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Molecular Beacons Allow Specific RT-LAMP Detection of B.1.1.7 Variant SARS-CoV-2
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Over the course of the coronavirus disease 2019 (COVID-19) pandemic, several severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) genetic variants of concern have appeared and spread throughout the world. Detec-
tion and identification of these variants are important to understanding and controlling their rapid spread. Current
detection methods for a particularly concerning variant, B.1.1.7, require expensive quantitative PCR machines and
depend on the absence of a signal rather than a positive indicator of variant presence. Here we report an assay
using a pair of molecular beacons combined with reverse transcription loop mediated amplification to allow iso-
thermal amplification from saliva to specifically detect B.1.1.7 and other variants that contain a characteristic dele-
tion in the gene encoding the viral spike protein. This assay is specific and affordable and allows multiplexing with
other SARS-CoV-2 loop-mediated amplification primer sets.
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INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
virus was first detected in December of 2020 and rapidly
spread throughout the world. To date, the virus has infected
over 120 million people and caused over 2.5 million deaths.
Over the course of the pandemic, several genetic variants of
concern have appeared and rapidly increased in frequency.
The effects of these mutations remain unclear, but there is
concern that these variants may alter virus phenotype, affect
detection, and escape immune responses.1–10

Several variants of concern, including the B.1.1.7 vari-
ant first identified in the United Kingdom, have a character-
istic 6-nucleotide deletion in the spike gene (S1D69-70) that
appears likely to be an effective target for detection by
nucleic-acid testing. Detection of these variants currently
requires observation of the dropout of fluorescence from a
spike-targeted primer-probe set during reverse transcription
(RT)-quantitative PCR (qPCR).1 However, screening using
the absence of a signal is prone to falsely label samples near
the limit of detection or assay failures as variants, and per-
forming RT-qPCR requires costly qPCR machines. Here,
we design a molecular beacon spanning this S1D69-70 dele-
tion that allows characterization of virus using simple iso-
thermal RT loop-mediated amplification (LAMP).

MATERIALS AND METHODS

To initiate LAMP reactions, primers are designed such that
the ends of the amplified DNA will form 2 dumbbell-like
loops of single-stranded DNA. The single-stranded sequence
in these loops is dependent on the template DNA and can
be completely independent of the primers input to the reac-
tion. Thus this sequence is resistant to creation by artifactual
off-target amplification and available for annealing, making
it a favorable target formolecular beacons.We used the Primer
Explorer software to design a LAMP primer set (S6970) span-
ning the S1D69-70 deletion such that the deletion falls within
the backward loop region of the amplification (Table 1) and
then designed a molecular beacon (S6970_B117_MB) to
both land inside the loop and span the deletion. We also
added locked nucleic acids to increase specificity and
strengthen hybridization to allow real-time detection at the
temperatures used in LAMP. In addition, we designed an
additional molecular beacon (S6970_WT_MB) targeting
the undeleted S1 69-70 sequence to allow parallel detection
of strains containing the pre-existing spike sequence (Fig. 1A).

We then tested the S6970 primers and beacons on syn-
thetic RNA from wild-type (WT; Twist Australia/VIC01/
2020) and B.1.1.7 (Twist England/205041766/2020)
SARS-CoV-2 variants. For comparison, we also multi-
plexed S6970 with the N2 primer set11 and molecular bea-
con.12 For these experiments, S6970_B117_MB was syn-
thesized with a fluorescein (Fam) label, S6970_WT_MB
was synthesized with a cyanine (Cy) 3 label, and N2_MB
was synthesized with a Cy5 label. All oligonucleotides
were obtained from Integrated DNA Technologies.

Reactions were performed using locally produced
enzyme mix equivalent to commercial RT-LAMP mix.12
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Reactions consisted of 10 ml of 23 RT-LAMP enzyme mix,
2 ml of 103 primer-beacon mix, and 8 ml of water doped
with varying amounts of synthetic RNA. The 103
primer-beacon mix consisted of 16 mM forward inner
primer (FIP), 16 mM backward inner primer f (BIP), 4
mM loop forward (LF), 4 mM loop backward (LB), 2 mM
backward outer primer (B3), 2 mM forward outer primer
(F3), 2.5 mM S6970_WT_MB beacon, and 2.5 mM
S6970_B117_MB beacon. For multiplexed S6970 and
N2 primer-beacon mix, the primer concentrations were
halved, and beacon N2_MB was added while maintaining
all beacon concentrations at 2.5 mM.

