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Reverse transcription—loop-mediated isothermal amplification (RT-LAMP) has gained popularity for the detection
of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). The high specificity, sensitivity, simple proto-
cols, and potential to deliver results without the use of expensive equipment has made it an attractive alternative
to RT-PCR. However, the high cost per reaction, the centralized manufacturing of required reagents, and their dis-
tribution under cold chain shipping limit RT-LAMP’s applicability in low-income settings. The preparation of
assays using homebrew enzymes and buffers has emerged worldwide as a response to these limitations and poten-
tial shortages. Here, we describe the production of Moloney murine leukemia virus reverse transcriptase and BstLF
DNA polymerase for the local implementation of RT-LAMP reactions at low cost. These reagents compared favor-
ably to commercial kits, and optimum concentrations were defined in order to reduce time to threshold, increase
ON/OFF range, and minimize enzyme quantities per reaction. As a validation, we tested the performance of these
reagents in the detection of SARS-CoV-2 from RNA extracted from clinical nasopharyngeal samples, obtaining
high agreement between RT-LAMP and RT-PCR clinical results. The in-house preparation of these reactions results
in an order of magnitude reduction in costs; thus, we provide protocols and DNA to enable the replication of these
tests at other locations. These results contribute to the global effort of developing open and low-cost diagnostics

that enable technological autonomy and distributed capacities in viral surveillance.
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INTRODUCTION
Coronavirus disease 2019 (COVID-19) is a respiratory

infection caused by the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). 2 The detection of
SARS-CoV-2 has relied primarily on quantitative
RT-PCR reaction. > * Although quantitative RT-PCR is
the gold-standard method for nucleic acid detection, °
this technique requires sophisticated equipment and skilled
personnel, leading to centralized strategies of COVID-19
diagnosis with high turnaround times. These limitations
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have encouraged the search for alternative techniques for
the detection of SARS-CoV-2. 7 Among them, loop-
mediated isothermal amplification (LAMP) has gained
popularity because of its high specificity, sensitivity, simple
protocols, more tolerance to inhibitors, and potential to
deliver results without the use of expensive instruments.
8719 These advantages make it ideal for decentralized testing
and surveillance of human pathogenic agents (e.g., Dengue,
"' Middle East respiratory syndrome, '' and HIV ' '%).
LAMP relies on DNA polymerases with strand dis-
placement capability, primarily the large fragment (exo-)
polymerase I from Geobacillus stearothermophilus (formerly
Bacillus stearothermophilus), called Bst Large Fragment
(BstLF). ' For RT-LAMP, the reaction is coupled with a
reverse transcription step by adding a reverse transcriptase
(e.g, HIV ' or the xenopolymerase RTx ') or utilizes a
single enzyme with both activities (e.g., Bst3.0 .
Despite these advantages, the high cost of enzymes can
pose significant challenges to deployment in low-resourced
areas. Enzymes are usually manufactured in a few
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centralized facilities located in the global north and distrib-
uted worldwide under cold chain shipping, which cannot
always be maintained. Although there are no indications
of RT-LAMP reagent shortages, centralized production
models are prone to the global supply chain disruptions
that have affected access to other diagnostic resources during
the COVID-19 pandemic, '® ' further limiting the testing
capacity in many countries of the global south. In response
to these limitations, many groups have described the success-
ful implementation of homemade RT-PCR and RT-LAMP
protocols based on homebrewed enzymes. '> 29728

Here, we describe the in-house production of RT-LAMP
reactions for SARS-CoV-2 from homebrewed Moloney
murine leukemia virus (M-MLV) reverse transcriptase and
BstLF polymerase. We compare their performance to commer-
cial reactions and tested their ability to detect SARS-CoV-2
from RNA extracted from clinical nasopharyngeal samples.

