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Abstract 21 

Emergence of new variants of Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) 22 

during current pandemic of Coronavirus Disease 2019 (COVID-19) and several waves of infections by 23 

some of variants emphasized the importance of continuous surveillance. While genomic surveillance 24 

through whole genome sequencing is performed as a standard method, identification of known 25 

variants through mutation-targeting molecular diagnosis such as qRT-PCR is also useful for timely 26 

investigation. However, there are limited studies regarding the concurrent detection and identification 27 

of SARS-CoV-2 variants through a LAMP-based method. In this study, we developed and evaluated 28 

RT-LAMP assays to detect characteristic deletions of SARS-CoV-2 variants. In addition, we evaluated 29 

a fluorescent probe mediated method for identification of single nucleotide substitution by RT-LAMP. 30 

Finally, we discussed restrictions and perspectives regarding pathogen screening and surveillance of 31 

variants by RT-LAMP based on our observations. 32 

 33 

Introduction 34 

 During the COVD-19 pandemic, the evolution of SARS-CoV-2 give rise to many variants. Some of 35 

variants are designated as Variants of Concern (VOCs) or Variants of Interest (VOIs) due to known or 36 

potential threats to public health (https://www.who.int/en/activities/tracking-SARS-CoV-2-variants/, last 37 

accessed March 28, 2022). The risk factors behind the public health threats are higher 38 

transmissibility, atypical symptoms, diagnostic failure, decreased effects of therapeutics, and immune 39 

evasion to vaccine or previous infections.1 VOCs and VOIs are named by Greek alphabet and five 40 

variants are designated as VOCS so far: Alpha (Pango lineage2 B.1.1.7), Beta (B.1.351), Gamma 41 

(P.1), Delta (B.1.617.2) and Omicron (B.1.1.529). These VOCs induced several new waves of 42 

epidemics due to its higher transmissibility and/or immune evasion ability.3-5 Especially, Omicron is 43 

divided into two major sublineages BA.1 and BA.2 (https://github.com/cov-lineages/pango-44 

designation/issues/361), and BA.2 sublineage can outcompete BA.1 sublineage.6,7 45 

As evidenced by recurrent emergence of SARS-CoV-2 variant and their phenotypic differences, 46 

constant surveillance is important for reaction. The standard method of variants surveillance is whole 47 

genome sequencing. Amplicon based partial sequencing can be used in limited way to identify known 48 

VOCs.8 However, sequencing based identification of variants requires intense facilities and takes 49 

more turnaround time compare to qRT-PCR. Therefore, results of routine screening-incorporated 50 

qRT-PCR targeting VOC-characterizing mutations can be used as a proxy for some studies such as 51 

the timely prevalence of VOCs which are known to be circulating.9-11 In fact, assays for various 52 

mutations of SARS-CoV-2 including single nucleotide substitutions are readily available.12 53 

 The gold-standard of COVID-19 diagnosis is qRT-PCR as the method is sensitive, specific and 54 

provide quantitative results. qRT-PCR is usually performed in centralized laboratories so that the 55 

method has some limitations regarding surveillance such as difficulty to expand test capacity. 56 

Therefore, point-of-care test (POCT) oriented methods like antigen-detecting rapid diagnostic tests 57 

(RDTs) or isothermal nucleic acid amplification tests (NAATs) are adopted for screening diagnosis.13 58 

Especially, many loop-mediated isothermal amplification (LAMP) or recombinase polymerase 59 
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amplification (RPA) based methods were developed as isothermal NAATs targeting SARS-CoV-2, 60 

some with CRISPR-Cas based detection.14-19 Nevertheless, there are limited reports regarding 61 

identification of VOCs using isothermal NAATs. 62 

 In this study, we developed and evaluated reverse-transcription LAMP (RT-LAMP) methods to 63 

discriminate VOCs. We basically aimed to design LAMP reaction of which amplification is occurred 64 

variant-specifically because such methods are suitable for resource-limited POCT when combined 65 

with a simple readout such as colorimetric detection. In addition, we developed an one-step strand 66 

displacement probe (OSD-probe) RT-LAMP to discriminate single nucleotide substitution targeting the 67 