Reactions were incubated for 60 min at 638C using a
QuantStudio 5 qPCR machine for real-time quantification
or a simple heat block. Note that the long incubation time
was used to verify that no false positives were observed, and
most reactions completed within 30 min. We also used a
simple and affordable (�$25) illuminator (miniPCR
p51) using blue light–emitting diodes and an orange filter
to observe the end-point fluorescence of these assays.

RESULTS

Our goal was to design 2 molecular beacons that could be
combined in a single reaction to distinguish SARS-CoV-2

T A B L E 1

Oligonucleotides used in this study

Name Sequencea

S6970_F3 TGTGTTAATCTTACAACCAGAA
S6970_B3 GGAAGCAAAATAAACACCATCA
S6970_FIP AACTGAGGATCTGAAAACTTTGTCA-TCAATTACCCCCTGCATAC
S6970_BIP TTACATTCAACTCAGGACTTGTTCT-TTATCAAACCTCTTAGTACCATTG
S6970_LF GGGTAATAAACACCACGTGTGA
S6970_LB TTTCCAATGTTACTTGGTTCCATGC
S6970_B117_MB Fam-CGGTCCA1T1G1CTA1T1CT1CTGGGACCG-IBFQ
S6970_WT_MB Cy3-GCCCATG1CTATA1CA1T1GT1CT1CTGGGC-IBRQ
N2_F3b ACCAGGAACTAATCAGACAAG
N2_B3b GACTTGATCTTTGAAATTTGGATCT
N2_FIPb TTCCGAAGAACGCTGAAGCGGAACTGATTACAAACATTGGCC
N2_BIPb CGCATTGGCATGGAAGTCACAATTTGATGGCACCTGTGTA
N2_LFb GGGGGCAAATTGTGCAATTTG
N2_LB_2b GGAACGTGGT1T1GACC
N2_MBb Cy5-CCAC1CTTCG1G1GAA1CG1T1GGTGG-IBRQ

aShown in 59 to 39 orientation.1X indicates a locked nucleic acid. IBFQ indicates Iowa Black FQ and IBRQ indicates Iowa Black RQ dark quenchers.
bN2_LB_2 and N2_MB are from Sherrill-Mix et al.12 Other N2 primers are from Zhang et al.11
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B

FIGURE 1

Development of molecular beacons to discrim-
inate SARS-CoV-2 variants with a S1D69-70
mutation. A) A comparison of preexisting geno-
mic S1 sequence (WT) and variant B.1.1.7 geno-
mic sequence (B.1.1.7) and molecular beacons
targeting these sequences (S6970_WT_MB
and S6970_B117_MB, respectively). Dashes
indicate theS1D69-70deletion,bold letters indi-
cate locked nucleic acids, underlined letters
indicate bases paired in the stem of the beacon,
and red letters indicate extra nucleotides added
to form the stem. B) Demonstration of visual
detection using the molecular beacons. RT-
LAMP reactions with molecular beacons at a
final concentration of 0.25 mM were incubated
using a heat block, and the end-point fluores-
cence was visualized using a low-cost viewer
(miniPCR p51) and cell-phone camera (Google
Pixel 2 “Night Sight” mode).
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variants containing the S1D69-70 deletion. To test our
design, we used synthetic SARS-CoV-2 RNA containing
either a prototypical genome sequence from early in the
pandemic or a genome containing the S1D69-70 deletion.
We saw that fluorescence of the 2 molecular beacons,
S6970_WT_MB and S6970_B117_MB, was easily visible
by eye or cell-phone camera after isothermal RT-LAMP
and that the distinction between yellow Cy3 and green
Fam allowed visual characterization of SARS-CoV-2 var-
iants (Fig. 1B).

To characterize the sensitivity and replicability of this
assay, we attempted to amplify across a range of 10,000
to 39 genome copies per reaction (Fig. 2A). The S6970 bea-
cons were specific to their intended target with only mini-
mal fluorescence detected from S6970_WT_MB when
Twist B.1.1.17 was amplified and only minimal fluores-
cence detected from S6970_B117_MB when wild-type
Twist was amplified. In contrast, in the presence of their
intended targets, the beacons were strongly fluorescent.

