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MOTIVATION Single-nucleotide polymorphisms (SNPs) are the most common source of genetic variation
between individuals and have implications in human disease, pathogen drug resistance, and agriculture.
SNPs are often detected using DNA sequencing or PCR, both of which can be difficult to deploy for on-
site testing or in low-resource settings. There is a need for new SNP detection methods that can be per-
formed rapidly without advanced laboratory equipment or a cold supply chain.
SUMMARY
In this work, we developed a simple and robust assay to rapidly detect SNPs in nucleic acid samples. Our
approach combines loop-mediated isothermal amplification (LAMP)-based target amplification with fluores-
cent probes to detect SNPswith high specificity. A competitive ‘‘sink’’ strand preferentially binds to non-SNP
amplicons and shifts the free energy landscape to favor specific activation by SNP products. We demon-
strated the broad utility and reliability of our SNP-LAMP method by detecting three distinct SNPs across
the human genome. We also designed an assay to rapidly detect highly transmissible severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) variants from crude biological samples. This work demonstrates
that competitive SNP-LAMP is a powerful and universal method that could be applied in point-of-care set-
tings to detect any target SNPwith high specificity and sensitivity. We additionally developed a publicly avail-
able web application for researchers to design SNP-LAMP probes for any target sequence of interest.
INTRODUCTION

Single-nucleotide polymorphisms (SNPs) are the most wide-

spread source of genetic variation between individuals (Gao

et al., 2019). A single base substitution can induce profound

changes in the structure of a protein, altering its enzymatic func-

tion (Ueki et al., 2019), cellular trafficking (Megaraj et al., 2011), or

solubility (Chasman and Adams, 2001). As a result, SNPs play

crucial roles in many different biological phenomena, including

human (Bakir-Gungor and Sezerman, 2011) and animal disease

(Koopaee and Koshkoiyeh, 2014), pathogen drug resistance

(Ramanathan et al., 2017), and agricultural blight (Rahimi et al.,

2019). SNPs are often detected using DNA sequencing (Tahir

and Sardaraz, 2020), which requires a laboratory setting for sam-

ple preparation, in addition to large, expensive, and slow DNA

sequencing instruments. PCRmethods are a simpler alternative,

but the requirement for thermocycling is still a disadvantage in

the field. Thus, neither of these methods are ideal for low-

resource settings such as rural areas or developing countries

(Duffy et al., 2017). There is a substantial need for rapid and
Cell
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point-of-care SNP detection assays that can be performed on-

site without advanced laboratory equipment or a cold supply

chain.

Loop-mediated isothermal amplification (LAMP) is a simple

and robust method for sequence-specific detection of nucleic

acids (Notomi et al., 2000; Nagamine et al., 2002; Wong et al.,

2018). Unlike PCR, the amplification process occurs continu-

ously at an isothermal temperature, facilitating fast amplification

times and use of a simple heated block rather than a thermocy-

cler (Velders et al., 2018). Previous work has developed LAMP-

based assays to detect SNPs. Mismatch SNP-LAMP incorpo-

rates the SNP base into the 30 terminus of a LAMP primer,

causing a mismatch and preventing polymerase extension

when the non-SNP sequence is present (Badolo et al., 2012;

Duan et al., 2016; Liu et al., 2018). However, heterogeneity in

primer synthesis and promiscuous mismatch extension by the

LAMP polymerase (Chen et al., 2015; Wang et al., 2017) can

lead to unpredictable amplification times and false positive

events. Other SNP-LAMP strategies use fluorescent DNA

probes to detect SNPs in LAMP products (Jiang et al., 2015).
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The probe consists of a DNA duplex with a quenched fluoro-

phore that is complementary to the SNP sequence and thus pref-

erentially binds the SNP over the non-SNP. The difference in

binding energies from a single mismatched base can be quite

small, leading to a substantial signal from non-SNP sequences

that is difficult to distinguish SNP sequences (Wang and Zhang,

2015).

