP. (b) The analytical sensitivity assay
using the L452R-specific plasmid standard that was diluted in a series had a range of 0-1000 copies per reaction. The LoD was
demonstrated to be 100 and 50 copies per reaction, with a positive rate of 100% and 90%, respectively. These results were used
to calculate the LoD95 to improve the analytical sensitivity, which was determined to be 57.00 copies per reaction using Probit
regression analysis using Analyse-it software. (c) The analytical specificity assay used a plasmid standard and a sample group
of genomic RNA samples, including human coronavirus (HCoV-229E), IAV subtype H3N2, IBV, Victoria lineage, and RSV.
Furthermore, there are additional viruses, including PEDV, HAV, EV71, HSV, DENV1-4, ZIKV, CHIKYV, and JEV. PC: Positive
control (L452R-specific plasmid standard); NC: Negative control (DNase/RNase-Free Distilled Water).
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Clinical sample evaluation
A colorimetric RT-LAMP assay was developed to detect the Delta variant (B.1.617.2) of SARS-CoV-2. The assay
was clinically evaluated and compared with a commercial real-time RT-PCR assay, which is considered the gold
standard. In total, 126 clinical samples were evaluated. These samples included both suspected cases of the Delta
variant (positive population) and a control population that tested negative for SARS-CoV-2 infection. Table 2
reveals that of the 68 samples identified as positive by real-time RT-PCR, 66 tested positive by colorimetric RT-
LAMP. In addition, all 58 samples that were previously identified as negative using real-timeRT-PCR were simi-
larly negative using colorimetric RT-LAMP. Furthermore, an evaluation of this assay in a representative group of
patients revealed both positive and negative outcomes, as represented by a yellow and purple color, respectively.
In addition, we examined the visual results by gel electrophoresis (Fig. 3). Some Delta variant-positive samples
(D1-30) exhibited false-negative results (indicated by purple color), and the amplification product was not
visible on gel electrophoresis (Fig. 3a). Conversely, certain negative samples (H1-30) displayed true-negative
results (indicated by purple color), and the amplification product was not visible on gel electrophoresis (Fig. 3b).

The substantial relationship between the cycle threshold (CT) values and the results obtained using the
colorimetric RT-LAMP assay indicates the reliable capacity of this method to consistently identify viral loads
lower than 38. Nevertheless, false negatives can occur in samples with CT values higher than 38, suggesting that
the colorimetric RT-LAMP assay could lack the ability to identify viral loads below a certain threshold among
those samples.

In a comparison of colorimetric RT-LAMP and real-time RT-PCR, the developed colorimetric assay had
a positive predictive value (PPV) of 100.00% (95% CI 94.56-100.00). In addition, RT-LAMP had a negative
predictive value (NPV) of 96.67% (95% CI 88.10-99.13). The obtained results illustrated that the colorimetric
RT-LAMP assay had a clinical sensitivity of 97.06% (95% 89.78-99.64), a clinical specificity of 100.00% (95% CI
93.84-100.00), and a clinical accuracy of 98.41% (95% CI 94.38-99.81). These findings indicate the outstanding
consistency between the colorimetric RT-LAMP assay and real-time RT-PCR.

Discussion

LAMP-based technologies are commonly used as substitutes for traditional techniques to detect SNPs and
identify pathogens?. In the present study, we first examined the effectiveness of colorimetric RT-LAMP in
detecting the globally widespread Delta variant of SARS-CoV-2, which is identified by the L452R SNP mutation
in the RBD of the spike protein. Our research endorses previous studies which suggests that RT-LAMP could
potentially serve as a rapid and cost-efficient diagnostic method for detecting SARS-CoV-2?-** and identifying
the Delta variant®*.