For comparison, the S6970 primer set was also multiplexed
with the sensitive N2 primer set and molecular beacon. The
N2 beacon was highly fluorescent for all positive samples
(Fig. 2B). In contrast, the S6970 primer set was less
sensitive only detecting 11 of 12 reactions containing 625
genomic copies, 10 of 12 containing 312 copies, 9 of
12 containing 156 copies, 6 of 12 containing 78 copies,
and 5 of 12 containing 39 copies. No false positives were
observed in any beacon.

Estimating the probability of detecting a single copy of
target RNA as p(positive|copies,detectionRate)5 12 (12
detectionRate)copies, the maximum likelihood estimate for
the detection of a single copy for S6970 was 0.7%, and
the copy number necessary to give a 95% detection rate
was estimated at 430 copies. With 8 ml of saliva input to
each reaction, this translates to a detection at 54 copies
per ml of saliva. This is less sensitive than some previously
reported SARS-CoV-2 primer sets, such as the N2 primer
set used here, so it would not be optimal for use as the
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FIGURE 2

Testing of the S6970 primer set and molecular beacons on synthetic SARS-CoV-2 RNA. Fluorescence was monitored over
time for LAMP isothermal amplification using the S6970 primer set alone (A) or S6970 multiplexed with N2 primer (B) for
Twist Australia/VIC01/2020 (TwistWT) and Twist England/205041766/2020 (Twist B.1.1.7). The amount of synthetic SARS-
CoV-2 RNA in each reactionwas varied from 10,000 to 39 copies (indicated by line color) or water control (black). All fluo-
rescence is given as relative fluorescence units (RFUs) divided by 1000.
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only primer set in first-line screening. But the primer set
would be well suited to a follow-up test of potential positives
or multiplexed with more sensitive primer sets (Fig. 2B).
Because of the dual-beacon design, the S6970 assay gives a
clear readout of either wild-type SARS-CoV-2 detection,
S1D69-70 detection or failure to detect either. Failures to
detect SARS-CoV-2 in samples that are believed to be pos-
itive can be followed up with larger or more numerous reac-
tions to give a higher probability of detection.

DISCUSSION

Here we show that molecular beacons and RT-LAMP pro-
vide an effective method for detecting SARS-CoV-2 var-
iants containing the S1D69-70 deletion. Using simple iso-
thermal amplification of unpurified saliva and end-point
fluorescence, the genotype of a viral sample can be deter-
mined visually without expensive equipment. With locally
purified enzymes,12 the reagent costs can be reduced to
pennies per test. Combined with the easily parallelizable
nature of isothermal incubation, scaling is effectively lim-
ited only by sample collection and processing. Although
the large deletion found in this variant was particularly
well suited for detection, molecular beacons are often
used to detect even single-nucleotide polymorphisms.13

This pilot study showcases the capabilities of RT-LAMP
and molecular beacons and promises further improvements
in the monitoring and control of variants of concern
through the design of additional beacons targeting diagnos-
tic genetic signatures.
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Neutralization of SARS-CoV-2 lineage B.1.1.7 pseudovirus by
BNT162b2 vaccine-elicited human sera. Science 2021;371:
1152–1153.

8. Wu K, Werner AP, Moliva JI, Koch M, Choi A, Stewart-Jones
GBE, Bennett H, Boyoglu-Barnum S, Shi W, Graham BS, Carfi
A, Corbett KS, Seder RA, Edwards DK. 2021. mRNA-1273 vac-
cine induces neutralizing antibodies against spike mutants from
global SARS-CoV-2 variants. bioRxiv. doi: https://doi.org/10.
1101/2021.01.25.427948

9. Greaney AJ, Loes AN, Crawford KHD, Starr TN, Malone KD,
Chu HY, Bloom JD. Comprehensive mapping of mutations in
the SARS-CoV-2 receptor-binding domain that affect recogni-
tion by polyclonal human plasma antibodies. Cell Host Microbe
2021;29:463–476.e6.

10. Davies NG, Abbott S, Barnard RC, Jarvis CI, Kucharski AJ,
Munday JD, Pearson CAB, Russell TW, Tully DC, Washburne
AD, Wenseleers T, Gimma A, Waites W, Wong KLM, van
Zandvoort K, Silverman JD, Diaz-Ordaz K, Keogh R, Eggo
RM, et al. 2020. Estimated transmissibility and impact of
SARS-CoV-2 lineage B.1.1.7 in England. medRxiv. doi:
https://doi.org/10.1101/2020.12.24.20248822

11. Zhang Y, Ren G, Buss J, Barry AJ, Patton GC, Tanner NA.
Enhancing colorimetric loop-mediated isothermal amplification
speed and sensitivity with guanidine chloride. Biotechniques
2020;69:178–185.

