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The coronavirus disease 2019 (COVID-19) pandemic now has >2,000,000 confirmed cases
worldwide. COVID-19 is currently diagnosed using quantitative RT-PCR methods, but the ca-
pacity of quantitative RT-PCR methods is limited by their requirement of high-level facilities
and instruments. We developed and evaluated reverse transcription loop-mediated isothermal
amplification (RT-LAMP) assays to detect genomic RNA of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), the causative virus of COVID-19. RT-LAMP assays reported in this
study can detect as low as 100 copies of SARS-CoV-2 RNA. Cross-reactivity of RT-LAMP assays
to other human coronaviruses was not observed. A colorimetric detection method was adapted

of Korea. E-mail: pcdhmk @krict.
re.kr or maengjs @krict.re.kr.

for this RT-LAMP assay to enable higher throughput. (J Mol Diagn 2020, 22: 729—735;
https://doi.org/10.1016/j.jmoldx.2020.03.006)

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) is the causative viral pathogen responsible for
coronavirus disease 2019 (COVID-19), of which the out-
breaks resulted in 2,245,872 confirmed cases involving
85,506 deaths worldwide as of April 20, 2020 (https://www.
who.int/emergencies/diseases/novel-coronavirus-2019). As
the name suggests, SARS-CoV-2 is closely related to a
group of severe acute respiratory syndrome—related coro-
naviruses, namely subgenus Sarbecovirus, showing 96%
identity to a bat coronavirus.'

COVID-19 can be diagnosed through computed tomo-
graphic scan of suspicious patients, and a confirmatory labo-
ratory test is performed using published quantitative RT-PCR
(RT-gPCR) methods® ® and recommendations from
The World Health Organization (hstps:/www.who.int/
emergencies/diseases/novel-coronavirus-2019/technical-
guidance/laboratory-guidance, last accessed April 2, 2020).
Although RT-qPCR methods are used as the gold standard
for detection of pathogens because of their high sensitivity and

specificity, there are still some caveats. Briefly, laboratory-
level facilities, with reliable supply of electricity, expensive
instruments, and trained personnel, are required to properly
perform RT-qPCR tests. These restrictions hinder use of RT-
gPCR methods for various point-of-care situations, where
pathogen detection might be required.’

To overcome such cost restriction of RT-qPCR and still
detect nucleic acids from the pathogen, isothermal amplifi-
cation methods have been developed.® Among such methods,
the loop-mediated isothermal amplification (LAMP) method
has some advantages to be applied for point-of-care testing.’
Well-optimized LAMP assay shows sensitivity comparable
to that of PCR, <10 copies per reaction.'’ Intercalating
fluorescent dyes are compatible with LAMP reaction so that
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amplification can be observed in real-time.'' Because the
amplification efficiency of LAMP reaction is high, changes in
reaction mixture components make it possible to detect the
result with colorimetric detection methods.'> ' Moreover,
unpurified sample can be directly used for LAMP."” ' This
indicates that high-throughput test is possible when use of
unpurified specimen is combined with noninstrumental (eg,
colorimetric) detection.

In this study, one-step reverse transcription LAMP
(RT-LAMP) methods to detect SARS-CoV-2 were designed
and evaluated. A pair of LAMP primer sets specific to SARS-
CoV-2 and accompanying optimized reaction conditions was
provided. The leuco crystal violet method was applied to
achieve colorimetric detection of LAMP reaction.'”

Materials and Methods
Viral RNA Preparation

SARS-CoV-2 viral RNA was prepared, as previously
described.'® Human coronavirus (hCoV)—229E and hCoV-
OC43 viral RNA were isolated from culture media of
infected MRC-5 cells (ATCC, Manassas, VA; CCL-171).
Middle East respiratory syndrome coronavirus (MERS-
CoV) RNA was isolated from cell pellet lysate of infected
Vero cells (ATCC; CCL-81).

