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Coronavirus Disease 2019 (COVID-19) caused by SARS-CoV-2 poses a significant threat to
global public health. Early detection with reliable, fast, and simple assays is crucial to
contain the spread of SARS-CoV-2. The real-time reverse transcription-polymerase chain
reaction (RT-PCR) assay is currently the gold standard for SARS-CoV-2 detection; however,
the reverse transcription loop-mediated isothermal amplification method (RT-LAMP) assay
may allow for faster, simpler and cheaper screening of SARS-CoV-2. In this study, the
triple-target RT-LAMP assay was firstly established to simultaneously detect three different
target regions (ORFlab, N and E genes) of SARS-CoV-2. The results revealed that the
developed triplex RT-LAMP assay was able to detect down to 11 copies of SARS-CoV-2 RNA
per 25 L reaction, with greater sensitivity than singleplex or duplex RT-LAMP assays.
Moreover, two different indicators, hydroxy naphthol blue (HNB) and cresol red, were
studied in the colorimetric RT-LAMP assay; our results suggest that both indicators are
suitable for RT-LAMP reactions with an obvious color change. In conclusion, our developed
triplex colorimetric RT-LAMP assay may be useful for the screening of COVID-19 cases in
limited-resource areas.
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Abstract

Coronavirus Disease 2019 (COVID-19) caused by SARS-CoV-2 poses a significant threat to
global public health. Early detection with reliable, fast, and simple assays is crucial to contain the
spread of SARS-CoV-2. The real-time reverse transcription-polymerase chain reaction (RT-PCR)
assay is currently the gold standard for SARS-CoV-2 detection; however, the reverse transcription
loop-mediated isothermal amplification method (RT-LAMP) assay may allow for faster, simpler
and cheaper screening of SARS-CoV-2. In this study, the triple-target RT-LAMP assay was firstly
established to simultaneously detect three different target regions (ORF1lab, N and E genes) of
SARS-CoV-2. The results revealed that the developed triplex RT-LAMP assay was able to detect
down to 11 copies of SARS-CoV-2 RNA per 25 pL reaction, with greater sensitivity than
singleplex or duplex RT-LAMP assays. Moreover, two different indicators, hydroxy naphthol blue
(HNB) and cresol red, were studied in the colorimetric RT-LAMP assay; our results suggest that
both indicators are suitable for RT-LAMP reactions with an obvious color change. In conclusion,
our developed triplex colorimetric RT-LAMP assay may be useful for the screening of COVID-

19 cases in limited-resource areas.
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Introduction

SARS-CoV-2 is a highly pathogenic coronavirus causing COVID-19, which was first reported in
December 2019 in Wuhan, China (Wu et al. 2020; Zhou et al. 2020; Zhu et al. 2020). SARS-
CoV-2 has spread throughout the world and has resulted in a new global pandemic, as of May
2022, over 529 million infections and more than 6 million deaths reported (WHO 2021). As cases
are usually identified through large-scale local screening of individuals during regional COVID-
19 outbreaks, it is important to develop more rapid and convenient assays for SARS-CoV-2
detection (Lietal. 2021; Yoon et al. 2022). Real-time RT-PCR with high sensitivity and specificity
is the most common assay currently used to detect SARS-CoV-2, and many approved commercial
real-time RT-PCR kits are available and widely used in public health and clinical laboratories.
However, real-time RT-PCR has some limitations, such as the need for expensive real-time PCR
instruments and well-trained personnel, as well as a long ‘samples to results’ time (usually 4

hours). These issues hamper the use of PCR-based methods (Lu et al. 2020).

As one of the novel nucleic acid (DNA or RNA) isothermal amplification methods, LAMP
assays have several advantages and are suitable for point of care testing (POCT) and field
applications (Notomi et al. 2015). First, LAMP can be carried out by individuals without special
training or expensive equipment, which makes it applicable for SARS-CoV-2 screening in
resource-limited regions. Moreover, samples without special nucleic acid isolation can be directly
used as templates in LAMP reactions, and the estimated cost for each RT-LAMP reaction is below
2 dollars (Rabe & Cepko 2020; Schermer et al. 2020). Furthermore, the results of the LAMP

reaction can be observed by easy-to-see color changes (Goto et al. 2009; Rabe & Cepko 2020;
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Tanner et al. 2015). Last but not least, LAMP assays have been successfully used for detecting
emerging pathogens, such as parasites (Ortleppascaris sinensis) (Zhao et al. 2019); bacteria (TB,
and Salmonella) (2016; Kim et al. 2022); and viruses (HIV, MERS-CoV, and SARS-CoV) (Kim
etal. 2019; Lee et al. 2017; Li et al. 2019). Therefore, RT-LAMP assays are of great value for the
screening of SARS-CoV-2 in places such as outpatient clinics and in the field, especially in
resource-limited regions.

In the study reported here, we successfully developed a triple-target colorimetric RT-LAMP
assay for rapid and convenient detection of SARS-CoV-2. Firstly, six sets of LAMP primers were
studied based on their amplification performance in real-time RT-LAMP reaction using SARS-
CoV-2 genome RNA standard as templates, different combination of LAMP primer sets were
performed and triplex RT-LAMP assays targeting the ORF1lab, E and N genes of SARS-CoV-2
were firstly established, which may prevent failure to detect the target due to genetic mutations
and improve the accuracy of detection. Secondly, the developed triplex RT-LAMP assay showed
a higher sensitivity than the singleplex or duplex RT-LAMP assay, detecting down to 11 copies of
SARS-CoV-2 RNA per reaction. Thirdly, two different indicators, hydroxy naphthol blue (HNB)
and cresol red were studied in the RT-LAMP assay; and our results suggested that both indicators
were suitable for colorimetric RT-LAMP reactions. In conclusion, the developed triplex
colorimetric RT-LAMP assay offers a new promising tool for rapid and convenient screening of

SARS-CoV-2 in resource-limited areas around the world.