N501Y mutation of Spike.20 68 

 69 

Results 70 

Target selection 71 

 We firstly aimed to discriminate early three VOCs, Alpha, Beta, and Gamma, from non-VOC lineages 72 

as Delta was not emerged at the moment. By coincidence, large deletion (9 bp) corresponding to 73 

Orf1a SGF3675-3677del within nsp6 region was found in common for the three VOCs so that we 74 

chose the region as a target.21 We also targeted Spike HV69-70del which is corresponding to S-gene 75 

target failure (STGF) of some qRT-PCR diagnostics and Spike N501Y substitution which is another 76 

common mutation among early three VOCs but all of the candidate primer sets showed poor 77 

sensitivity or failed to discriminate VOC sequences. For the Delta variant, Spike EF156-157del and 78 

R158G corresponding 6 bp deletion was selected as a target. For the Omicron-BA.1 variant, Spike 79 

GVY142-144del and Y145D corresponding 9 bp deletion and Spike ins214EPE corresponding 80 

insertion and we were able to obtain positive results for primer sets targeting the deletion region. 81 

Aligned surrounding sequences of target mutation are shown in Supplementary Figure 1. After 82 

screening, chosen primer sets were named after affected amino acids (Supplementary Table 1). All 83 

the primer sets targeting deletions showed best results with WarmStart Colorimetric LAMP 2X Master 84 

Mix.  85 

  86 

Sensitivity and cross-specificity of RT-LAMP targeting large deletions of VOCs 87 

 Limit of detection (LoD) against viral RNAs and cross-reactivity to non-target lineages were 88 

evaluated. For SGF primer sets, both composition targeting intact or deleted (designated with “del”) 89 

sequences showed similar LoD of 50-100 copies/reaction with stochastic detection of 10 90 

copies/reaction samples (Fig. 1A). To test cross-reactivity of primer sets, we used up to 2.5 x 106 91 

copies/reaction of templates considering ~109 copies/ml of average viral load of SARS-CoV-2.22 SGF 92 

primer sets showed no cross-reactivity within tested concentrations (Fig. 1B).  93 

 Omicron-BA.1 has slightly different deletion near the target of SGF primer sets which includes Orf1a 94 

L3674 but excludes F3677 so that G-A mismatch occurs at 3’ -5 residue of SGF-FIPdel primer. As a 95 

result, LoD of SGFdel primer set to Omicron-BA.1 was 500-1000 copies/reaction (Fig. 1C). SGF 96 

primer set showed no cross-reactivity to Omicron-BA.1 within tested concentrations (Fig. 1D).  97 
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 For EFR primer set, non-Delta specific primer set showed positive results during primary screening. 98 

With this primer set, therefore, discrimination of Delta variant could be done by target gene 99 

amplification failure. LoD of EFR primer set to non-Delta variants is 200 copies/reaction (Fig. 1E). 100 

EFR primer set showed cross-reactivity to high copy Delta template from 2.5 x 105 copies/reaction 101 

(Fig. 1F). 102 

 GVYdel primer set specifically amplify Omicron-BA.1 template with LoD of 50-100 copies/reaction 103 

(Fig. 1G). GVY primer set which can amplify non-BA.1 template showed LoD of 200 copies/reaction 104 

with stochastic detection of 100 or 50 copies/reaction samples (Fig. 1H). Both GVYdel and GVY 105 

primer sets showed no cross-reactivity within tested concentrations. Notably, GVYdel showed late 106 

threshold time (Tt) so that incubation time was extended to 90 minutes (Supplementary Fig. 2).   107 

 108 

OSD-probe RT-LAMP targeting Spike N501Y mutation 109 

 Although VOCs coincidently have characteristic large deletions which are suitable for discriminating 110 

RT-LAMP target, such mutations occur less frequently than single nucleotide substitution.23 In 111 

addition, single nucleotide substitution can be both characteristic and functionally important.24,25 112 