Viral RNA Titration

In vitro transcribed standard RNA for SARS-CoV-2 was pre-
pared, as previously described.'® To prepare standard RNA for
hCoV-229E, first amplicon of PCR (forward primer, 5'-
GCTAGTGGATGATCATGCTTTG-3'; reverse primer, 5'-
TGGGGCCATAAACTGTTCTATTAC-3') was cloned to
pBluescript II KS (4) plasmid with BamHI and Xhol. Then,
in vitro transcription template was prepared by restriction
enzyme cut with Bgll and Xhol and purification after agarose
gel electrophoresis. For hCoV-OC43 and MERS-CoV,
amplicons of PCR (OC43 forward primer, 5'-AGCAAC-
CAGGCTGATGTCAATACC-3'; OC43 reverse primer, 5'-
AGCAGACCTTCCTGAGCCTTCAAT-3’;  MERS-CoV,
UpE region'”) were synthesized and cloned to pBIC-A
plasmid (Bioneer, Daejeon, Republic of Korea). In vitro tran-
scription template for hCoV-OC43 and MERS-CoV was pre-
pared by restriction enzyme cut with BamHI-Xhol or Sspl-
Xhol, respectively. In vitro transcriptions were performed
with EZT7 High Yield In Vitro Transcription kit (Enzynomics,
Daejeon, Republic of Korea), per manufacturer’s instructions.
RNA products were then purified using Agencourt RNAClean
XP (Beckman Coulter, Brea, CA). Standard RNA copy
numbers were calculated from concentration measured by
NanoDrop Lite (Thermo Scientific, Waltham, MA). All re-
striction enzymes were purchased from Enzynomics.

To evaluate genomic copy number of viral RNAs,
dilutions of standard RNAs and viral RNAs in TE buffer (10
mmol/LL Tris-Cl, pH 8.0, and 1 mmol/LL EDTA) are
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subjected to one-step RT-qPCR. RT-qPCRs were performed
using LightCycler 96 instrument (Roche, Basel,
Switzerland) and following reagents: Luna Universal One-
Step RT-qPCR Kit [New England Biolabs (NEB), Ipswich,
MA] for hCoV-229E and hCoV-OC43, THUNDERBIRD
Probe qPCR Master Mix (Toyobo, Osaka, Japan) for
MERS-CoV, and Luna Universal Probe One-Step RT-qPCR
Kit (NEB) for SARS-CoV-2.

Reverse Transcription

cDNA of SARS-CoV-2 was made using SuperScript IV
Reverse Transcriptase (Invitrogen, Waltham, MA) following
manufacturer’s instructions with modifications. Briefly, 10
pmol of random hexamer was used as reverse transcription
primer, and reaction was performed as follows: 20 minutes at
25°C, 30 minutes at 55°C, and 10 minutes at 80°C.

LAMP and RT-LAMP Reaction

LAMP reaction was performed with reaction mixture
containing following components: 1.6 pmol/L forward inner
primer/backward inner primer, 0.2 pmol/L F3/B3 primers,
0.4 pmol/LL loop forward/loop backward primers, 1x
Isothermal Amplification Buffer II [NEB; 20 mmol/L Tris-
HCI, pH 8.8, 10 mmol/L. (NH,4),SO,, 150 mmol/L. KCl, 2
mmol/L. MgSQOy,, and 0.1% Tween 20], 6 mmol/L MgSO,
(NEB; final, 8 mmol/L Mg*"), 1.4 mmol/L each dNTP
(Enzynomics), 0.4 pmol/L SYTO-9 (Invitrogen), and 6 U
Bst 3.0 DNA polymerase (NEB) in total 15-pL reaction
volume. For RT-LAMP, 10 U of SuperScript IV Reverse
Transcriptase (Invitrogen) was added. For end-point color-
imetric detection of LAMP reaction, tweaked version of 5 x
stock leuco crystal violet solution'” containing 0.5 mmol/L
crystal violet (Sigma, St. Louis, MO; C0775), 60 mmol/L
sodium sulfite (Sigma; S0505), and 5 mmol/L B-cyclodex-
trin (Sigma; C4767) was directly added to LAMP reaction
mixture to 1x concentration. When using WarmStart
Colorimetric LAMP 2X Master Mix (NEB), same concen-
trations of primers and 0.4 pmol/L SYTO-9 were added.
Isothermal incubation and fluorescence signal measurement
were performed using LightCycler 96 instrument at 69°C
with additional heat inactivation (5 minutes at 95°C) and
melting curve analysis steps. Fluorescence signals were
measured for every minute during 60 (screening and opti-
mization) or 30 [limit of detection (LoD) and cross-
reactivity] minutes of incubation. Any changed conditions
are specified for each experiment.