Peer] reviewing PDF | (2022:06:74615:1:1:NEW 10 Aug 2022)



Peer]

a4

78

79

80

81

82

83

84

85

86

87

88
89
90
91
92
93

94
95

96

97

98

99

100

Materials & Methods

LAMP primers

In this study, the LAMP primers targeting the ORF1ab, N, and E genes were constructed based on
RT-LAMP assays previously reported by different laboratories, respectively (Broughton et al.
2020; Dong et al. 2021; Jamwal et al. 2021; Jiang et al. 2020; Nawattanapaiboon et al. 2021; Park
et al. 2020; Yu et al. 2021; Zhang & Tanner 2021). A set of LAMP primers consisting of six
primers (F3, B3, FIP, BIP, LF, LB) targeted eight distinct regions of the templates, and all primers
were ordered from Sangon Biotech (Shanghai), LAMP primer mixtures (F3/B3 2 uM each;
FIP/BIP 16 puM each; LF/LB 4 uM each) were prepared and used for the further RT-LAMP
reactions.

Preparation of the different dilutions of SARS-CoV-2 genome RNA standards

Certified reference material of SARS-CoV-2 genome RNA was purchased from the National
Reference Material Resource Sharing Platform (www.ncrm.org.cn, GBW(E)091099) and the
copies number of ORF1ab, E and N genes per reaction were calculated with instructions. ORF1ab
was the largest and the most conserved gene regions within SARS-CoV-2 genome, so we chose
ORFlab as the standard in our studies. Different gradient dilutions were prepared with EASY
Dilution (Takara, Dalian, 9160), and a panel of RNA standards ranging from 448 to 4 copies

(ORF1ab gene) per reaction was used for further studies (Table 1).
Real-time RT-LAMP reaction

Real-time RT-LAMP assays were performed on the LightCycler 96 real-time PCR system (Roche
Diagnostics, Germany) with a WarmStart® LAMP kit (NEB, E1700S) according to the
manufacturer’s protocol. The real-time RT-LAMP reaction (25 ul) contained 5 pl SARS-CoV-2
RNA template (448 copies), 12.5 pl 2x LAMP reaction buffer, 2.5 ul LAMP primer mix, 0.5 pl

Dye, and 4.5 ul DEPC-H,0. DEPC-H,0 was used as a negative control. The reaction was carried
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out at 65 °C for 45 min and the fluorescence signals were collected at 30 secs intervals on the
SYBR Green channel, followed by melting curve analysis.

Multiplexed real-time RT-LAMP assay

Multiplex real-time RT-LAMP reactions were performed as follows. For dual-target real-time RT-
LAMP reaction, the additional primer mix replaced 2.5 pl of DEPC-H,0. For triple-target real-
time RT-LAMP reaction, the two additional primer mixes (2.5 ul each) replaced 4.5 ul of DEPC-
H,0. 5ul SARS-CoV-2 RNA template (448 copies) was used for each reaction. DEPC-H,0 was
used as a negative control.

Colorimetric RT-LAMP reaction

To prepare further usage of the RT-LAMP assay for POCT or field applications, we developed
visual detection of the RT-LAMP reaction with colorimetric methods. Hydroxy naphthol blue
(HNB, Macklin, H811452-5g), which is a metal-ion sensitive indicator for monitoring the change
of Mg?* ion concentration in LAMP reactions, was added to the RT-LAMP reaction system (NEB,
E1700S) as follows: 5 ul SARS-CoV-2 RNA template, 12.5 pl 2x LAMP reaction buffer, 2.5 ul
LAMP primer mix, 1 ul HNB (3mM), and 4 ul DEPC-H,0. WarmStart Colorimetric LAMP 2x
Master Mix (NEB, MI1800L) containing cresol red, which is a pH sensitive indicator for
determining the drop in pH caused by LAMP amplification, was added to the RT-LAMP reaction
as follows: 5 ul SARS-CoV-2 RNA template, 12.5 pl 2x LAMP reaction buffer, 2.5 ul LAMP
primer mix and 5 ul DEPC-H,0. After incubation at 65 °C for 35 min, the positive reaction with
HNB led to a color change from violet to blue, and the positive reaction with cresol red led to color
change from pink to yellow.

Sensitivity of the triple target RT-LAMP assay for SARS-CoV-2
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A panel of SARS-CoV-2 genome RNA standards ranging from 448 to 4 copies (Table 1) was used
as templates to determine the sensitivity of the developed triplex real-time and colorimetric RT-
LAMP assay. Each template was performed in triplicate, and the template with the lowest copy
number detected positively was defined as the sensitivity of the assay.

Specificity of the triple target RT-LAMP assay for SARS-CoV-2

First, in silico analyses of the selected LAMP primers were performed to validate the specificity.
Moreover, the specificity of the developed RT-LAMP assay was evaluated with RNA isolated
from positive clinical samples with some common respiratory viruses (including human seasonal
coronavirus (HCoV) types HKU1, NL63, OC43, and 229E; human seasonal influenza A virus
subtypes HIN1, and H3N2, influenza B virus; human parainfluenza virus (HPIV) types 1, 2, and

3; human respiratory syncytial virus (RSV) subgroups A and B.
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Results

LAMP primers design and selection

Six sets of LAMP primers were designed to detect the SARS-CoV-2 ORF1ab gene (setl and set2),
N gene (set3 and set4), and E gene (set5 and set6), respectively (Figure 1 and Table 2). After
LAMP primers generated, we blasted them in the NCBI (http://blast.ncbi.nlm.nih.gov/Blast.cgi)
database to examine and validate their specificity. The analyses showed that these primers were
100% matching with the SARS-CoV-2 genome sequence (Supplemental 1).