Therefore, we sought to develop a RT-LAMP based diagnostic method to discriminate single 113 

nucleotide substitution of SARS-CoV-2. We utilized OSD-probe because the method was reported to 114 

distinguish single nucleotide substitution.20 OSD-probe functions independently of LAMP primers so 115 

that non-specific detection of primer-induced amplification can be avoided and LAMP primer design is 116 

less restricted compare to some other fluorescence based detection methods for LAMP.26 As a target, 117 

Spike N501Y mutation was selected from its convergent emergence in early three VOCs. 118 

 OSD-probes did not work properly in WarmStart Colorimetric LAMP 2X Master Mix during primary 119 

screen unlike deletion-targeting RT-LAMP. Therefore, Bst 2.0 based reaction was adapted. After 120 

primer screen, OSD-probe RT-LAMP reaction was optimized for temperature, Betaine usage, 121 

concentrations of dNTP and Mg2+ ion, and concentration of OSD-probe. While LAMP reaction itself 122 

showed LoD of 500-1000 copies/reaction, proper discrimination of mutation can be from 1000-2000 123 

copies/reaction of template (Fig.2A). The requirement of higher concentration of templates for 124 

mutation discrimination by OSD-probe is due to its mechanism. OSD-probe can discriminate single 125 

nucleotide substitution via different chance of toehold binding and subsequent exchange of strand 126 

annealed to fluorescent dye tagged oligonucleotide. Therefore, high concentration of LAMP product is 127 

required to observe differential signal by template-probe combinations. To obtain such amount of 128 

LAMP product, early beginning of amplification from high concentration of starting template is desired. 129 

As a supporting evidence, rather clear difference of end-point fluorescence signals are observed 130 

when high-copy templates are used (Fig.2B).  131 

 As Omicron variants emerged, we tested OSD-probe RT-LAMP for Spike N501Y with BA.1 viral 132 

RNA. As a result, template induced LAMP reaction was only observed for reactions with high RNA 133 

copies. OSD-probe signal was not properly generated, consistent with varying Tt of LAMP reaction 134 

(Supplementary Fig.3). The reason would be many mutations in F1/B1 primer region; three residues 135 
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in F1 region of Omicron, three or two residues in B1 region of BA.1 or BA.2, respectively, are mutated 136 

verses each primer sequences. 137 

 138 

Discussion 139 

 As a new variant of pathogen emerges during an epidemic, the variant may be detected by genomic 140 

surveillance or epidemiologic surveillance followed by confirmation by whole genome sequencing. 141 

Then, the degree of threats to public health by new variants should be quickly assessed by their 142 

epidemiologic features such as reproduction number or by phenotypic assays regarding immune 143 

evasion and response to treatments.27 Upon the results of aforementioned assays, the variant may be 144 

declared as a VOI or a VOC then public health policies may be changed including active monitoring of 145 

the variant. The monitoring includes identification of the variant either by sequencing or by molecular 146 

diagnosis targeting characteristic mutations. Because emergence and spread of such variants can be 147 

rapid as witted from cases of SARS-CoV-25, concurrent detection of pathogen and identification of a 148 

certain variant by molecular diagnostic methods is favorable than sequencing due to different 149 

turnaround time. Additionally, a method for the active monitoring should be both sensitive to fulfill 150 

diagnostic purpose and rapidly adaptable to new mutations for a case that the target variant is 151 

characterized by a novel mutation. While qRT-PCR meets the criteria, partially due to controlled 152 

primer-probe annealing through thermal cycling, adaptability of isothermal NAATs requires further 153 

evaluations. For this purpose, we developed and evaluated RT-LAMP methods to identify SARS-CoV-154 

2 VOCs. Especially, we designed RT-LAMP to amplify templates from specific target variants to keep 155 

resource-limited POCT oriented virtues of LAMP. 156 

 To summarize, we were able to develop RT-LAMP methods to discriminate VOCs by targeting large 157 

deletions. By targeting Orf1a SGF3675-3677del of Alpha, Beta, Gamma and Omicron-BA.2, LoD of 158 

50-100 copies/reaction was observed with no cross-reactivity up to 2.5 x 106 copies/reaction. For 159 