We picked the characteristic mutation L452R in the S gene as the focus of our study;, as it is associated with the
Delta variant (B.1.617.2). The L452R mutation can potentially enhance transmissibility and reduce susceptibility
to existing vaccines’. This study revealed that the optimal incubation time for colorimetric RT-LAMP testing
was 75 min, as it was capable of accurately detecting the plasmid standard with a minimum of 50 copies per
reaction. In comparison, at 60 min, the assay could identify a positive color with up to 5,000 copies. Increasing
the reaction time beyond 60 min thus enhanced the sensitivity of the test. The LAMP approach has been utilized
in previous research to identify different viruses, such as SARS-CoV-2. The entire procedure is usually finished
after 30~60 min of incubation at a consistent temperature of 60-68 °C!'3*¢-38, However, this procedure relied on
the specifically applied RT-LAMP master mix®. In this study, the colorimetric RT-LAMP assay was completed
after 75 min of incubation at 60 °C using a plasmid-specific L452R SNP mutation as the template.

The colorimetric RT-LAMP test has high analytical sensitivity with a LoD95 of 57.00 copies per reaction, and
it displayed no cross-reactivity with 14 related human respiratory and non-human respiratory viruses. Testing this
assay using clinical samples exhibited exceptional effectiveness in identifying and differentiating the Delta variant
in the genomic RNA. The test displayed a specificity of 100% with no false positives, a sensitivity of 97.06%, and
an accuracy of 98.41%. The sensitivity, in combination with the capacity to detect low viral numbers, increases the

Real-time RT-PCR

Positive samples Negative samples Total
Colorimetric RT-LAMP positive 66 0 66
Colorimetric RT-LAMP negative 2 58 60
Total 68 58 126

Table 2. Clinical sample evaluation of the colorimetric RT-LAMP assay developed for Delta variant
(B.1.617.2) of SARS-CoV-2. True Positive (TP) =66 (the colorimetric RT-LAMP assay showed positive
results that were similarly positive in real-time RT-PCR). False Positive (FP) =0 (the colorimetric RT-LAMP
assay showed positive results but was negative for real-time RT-PCR). True Negative (TN) =58 (the
colorimetric RT-LAMP assay showed negative results that were similarly negative in real-time RT-PCR).
False Negative (FN) =2 (the colorimetric RT-LAMP assay showed negative results but was positive for real-
time RT-PCR). Positive Predictive Value (PPV)=TP/(TP + FP) =66/(66 + 0) = 1.000 = 100.00%. Negative
Predictive Value (NPV)=TN/(TN + FN) =58/(58 +2) =0.9667 = 96.67%. Sensitivity =TP/(TP + FN) =66/
(66+2)=0.9706=97.06%. Specificity=TN/(TN + FP) = 58/(58 + 0) = 1.000 = 100.00%. Accuracy= (TP + TN)/
(TP +TN +FP +FN) = (66 + 58)/(66 + 58 + 0 +2) =0.9841 = 98.41%.
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Fig. 3. Evaluation of representative clinical samples using the colorimetric RT-LAMP assay. The yellow color
indicates a positive readout. The purple color indicates a negative one. Then, the RT-LAMP amplification
products were observed on a 2%-agarose gel electrophoresis analysis. (a) The positive clinical sample results
for the Delta variant of SARS-CoV-2 (D1-30) are represented by numbers 1-30. (b) The negative clinical
sample results of SARS-CoV-2 (H1-30) are represented by numbers 1-30. P: Positive control (L452R-specific
plasmid standard); N: Negative control (DNase/RNase-Free Distilled Water); L: 100 bp DNA ladder. The gel
electrophoresis image was cropped to emphasize only the samples loaded in the gel, and the original gels are
provided in Supplementary Figure S4-S7.

utility of this assay for the early diagnosis of infections and efficient disease control. False negatives were reported
in samples with CT values around and above 38, suggesting an issue in identifying extremely low viral loads.

Colorimetric RT-LAMP has a similar specificity and sensitivity to real-time RT-PCR assays, as demonstrated
in other studies. In the example studies, Nuchnoi et al.?® and Alhamid et al.*’ discovered that the RT-LAMP
technique, incorporating color indication, effectively detected SARS-CoV-2 infection with sensitivities of 91.67%
and 94.6%, respectively, and specificities of 100% and 92.9%, respectively.
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As for the limitations, like any other pH-dependent dye-based colorimetric LAMP in principle, the intrinsic
drawback of our assay is that it is unable to differentiate between target LAMP amplicons and any non-target ones
that may present in the reaction mixture. This is because xylenol orange responds colorimetrically to a drop in
pH of the RT-LAMP solution due to the production of hydrogen ion during any DNA amplification whether it
is specific or not. However, the presence of unexpected non-specific amplification is unlikely as the primers we
designed are highly specific for their target genes. Readers who would like to adopt our mismatch-LAMP-assay
concept to their works are encouraged to carefully designed and experimentally validate their primers prior uses.