Using prepared SARS-CoV-2 RNA standard as the template (448 copies), we evaluated the
amplification performance of the six sets of LAMP primers in the real-time RT-LAMP assays. All
six primer sets generated amplification curves and reached the plateau phase within 40 min, with
set3 showing the fastest amplification among all six designed LAMP primer sets (Figure 2A).
Furthermore, setl (S1) was faster than set2 (S2), both targeting the ORF1ab gene; similarly, set3
(S3) was faster than set4 (S4), both targeting the N gene; and set5 (S5) was faster than set6 (S6),
both targeting the E gene (Figure 2B). Faster amplification is often associated with higher detection
sensitivity, so these three primer sets (S1, S3 and S5) were selected for the further LAMP primer
combination studies (Dong et al. 2021).

To optimize the RT-LAMP reaction, different reaction times (ranging from 30 to 60 min) were
executed in the real-time RT-LAMP assays, using 4 copies of SARS-CoV-2 RNA as template,
positive signal shown after 30-min reaction time, and NTC shown positively in 45-min reaction
time, so 35-min was selected as the optimal reaction time in order to reduce false positives
(Supplemental 2) (Zhao et al. 2019).

LAMP primer sets combination and multiplex RT-LAMP reaction
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Real-time RT-LAMP assays with different combination of LAMP primer sets were performed
using the SARS-CoV-2 RNA standard (448 copies) as the template. For duplex RT-LAMP
reactions containing two different sets of LAMP primers, our results showed that the combination
of the set3 and setl (S3+S1) was better than the singleplex (S3) or the primer combination of
primers of the set3 and set5 (S3+S5) in peak time and signal strength (Figure 3A). To avoid the
possibility of increased sensitivity caused by higher concentrations of the LAMP primer sets,
double the amount of set3 (S3+S3) was also included and compared, the results showed that
(S3+S1) was also better than (S3+S3) (Figure 3A). For triplex RT-LAMP reactions containing
three different sets of LAMP primers, our results showed that the combination of the set3, setl,
and set5 (S3+S1+S5) performed better than the duplex combination of the set3 and setl (S3+S1)
or the singleplex (S3) (Figure 3B). All results indicated that the primer combination of the set3,
setl, and setS (S3+S1+S5) exhibited the best performance and was therefore selected as the

optimal LAMP primer combination for further studies (Ji et al. 2021).

Visual detection of the SARS-CoV-2 RT-LAMP reaction

To develop easy-to-use colorimetric RT-LAMP assays, two different indicators, cresol red (a pH-
sensitive indicator) and HNB (a metal-ion indicator), were included and assessed in the RT-LAMP
reactions (Goto et al. 2009; Tanner et al. 2015). All RT-LAMP reactions with an indicator were
performed at 65 °C for 35 min. A positive reaction with cresol red yielded color change from pink
to yellow, while a positive reaction with HNB exhibited color change from violet to blue (Figure
4B and 5B). These results indicate that both the HNB and cresol red indicators are suitable for
colorimetric detection in RT-LAMP reactions.

Sensitivity of the SARS-CoV-2 triple-target RT-LAMP assay
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Sensitivity was determined by testing serial dilutions of SARS-CoV-2 genome RNA standards
with the triplex real-time RT-LAMP and colorimetric RT-LAMP assays. In the triplex real-time
RT-LAMP assay, all of the positive amplification curves (S-shaped) appeared within 35 min when
using templates ranging from 448 to 11 copies (Figure 4A). At the same time, positive reactions
with color change also occurred with templates ranging from 448 to 11 copies in the triplex
colorimetric RT-LAMP assays (Figure 4B). All results suggested similar sensitivity of the triplex
real-time RT-LAMP and colorimetric RT-LAMP assays, which were able to detect down to 11 of
copies SARS-CoV-2 RNA per 25 ul reaction, with higher sensitivity than the previously reported
SARS-CoV-2 RT-LAMP assays (Dong et al. 2021; Luo et al. 2022).

Specificity of the SARS-CoV-2 triple-target RT-LAMP assay

Firstly, the specificity of these six sets of LAMP primers had been well studied in the previous
studies reported by different laboratories (Broughton et al. 2020; Dong et al. 2021; Jamwal et al.
2021; Jiang et al. 2020; Nawattanapaiboon et al. 2021; Park et al. 2020; Yu et al. 2021; Zhang &
Tanner 2021). Secondly, the sequence of the LAMP primers was compared to aligned sequences
of some other coronaviruses (including MERS-CoV, SARS-CoV, HCoV-HKU1, HCoV-0OC43,
HCoV-NL63, and HCoV-229E), all of which had some nucleotides mismatching with our LAMP
primers, supporting the specificity of the developed RT-LAMP assay. Thirdly, the specificity was
evaluated with isolated RNA of some common respiratory viruses. Our results indicated that
positive results were only observed in reactions with the presence of SARS-CoV-2 RNA as
template, and no cross reactions were detected by the triplex real-time RT-LAMP assay (Figure
5A) and colorimetric RT-LAMP assay (Figure 5B) with RNAs isolated from clinical positive
samples with other common respiratory viruses. In the colorimetric RT-LAMP assay containing

cresol red, although the color changes of tube 11(HCoV-NL63), tube 12(HCoV-0OC43), and tube
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203 different from positive tube obviously (Figure 5B). The above results indicated that the developed

204 triplex real-time RT-LAMP and colorimetric RT-LAMP assays are highly specific for SARS-

205 CoV-2 detection.
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Discussion

The global COVID-19 pandemic has lasted for more than two years and is likely to coexist with
us for a long time (WHO 2021). Currently, there are no effective therapies for COVID-19 or anti-
viral drugs against SARS-CoV-2, so early detection of the virus is essential to contain the spread
of SARS-CoV-2 (Li & De Clercq 2020). Most available SARS-CoV-2 diagnostic tests or kits are
based on the real-time RT-PCR platform, but these assays require a certified and highly specialized
laboratory with well-trained personnel and sophisticated experimental equipment, which usually
take more than 4 hours to obtain results. These issues hamper the use of PCR-based methods.
Developing more rapid and convenient assays for detection of SARS-CoV-2 is of vital importance.