Omicron-BA.1, ten-fold increased LoD was observed due to different deletion position result in single 160 

nucleotide mismatch in a LAMP primer. By targeting Delta-specific Spike EF156-157del and R158G 161 

corresponding deletion, LoD of 200 copies/reaction was observed for non-Delta variant with no cross 162 

reactivity up to 2.5 x 104 copies/reaction of Delta template. For Omicron-BA.1 specific Spike GVY142-163 

144del and Y145D corresponding deletion, LoD of 50-200 copies/reaction was observed with no 164 

cross reactivity up to 2.5 x 106 copies/reaction. Additionally, we introduced an OSD-probe RT-LAMP 165 

method to discriminate Spike N501Y mutation. 166 

 We partially succeeded in development of concurrent RT-LAMP methods for COVID-19 screening 167 

and VOCs identification. First, RT-LAMP for simple binary readouts such as colorimetric detection 168 

was possible for codon-scale mutations. As we screened LAMP primers for both criteria of sensitivity 169 

and VOC specificity, our failure of designing RT-LAMP primer for Spike N501Y mutation does not 170 

negate potential of LAMP based detection of single nucleotide mutations. In fact, allele-specific LAMP 171 

methods were possible for various targets.28,29 Nevertheless, mutation detection by LAMP primers 172 

only may not be applied in general cases. For example, EFR primer set showed cross-reactivity from 173 

2.5 x 105 copies/reaction of Delta template. This cross-reactivity would be from sequence similarity at 174 
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direct downstream of the deletion region (AGTTcA – gAGTTtA, Supplementary Fig.1C). Due to 175 

relatively poor sensitivity of LAMP based methods compare to PCR based methods, efforts to 176 

increase LAMP sensitivity were made.30-33 Considering the mechanism of LAMP amplification which 177 

rely on thermodynamic chance of primer invasion and loop formation, such efforts seem to result in 178 

increased robustness and decreased specificity contrarily. On the other hand, adapting touchdown 179 

procedure for semi-controlled primer binding in LAMP increased both sensitivity and specificity.34  180 

 To accomplish both of sensitive screening and specific identification through LAMP, detection of 181 

mutations can be performed by sequence specific methods independent of LAMP reaction.29 In this 182 

case, LAMP primer can be optimized as long as the target mutation reside within a amplicon. Simple 183 

oligonucleotide probes such as OSD-probe or molecular beacon are reported to be able to 184 

discriminate single nucleotide variation with LAMP.20,35 Both methods are successfully applied for 185 

multiplexed or variant detection of SARS-CoV-2 with LAMP.36,37 Nevertheless, OSD-probe and 186 

molecular beacon require fluorescence detection as a readout and targeting loop region of LAMP 187 

product so that the design of LAMP primers is still somewhat restricted. CRISPR-Cas based detection 188 

methods are of particular interest because the system can detect single nucleotide variations, is 189 

multiplexable and have versatile readout methods.38,39 Additionally, detection target can be any region 190 

within the amplicon for widely used Cas12 or Cas13 methods; Cas12 can target both single-stranded 191 

or double-stranded DNA and RNA generation step is incorporated for Cas13.40,41 Indeed, studies 192 

detecting SARS-CoV-2 mutations through CRISPR-Cas systems were reported.42-44 193 

 Another obstacle for SARS-CoV-2 variants identification is multiplexing. Since many mutations are 194 

convergently emerged in subsets of variants, combinations of mutations should be determined for 195 

identification of a certain variant. From the POCT point of view, using multiple fluorescent dyes is not 196 

favorable because accompanying instrument would become expensive. One option is lateral flow 197 

assay (LFA). Simple readout provided by LFA is beneficial for POCT especially when it is performed 198 

by minimally trained personnel and multiplexed test is possible by using differently labelled primers. 199 

Therefore, LFA have been utilized as a LAMP readout.45-47 While coupling of LAMP and LFA requires 200 

well-designed mutation specific LAMP reactions for variant identification, such LAMP can be hard to 201 

develop as we discussed. At this point, detection of mutations by CRISPR-Cas system would be 202 

applicable because; (1) LFA, LAMP and CRISPR-Cas detection can be merged17, and (2) CRISPR-203 