Results
LAMP Primer Design

Five SARS-CoV-2 sequences (MN908947, MNO938384,
MN988713, MNO985325, and MN975262) and seven
SARS-CoV sequences (NC_004718, AY613947,
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AY313906, AY559094, AY502924, AY278491, and
AY502927) were aligned by MEGA software version 7.”"
SARS-CoV-2—specific regions for LAMP primer design
are manually selected: two regions from Nsp3 (3055 to 3591
and 6172 to 7273), two regions from Spike (21540 to
22549 and 22890 to 23779), and one region from OrfS
(27824 to 28396). Whole Nucleocapsid gene region is
also included as Nucleocapsid is wusual target of
molecular diagnosis because of the abundance of its
mRNA.?' Two to five basic LAMP primer sets are designed
and selected with PrimerExplorer V5 (http://primerexplorer.
Jp/lampv5Se/index.html, last accessed February 22, 2020) for
each target region. Loop primers are designed by
PrimerExplorer V5 or manually selected. Sixteen LAMP
primer sets, with loop forward primer and loop backward
primer showing proper melting temperature, were selected
and subjected to further screening.

LAMP Primer Screening

First round of screening was performed using WarmStart
Colorimetric LAMP 2X Master Mix with cDNA, of which
corresponding RNA concentration is 8.3 x 10* copies/

A F3 F2

THTccaaTTTeoTocCHClllic TcEllclET TclABBTcABcArcaAlBArcA

THTceeaatTTeeTecclclillicTcEllclET TclABETcAlcarcaAEarcA

SARS-CoV-2 | TRTecaatTTeeTccclclilic TcEllclE T TclABYTcaAlcarcalganca

THTecaaTTTeeTeCcclclllicTcElMclET TclABBTcAlcarcaAEarcA

THTeeaaTTTGeeToCCHCllc TcEllMclET TclABETcAlcAAcAEAAGA

TCTGGAATTTGGTGCCTCAGCTGAAACAGTTCGAGTTGAGGAAGAAGAAGA

TCTGGAATTTGGTGCCTCAGCTGAAACAGTTCGAGTTGAGGAAGAAGAAGA

TCTGGAATTTGGTGCCTCAGCTGAAACAGTTCGAGTTGAGGAAGAAGAAGA

SARS-COV | TCTGGAATTTGGTGCCTCAGCTGAAACAGTTCGAGTTGAGGAAGAAGAAGA

TCTGGAATTTGGTGCCTCAGCTGAAACAGTTCGAGTTGAGGAAGAAGAAGA

TCTGGAATTTGGTGCCTCAGCTGAAACAGTTCGAGTTGAGGAAGAAGAAGA

TCTGGAATTTGGTGCCTCGCTGAAACAGTTCGAGTTGAGGAAGAAGAAGA

LF F1
BHoracallTccoliTHlcATGAT
BeoaacallTccliTlcATGAT
SARS-CoV-2 | BcracafliTccliTBcaTcAT
BeoracallTocliTloAaTeAT
BorrcallTocliTHcATGAT
GGAAGACTGGCTGGATGAT -
GGAAGACTGGCTGGATGAT -
GGAAGACTGGCTGGATGAT
SARS-COV | GGAAGACTGGCTGGATGAT
GGAAGACTGGCTGGATGAT
GGAAGACTGGCTGGATGAT
GGAAGACTGGCTGGATGAT
SARS-CoV-2