SARS-CoV-2 constantly changes through genetic mutations, with novel variants of concern
(VOC) occurring over time, such as Alpha, Beta, Gamma, Delta and Omicron, which are more
transmissible, more pathogenic, or have better capability for immune escape (Hacisuleyman et al.
2021; Hoffmann et al. 2021; Wang et al. 2021). All of these VOCs and some other genomic
mutations make it difficult to detect SARS-CoV-2 with only one single target (Ji et al. 2021;
Mohon et al. 2020). Therefore, LAMP primer sets targeting different conserved SARS-CoV-2
regions may provide more accurate diagnosis results. Furthermore, all of these VOCs usually
mutated in the Spike(S) gene, and in our studies, we chose ORF1ab, E and N genes of SARS-CoV-
2, which were the most conserved regions within the SARS-CoV-2 genome. Moreover, compared
to performing multiple singleplex RT-LAMP reactions, multiplex RT-LAMP assays reduce the
cost and time for two or more targets being simultaneously amplified in one reaction (Ji et al. 2021;
Kim et al. 2019; Mohon et al. 2020).

In our studies, we successfully developed a triple-target colorimetric RT-LAMP assay for

SARS-CoV-2 detection within 45 minutes. It’s not easy for us to develop the triplex RT-LAMP
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assays since more primers containing in the same reaction. However, all of the LAMP primer sets
were well studied by other laboratories; also, SARS-CoV-2 with large genome size (30kb), so it’s
possible for us to choose different target gene regions (ORF1lab, E and N genes) within SARS-
CoV-2 genome.

Compared with other reported studies, our developed triple-target colorimetric RT-LAMP assay
differs in several ways. First, our assays represent the first triple-target RT-LAMP assay that can
detect three different genes (ORF1ab, E, and N) of SARS-CoV-2 in one reaction. Second, our
assays are more sensitive than most reported RT-LAMP assays, detecting down to 11 copies per
25 ul reaction (Dong et al. 2021; Luo et al. 2022). Third, our assay can be visualized using two
different indicators (HNB or cresol red), which can be easily observed by the naked eye (Dong et
al. 2021; Luo et al. 2022; Rabe & Cepko 2020).

In most of the reported studies, the target gene segments of SARS-CoV-2 were first constructed
from either in vitro synthesized DNA or PCR amplified products. RNA samples were generated
by an in vitro transcription reaction, followed by the determination of their concentration and
copies number. Finally, serial dilutions of the RNA standard samples were prepared and used as
the templates for further studies. These processes are complicated, time-consuming, and costly
(Dong et al. 2021; Luo et al. 2022). Furthermore, RT-LAMP assays targeted different SARS-CoV-
2 gene regions, making it difficult to study the sensitivity of each assay using one synthesized
RNA template (Dong et al. 2021). Moreover, different laboratories prepared different SARS-CoV-
2 RNA standard samples which were used for sensitivity studies, so the sensitivity is unreliable
and incomparable (Dong et al. 2021). In this study, we used a whole genome SARS-CoV-2 RNA

standard and quantified the copy number of the SARS-CoV-2 RNA with digital droplet PCR,
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allowing us to easily compare and accurately assess the sensitivity of SARS-CoV-2 RT-LAMP
assays developed by different laboratories.

The developed real-time RT-LAMP assays and colorimetric RT-LAMP assays eliminate the
possibility of cross contamination by avoiding opening the reaction tube, which is also one of the
biggest concerns for LAMP applications. The results of colorimetric RT-LAMP assays can be
easily observed by the naked eyes. Also, as the real-time RT-LAMP assays monitored fluorescent
signals generating by SYBR Green, we could easily optimize the LAMP assays with amplification
curves. Moreover, melting curve analyses always followed real-time RT-LAMP assay, which
could be conveniently used for LAMP product analyses. All of the RT-LAMP assays presented in
our studies were performed using either real-time RT-LAMP assays, or colorimetric RT-LAMP
assays or both.

Sensitivity and specificity are two critical parameters for a diagnosis tool. The developed triplex
real-time and colorimetric RT-LAMP assays, which can detect down to 11 copies of SARS-CoV-2
RNA per reaction, were more sensitive than the previously reported RT-LAMP assays (Dong et
al. 2021; Luo et al. 2022). Furthermore, previous studies reporting Ct>35 could be used as cut-off
for SARS-CoV-2 infectivity. Therefore, the developed RT-LAMP assay would be useful for the
detection of highly infectious cases of COVID-19 in the field (Kampf et al. 2021; Platten et al.
2021). The specificity of the developed triplex real-time and colorimetric RT-LAMP assays was
evaluated with RNA isolated from positive clinical samples with other common respiratory
viruses, and our results indicated that positive results were only observed in reactions with SARS-
CoV-2 RNA as a template, these results indicated that the triplex RT-LAMP assays are highly

specific for SARS-CoV-2 detection.
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Our triplex RT-LAMP assays may have potential limitations. For example, multiplex RT-
LAMP assays are not easily validated and optimized. Since 18 primers are used in the triplex RT-
LAMP reaction, it is essential that the LAMP primers included in the multiplex LAMP assay do
not interfere with each other. Moreover, all experiments presented here used SARS-CoV-2
genome RNA standard as the templates, and our developed real-time and colorimetric RT-LAMP
assays were not validated on SARS-CoV-2 positive clinical samples. Furthermore, the RT-LAMP
assay is not a quantitative test, viral loads in samples were difficult to quantify using the RT-LAMP

assays (Dao Thi et al. 2020).

Conclusions

In conclusion, a rapid and convenient triple target colorimetric RT-LAMP assay was developed
for SARS-CoV-2 detection. The assay has high specificity and sensitivity and may provide a useful

and attractive tool for SARS-CoV-2 screening in resource-limited regions.