Regarding the advantages, our assay is better than other COVID-19 colorimetric platforms that lever-
aged color-changeable gold-functionalized probe-based RT-LAMP*! and CRISPR-dependent lateral flow
chromatography**** with respect to the simplicity as our assay did not need post-amplification workflows asso-
ciated with hybridization, multiple pipetting, and readout development. Thus, forward contamination can be
reduced. Additional advantages over other colorimetric RT-LAMP modalities are summarized in Supplementary
Table S3.

The primer sequence of the LPF primer targeting the L452R SNP mutation is present in the Delta variant
(B.1.617.2) and the Omicron subvariants BA.4 and BA.5*. Twenty genomic RNAs of Omicron subvariant BA.5
from clinical samples were assessed using our technique. We noticed positive outcomes in some clinical samples.
Therefore, the primer set targeting L452R is effective for specifically identifying the Delta variant of SARS-CoV-2.
The comparison of primer sequences indicated that the colorimetric RT-LAMP method does not amplify the
Omicron subvariants (BA.4 and BA.5) because of the differences in their sequences. The RT-LAMP primers were
designed using GenBank accession number OP412303.1 as a prototype for the Delta variant. The five primers (B3,
F3, BIP, FIP, and LPF) in Table 1 exhibited 100% similarity with the Delta sequence, versus 97.12% identity with
the sequences of the Omicron subvariants BA.4 and BA.5 on sequence alignment using VectorBuilder version
2.1.817 (https://en.vectorbuilder.com/tool/sequence-alignment.html). Additionally, the sequence alignment and
twenty genomic RNAs data tested for BA.5 using this assay are provided in Supplementary Figs. S1, S2, and S3.

Our colorimetric RT-LAMP test exhibited a clinical specificity of 100%, a clinical sensitivity of 97.06%, and
a clinical accuracy of 98.41% in comparison with conventional real-time RT-PCR. The assay’s PPV and NPV
were 100.00% and 96.67%, respectively, indicating its high reliability in accurately distinguishing infected and
non-infected individuals. The high specificity, sensitivity, accuracy, PPV, and NPV of the colorimetric RT-LAMP
method for detecting the Delta variant of SARS-CoV-2 highlights its utility as a reliable diagnostic tool. The test
represents a quick, reliable, cost-effective, and scalable alternative to nucleic acid amplification tests for monitor-
ing variants of SARS-CoV-2 in large-scale population screening. Conducting periodic screening among high-risk
groups within a community represents an efficient approach to tracking and controlling diseases. This method
enables the identification of the Delta variant and the detection of SARS-CoV-2 in a single test. It is worth men-
tioning that our assay is the first colorimetric RT-LAMP that can differentiate the Delta variant from its generic
SARS-CoV-2. The test could aid in studying COVID-19 demography and evolution, and facilitating proper
effective control measure establishment to fight against the reemerging variants of SARS-CoV-2 in the future.