MATERIALS AND METHODS
Expression and purification of M-MLV and BstLF

The M-MLYV gene was synthesized as a Gblock from Inte-
grated DNA Technologies (IDT) and cloned into a pET-
19b vector with N-terminal 10X His-tag. BstLF DNA
sequence from the OpenEnzyme collection was cloned
into pET15b with a 6X His-tag at its N terminus. The
BstLF sequence in the Open Enzyme collection was
obtained from G. stearothermophilus (GenBank U23149,
UniProt P52026). The large fragment was selected between
the amino acids 298-876 of the full-length protein. The
wild-type BstLF sequence was then codon optimized for
Escherichia coli through the OPTIMIZER *° web server
using the E. coli codon usage from the Highly Expressed
Genes (HEG) database and a guided random method.
Sequences were verified by Sanger sequencing services
from Eton Bio, and full sequence files are provided here.
3031 Both DNAs can be obtained from the Open Bioecon-
omy Lab and/or FreeGenes collection. *> M-MLV and
BstLF were expressed in E. coli BL21(DE3) and C41,
respectively, and purified following 2 open access protocols
described in detail on the protocols.io Reagent Collabora-
tion Network (ReClone) collection. > 34 Briefly, protein
production was induced with 0.5 mM isopropyl B-D-1-
thiogalactopyranoside for 16 h at 18°C at 200 rpm after
plasmid-containing E. coli cells grown in ampicillin-
supplemented lysogeny broth media reached ODgop =
0.8. Centrifugation-harvested cells were suspended in lysis
buffer and disrupted first enzymatically using lysozyme
and then with sonication on ice, using gentle cycles.
Because BstLF is a thermostable protein, we added a ther-
molabile protein denaturation step by incubating the lysate
at 65°C for 25 min. Lysates were then centrifuged at high

speed to pellet cell debris, and the supernatants were recov-
ered and purified on Nickel-nitrilotriacetic acid (Ni-NTA)
pre-packed columns (HisTrap column, GE Healthcare).
To remove imidazole, BstLF was buffer exchanged using
Amicon Ultra-15 concentrators (Merck Millipore), whereas
a second purification step using a HiTrap Heparin column
(GE Healthcare) was employed for M-MLV. Protein con-
centration was determined by Bradford assay, using bovine
serum albumin as standard.

RT-LAMP reaction setup

Buffers and reactions were prepared according to these
online protocols (https://www.protocols.io/view/low-cost-
lamp-and-rt-lamp-bsejnbcen) deposited in the ReClone col-
lection in protocols.io. > All reactions were performed on a
StepOnePlus real-time thermocycler (Thermo Fisher Scien-
tific, Waltham, MA, USA) using the SYBR green filter.
Reactions with commercial enzymes Bst2.0 WarmStart
[New England Biolabs (NEB), Ipswich, MA, USA] 36
and RTx (NEB) ** *” were performed according to the
instructions from manufacturers. We used the primer set
N2 ?* purchased from IDT (https://www.idtdna.com)
with standard desalting.

A fragment of nucleocapsid (N) gene RNA was used as
positive control, which was produced by iz vitro transcrip-
ton from the IDT control for SARS-CoV-2 (catalog
10006625). A PCR amplicon was first obtained using the
following primers: NT7_Fw: CGA AAT TAA TAC GAC
TCA CTA TAG GGG CAA CGC GAT GAC GAT
GGA TAG; T7_Nter_Rv: ACT GAT CAA AAA ACC
CCT CAA GAC CCG TTT AGA GGC CCC AAG
GGG TTA TGC TAG TTA GGC CTG AGT TGA
GTC AG, which added a T7 promoter and terminator to
the amplicon. /n vitro transcription was next performed
from this linear DNA using the Hi-Scribe kit from NEB
(catalog E2040S) and treated with DNAse I (M0303S)
for 15 min at 37°C before purification with Qiagen RNeasy
kit, and serially diluted to the concentrations used.

The calculation of optimum enzyme concentrations
was performed by maximizing an objective function that
uses normalized functions for the amount of enzymes and
the interpolation functions of normalized threshold time
and amplification step size. A higher weighting was assigned
to normalized threshold time and amplification step size to
compute the optimal enzyme values. Further procedures
and computational routines are detailed in our GitHub

repository (https://github.com/LabTecLibres/RT-LAMP).