Peer] reviewing PDF | (2022:06:74615:1:1:NEW 10 Aug 2022)



Peer]

288

289

290

291

292

293

294

295

296

297

Acknowledgement: We are grateful to Zhu Zhu and Isadora Zhang for critical comments and
technical assistance.

Funding: This research has been supported by grants from Wuhu Science and Technology Plan
Project (No. 2020ms3-9, 2021jc2-6 and 2021yf39), Scientific Research Project of Wannan
Medical College (No. wyqnyx202004, WK2021Z07 and JXYY202102), Academic Aid Program
for top-notch talents in provincial universities (No. gxbjZD2020071), Anhui University Natural
Science Research Project (No. KJ2020ZD56). There was no additional external funding received
for this study. The funders had no role in study design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Competing Interests: All authors declare that they have no competing interests.

Peer] reviewing PDF | (2022:06:74615:1:1:NEW 10 Aug 2022)



Peer]

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

References

2016. The Use of Loop-Mediated Isothermal Amplification (TB-LAMP) for the Diagnosis
of Pulmonary Tuberculosis: Policy Guidance. Geneva: © World Health
Organization 2016.

Broughton JP, Deng X, Yu G, Fasching CL, Servellita V, Singh J, Miao X, Streithorst JA,
Granados A, Sotomayor-Gonzalez A, Zorn K, Gopez A, Hsu E, Gu W, Miller S,
Pan CY, Guevara H, Wadford DA, Chen JS, and Chiu CY. 2020. CRISPR-Cas12-
based detection of SARS-CoV-2. Nat Biotechnol 38:870-874. 10.1038/s41587-
020-0513-4

Dao Thi VL, Herbst K, Boerner K, Meurer M, Kremer LP, Kirrmaier D, Freistaedter A,
Papagiannidis D, Galmozzi C, Stanifer ML, Boulant S, Klein S, Chlanda P, Khalid
D, Barreto Miranda |, Schnitzler P, Krausslich HG, Knop M, and Anders S. 2020.
A colorimetric RT-LAMP assay and LAMP-sequencing for detecting SARS-CoV-2
RNA in clinical samples. Sci Transl Med 12. 10.1126/scitranslmed.abc7075

Dong Y, Wu X, Li S, Lu R, Li Y, Wan Z, Qin J, Yu G, Jin X, and Zhang C. 2021.
Comparative evaluation of 19 reverse transcription loop-mediated isothermal
amplification assays for detection of SARS-CoV-2. Sci Rep 11:2936.

10.1038/s41598-020-80314-0

Peer] reviewing PDF | (2022:06:74615:1:1:NEW 10 Aug 2022)



Peer]

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

Goto M, Honda E, Ogura A, Nomoto A, and Hanaki KI. 2009. Colorimetric detection of
loop-mediated isothermal amplification reaction by using hydroxy naphthol blue.
Biotechniques 46:167-172.

Hacisuleyman E, Hale C, Saito Y, Blachere NE, Bergh M, Conlon EG, Schaefer-Babajew
DJ, DaSilva J, Muecksch F, Gaebler C, Lifton R, Nussenzweig MC, Hatziioannou
T, Bieniasz PD, and Darnell RB. 2021. Vaccine Breakthrough Infections with
SARS-CoV-2 Variants. N Engl J Med 384:2212-2218. 10.1056/NEJMoa2105000

Hoffmann M, Arora P, Grol3 R, Seidel A, Hornich BF, Hahn AS, Kruger N, Graichen L,
Hofmann-Winkler H, Kempf A, Winkler MS, Schulz S, Jack HM, Jahrsdorfer B,
Schrezenmeier H, Miller M, Kleger A, Munch J, and Péhimann S. 2021. SARS-
CoV-2 variants B.1.351 and P.1 escape from neutralizing antibodies. Cell
184:2384-2393 €2312. 10.1016/j.cell.2021.03.036

Hu B, Guo H, Zhou P, and Shi Z-L. 2021. Characteristics of SARS-CoV-2 and COVID-
19. Nature reviews Microbiology 19:141-154. 10.1038/s41579-020-00459-7

Jamwal VL, Kumar N, Bhat R, Jamwal PS, Singh K, Dogra S, Kulkarni A, Bhadra B,
Shukla MR, Saran S, Dasgupta S, Vishwakarma RA, and Gandhi SG. 2021.
Optimization and validation of RT-LAMP assay for diagnosis of SARS-CoV2
including the globally dominant Delta variant. Virology journal 18:178-178.

10.1186/s12985-021-01642-9

Peer] reviewing PDF | (2022:06:74615:1:1:NEW 10 Aug 2022)



Peer]

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

Ji C, Xue S, Yu M, Liu J, Zhang Q, Zuo F, Zheng Q, Zhao L, Zhang H, Cao J, Wang K,
Liu W, and Zheng W. 2021. Rapid Detection of SARS-CoV-2 Virus Using Dual
Reverse Transcriptional Colorimetric Loop-Mediated Isothermal Amplification.
ACS Omega 6:8837-8849. 10.1021/acsomega.0c05781

Jiang M, Pan W, Arasthfer A, Fang W, Ling L, Fang H, Daneshnia F, Yu J, Liao W, Pei
H, Li X, and Lass-Florl C. 2020. Development and Validation of a Rapid, Single-
Step Reverse Transcriptase Loop-Mediated Isothermal Amplification (RT-LAMP)
System Potentially to Be Used for Reliable and High-Throughput Screening of
COVID-19. Frontiers in cellular and infection microbiology 10:331-331.
10.3389/fcimb.2020.00331

Kampf G, Lemmen S, and Suchomel M. 2021. Ct values and infectivity of SARS-CoV-2
on surfaces. Lancet Infect Dis 21:e141. 10.1016/s1473-3099(20)30883-5