We have developed a SNP-LAMPmethod that can rapidly and

robustly detect SNPs with a simple workflow. Our approach le-

verages LAMP-based target amplification and competitive fluo-

rescent probes (Tyagi and Kramer, 1996; Li et al., 2002; Morlan

et al., 2009; Wang and Zhang, 2015) to specifically detect SNP

over non-SNP sequences. Competitive ‘‘sink’’ strands preferen-

tially bind non-SNP sequences and help to widen the free energy

gap between highly similar SNP and non-SNP sequences. We

devised a thermodynamics-based computational optimization

algorithm to design probe sets with high sensitivity and speci-

ficity for a target SNP. We developed a web application to

make these optimal probe designs accessible to any re-

searchers interested in our assay, regardless of their computa-

tional knowledge. We demonstrated the ability of competitive

SNP-LAMP to detect specific SNPs from highly complex total

RNA samples in a simple one-pot reaction. Finally, we developed

a simple and streamlined assay to detect severe acute respira-

tory syndrome coronavirus 2 (SARS-CoV-2) strains that may

be usable for monitoring emerging variant outbreaks. Competi-

tive SNP-LAMP is a powerful and robust solution for detecting

SNPs that is simple and inexpensive enough to be deployed

on a large scale and in low-resource settings.

RESULTS

Competitive probes for highly specific LAMP-based
detection of SNPs
We sought to identify a robust isothermal approach to detect

SNPs in diverse nucleic acid samples. Previous work has found

the signal of strand displacement probes can be enhanced by

including a ‘‘sink’’ complex that competes for binding with the

non-SNP sequence (Tyagi and Kramer, 1996; Li et al., 2002;

Morlan et al., 2009). This competitive probe alters the free energy

landscape and has achieved remarkable specificity for PCR-

based SNP detection (Wang and Zhang, 2015). We adapted

this approach to detect SNPs in LAMP products.

Our system includes a strand displacement probe duplex that

is complementary to the SNP sequence and a competitive sink

duplex that is complementary to the non-SNP sequence

(Figures 1A–1D). Non-SNP LAMP products will preferentially

bind to the sink strand over the fluorescent probe, thereby

reducing this undesired signal (Figures 1C and 1D). As a proof

of concept, we designed a set of probe and sink duplexes

to detect the c.776A > C mutation in the human ACTB gene.

Our competitive probe system could clearly distinguish DNA

oligos representing the non-SNP and SNP sequences (p =

1.63 10�7) (Figure 1B). The fluorescence signal of the SNP sam-

ple was 2.7 times higher than the non-SNP sample. In addition,

the non-SNP signal was only 15% higher than the non-template

control, indicating that the sink complex successfully reduced

probe binding to the non-SNP oligo. We also performed the re-
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action without the sink complex and found that both the SNP

and non-SNP targets activated, with no significant difference in

signal between the two (p = 0.46). These results suggested

that competitive fluorescent probes are suitable for SNP detec-

tion within single-stranded LAMP amplicon regions.

Computational design of competitive SNP-LAMP probes
Our competitive probe system consists of four DNA strands that

can be of different lengths and complementary to different re-

gions surrounding the target SNP. Our initial probe design

involved manually tweaking the oligonucleotide sequences to

achieve the desired behavior. However, the full design space is

massive and shifting a strand by even a single base can drasti-

cally alter a design’s specificity. These factors make it chal-

lenging to manually design competitive SNP probes with optimal

signal and specificity.

We developed a computational framework to design compet-

itive probe combinations that maximally discriminate between

SNP and non-SNP targets. Probe design is a multi-objective

optimization problem that must balance two potentially conflict-

ing goals: high fold activation in the presence of the target SNP

and high SNP specificity over the non-SNP. We used thermody-

namic modeling (Dirks et al., 2007) to evaluate how a given

design will behave in the absence of any target, in the presence

of the SNP target, and in the presence of the non-SNP target.

These simulations provide an estimate of the fluorescence signal

(concentration of unquenched probe) produced under these

three conditions. We define an aggregate objective function

that captures the two design objectives:

f = pSNP,log

 
pSNP

max
�
pnonSNP;pbg

�
!
;

where pSNP, pnonSNP, and pbg are the proportion of unquenched

probe in SNP, non-SNP, and background (no template) thermo-

dynamic simulations, respectively. pSNP represents the fluores-

cence signal produced by the SNP, while the second term cap-

tures the difference between SNP target and non-SNP target

signals. We seek to maximize this aggregate objective over all

of the possible probe designs.