Clinical samples

RNA samples were obtained by RNA extraction from naso-
pharyngeal clinical samples previously collected from
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anonymous patients that attended the outpatient service of
Red Salud UC-CHRISTUS (Santiago, Chile). RNA was
extracted by automated machines MagNA Pure (Roche,
Basel, Switzerland) or ExiPrep (Bioneer Corp, Dacjeon,
South Korea). C, values of RT-PCR reactions were
obtained with different primer sets for different samples,
including United States Centers for Disease Control and
Prevention (CDC) N1, N2, Orfl, and E sets. Samples
with C, values = 40 were reported as positive SARS-
CoV-2 cases. All methods were performed in accordance
with the relevant guidelines and regulations. All procedures
were approved by the Ethics Committee of Pontificia Uni-
versidad Catélica de Chile.

Data and materials availability

All raw data are provided in a Zenodo repository (https://
zenodo.org/record/4540817#.YCnTO1NKj80). DNAs can
be obtained upon request and also from the FreeGenes col-

. 2
lection. ?

RESULTS AND DISCUSSION
Expression and purification of M-MLV and BstLF

The M-MLV gene was commercially synthesized from a
design that contains point mutations D200N, L603W,
T330P, L139P, and E607K shown to increase thermosta-
bility and processivity. ** The large fragment was synthe-
sized from a sequence design that was codon optimized
for E. coli from amino acids 298-876 of the wild-type
BstLF sequence from G. stearothermophilus (GenBank
U23149, UniProt P52026).

BstLF and M-MLV were produced from isopropyl
B-D-1-thiogalactopyranoside inducible plasmids pET15b
BstLF and pET-19b_MMLV-RT bearing 6X and 10X
His-tags at the N terminus, respectively, and expressed in
E. coli, according to the open access protocols described
in protocols.io. * “° Then, the purification was performed
in one Ni-NTA chromatography step for BstLF and in 2
chromatography steps (Ni-NTA and Heparin) for
M-MLYV, resulting in highly purified proteins in 3—4 d.
Typical protein purification yields from 1 L cell culture cor-
respond to 4 mg of M-MLV and 10 mg of BstLF.

RT-LAMP reactions with homebrewed enzymes

To test the performance of the homebrewed enzymes, we
compared RT-LAMP reactions composed of different com-
binations of BstLF, M-MLV, and commercial enzymes
Bst2.0 (NEB) and RTx (NEB) in their suggested concen-
trations: 0.32 U/ul and 0.3 U/ul, respectively (Fig. 14).
We tested the amplification of 10,000 copies of an RNA
fragment of N gene of SARS-CoV-2 using the N2
LAMP primer set. >® We found that 10.7 ng/ul of BstLE
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(and 62,5 pg/pl of M-MLV) to exhibit similar speed [i.e.,
time to threshold (Tt)] as the commercial enzymes (i.e.,
Bst2.0 + RTx), whereas 21.3 ng/pl and 5.3 ng/pl to be
faster and slower, respectively. We also tested different buf-
fers. First, we tested 2 commercial buffers, Isothermal
Amplification Buffer Pack (IA buffer) 41 and ThermoPol
Reaction Buffer Pack (TPR Buffer), 4 finding a better per-
formance with IA buffer. Next, we compared homemade
IA buffers with different concentrations of KCl: 50, 100,
or 150 mM. Contrary to what was found in Alecksenko
et al, > we found that the IA buffer containing 50 mM
KClI worked better than 100 and 150 mM (details in the
online protocol). Mean Tt was 27.7 min for 50 mM of
KCl, 43.5 min for 100 mM of KCI, and nondetectable
for 150 mM of KCI. Therefore, homemade IA buffers con-
taining 50 mM of KCI were used for the following assays.

Next, we studied the effect of different concentrations
of enzymes on Tt and ON/OFF range (step) constrained by
using the lowest number of enzymes possible in order to
increase the number of reactions per purification (Fig.
1B). We found 16.52 ng/pl of BstLF and 0.127 ng/ul of
M-MLYV to be the optimum concentrations under these cri-
teria. These concentrations were used for further assays and
final tests with clinical samples.