ACTACTGAGCAATCA - GAGATTGAGCC

-- -----ACTACTGAGCAATCA- --GAGATTGAGCC

rrrrrrrrrrrrrrrrrrr ACTACTGAGCAATCA------GAGATTGAGCC

SARS-CoV | ---------------- ACTACTGAGCAATCA------ GAGATTGAGCC

rrrrrrrrrrrrrrrrrrr ACTACTGAGCAATCA------GAGATTGAGCC

~~~~~~~~~~~~~~~~~~~ ACTACTGAGCAATCA------GAGATTGAGCC

------------------- ACTACTGAGCAATCA------GAGATTGAGCC

B2 B3

| | lcraclracacclicll acTlAATHE

|| Wcraclracacclcll AcTRAATHEE

% o | Wcraclracacclicll AcTlAATHNE

SARS-CoV-2 |1 WMcraclitacacclicll AcTEAATHE

| | Mcracliracacclicll AcTlAATHE

AGAACCAGAACCTACACCTGAAGAAC AGTTAATCA

- -AGAACCAGAACCTACACCTGAAGAAC- - -CAGTTAATCA

rrrrrr AGAACCAGAACCTACACCTGAAGAAC---------CAGTTAATCA

SARS-CoV |------ AGAACCAGAACCTACACCTGAAGAAC - -------- CAGTTAATCA

rrrrrr AGAACCAGAACCTACACCTGAAGAAC---------CAGTTAATCA

------ AGAACCAGAACCTACACCTGAAGAAC---------CAGTTAATCA

rrrrrr AGAACCAGAACCTACACCTGAAGAAC---------CAGTTAATCA

Figure 1

reaction. Of 16 primer sets, nine were selected by threshold
time from the results of 40 minutes’ incubation at 65°C and
subjected to further screening.

Second round of screening was performed using Bst 3.0.
The same amount of cDNA as the first round of screening is
used. Two primer sets that showed relatively early non-
specific amplification are discarded, and the remaining
seven primer sets are subjected to further screening.

Third and fourth rounds of screenings were performed by
checking sensitivity to dilutions of cDNA and RNA,
respectively. Five of seven primer sets showed specific
amplification for at least one replicate of duplicate, with
cDNA concentration corresponding to 1.7 x 10" copies of
input RNA (Supplemental Figure S1). Next, sensitivity of the
five primer sets to RNA dilutions was evaluated in RT-LAMP
using Bst 3.0 and SuperScript IV Reverse Transcriptase. Two
primer sets, both targeting Nsp3, showed best sensitivity that
showed specific amplification at 10~° dilution of RNA
(Figure 1). Two additional primer sets, one targeting Spike
and the other targeting Nucleocapsid, were added for reaction
optimization experiments as they showed fast threshold time
for cDNA and to keep ranges of target genes. Primer se-
quences are represented in Table 1.

- B _____F3 F2

cHAlccHlAclA
clArfllcclaclir
clAlcclAclA

AANBcErcoTEEAAACCAAAllACETGGTGTHTACGTT
ArAllcBaccoTllAAAccaAaaflac@TceTGTHTACGTT
AAflllcErcoTElAAACCAAAACBTGGTGTHTACGTT
clHAlccHAcH~EEA~BEcBAccoTHRAAACCAAARACEBTGGTGTHETACGTT
clrlcclAclABE~~BEcEscoTlE~Arrccarrflac@TocToTHTACGTT
CCAGGCTACAACCAAGACAACGTTCAAACCAAACACTTGGTGTTTACGTT
CCAGGCTkCAACCAAGACAACGTTC.AACCAAACACTTGGTGTTTACGTT
CCAGGCTACAACCAAGACAACGTTCAAACCAAACACTTGGTGTTTACGTT
CCAGGCTACAACCAAGACAACGTTCAAACCAAACACTTGGTGTTTACGTT
CCAGGCTACAACCAAGACAACGTTCAAACCAAACACTTGGTGTTTACGTT