Methods

Primer design for RT-LAMP targeting the L452R SNP

The primer sets for RT-LAMP were manually designed to exclusively target the L452R mutation located in the
RBD of the S gene within the SARS-CoV-2 genome (GenBank accession No. OP412303.1, Fig. 4a). The SNP
U1355G changes nucleotide position 1355 from U to G, which changes the amino acid sequence in the spike
protein from leucine to arginine (L452R). This SNP was matched with the complementary sequence of the FIP at
its 3’ end. According to the methodology outlined by Mohon and Khumwan**#S, the FIP sequence was modified
near the SNP site toward its 5’ end, resulting in the creation of nucleotide mismatches spanning up to three bases.
LPF sequences were generated to recognize up to three base mismatches starting with the third nucleotide down-
stream from the 3’ end (Fig. 4b). The illustration in Fig. 4c displays the RT-LAMP primers for FIP (Flc+F2),
BIP (Blc+B2), F3, B3, and LPE. The sequences of all primers are listed in Table 1. The primer sets were initially
screened using the real-time RT-LAMP technique. The primer sets were evaluated by assessing their capacity to
differentiate the Delta variant, which contains the L452R mutation, from the wild-type strain (Wuhan-Hu-1) of
SARS-CoV-2. The Cq values obtained from the real-time RT-LAMP signals were utilized to construct specific
criteria for identifying primer sets that demonstrated optimal differentiation between responses from the mutant
and wild-type. The primer set utilized in this study was subsequently employed for colorimetric RT-LAMP assay.

Real-time RT-LAMP assay optimization

To determine the optimal temperature and primer sets for colorimetric RT-LAMP amplification, a 25-pL reac-
tion mixture was prepared with the following components: 0.2 uM each of the outer primers F3 and B3, 1.6 pM
each of the internal primers FIP and BIP, 0.4 uM loop primer LB, 1 x Isothermal Amplification Buffer (New
England Biolabs, Ipswich, MA, USA), 6 mM MgSO, (New England BioLabs), 1.4 mM dNTPs (Thermo Fisher
Scientific, Waltham, MA, USA), 0.2 M betaine solution (Sigma-Aldrich, St. Louis, MO, USA), 1 x EvaGreen® Dye
(Biotium Inc., Fremont, CA, USA), 8 U of Bst 2.0 WarmStart” DNA polymerase (New England Biolabs), and 7.5
U of WarmStart® RTx Reverse Transcriptase (New England Biolabs). Five microliters of the RNA-positive Delta
variant and wild-type strain (Wuhan-Hu-1) of SARS-CoV-2 were added to each real-time RT-LAMP reaction.
The reaction was performed using the CFX96 Touch Real-time PCR Detection System (Bio-Rad, Hercules, CA,
USA) at 60 °C or 63 °C for 75 min. Subsequently, heat inactivation was conducted at 85 °C for 2 min. Further-
more, the primer sets were assessed at each temperature. The outcomes of real-time RT-LAMP were examined
using Cq values.
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Fig. 4. Primer information for the RT-LAMP assay. (a) Schematic depiction of the RT-LAMP primer target
location. The L452R mutation is a SNP located in the RBD of the spike gene within the SARS-CoV-2 genome.
(b) Mlustration demonstrating RT-LAMP primers designed to identify the L452R mutation in the Delta variant
of SARS-CoV-2 using the sequence from GenBank: OP412303.1. The SNP of the L452R mutation is shown in
the red box, changing nucleotide position 1355 from U to G (CTG to CGG), which generated 0-3 nucleotide
base mismatches (pink highlighted) adjacent to the specific SNP position on F2 and LPF sequences. Primers F3,
F2, B3, B2, Flc, Blc, and LPF and direction show primer sequence positions. (c) Schematic representation of

the RT-LAMP primers used in this study. A FIP consisted of F1c and F2, and a BIP consisted of Blc and B2. The
sequence of all primer sets is presented in Table 1.

Colorimetric RT-LAMP assay
A colorimetric RT-LAMP assay was performed using 0.05 mM of xylenol orange disodium salt (Sigma-Aldrich)
as a visual indicator. Each reaction consisted of the following components: 10 x low buffer, pH 8.5 [100 mM
(NH,),SO,), 500 mM KCIl, 20 mM MgSO,, and 1% v/v Tween 20], 1.4 mM dNTPs, 0.2 M betaine solution, 6 mM
MgSO,, 8 U of Bst 2.0 WarmStart® DNA polymerase, 7.5 U of WarmStart® RTx Reverse Transcriptase, 0.2 uM
each of the outer primers (F3 and B3), 1.6 uM each of the inner primers (FIP and BIP), 0.4 uM loop primer (LB
or LF), and 5 pL of the plasmid standard (positive template) and Wuhan-Hu-1 strain RNA of SARS-CoV-2 (wild-
type, negative template). The reaction volume was adjusted to 25 uL with DNase/RNase-free water. The master
mix setup and dye indicator preparations are provided in the Supplementary Tables S1 and S2.