Kim JH, Kang M, Park E, Chung DR, Kim J, and Hwang ES. 2019. A Simple and Multiplex
Loop-Mediated Isothermal Amplification (LAMP) Assay for Rapid Detection of
SARS-CoV. Biochip J 13:341-351. 10.1007/s13206-019-3404-3

Kim S, Kim JH, Kim S, Park JS, Cha BS, Lee ES, Han J, Shin J, Jang Y, and Park KS.
2022. Loop-mediated isothermal amplification-based nucleic acid lateral flow
assay for the specific and multiplex detection of genetic markers. Anal Chim Acta

1205:339781. 10.1016/j.aca.2022.339781

Peer] reviewing PDF | (2022:06:74615:1:1:NEW 10 Aug 2022)



Peer]

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

Lee SH, Baek YH, Kim Y-H, Choi Y-K, Song M-S, and Ahn J-Y. 2017. One-Pot Reverse
Transcriptional Loop-Mediated Isothermal Amplification (RT-LAMP) for Detecting
MERS-CoV. Frontiers in microbiology 7:2166-2166. 10.3389/fmicb.2016.02166

Li G, and De Clercq E. 2020. Therapeutic options for the 2019 novel coronavirus (2019-
nCoV). Nat Rev Drug Discov 19:149-150. 10.1038/d41573-020-00016-0

Li Y, Zhou Y, Ma Y, Xu R, Jin X, and Zhang C. 2019. A Mismatch-tolerant RT-LAMP
Method for Molecular Diagnosis of Highly Variable Viruses. Bio-protocol 9:€3415-
e3415. 10.21769/BioProtoc.3415

Li Z, Liu F, Cui J, Peng Z, Chang Z, Lai S, Chen Q, Wang L, Gao GF, and Feng Z. 2021.
Comprehensive large-scale nucleic acid-testing strategies support China's
sustained containment of COVID-19. Nat Med 27:740-742. 10.1038/s41591-021-
01308-7

Lu R, Wu X, Wan Z, Li Y, Zuo L, Qin J, Jin X, and Zhang C. 2020. Development of a
Novel Reverse Transcription Loop-Mediated Isothermal Amplification Method for
Rapid Detection of SARS-CoV-2. Virol Sin 35:344-347. 10.1007/s12250-020-
00218-1

Luo Z, Ye C, Xiao H, Yin J, Liang Y, Ruan Z, Luo D, Gao D, Tan Q, Li Y, Zhang Q, Liu
W, and Wu J. 2022. Optimization of loop-mediated isothermal amplification
(LAMP) assay for robust visualization in SARS-CoV-2 and emerging variants

diagnosis. Chem Eng Sci 251:117430. 10.1016/j.ces.2022.117430

Peer] reviewing PDF | (2022:06:74615:1:1:NEW 10 Aug 2022)



Peer]

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

Masters PS. 2006. The molecular biology of coronaviruses. Adv Virus Res 66:193-292.
10.1016/s0065-3527(06)66005-3

Mohon AN, Oberding L, Hundt J, van Marle G, Pabbaraju K, Berenger BM, Lisboa L,
Griener T, Czub M, Doolan C, Servellita V, Chiu CY, Greninger AL, Jerome KR,
and Pillai DR. 2020. Optimization and clinical validation of dual-target RT-LAMP
for SARS-CoV-2. J Virol Methods 286:113972. 10.1016/j.jviromet.2020.113972

Nawattanapaiboon K, Pasomsub E, Prombun P, Wongbunmak A, Jenjitwanich A,
Mahasupachai P, Vetcho P, Chayrach C, Manatjaroenlap N, Samphaongern C,
Watthanachockchai T, Leedorkmai P, Manopwisedjaroen S, Akkarawongsapat R,
Thitithanyanont A, Phanchana M, Panbangred W, Chauvatcharin S, and Srikhirin
T. 2021. Colorimetric reverse transcription loop-mediated isothermal amplification
(RT-LAMP) as a visual diagnostic platform for the detection of the emerging
coronavirus SARS-CoV-2. Analyst 146:471-477. 10.1039/DOANO01775B

Notomi T, Mori Y, Tomita N, and Kanda H. 2015. Loop-mediated isothermal amplification
(LAMP): principle, features, and future prospects. J Microbiol 53:1-5.
10.1007/s12275-015-4656-9

Park GS, Ku K, Baek SH, Kim SJ, Kim Sl, Kim BT, and Maeng JS. 2020. Development
of Reverse Transcription Loop-Mediated Isothermal Amplification Assays
Targeting Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2). J

Mol Diagn 22:729-735. 10.1016/j.jmoldx.2020.03.006

Peer] reviewing PDF | (2022:06:74615:1:1:NEW 10 Aug 2022)



Peer]

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

Platten M, Hoffmann D, Grosser R, Wisplinghoff F, Wisplinghoff H, Wiesmuller G,
Schildgen O, and Schildgen V. 2021. SARS-CoV-2, CT-Values, and Infectivity-
Conclusions to Be Drawn from Side Observations. Viruses 13:14509.
10.3390/v13081459

Rabe BA, and Cepko C. 2020. SARS-CoV-2 detection using isothermal amplification and
a rapid, inexpensive protocol for sample inactivation and purification. Proceedings
of the National Academy of Sciences 117:24450-24458.
doi:10.1073/pnas.2011221117

Schermer B, Fabretti F, Damagnez M, Di Cristanziano V, Heger E, Arjune S, Tanner NA,
Imhof T, Koch M, Ladha A, Joung J, Gootenberg JS, Abudayyeh OO, Burst V,
Zhang F, Klein F, Benzing T, and Muller RU. 2020. Rapid SARS-CoV-2 testing in
primary material based on a novel multiplex RT-LAMP assay. PLoS One
15:€0238612. 10.1371/journal.pone.0238612