Our system consists of a probe duplex that contains a fluoro-

phore-quencher pair and a sink duplex. These four DNA strands

are each specified by their number of complementary bases

before and after the SNP base position (Figure 2A). To better un-

derstand the probe design space, we simulated 10,000 random

probe sets, each specific to a randomly generated SNP target

sequence between 25 and 40 bases long. We found that opti-

mized probe sets are incredibly rare, with only 0.45% of these

random designs displaying a signal greater than 70% and spec-

ificity more than 100-fold (Figure 2B). We generated a set of 12

biophysical features describing each probe (Table S1) and per-

formed principal component analysis (PCA) to visualize the

design space (Figure S1). The optimized probe designs fall within

a specific region that occupies roughly one-fourth of the total

design space area.

We used a hybrid genetic algorithm (GA)-hill climbing algo-

rithm to optimize our objective function over probe design space



Figure 1. A competitive SNP-LAMP detection strategy
(A) Schematic of the competitive SNP-LAMP assay. SNP and non-SNP targets are amplified in a standard LAMP reaction, after which the amplicons are melted

and annealed to a SNP-specific probe and a non-SNP-specific sink complex. The probe strand predominantly binds to the SNP sequence, producing a fluo-

rescent signal.

(B) Detection of a c.776A > C mutation in the ACTB gene using competitive SNP-LAMP. Adding a sink complex greatly reduced the signal from a representative

WT oligo target (p = 8.3 3 10�5), while producing no significant change in signal from a SNP oligo target (p = 0.65).

(C) SNP-LAMP detection using a normal fluorescent DNA probe. Due to the small difference in binding energy between a perfect match and a single mismatch,

probe specificity may be poor.

(D) SNP-LAMP competitive probe strategy and thermodynamics. In addition to the probe complex, aWT-specific sink complex is added, which competes for WT

binding and greatly increases specificity. This is reflected in a large DG difference between the probe:SNP and probe:WT duplexes at equilibrium.

n.s., p R 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, respectively.
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Figure 2. A hybrid GA and hill-climbing optimization strategy for SNP-LAMP probe design

(A) During GA optimization, probes are randomly generated, mixed, and selected by fitness in a series of generations, mimicking natural evolution. After the

designated number of generations, the fittest probe is further optimized by a hill-climbing algorithm to reach the nearest fitness maximum.

(B) Design space for 10,000 random probes, each designed for a unique SNP target. High-fitness probes are rare: only 0.45% of designs fall within the optimal

design space (magenta).

(C) Convergence of the algorithm over 7GA generations followed by hill climbing. Across all 10 runs, themedian optimal probes’ background-subtracted SNP/WT

specificity was consistently high, with a median of 313.2 and a standard deviation (SD) of 47.6.
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(Figure 2A). The GA searches the space broadly by iteratively

breeding, mutating, and selecting top design candidates. The

top sequence from the GA is then optimized via hill climbing to

exhaustively search the local design space and ensure that we

have reached a local maximum. The resulting probe design

should balance signal and specificity for highly optimized SNP

detection. We tested our algorithm by designing a series of
4 Cell Reports Methods 2, 100242, July 18, 2022
probe sets toward a c.524G > Amutation in the TP53 tumor sup-

pressor gene. We ran the algorithm 10 times from random start-

ing points and observed its convergence to an optimal probe

sequence (Figure 2C). With only 7 GA generations and an initial

population size of 128, the algorithm reliably converged to high

specificity and high signal probe sets. Across all 10 runs, theme-

dian final probe design had a SNP/WT specificity of 313.2 with a
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SD of 47.6, and produced 85.5% of its maximum possible fluo-

rescent signal when detecting the SNP sequence. Furthermore,

the algorithm showed steady fitness improvement in nearly every

case, suggesting that it can generate enough diversity to avoid

becoming trapped in local minima. This algorithm should there-

fore serve as a reliable and effective means for competitive

composition-based SNP probe design.