Homebrew reaction tested with clinical samples

To address the potential use of in-house-prepared RT-LAMP
reactions for the detection of SARS-CoV-2 from patient-
purified RNA, we tested 16 positive samples (8 of high
and 8 of low C, RT-PCR values with primer set N1 and
N2) and 8 negative samples with NEB WarmStart commer-
cial kit and the homemade BstLF/M-MLV RT-LAMP reac-
tions. The samples corresponded to RNA extracted from
nasopharyngeal clinical samples (Fig. 1C). Although both
reactions, commercial and homemade, were able to detect
high viral load samples (z.e., low C, values), negative samples
tested with commercial enzymes showed no amplification in
any tube (0/8) whereas homemade enzymes exhibited one
false positive (1/7). Samples with low viral load (.., high
C, values), on the other hand, were more likely to be classified
as negatives with both systems (4 out of 8 in commercial reac-
tions and 3 out of 8 in homemade reactions). A careful
analysis of melting curves showed that the positive results pre-
sented the expected curve for the target, indicating nonspuri-
ous amplification of the specific sequence (data not shown
but provided in the Zenodo repository link with raw data).
The reactions from negative clinical samples (i.e., negative
RT-PCR reaction) were classified as negative with the com-
mercial RT-LAMP system, whereas one tube was classified
as positive in the homemade system. The melting curves
showed that the positive result presented the expected curve
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SARS-CoV-2 amplification with homemade RT-LAMP reactions. A) Comparison of RT-LAMP amplifications of 10,000 copies
of an RNA fragment from gene N using N2 primer set and the following enzyme combinations: BstLF + M-MLV, BstLF + RTx
(NEB), and Bst2.0 (NEB) + RTx (NEB). M-MLV was employed at 62.5 pg/ul in all reactions, whereas RTx was used at 0.3 U/ul,
as indicated by the manufacturer. B) Enzyme concentration optimization according to Tt (top) and step (ON/OFF step; bot-
tom). C) Detection of SARS-CoV-2 from RNA extracted from nasopharyngeal clinical samples. Positive controls correspond
to 10,000 copies of a single-strand RNA (ssRNA) fragment from the N gene. “Threshold not reached” label corresponds to
RT-LAMP reactions that did not amplify its target during the whole time of testing. For the homemade reactions, the mean Tt
are 15 min for low C,samples, 28 min for high C,samples, 45 min for negative samples, and 21 min for positive samples. For
the commercial reactions, the mean Tt are 27 min for low C; samples, 33 min for high C; samples, N/A for negative samples,

and 36 min for positive samples. NTC, no template control

of the target (i.e., not an amplification of spurious nonspecific
sequences), as it was the case for the 2 RT-LAMP negative
results with Tt values between 40 and 60 min, indicating a
possible cross-contamination from other tubes.

Positive control reactions were correctly classified as
positives in both systems. Negative controls were correctly
classified with the commercial system, whereas the home-
made reaction misclassified one tube as positive. The melt-
ing curves showed that the positive result presented the
expected curve of the target (ie., not an amplification of
spurious nonspecific sequences), indicating a possible
cross-contamination from another tube. Nevertheless, the
Tt of false positives are clearly different from positive sam-
ples, indicating that a proper Tt selection (e.g., 30 min)
should differentiate them. Although the analysis of melting
curves suggests the absence of spurious unspecific

amplifications, the homemade system provided faster times
to threshold than the commercial reactions, which can be
prone to deliver false negatives in reactions with high loads
of nontarget RNAs, such as clinical samples. ** Neverthe-
less, these results demonstrate that RT-LAMP reactions
composed of in-house purified BstLF and M-MLV have
comparable performance to commercial kits. The costs of
consumables for the homemade reactions (USD 0.36 per
reaction) is one order of magnitude cheaper than the costs
of reactions with commercial enzymes (NEB WarmStart
kit, USD 3.86 per reaction, and NEB RTx and Bst2.0
WarmStart enzymes bought separately, USD 3.38 per reac-
tion), enabling the development of more affordable alterna-
tives for diagnostics. These results are in agreement with
recent publications demonstrating the use of homebrewed