Tanner NA, Zhang Y, and Evans TC, Jr. 2015. Visual detection of isothermal nucleic acid
amplification using pH-sensitive dyes. Biotechniques 58:59-68.
10.2144/000114253

Wang Y, Chen R, Hu F, Lan Y, Yang Z, Zhan C, Shi J, Deng X, Jiang M, Zhong S, Liao
B, Deng K, Tang J, Guo L, Jiang M, Fan Q, Li M, Liu J, Shi Y, Deng X, Xiao X,
Kang M, LiY, Guan W, LiY, Li S, Li F, Zhong N, and Tang X. 2021. Transmission,

viral kinetics and clinical characteristics of the emergent SARS-CoV-2 Delta VOC

Peer] reviewing PDF | (2022:06:74615:1:1:NEW 10 Aug 2022)



Peer]

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

in Guangzhou, China. EClinicalMedicine 40:101129.
10.1016/j.eclinm.2021.101129

WHO. 2021. Coronavirus disease (COVID-19) Weekly Epidemiological Update and
Weekly Operational Update. Available at
https.//www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-
reports.

Wu F, Zhao S, Yu B, Chen Y-M, Wang W, Song Z-G, Hu Y, Tao Z-W, Tian J-H, Pei Y-Y,
Yuan M-L, Zhang Y-L, Dai F-H, Liu Y, Wang Q-M, Zheng J-J, Xu L, Holmes EC,
and Zhang Y-Z. 2020. A new coronavirus associated with human respiratory
disease in China. Nature. 10.1038/s41586-020-2008-3

Yoon T, Shin J, Choi HJ, and Park KS. 2022. Split T7 promoter-based isothermal
transcription amplification for one-step fluorescence detection of SARS-CoV-2
and emerging variants. Biosens Bioelectron 208:114221.
10.1016/j.bios.2022.114221

Yu AD, Galatsis K, Zheng J, Le JQ, Ma D, Perlman S, and Rosbash M. 2021.
Development of a Saliva-Optimized RT-LAMP Assay for SARS-CoV-2. Journal of
biomolecular techniques : JBT 32:102-113. 10.7171/jbt.21-3203-005

Zhang Y, and Tanner NA. 2021. Development of multiplexed reverse-transcription loop-
mediated isothermal amplification for detection of SARS-CoV-2 and influenza viral

RNA. Biotechniques 70:167-174. 10.2144/btn-2020-0157

Peer] reviewing PDF | (2022:06:74615:1:1:NEW 10 Aug 2022)



Peer]

435

436

437

438

439

440

441

442

443

444

445

446

447

Zhao J, Xu W, Tu G, Zhou Y, and Wu X. 2019. Sensitive and rapid detection of
Ortleppascaris sinensis (Nematoda: Ascaridoidea) by loop-mediated isothermal
amplification. PeerdJ 7:€7607. 10.7717/peerj.7607

Zhou P, Yang X-L, Wang X-G, Hu B, Zhang L, Zhang W, Si H-R, Zhu Y, Li B, Huang C-
L, Chen H-D, Chen J, Luo Y, Guo H, Jiang R-D, Liu M-Q, Chen Y, Shen X-R, Wang
X, Zheng X-S, Zhao K, Chen Q-J, Deng F, Liu L-L, Yan B, Zhan F-X, Wang Y-Y,
Xiao G-F, and Shi Z-L. 2020. A pneumonia outbreak associated with a new
coronavirus of probable bat origin. Nature. 10.1038/s41586-020-2012-7

Zhu N, Zhang D, Wang W, Li X, Yang B, Song J, Zhao X, Huang B, Shi W, Lu R, Niu P,
Zhan F, Ma X, Wang D, Xu W, Wu G, Gao GF, and Tan W. 2020. A Novel
Coronavirus from Patients with Pneumonia in China, 2019. New England Journal

of Medicine. 10.1056/NEJMo0a2001017

Peer] reviewing PDF | (2022:06:74615:1:1:NEW 10 Aug 2022)



PeerJ Manuscript to be reviewed

449 Table legends

450 Table 1. Gradient dilutions and different copies number per reaction of SARS-CoV-2 genome

451 RNA standards.
452

453 Table 2. Primer sets used for RT-LAMP assays in this study.

Peer] reviewing PDF | (2022:06:74615:1:1:NEW 10 Aug 2022)



Peer]

455

456

457

458

459

460

461

462

463

464

465

466
467

468

469

470
471

472

473

474

475

Legend to Figures

Figure 1. Locations of the different LAMP primer sets within the SARS-CoV-2 genome.

Figure 2. Comparison of the performance of SARS-CoV-2 real-time RT-LAMP assays with
different LAMP primer sets. (A) Six LAMP primer sets targeting different regions of SARS-CoV-
2 genome; (B) LAMP primer sets targeting the same gene regions (ORF1lab, N and E genes) of

SARS-CoV-2 genome; NTC means DEPC-H,O0.

Figure 3. Comparison of the performance of SARS-CoV-2 real-time RT-LAMP assays with
different combinations of LAMP primer sets. (A) Duplex combinations of LAMP primer sets; (B)

Triplex combinations of LAMP primer sets; NTC means DEPC-H,O0.

Figure 4. Sensitivity tests of SARS-CoV-2 with the triple-target RT-LAMP assay. (A) Results of
the real-time RT-LAMP assay, samples were performed in triplicate; (B) Results of the

colorimetric RT-LAMP assay; NTC means DEPC-H,0.