CCAGGCTACAACCAAGACAACGTTCAAACCAAACACTTGGTGTTTACGTT
CCAGGCTACAACCAAGACAACGTTCAAACCAAACACTTGGTGTTTACGTT

o LF F1

cTcTTTeGAGEBACAAANCcCAGTcAlACHTCcAAATTClTTTGcAlcTHCTG
ctcTTT6G6AGEACAAAMccAGTcABACHTCAAATTCTTToAllcTHCTG
GTCTTTGGAGBACAAAMCCAGTIGAACHTCAAATTCRTTTGARllcTHCTG
6TcTTTGGAGEACAAAMCCAGTICABACETCAAATTCHTTTGARllcTECTG
6TcTTTGGAGEACAAAMCCAGTIcABACHTCAAATTCHTTTGAllcTECTG
GTCTTTGGAGTACAAAGCCAGTAGATACTTCAAATTCATTTGAAGTTCTG
GTCTTTGGAGTACAAAGCCAGEBAGATACTTCAAATTCATTTGAAGTTCTG
GTCTTTGGAGTACAAAGCCAGTAGATACTTCAAATTCATTTGAAGTTCTG
GTCTTTGGAGTACAAAGCCAGTAGATACTTCAAATTCATTTGAAGTTCTG
GTCTTTGGAGTACAAAGCCAGTAGATACTTCAAATTCATTTGAAGTTCTG
GTCTTTGGAGTACAAAGCCAGTAGATACTTCAAATTCATTTGAAGTTCTG
GTCTTTGGAGTACAAAGCCAGTAGATACTTCAAATTCATTTGAAGTTCTG

B1 LB

BecaateoallaaTcTTocETcBeanlTclAEA
BecaatecallaaTcTTocgTcBoAAETClANA
BecaatecaflaaTcTTecgTcBoanETclAEA
coaaTcGAlAATCTTGCEBTGEcAAETCHAR
acaca callccarTccallaaTcTTocETcBcAAlETClANA
CAGTAGAAGACACACAAGGAATGGACAATCTTGCTTGTGAAAGTCAACA
GCAGTAGAAGACACA.AAGGAATGGACAATCTTGCTTGTCAAAGTCAACA
GCAGTAGAAGACACACAAGGAATGGACAATCTTGCTTGTGAAAGTCAACA
GCAGTAGAAGACACACAAGGAATGGACAATCTTGCTTGTGAAAGTCAACA
GCAGTAGAAGACACACAAGGAATGGACAATCTTGCTTGTGAAAGTCAACA
GCAGTAGAAGACACACAAGGAATGGACAATCTTGCTTGTGAAAGTCAACA
GCAGTAGAAGACACACAAGGAATGGACAATCTTGCTTGTGAAAGTCAACA

B2 B3

CTCTGAAGAAGTAGTGGAAAATCCTACCATACAGAAMGABGTHE
CTCTGAAGAAGTAGTGGAAAATCCTACCATACAGAAMcABGTHE
ACC CTCTGAAGAAGTAGTGGAAAATCCTACCATACAGAAEGABGTHE
ACC CTCTGAAGAAGTAGTGGAAAATCCTACCATACAGAANcABGTHE
AcCC CTCTGAAGAAGTAGTGGAAAATCCTACCATACAGAANGABGTHE
ACCCACCTCTGAAGAAGTAGTGGAAAATCCTACCATACAGAAGGAAGTCA
ACCCACCTCTGAAGAAGTAGTGGAAAATCCTACCATACAGAAGGAAGTCA
ACCCACCTCTGAAGAAGTAGTGGAAAATCCTACCATACAGAAGGAAGTCA
ACCCACCTCTGAAGAAGTAGTGGAAAATCCTACCATACAGAAGGAAGTCA
ACCCACCTCTGAAGAAGTAGTGGAAAATCCTACCATACAGAAGGAAGTCA
ACCCACCTCTGAAGAAGTAGTGGAAAATCCTACCATACAGAAGGAAGTCA
ACCCACCTCTGAAGAAGTAGTGGAAAATCCTACCATACAGAAGGAAGTCA

SARS-CoV-2

SARS-CoV

SARS-CoV-2

SARS-CoV

acafllca
Acaflca
acaffer
acafllca

SARS-CoV-2

SARS-CoV

ACC
ACC]

SARS-CoV-2

SARS-CoV

Loop-mediated isothermal amplification (LAMP) primer positions on aligned sequences of severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) and SARS-CoV. Primer binding sites of Nsp3_1-61 (A) and Nsp3_2-24 (B) LAMP primer sets are depicted on aligned sequences of five SARS-CoV-2 (from
the top, MN908947, MN938384, MN988713, MN985325, and MN975262) and seven SARS-CoV (from the top, NC_004718, AY613947, AY313906, AY559094,
AY502924, AY278491, and AY502927). Conserved sites are toggled at 50% level by MEGA software version 7 so that SARS-CoV-2 specific residues versus SARS-
CoV are background colored. Different color bars are used as follows to distinguish binding sites: F3, blue; F2, red; F1, orange; loop forward (LF), green; loop