One-pot competitive SNP-LAMP robustly detects SNPs
in total RNA samples
We tested the generality and reliability of our computational

design method by designing SNP-LAMP probes to detect three

distinct SNPs across the human genome. The three targets are

the c.186A > G mutation in the MT-C O 2 mitochondrial house-

keeping gene, the c.524G > A mutation in the TP53 tumor sup-

pressor gene, and the c.4799T > C mutation in the NOTCH1

oncogene. We verified that the SK-BR-3 and MOLT-4 human

cell lines differ at these three targeted sites (Figure S2), and we

used total RNA samples from each to test the performance of

our designs.

We developed a one-pot SNP-LAMP assay in which a nucleic

acid sample is added to a tube along with the LAMP primers, the

designed probe and sink duplexes, and a standard LAMPmaster

mix (Figure 3A). The sample is first incubated at 65�C to allow

LAMP-based target amplification, then heated to melt the

LAMP products and slowly annealed to allow probe/sink hybrid-

ization to reach equilibrium. We performed our one-pot SNP-

LAMP assay on each of the three targeted mutations and found

it could reliably distinguish SNP template versus no template and

SNP versus non-SNP template in all of the cases (Figures 3B–

3D). We observed a small but statistically significant difference

(p < 0.05) in fluorescence between the WT and background

samples for two of the three targets (MT-CO2 and TP-53). This

suggests that despite the improvements in specificity from

competitive probes, it is still necessary to include both SNP

and non-SNP controls in these assays.

To assess how our designed probe sets may perform with rare

variant allelic frequencies, we performed experiments with vary-

ing proportions of the SNP and non-SNP DNA (Figure S3A). Both

P53 and NOTCH1 probes showed a high sensitivity for the SNP

oligo even at a prevalence of 1 in 100 WT copies, showing a

significant fluorescence increase over the wild-type (WT) only

condition with p values of 2.3 3 10�5 and 3.1 3 10�3, respec-

tively. We next tested whether SNP-LAMP reactions would

perform similarly using in vitro transcribed RNAs at varying ratios

(Figures S3B and S3C). Surprisingly, we found that SNP-LAMP

reactions were not as tolerant of low target proportions, showing

high variance in fluorescence and failing to differentiate between

0% target RNA and 50% target RNA in some cases. This may be

due to the exponential nature of LAMP, in which the frequency of

the SNP sequence in the final reaction is not proportional to its

frequency in the initial RNA population. Therefore, the SNP-

LAMP assays in this work are best suited in cases in which the

SNP allele is highly represented in the sample.

A rapid test to distinguish SARS-CoV-2 variants
The COVID-19 pandemic has illustrated the importance of rapid

point-of-care testing in disease mitigation and tracking (Hogan
et al., 2020). This need for low-cost, rapid, and point-of-care

strain tracking inspired us to develop a competitive SNP-LAMP

test for specific SARS-CoV-2 variants.

We designed a probe set to target the D614G mutation in the

viral spike protein, which is thought to increase the viral load in

infected patients and rapidly became dominant in the SARS-

CoV-2 population (Korber et al., 2020). We tested our designs

in a one-pot SNP-LAMP assay using in vitro transcribed RNA

fragments for the WT and mutant spike protein variants (Fig-

ure 3E). Our SNP-LAMP assay readily distinguished the D614G

spike RNA from WT (p = 5.8 3 10�5), with a small but significant

difference between the 614D variant and background (p =

0.0041).

Encouraged by these results, we further optimized the D614G

SNP-LAMP test to develop it into amore useful diagnostic assay.

Our main objectives were to achieve a low detection limit and to

reduce the reaction time. To improve the sensitivity, we switched

to a two-step reaction format (Figure 3A), since we have previ-

ously observed slight LAMP inhibition from the probe in one-

pot reactions. To reduce the reaction time, we screened addi-

tional primer sets and identified one that amplified faster than

our first design. This reduced the LAMP reaction time required

from 60–75min to 30min.We also shortened the annealing cycle

on the thermocycler to reduce the time required from 70 min to

38 min, thus reducing the total thermocycler time to 68 min.

We also designed an additional competitive probe specific to

the 614D variant to better differentiate it from the 614G variant.

For point-of-care SARS-CoV-2 tests, it can also be advanta-

geous to directly add a crude biological sample to the reaction.