Figure 5. Specificity tests of SARS-CoV-2 with the triplex RT-LAMP assay. (A) Results of the
real-time RT-LAMP assay; (B) Results of the colorimetric RT-LAMP assay; Samples and tubes:
1: hPIV-1; 2: hPIV- 2; 3: hPIV-3; 4: HIN1-pdm09; 5: HIN1; 6: H3N2; 7: infB; 8: RSV-A; 9:
RSV-B; 10: hCoV-HKUI; 11: hCoV-NL63; 12: hCoV-OC43; 13: hCoV-229E; NC: DEPC-H,O0;

PC: SARS-CoV-2 RNA standard (448 copies).
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Table 1l(on next page)

Gradient dilutions and different copies number per reaction of SARS-CoV-2 genome RNA
standards.
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Dilution E0 E-1 E-2 12E-2  1/4E-2 E-3 E-4
ORF1lab gene 4480 448 44 22 11 4 <1
(Copies/Reaction)
N gene 8650 865 86 43 21 8 <1
(Copies/Reaction)
E gene 5300 530 53 26 13 2 <1
(Copies/Reaction)
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Table 2(on next page)

Primer sets used for RT-LAMP assays in this study.
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Primer

Primer

Primer sequence (5'-3") Target gene  Refs
set name
F3 TGCAACTAATAAAGCCACG
B3 CGTCTTTCTGTATGGTAGGATT
EIp TCTGACTTCAGTACATCAAACGAATA
AATACCTGGTGTATACGTTGTC (Dong et
GACGCGCAGGGAATGGATAATTCCA al. 2021;
Setl BIP CTACTTCTTCAGAGACT ORFlab
LF TGTTTCAACTGGTTTTGTGCTCCA 2020)
LB TCTTGCCTGCGAAGATCTAAAAC
F3 TCACCTTATGGGTTGGGA
B3 CAGTTGTGGCATCTCCTG
EIp CGTTGTATGTTTGCGAGCAAGATTTT
GAGCCATGCCTAACATGC (Nawattana
Sed BIP GTGCTCAAGTATTGAGTGAAATGGTT  jbr o oo ot
TTTATGAGGTTCCACCTGGTT paiboon €
LF ACAAGTGAGGCCATAATTCTAAG al. 2021)
LB GTGTGGCGGTTCACTATATGTT
F3 GCCAAAAGGCTTCTACGCA
B3 TTGCTCTCAAGCTGGTTCAA
EIp TCCCCTACTGCTGCCTGGAGGCAGTC
AAGCCTCTTCTCG (Dong etal.
Sei3 BIP TCTCCTGCTAGAATGGCTGGCATCTG N 021 Pk
TCAAGCAGCAGCAAAG ’
LF TGTTGCGACTACGTGATGAGGA et al. 2020)
LB ATGGCGGTGATGCTGCTCT
F3 CCAGAATGGAGAACGCAGTG
B3 CCGTCACCACCACGAATT
EIp AGCGGTGAACCAAGACGCAGGGCGC (Dong et al.
GATCAAAACAACG 2001
BIP AATTCCCTCGAGGACAAGGCGAGCT —
Set4 CTTCGGTAGTAGCCAA N
LF TTATTGGGTAAACCTTGGGGC al. 2021;
LB TTCCAATTAACACCAATAGCAGTCC Jla;fzzt)al'
F3 TGAGTACGAACTTATGTACTCAT
B3 TTCAGATTTTTAACACGAGAGT
— ACCACGAAAGCAAGAAAAAGAAGTT (Yuetal
CGTTTCGGAAGAGACAG 021
BIP TTGCTAGTTACACTAGCCATCCTTAG . ’&
GTTTTACAAGACTCACGT £
Set5 LF CGCTATTAACTATTAACG E Tanner
2021)
LB GCGCTTCGATTGTGTGCGT
F3 CCGACGACGACTACTAGC
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B3 AGAGTAAACGTAAAAAGAAGGTT
Set6 FIP CTAGCCATCCTTACTGCGCTACTCAC (Broughton
GTTAACAATATTGCA et al. 2020;
BIP ACCTGTCTCTTCCGAAACGAATTTGT Dong et al.
AAGCACAAGCTGATG 2021)
LF TCGATTGTGTGCGTACTGC
LB TGAGTACATAAGTTCGTAC

Note: F3/B3: outer primers; FIP/BIP: forward and backward internal primers; LF/LB: forward and

backward loop primers.
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Figure 1

Locations of the different LAMP primer sets within the SARS-CoV-2 genome.

ORF1ab

Set-1
Set-2

Peer] reviewing PDF | (2022:06:74615:1:1:NEW 10 Aug 2022)

3J

3a M Th 10
S -E-E |8- ]
|
/ L
m T

Set-5
Set-6

Set-3
Set-4




PeerJ Manuscript to be reviewed

Figure 2

Comparison of the performance of SARS-CoV-2 real-time RT-LAMP assays with different
LAMP primer sets.

(a) Six LAMP primer sets targeting different regions of SARS-CoV-2 genome; (b) LAMP primer
sets targeting the same gene regions (ORFlab, N and E genes) of SARS-CoV-2 genome; NTC
means DEPC-H,0.
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Figure 3

Comparison of the performance of SARS-CoV-2 real-time RT-LAMP assays with different
combinations of LAMP primer sets.

(a) Duplex combinations of LAMP primer sets; (b) Triplex combinations of LAMP primer sets;

NTC means DEPC-H,0.
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Figure 4

Sensitivity tests of SARS-CoV-2 with the triple-target RT-LAMP assay.

(a) Results of the real-time RT-LAMP assay, samples were performed in triplicate; (b) Results

of the colorimetric RT-LAMP assay; NTC means DEPC-H,0.
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Figure 5

Specificity tests of SARS-CoV-2 with the triplex RT-LAMP assay.
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(a) Results of the real-time RT-LAMP assay; (b) Results of the colorimetric RT-LAMP assay;
Samples and tubes: 1: hPIV-1; 2: hPIV- 2; 3: hPIV-3; 4: HIN1-pdmO09; 5: HIN1; 6: H3N2; 7:
infB; 8: RSV-A; 9: RSV-B; 10: hCoV-HKU1; 11: hCoV-NL63; 12: hCoV-0C43; 13: hCoV-229E;
NC: DEPC-H,0; PC: SARS-CoV-2 RNA standard (448 copies).
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