backward (LB), light green; B1, light orange; B2, brown; and B3, light blue.
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Table 1  LAMP Primers of Which Assays Were Optimized and LoD Evaluated
Set name Primer Sequence
Nsp3_1-61 F3 5 -GGAATTTGGTGCCACTTC-3’
B3 5'-CTATTCACTTCAATAGTCTGAACA-3’
FIP 5'-CTTGTTGACCAACAGTTTGTTGACTTCAACCTGAAGAAGAGCAA-3'
BIP 5'-CGGCAGTGAGGACAATCAGACACTGGTGTAAGTTCCATCTC-3’
LF 5'-ATCATCATCTAACCAATCTTCTTC-3'
LB 5'-TCAAACAATTGTTGAGGTTCAACC-3’
Nsp3_2-24 F3 5'-TGCAACTAATAAAGCCACG-3'
B3 5'-CGTCTTTCTGTATGGTAGGATT-3’
FIP 5'-TCTGACTTCAGTACATCAAACGAATAAATACCTGGTGTATACGTTGTC-3'
BIP 5'-GACGCGCAGGGAATGGATAATTCCACTACTTCTTCAGAGACT -3’
LF 5 -TGTTTCAACTGGTTTTGTGCTCCA-3’
LB 5'-TCTTGCCTGCGAAGATCTAAAAC-3’
S_1-2-2 F3 5'-CTGACAAAGTTTTCAGATCCTCAG-3'
B3 5'-AGTACCAAAAATCCAGCCTCTT-3’
FIP 5'-TCCCAGAGACATGTATAGCATGGAATCAACTCAGGACTTGTTCTTACC-3'
BIP 5'-TGGTACTAAGAGGTTTGATAACCCTGTTAGACTTCTCAGTGGAAGCA-3’
LF 5'-CCAAGTAACATTGGAAAAGAAA-3’
LB 5'-GTCCTACCATTTAATGATGGTGTTT-3’
N_21 F3 5'-GCCAAAAGGCTTCTACGCA-3’
B3 5'-TTGCTCTCAAGCTGGTTCAA-3’
FIP 5'-TCCCCTACTGCTGCCTGGAGGCAGTCAAGCCTCTTCTCG-3’
BIP 5'-TCTCCTGCTAGAATGGCTGGCATCTGTCAAGCAGCAGCAAAG-3'
LF 5 -TGTTGCGACTACGTGATGAGGA-3’
LB 5'-ATGGCGGTGATGCTGCTCT-3’

BIP, backward inner primer; FIP, forward inner primer; LB, loop backward; LF, loop forward; LAMP, loop-mediated isothermal amplification; LoD, limit of

detection.
LAMP Reaction Optimization

To optimize RT-LAMP reaction with Bst 3.0, first, optimal
concentrations of ANTP and Mg”" were evaluated for each
primer set. Three dNTP- Mg>" concentration combina-
tions are tested at 69°C: dANTP (1.4 mmol/L) and Mg2+ (8
mmol/L), dNTP (1.4 mmol/L) and Mg2+ (6 mmol/L), and
dNTP (1 mmol/L) and Mg*" (6 mmol/L). The copy
number of RNA template was 1000 copies per reaction.
Best concentration combination was selected for each
primer set by whether both of duplicates show specific
amplification and by threshold time. Average threshold

time (Tt_av) and corresponding dNTP and Mg®" con-
centrations are as follows: dNTP (1 mmol/L) and Mg2+ (6
mmol/L) for Nsp3_1-61 (Tt_av = 11.93 minutes), dNTP
(1.4 mmol/L) and Mg®>" (8 mmol/L) for Nsp3_2-24
(Tt_av = 7.74 minutes), dNTP (1.4 mmol/L) and Mg*"
(6 mmol/L) for S_1-2-2 and N_21 (Tt_av = 11.08 mi-
nutes and 5.50 minutes, respectively).

Next, whether amplification is improved at lower
temperature (65°C) was evaluated, because optimal reaction
temperature of SuperScript IV Reverse Transcriptase is 50°C
to 55°C and the manufacturer recommends 65°C to 72°C for
optimal performance of Bst 3.0. Notably, Nsp3_1-61 and

Table 2 LoD of RT-LAMP Assays Targeting SARS-CoV-2

SSIV, 10 U/rxn SSIV, 20 U/rxn

Nsp3_1-61 Nsp3_2-24 Nsp3_1-61 Nsp3_2-24