12. Sherrill-Mix S, Hwang Y, Roche AM, Glascock A, Weiss SR, Li
Y, Haddad L, Deraska P, Monahan C, Kromer A, Graham-Woo-
ten J, Taylor LJ, Abella BS, Ganguly A, Collman RG, Van Duyne
GD, Bushman FD. . Detection of SARS-CoV-2 RNA using RT-
LAMP and molecular beacons. Genome Biol. 2021;22:169.

13. Varona M, Anderson JL. Visual detection of single-nucleotide
polymorphisms using molecular beacon loop-mediated isothermal
amplification with centrifuge-free DNA extraction. Anal Chem
2019;91:6991–6995.

SHERRILL-MIX ET AL./RT-LAMP BEACON DETECTS B.1.1.7 SARS-COV-2

101 JOURNAL OF BIOMOLECULAR TECHNIQUES VOLUME 32, ISSUE 3, SEPTEMBER 2021

https://doi.org/10.2807/1560-7917.ES.2021.26.3.2100008
https://doi.org/10.2807/1560-7917.ES.2021.26.3.2100008
https://doi.org/10.1101/2021.02.23.21252268
https://doi.org/10.1101/2021.02.23.21252268
https://doi.org/10.1101/2020.12.14.422555
https://doi.org/10.1101/2021.01.25.427948
https://doi.org/10.1101/2021.01.25.427948
https://doi.org/10.1101/2020.12.24.20248822