Cas based multiplexing and single nucleotide variation is possible.38,44 Another option is to run 204 

multiple reactions by targets using multi-compartment design.48-51 Multi-compartment design may 205 

require more amount of sample and reagent compare to single-tube multiplexing which would be 206 

coupled with LFA. However, cross-contamination would be minimized as no extra step is required 207 

after amplification. 208 

 From the diagnostic point of view, the priority is to avoid detection failure since the identification of 209 

variants is not a primary goal of diagnosis.52 With such priority, LAMP has intrinsic weakness for 210 

concurrent pathogen detection and variant identification regardless of selection of detection methods. 211 

LAMP reaction requires up to eight primer binding sites, including loop primers, aligned to form 212 

characteristic dumbbell structure within around 200 bp target region. Each primer binding sites should 213 
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have desirable sequences with criteria like proper GC percentage, no long repeat of single base and 214 

minimum primer-primer interaction. Naturally, limited regions on a genome would be proper target of 215 

LAMP and indeed selected, partially due to limited tools for primer design.15 Unless target mutations 216 

for variant identification overlap a proper LAMP amplicon region, LoD of the mutation targeting LAMP 217 

would be higher compare to detection-oriented LAMP. Indeed, LoD of some primer sets used in this 218 

study – EFR, GVY and S501 – were higher than previously reported SARS-CoV-2 detecting LAMP 219 

primers.14,17,53  220 

Constant monitoring and alarming of new variants is especially important for hypothetical origin of 221 

VOCs/VOIs such as a chronic patient, wild animals, or patients in a place lacking sufficient genomic 222 

surveillance capacity.27 Diagnosis-coupled detection of new mutation would be effective as target 223 

subjects requires routine tests or tests should be done in place-of-care. For such monitoring, the large 224 

coverage of target amplicon by LAMP primers would be beneficial. When a mutation occurs within 225 

LAMP primer binding sites, sensitivity and threshold time would be affected. The most effective 226 

targets would be mutation hot-spots such as receptor binding motif of SARS-CoV-2. Indeed, the 227 

sensitivity of S501 primer set was affected by mutations introduced in Omicron (Supplementary 228 

Fig.3). Otherwise, sequencing can be adapted taking advantage of relatively longer amplicon size of 229 

LAMP than qPCR. For instance, a place-of-care oriented method utilizing nanopore sequencing was 230 

reported.54 Finally, pathogen detection-oriented LAMP should be included in the test to avoid missing 231 

infections and as a test-positivity comparing control. The target should be both conserved and 232 

abundant. In case of SARS-CoV-2, a conserved region in N-gene would serve the purpose as the 233 

target template copy number is highest among Orfs by the composition of sub-genomic RNAs.55-57 234 

In conclusion, we developed and evaluated RT-LAMP methods to detect and discriminate SARS-235 

CoV-2 VOCs. Based on our observations, restrictions and potentials of LAMP based methods are 236 

discussed in the perspective of reacting to pathogen’s variants. 237 

 238 

Methods 239 

Viral RNA 240 

SARS-CoV-2 viral RNA of wild-type lineage (BetaCoV/Korea/KCDC03/2020, provided by Korea 241 

Disease Control and Prevention Agency) and Delta variant (NCCP 43390, provided by Korea National 242 

Culture Collection for Pathogens) were prepared as previously described.58 Viral RNA from GH clade 243 

(NCCP 43345), Alpha variant (NCCP 43381), Beta variant (NCCP 43382), and Omicron-BA.1 variant 244 

(NCCP 43408) were provided by Korea National Culture Collection for Pathogens.  245 

 The copy number of viral RNAs were titrated by qRT-PCR using Luna Universal Probe One-Step 246 

RT-qPCR Kit (NEB) and LightCycler 96 instrument (Roche). Primers and probes are listed in 247 

Supplementary Table 2. In vitro transcribed standard RNAs were prepared from cloned fragments 248 

containing each amplicon of qRT-PCR. Briefly, RNAs were synthesized with MEGAscript T7 249 

Transcription Kit (Thermo Scientific) and purified with Zymoclean Gel RNA Recovery Kit (Zymo 250 