RNA copies Tt_av RPR Tt_av RPR Tt_av RPR Tt_av RPR
1000 13.11 3:3 9.31 3:3 10.7 3:3 7.53 3:3
500 13.47 3:3 8.16 2:3 10.63 3:3 7.59 3:3
200 13.65 2:3 11.19 2:3 11.34 2:3 7.78 3:3
100 14.62 3:3 — — 12.26 2:3 8.47 2:3
50 — — — — — — — —
20 13.88 1:3 — — — — — —
5 J— J— J— J— J— J— J— J—
NTC — — — — — — — —

—, no amplification observed; LoD, limit of detection; RPR, ratio of positive replicates; RT-LAMP, reverse transcription loop-mediated isothermal ampli-
fication; rxn, reaction; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; SSIV, SuperScript IV Reverse Transcriptase; Tt_av, average threshold time

in minutes; NTC, no template control.
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S_1-2-2 primer sets show improved threshold time
(Tt_av = 8.92 minutes and 8.49 minutes, respectively).

Assessing LoD and Cross-Reactivity

The LoD of optimized RT-LAMP assays was assessed
through 5 to 1000 RNA copies/reaction in triplicate. Among
four primer sets subjected to reaction optimization, S_1-2-2
and N_21 sets showed relatively poor sensitivity. For
Nsp3_1-61 and Nsp3_2-24 primer sets, LoD was addition-
ally evaluated with twofold SuperScript IV Reverse
Transcriptase (20 U/reaction). LoD and Tt_av were
improved by increasing reverse transcriptase amount
(Table 2 and Supplemental Figure S2). As a result, both
Nsp3_1-61 and Nsp3_2-24 RT-LAMP assays could detect
as low RNA concentration as 100 copies per reaction.

The cross-reactivity of two SARS-CoV-2 RT-LAMP
assays targeting Nsp3 to other human coronaviruses was not
found for hCoV-229E, hCoV-OC43, and MERS-CoV
(Figure 2).

Discussion

In this study, LAMP primer sets targeting SARS-CoV-2
were designed and screened. Reaction was also optimized

3.300

for selected primer sets. In summary, a pair of RT-LAMP
assays for detection of SARS-CoV-2 with LoD of 100
copies per reaction was designed and evaluated. These RT-
LAMP assays showed specificity to SARS-CoV-2 versus
alphacoronavirus (hCoV-229E), betacoronavirus (hCoV-
0C43), and MERS-CoV. Although specificity to SARS-
CoV could not be tested because a proper sample was not in
hand, specificity of the RT-LAMP assays is easily expect-
able from the mismatching bases in primer binding sites
(Figure 1). Especially, both of F1/B1 sites of Nsp3_1-61
primer set are in SARS-CoV-2 specific region, of which
aligning SARS-CoV sequence does not exist.

About the sensitivity of LAMP assays, note that average
threshold time is not well correlated with LoD. In fact,
average threshold times of S_1-2-2 and N_21 primer sets for
1000 copies were faster than that of Nsp3_1-61: 7.33 (ratio
of positive replicates, 2:3) and 5.06 (ratio of positive
replicates, 1:3) minutes, respectively. This disrelation is