The positive template was generated using the plasmid standard containing the L452R mutation in the RBD
region of SARS-CoV-2 (GenBank accession no. OP412303.1), which was purchased from GenScript Biotech
(Piscataway, NJ, USA). The copy number of the plasmid standard was calculated using the following formula:
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number of copies/pL = [plasmid concentration (g/puL) x 6.022 x 10* (molecules/mole)]/[(plasmid length x 660
(g/mole)) x 10° (ng/g)]. The reactions were performed with serial dilutions of the plasmid standard (50, 500,
5,000, 50,000, and 500,000 copies per reaction) at the appropriate temperature, and the color change from purple
to yellow, which served as an indicator for the presence of the targeted L452R mutation in the template, was
observed at 40, 60, and 75 min.

Analytical sensitivity

The plasmid standard was used to determine the analytical sensitivity of the colorimetric RT-LAMP assay. The
LoD was assessed using sequential dilutions of the plasmid standard, including 0, 25, 50, 100, 500, and 1000 cop-
ies per reaction. Each dilution was examined in a series of 10 replicates. The hit rate was estimated to calculate
the LoD95 using Probit regression analysis*” and Analyse-it software.

Analytical specificity

Verification of the analytical specificity of the colorimetric RT-LAMP assay was conducted using a plasmid
standard and a group of genomic RNA samples. The initial SARS-CoV-2 strains included Wuhan-Hu-1 (wild-
type) and the B.1.1.7 variant (Alpha). The respiratory infectious diseases caused by viral pathogens included
human coronavirus (HCoV-229E), IAV subtype H3N2, IBV (Victoria lineage), and RSV. Furthermore, additional
viruses, including PEDV, HAV, EV71, HSV, DENV1-4, ZIKV, CHIKYV, and JEV. All genomic RNA samples were
provided by the Virology Laboratory at the Faculty of Tropical Medicine, Mahidol University.

Clinical evaluation of the colorimetric RT-LAMP assay

In total, 126 nasopharyngeal and throat swab samples were obtained from the Tropical Medicine Diagnostic
Reference Laboratory, Faculty of Tropical Medicine, Mahidol University to evaluate the performance of the
colorimetric RT-LAMP assay for the Delta variant (B.1.617.2) of SARS-CoV-2. Then, all RT-LAMP reaction
products were assessed by 2%-agarose gel electrophoresis to confirm the specific amplification in positive and
negative reactions. Gel images were taken using the Gel Doc XR + Gel Documentation System (Bio-Rad) with
Novel Juice (supplied in 6 x loading buffer, GeneDireX, Taoyuan, Taiwan) as the intercalating dye. Nucleic acids
were extracted from all nasopharyngeal and throat swab samples using the Nucleic Acid Extraction Kit employ-
ing the magnetic bead method (Zybio Inc., Chongging, China). Subsequently, the extracted nucleic acids were
analyzed for COVID-19 status through real-time RT-PCR using the Novel Coronavirus (2019-nCoV) Nucleic
Acid Diagnostic Kit (Sansure Biotech, Hunan, China), which is considered as the gold standard method. Among
the total samples tested, 68 specimens were identified as positive for COVID-19, whereas 58 samples were deter-
mined to be negative. Additionally, the positive samples were genotyped and sequenced to confirm the Delta
variant and subsequently submitted to the GISAID database. We summarized the diagnostic test performance,
including sensitivity, specificity, PPV, NPV, and accuracy, using MedCalc (https://www.medcalc.org/calc/diagn
ostic_test.php).

Data availability

The raw data cannot be shared publicly and is available from the corresponding author (pornsawan.lea@mahidol.
ac.th) on reasonable request. The results and supplementary Information are made available in a public reposi-
tory. https://drive.google.com/drive/folders/ 1fOKGQFveTBJ15beZ2iYjuwrUO3o0zL{Pu.
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