Research) after electrophoresis using native 1x MOPS buffered agarose gel. 251 

 252 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 16, 2022. ; https://doi.org/10.1101/2022.06.16.496383doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.16.496383
http://creativecommons.org/licenses/by-nc-nd/4.0/


8 
 

RT-LAMP 253 

 LAMP primers were designed based on suggestions given by PrimerExplorer V5 254 

(http://primerexplorer.jp/lampv5e/index.html, last accessed March 28, 2022) for each target. The 255 

working concentration of LAMP primers are as follow: 1.6 μM for inner primers (FIP/BIP), 0.2 μM for 256 

outer primers (F3/B3), and 0.4 μM for loop primers (LF/LB). All RT-LAMP reactions were performed 257 

with 2 μl of templates in TE buffer (10 mM Tris-Cl, pH 7.5, and 1 mM EDTA) for total 15 μl reaction 258 

volume. For deletion-targeting RT-LAMP, WarmStart Colorimetric LAMP 2X Master Mix (NEB) was 259 

used with 0.4 μM SYTO-9 (Thermo Scientific).  260 

 For OSD-probe RT-LAMP, OSD-probes were designed and prepared following instructions in 261 

previous reports.20,36 Working concentration of OSD-probe was 50 nM by fluorescent probe and probe 262 

to quencher ratio was 1:5. Other components of OSD-probe RT-LAMP than template, primers and 263 

probe are as follow: 1x Isothermal Amplification Buffer I [NEB; 20 mM Tris-HCl, pH 8.8, 10 mM 264 

(NH4)2SO4, 50 mM KCl, 2 mM MgSO4, and 0.1% Tween 20], 4 mM MgSO4 (NEB; final, 6 mM Mg2+), 265 

1 mM each dNTP (Enzynomics), 0.4 μM SYTO-82 (Thermo Scientific), 6 U Bst 2.0 WarmStart DNA 266 

polymerase (NEB), and 2.25 U WarmStart® RTx Reverse Transcriptase (NEB). Leuco crystal violet 267 

solution was added for end-point colorimetric detection as previously described.14 268 

 RT-LAMP reactions were performed using LightCycler 96 instrument and fluorescence signals were 269 

measured for every minute. For deletion-targeting RT-LAMP, reactions were performed for 40 270 

minutes at 65℃. For OSD-probe LAMP, reactions were performed for 90 minutes at 60℃. Any 271 

changed conditions are specified.   272 

 273 

Supplementary Information 274 

Supplementary tables, figures and their legends are provided as supplementary information. 275 
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Figure Legends 446 

 447 

Figure 1. End-point colorimetric results of RT-LAMP targeting deletions. Lineage of viral RNAs, 448 

primer sets, and template copy number per reaction are as designated. (A) Triplicate sensitivity test 449 

for SGF/SGFdel primer sets. (B) Duplicate cross-reactivity test for SGF/SGFdel primer sets. 450 

“Matched” primer-template pairs are of (A) and exchanged for “Mis-matched” samples. (C) Triplicate 451 

sensitivity test for SGFdel primer set to Omicron-BA.1 lineage. (D) Duplicate cross-reactivity test for 452 

SGF primer set to Omicron-BA.1. 1000 copies/reaction of GH clade viral RNA was used as positive 453 

control. (E) Triplicate sensitivity test for EFR primer set. (F) Duplicate cross-reactivity test for EFR 454 

primer set. 5000 copies/reaction of wild-type viral RNA (KCDC03) was used as positive control. (G-H) 455 

Sensitivity and cross-reactivity test of (G) GVYdel and (H) GVY primer sets. NTC, no template control. 456 

 457 

Figure 2. OSD-probe RT-LAMP results. Lineage of viral RNAs, template copy number per reaction, 458 

and OSD probe targets are as designated. (A) Base-line corrected end-point fluorescent signal 459 

intensities are shown as heat-map for a low-range copy number test. The heatmap was generated by 460 

Microsoft Excel program. (B) Real-time FAM fluorescence signal of OSD probes for a high-range copy 461 

number test. NTC, no template control. 462 

 463 
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