We therefore quantified the limit of detection using target

RNAs spiked into viral transport media, saliva, and blood sam-

ples. Following previously described LAMP workflows (Kobaya-

shi et al., 2021), we diluted each crude sample type in a buffer

containing guanidinium and DTT to stabilize the input RNAs,

heat inactivated it, and directly added the mixture to each

LAMP reaction. With a general LAMP indicator, we found the

limit of detection to be between 6 and 60 copies per reaction

in water and viral transport media (Figure S4). We observed

only slightly worse performance in blood and saliva, with 60

copies detected in at least 2 out of 3 reactions. This limit of

detection is similar to others reported for direct SARS-CoV-2

LAMP detection from saliva (Newman et al., 2021), suggesting

that our assay could reasonably be used for these applications.

Finally, we tested whether adding these crude biological sam-

ples would adversely affect the performance of our SNP-LAMP

probes. The 614D- and 614G-specific probes correctly distin-

guished their respective variants (p < 0.05) and showed signifi-

cantly higher fluorescence than background (p < 0.05) when 1

fM RNA (600 copies per reaction) was spiked into water, viral

transport media, saliva, and blood (Figure 3F). These results sug-

gest that our SNP-LAMP assay is tolerant of crude samples with

low input RNA concentrations, making it well suited for develop-

ment into diagnostic assays.

A web application for SNP-LAMP probe design
To make our work more accessible to a general audience who

may not wish to implement our probe design strategy from

scratch, we have developed a publicly available web application
Cell Reports Methods 2, 100242, July 18, 2022 5



Figure 3. One-pot and two-step SNP-LAMP assays toward four unique targets

Endpoint fluorescence values are shown after LAMP and annealing.

(A) Schematic of the one-pot and two-step SNP-LAMP assay workflows. While the one-pot format is simpler, the two-step format provides improved signal and

sensitivity.

(B) A one-pot SNP-LAMP reaction targeting the c.186A >Gmutation in theMT-CO2 gene. MOLT-4 total RNA produced a significantly larger signal than SK-BR-3

RNA (p = 1.05 3 10�4) and background (p = 3.96 3 10�6).

(C) A one-pot SNP-LAMP reaction targeting the c.524G>Amutation in the TP53 tumor suppressor gene. SK-BR-3 total RNA produced a significantly larger signal

than MOLT-4 RNA (p = 1.5 3 10�5) and background (p = 6.4 3 10�5).

(D) A one-pot SNP-LAMP reaction targeting the c.4799T > C mutation in the NOTCH1 oncogene. MOLT-4 total RNA produced a significantly larger signal than

SK-BR-3 RNA (p = 0.011) and background (p = 0.019).

(E) A one-pot SNP-LAMP assay targeting the SARS-CoV-2 spike D614G mutation. The probe reliably distinguished a 614G spike RNA fragment from a 614D

fragment (p = 5.8 3 10�5) and a non-template control (p = 3.7 3 10�5).

(F) Two-pot SNP-LAMP reactions targeting SARS-CoV-2 spike 614D and 614G variants. The assay showed high sensitivity in a variety of biological samples,

distinguishing 1 fM (600 copies per reaction) of the target RNA from background in all cases (p < 0.05). Furthermore, the assay successfully distinguished the SNP

RNA from the non-SNP RNA in all of the cases (p < 0.05).

n.s., p R 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, respectively.
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Figure 4. A web application to design optimal probes for SNP-LAMP

Researchers can enter virtually any set of wild-type and mutated sequences through a simple interface and receive an optimal competitive probe design within

seconds.
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and host it at https://snp-lamp-design.netlify.app/(Figure 4). This

application provides a simple interface for probe design: a user

enters a WT and mutated target sequence and can receive an

optimal probe set within seconds. We achieved this by gener-

ating a database of 250,000 high-specificity probe designs that

can be quickly searched and adapted to the target sequences.

This allows researchers to design SNP-LAMP probes for

virtually any target sequence, regardless of their computational

background.