previously reported.”” One peculiar observation is that both
S_1-2-2 and N_21 showed good sensitivity to cDNA
template (Supplemental Figure S1), unlike to RNA.
Observed difference of sensitivity to RNA and cDNA seems
significant even when accounting for slight amplification
that might happen during reverse transcription. The reason
may include stochastic nature of forming proper LAMP
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Figure 2

Cross-reactivity to other coronaviruses tested for reverse transcription loop-mediated isothermal amplification (LAMP) assay targeting severe

acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Real-time amplification fluorescence signal and end-point leuco crystal violet colorimetric detection
results of cross-reactivity test for Nsp3_1-61 (A) and Nsp3_2-24 (B) LAMP primer sets. Reactions are performed with 20 U/reaction of reverse transcriptase and
optimized temperature, dNTP concentration, and Mg®" concentration for each primer set. RNA copy number of each viral RNA is as follows: human coronavirus
(hCoV)—229E, 1.6 x 10°% hCoV-0C43, 1.6 x 10°%; Middle East respiratory syndrome coronavirus (MERS-CoV), 4.5 x 10°% and SARS-CoV-2, 2.5 x 10°. NTC, no

template control.
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amplification intermediate-dumbbell structure,”” higher sta-
bility of DNA/RNA double strand than DNA/DNA double
strand, and more.

The LoD of RT-LAMP assays suggested in this study,
100 copies per reaction, may not be enough for sensitive
screening of suspicious patients. This relatively high LoD
would be from the target sequences used for primer design
that are selected by specificity versus SARS-CoV. Indeed,
target GC percentage and melting temperature of primers
had to be adjusted to get enough number of starting sets for
primer screening during LAMP primer design to give less-
optimal primer sets. Therefore, there might be better target
sequences for LAMP assay of SARS-CoV-2 in the view-
point of sensitivity. However, expected high specificity of
RT-LAMP assays suggested in this study would be a good
feature for a confirmatory test. In addition, considering high
viral load of SARS-CoV-2 at early stage after symptom
onset™ suggested RT-LAMP assays may still be useable for
screening tests.

In conclusion, highly specific RT-LAMP assays for
detection of SARS-CoV-2 were developed and evaluated.
The results of these RT-LAMP assays can be detected
within 30 minutes after amplification reaction begins. In
addition, optimized reaction conditions were provided, to
which leuco crystal violet colorimetric detection method is
applied that can be used for point-of-care tests.
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