	TF1
	TF2


<<
	/CompressObjects /Off
	/ParseDSCCommentsForDocInfo true
	/CreateJobTicket false
	/PDFX1aCheck false
	/ColorImageMinResolution 300
	/GrayImageResolution 300
	/DoThumbnails false
	/ColorConversionStrategy /LeaveColorUnchanged
	/GrayImageFilter /FlateEncode
	/EmbedAllFonts true
	/CalRGBProfile (sRGB IEC61966-2.1)
	/MonoImageMinResolutionPolicy /Warning
	/ImageMemory 1048576
	/LockDistillerParams true
	/AllowPSXObjects false
	/DownsampleMonoImages false
	/PassThroughJPEGImages true
	/ColorSettingsFile (Color Management Off)
	/AutoRotatePages /None
	/Optimize false
	/MonoImageDepth -1
	/ParseDSCComments true
	/AntiAliasGrayImages false
	/GrayImageMinResolutionPolicy /Warning
	/JPEG2000ColorImageDict <<
		/TileHeight 256
		/Quality 30
		/TileWidth 256
	>>
	/ConvertImagesToIndexed true
	/MaxSubsetPct 100
	/Binding /Left
	/PreserveDICMYKValues true
	/GrayImageMinDownsampleDepth 2
	/MonoImageMinResolution 1000
	/sRGBProfile (sRGB IEC61966-2.1)
	/AntiAliasColorImages false
	/GrayImageDepth 8
	/OtherNamespaces [
		<<
			/IncludeSlug false
			/CropImagesToFrames true
			/IncludeNonPrinting false
			/OmitPlacedBitmaps false
			/AsReaderSpreads false
			/Namespace [
				(Adobe)
				(InDesign)
				(4.0)
			]
			/FlattenerIgnoreSpreadOverrides false
			/OmitPlacedEPS false
			/OmitPlacedPDF false
			/SimulateOverprint /Legacy
			/IncludeGuidesGrids false
			/ErrorControl /WarnAndContinue
		>>
		<<
			/IncludeProfiles false
			/AddBleedMarks false
			/ConvertColors /ConvertToCMYK
			/IncludeLayers false
			/FormElements false
			/FlattenerPreset <<
				/PresetSelector /MediumResolution
			>>
			/IncludeInteractive false
			/AddColorBars false
			/DestinationProfileSelector /DocumentCMYK
			/MultimediaHandling /UseObjectSettings
			/UseDocumentBleed false
			/AddCropMarks false
			/PreserveEditing true
			/PDFXOutputIntentProfileSelector /DocumentCMYK
			/DestinationProfileName ()
			/UntaggedRGBHandling /UseDocumentProfile
			/GenerateStructure false
			/AddRegMarks false
			/Namespace [
				(Adobe)
				(CreativeSuite)
				(2.0)
			]
			/Downsample16BitImages true
			/IncludeHyperlinks false
			/IncludeBookmarks false
			/AddPageInfo false
			/UntaggedCMYKHandling /LeaveUntagged
		>>
	]
	/PreserveFlatness true
	/CompressPages true
	/GrayImageMinResolution 300
	/CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
	/PDFXBleedBoxToTrimBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/AutoFilterGrayImages false
	/EncodeColorImages true
	/AlwaysEmbed [
		true
	]
	/EndPage -1
	/DownsampleColorImages false
	/ASCII85EncodePages false
	/PreserveEPSInfo true
	/PDFXTrimBoxToMediaBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/CompatibilityLevel 1.3
	/MonoImageResolution 1200
	/NeverEmbed [
		true
	]
	/CannotEmbedFontPolicy /Error
	/AutoPositionEPSFiles true
	/PreserveOPIComments false
	/JPEG2000GrayACSImageDict <<
		/TileHeight 256
		/Quality 30
		/TileWidth 256
	>>
	/PDFXOutputIntentProfile (None)
	/JPEG2000ColorACSImageDict <<
		/TileHeight 256
		/Quality 30
		/TileWidth 256
	>>
	/EmbedJobOptions true
	/MonoImageDownsampleType /Average
	/DetectBlends true
	/EncodeGrayImages true
	/ColorImageDownsampleType /Average
	/EmitDSCWarnings true
	/Namespace [
		(Adobe)
		(Common)
		(1.0)
	]
	/AutoFilterColorImages false
	/DownsampleGrayImages false
	/GrayImageDict <<
		/QFactor 0.15
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/AntiAliasMonoImages false
	/GrayImageAutoFilterStrategy /JPEG
	/GrayACSImageDict <<
		/QFactor 0.15
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/ColorImageAutoFilterStrategy /JPEG
	/ColorImageMinResolutionPolicy /Warning
	/ColorImageResolution 300
	/PDFXRegistryName ()
	/MonoImageFilter /CCITTFaxEncode
	/CalGrayProfile (Gray Gamma 2.2)
	/ColorImageMinDownsampleDepth 1
	/JPEG2000GrayImageDict <<
		/TileHeight 256
		/Quality 30
		/TileWidth 256
	>>
	/ColorImageDepth 8
	/DetectCurves 0.0
	/PDFXTrapped /False
	/ColorImageFilter /FlateEncode
	/TransferFunctionInfo /Remove
	/PDFX3Check false
	/ParseICCProfilesInComments true
	/ColorACSImageDict <<
		/QFactor 0.15
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/DSCReportingLevel 0
	/PDFXOutputConditionIdentifier ()
	/PDFXCompliantPDFOnly false
	/AllowTransparency false
	/PreserveCopyPage false
	/UsePrologue false
	/StartPage 1
	/MonoImageDownsampleThreshold 1.5
	/GrayImageDownsampleThreshold 1.5
	/CheckCompliance [
		/None
	]
	/CreateJDFFile false
	/PDFXSetBleedBoxToMediaBox true
	/EmbedOpenType false
	/OPM 1
	/PreserveOverprintSettings true
	/UCRandBGInfo /Remove
	/ColorImageDownsampleThreshold 1.5
	/MonoImageDict <<
		/K -1
	>>
	/GrayImageDownsampleType /Average
	/Description <<
		/ENU (DJS standard print-production joboptions; for use with Adobe Distiller v7.x; djs rev. 1.0)
		/PTB <>
		/FRA <>
		/NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
		/KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
		/NOR <>
		/DEU <>
		/SVE <>
		/ITA <>
		/DAN <>
		/JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
		/CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
		/SUO <>
		/ESP <>
		/CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
	>>
	/CropMonoImages true
	/DefaultRenderingIntent /Default
	/PreserveHalftoneInfo false
	/ColorImageDict <<
		/QFactor 0.15
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/CropGrayImages true
	/PDFXOutputCondition ()
	/SubsetFonts false
	/EncodeMonoImages true
	/CropColorImages true
	/PDFXNoTrimBoxError true
>>
setdistillerparams
<<
	/PageSize [
		792.0
		1224.0
	]
	/HWResolution [
		2400
		2400
	]
>>
setpagedevice