DISCUSSION

SNPs make up the majority of genetic variations between indi-

viduals (Gao et al., 2019) and have implications in human disease

(Gao et al., 2019), pathogen antibiotic resistance (Ramanathan

et al., 2017), and agricultural production (Koopaee and Kosh-

koiyeh, 2014; Rahimi et al., 2019). Detecting SNPs is challenging

due to their high similarity with non-SNP sequences, and DNA

sequencing is the most reliable and commonly used method to

identify SNPs. DNA sequencing methods require sample prepa-

ration and bulky instrumentation, and thus cannot be easily de-

ployed for onsite or low-resource testing (Tahir and Sardaraz,

2020). In this work, we have developed a simple method to

distinguish complex nucleic acid samples that differ by only a

single base. Our approach leverages LAMP-based target ampli-

fication and competitive sink DNA strands to favor specific acti-

vation by SNP products. We demonstrated the robustness of our

SNP-LAMP assay by detecting three distinct SNPs in highly

complex total RNA samples. We also developed a simple and
streamlined assay to detect SARS-CoV-2 strains that may be us-

able at a large scale and in low-resource settings. Furthermore,

we developed a publicly available tool that allows researchers to

easily design these SNP probes for their own purposes.

Previous LAMP-based SNP detection methods are based on

either primer mismatches or SNP-specific fluorescent probes.

These strategies can be unreliable due to promiscuous polymer-

asemismatch extension activity (Chen et al., 2015), which results

in false positives, limited ability to resolve signal differences be-

tween highly similar SNP and non-SNP targets, and constraints

in designing primer/probe sets that restrict the SNP loci that can

be targeted. We were not able to get either of these approaches

to work in our hands despite trying a total of three different de-

signs. Our competitive SNP-LAMP approach overcomes these

limitations by using competing sink strands to drastically

enhance the specificity for the target SNP. This resulted in a

highly reliable SNP detection method that worked on the first

attempt for all of the targets tested.

We developed a computational pipeline to design competitive

SNP-LAMP probes with high sensitivity and specificity. The

possible probe space is massive and very few meet our SNP

detection criteria. To traverse this design space, we used a

hybrid GA and hill-climbing approach to optimize the thermody-

namic properties of a probe set. When initialized from 10 random

starting states, this algorithm consistently converged to highly

specific and sensitive designs. Although we did not perform a

rigorous head-to-head comparison, we did observe that our

computationally designed probe sets had superior SNP:non-

SNP specificity relative to manually designed probes. This result
Cell Reports Methods 2, 100242, July 18, 2022 7
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is expected since computational optimization can search amuch

larger design space than human rational design. We believe that

our computational probe design method can be readily general-

ized to target any possible SNP of interest.

Our SNP-LAMPmethod can rapidly detect SNPswith a simple

protocol that could be performed by individuals withminimal lab-

oratory training and equipment. The nucleic acid sample is

added to a tube containing LAMP primers and a LAMP master

mix. This sample is then heated at 65�C for 30 min and the

probes are added and hybridized by annealing from 95C to

21C over 38 min. The fluorescence of the sample is measured

to provide an assay result in approximately 1 h of thermocycler

time. The inexpensive cost of our assay is also a major advan-

tage for large-scale testing. While Sanger sequencing assays

typically cost $4–$7 USD per reaction at core facilities and pri-

vate biotechnology companies, the LAMP protocols used here

consume approximately $1 USD in reagents.

Our SNP-LAMP method is simple, rapid, and low cost, and

can be performed on basic laboratory equipment. There are

several additional modifications that would enable a true point-

of-care assay that could be deployed in the field or other low-

resource settings. Our current SNP-LAMP assay involves

multiple incubation temperatures that require a temperature-

adjustable heating device. The temperature-annealing step of

our method is necessary to bring the reaction to thermodynamic

equilibrium because the probes were designed based on ther-

modynamics. Isothermal detection schemes could be devised

by considering hybridization kinetics and incorporating single-

stranded ‘‘toehold’’ sequences to direct probe binding via DNA

branch migration (Srinivas et al., 2013). Our assay also relies

on a fluorescent readout that can be challenging to perform

onsite. There are other label-free detection methods that rely

on simple DNA hybridization and strand displacement to

generate electrical readouts (Ahmed et al., 2007; Zhang et al.,

2010). In theory, our SNP-LAMP strategy could be adapted to

a have a simple electrical readout.