enzymes for RT-LAMP detection of SARS-CoV-2 from
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patient samples. '> *> *® These efforts have demonstrated
the use of in-house-produced BstLF and derivatives, version
7.16 and v5.9, along with a diverse set of homebrewed
reverse transcriptases, such as RTx, 28,43 MashupRT (based
on a feline leukemia virus reverse transcriptase FeLV-RT) 22
and HIV RT. '° Here, we contribute with the use of in-
house-produced M-MLYV for reverse transcription.

A variety of isothermal DNA amplification techniques
have recently been developed and present themselves as
highly versatile molecular biology tools to enable simple,
in-the-field screening assays or point-of-care clinical diag-
nostics. Unlike traditional PCR, these reactions can be car-
ried out at a constant temperature, eliminating the need for
a thermocycler. Among these approaches is RT-LAMP,
which has emerged as a promising and simple diagnostic
tool for identifying SARS-CoV-2. ? Advances on detection
methods for LAMP reactions have described a series of
alternatives with different degrees of equipment depen-
dency (or none), such as turbidity, gel electrophoresis,
calcein, colorimetric indicators, pH-sensitive dyes, and
DNA-intercalating fluorescent dyes (e.g., SYBR Green,
SYTO dyes, EvaGreen). ** Our implemented protocol
relies on the use of intercalating dye EvaGreen, as it has
been shown to perform better than SYBR green. * ¢ A
potential limitation of our proof-of-concept method is
that the use of intercalating dyes can make target-specific
real-time detection challenging * and could pose as a bar-
rier for use in resource-limited areas. Future lower-resource
implementations of our method could substitute EvaGreen
for 100-200 pM halochromic dyes, like Cresol Red, in pH
8.8 buffered reaction mix to cause detectable colorimetric
change when amplification products have been produced.
47 Alternatively, more advanced detection methods utilizing
sequence-specific methods based on the use of probes (e.g.,
molecular beacons [LAMP-BEAC], oligonucleotide
strand displacement [OSD], 48 Jetection of amplification
by releasing of quenching [DARQ], ** and quenching of
unincorporated amplification signal reporters [QUASR]
>%) could also be utilized as end-point detection methods
and remain to be tested in future work. Such methods
would be advantageous, as they could be multiplexed for
different targets in the same reaction. QUASR, for instance,
has been shown to allow single-step and close-tube multi-
plexing, >°

The versions of both M-MLV and BstLF enzymes used
in this paper are in the public domain in Chile, but some of
the M-MLV mutations are still subject to protection in
other jurisdictions, e.g, in the United States (patent num-
ber US7056716B2 °'), with anticipated expiration date
of March 15, 2021. Future work will, therefore, explore
the use of off-patent enzymes Open-MMLV or HIV RT
> from the E coli expression toolkit from ReClone
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initiative ** in order to have freedom to operate in any
country. The use of public-domain enzymes would also
permit commercial partnerships seeking to scale up produc-
tion locally. ReClone is a reagent collaboration network
that addresses this challenge by providing access to open
protocols and off-patent reagents for diagnostics under
more permissive material transfer agreements (openMTA
>%), mitigating shortages as well as building preparedness
in the long term. Overall, the Open RT-LAMP approach
presented here demonstrates a viable method to replicate
the detection sensitivities of traditional commercial
RT-LAMP protocols at a fraction of the cost and with min-
imal resources. Although we demonstrate the utility of the
Open RT-LAMP protocol in the detection of SARS-CoV-
2 RNA isolated from clinical samples, this approach could
easily be applied to a broad range of screening assays to
identify other infectious diseases or common pathogens at
low cost. Our Open RT-LAMP protocol aims to contribute
to the global effort of making diagnostic capabilities more
distributed, affordable, and equitable.
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