Field-testing applications, as well as point-of-care assays in

developing regions, could also benefit from eliminating cold sup-

ply chain requirements. LAMP reagents can be lyophilized and

deployed at room temperature (Carter et al., 2017), and even

packaged in pre-made reaction tubes that require only a liquid

sample to be added. Since our method does not rely on pre-an-

nealing the probe and sink complexes before the reaction, they

could simply be lyophilized with the other LAMP reagents. We

alsobelieveourmethodmayworkwell oncrudenucleicacidsam-

ples that have not been processed or purified. Both LAMP and

DNA hybridization processes are extremely tolerant to cellular

debris, additives, and inhibitors (Alhassan et al., 2007; Chen

et al., 2018). In this case, a crude sample could be added to lyoph-

ilized assay reagents to provide a streamlined workflow that re-

quires minimal hands-on processing and laboratory equipment.

SNPs are crucial drivers of many biological processes, with

important implications in human diseases ranging from cystic

fibrosis (Gisler et al., 2013) to cancer (Gao et al., 2019). SNPs

can also contribute to other undesirable phenomena such as

antibiotic resistance in microbes (Ramanathan et al., 2017) and

agricultural breeding issues (Koopaee and Koshkoiyeh, 2014;

Rahimi et al., 2019). Competitive SNP-LAMP provides a reliable,
8 Cell Reports Methods 2, 100242, July 18, 2022
simple, rapid, and low-cost SNP detection method that could be

deployed for on-site testing in the field or in developing areas of

the world (Liu et al., 2018). This method will empower re-

searchers across the life sciences by providing a universal solu-

tion for point-of-care SNP detection.

Limitations of the study
Our competitive SNP-LAMP approach has several limitations

that may restrict its application in some contexts. Some applica-

tions require detecting SNPs at low variant allele frequencies

(VAFs). These include rare dominant active mutations found in

genes with high copy numbers or also mixed samples from mul-

tiple individuals. We demonstrated that the TP53 and NOTCH1

probes could detect their target sequence at SNP frequencies

below 1%. However, these experiments were performed DNA

oligos and the results did not generalize to actual SNP-LAMP as-

says. LAMP is a stochastic process with exponential kinetics,

and the final LAMP products may not reflect the original variant

frequencies within the sample. In cases in which SNPs must

be detected at low VAFs, a linear amplification method such as

rolling circle amplification (RCA) (Ali et al., 2014) may provide

more reliable frequency estimates.

Related to the above point about low VAFs, in some instances

we found that competitive SNP-LAMP could not detect SNPs

at 1:1 SNP-to-non-SNP ratios. When analyzing varying propor-

tions of SNP versus non-SNP SARS-CoV-2 spike variants

(Figures S3B and S3C), we found that the 614G probe could

detect as low as 10% 614G (i.e., distinguish between 0%

614G + 100% 614D versus 10% 614G + 90% 614D). However,

when detecting the opposite mutation, the 614D probe could

only distinguish between 100% 614G and 100% 614D. The

0% 614D + 100% 614G sample was not statistically different

from the 50% 614D + 50% 614G sample. The inability to detect

SNPs at 50%prevents the analysis of homozygous loci in diploid

organisms. This does not appear to be a general limitation

because the 614G probe could detect down to 10% 614G. It is

likely that further primer and probe optimization would allow

robust detection of 614D below 50%.

Another confounding factor in our assay is the small but often

statistically significant fluorescence signal produced by non-

SNP targets. We expect that controls representing both SNP

and non-SNP targets will be necessary in any developed SNP-

LAMP tests to account for this background signal.

As we were developing our competitive SNP-LAMP method,

we found that the competitive probes could cause inhibition of

LAMP-based target amplification. We found that one-pot SNP-

LAMP reactions could only include up to 100 nM of each probe

and sink strand before inhibition caused an issue. This constraint

limits the total fluorophore in the system and therefore maximum

fluorescence output that can be achieved. The fluorescence

signal is still easily detectable on a standard laboratory qPCR in-

strument; however, the signal:background ratio is only�1.1. We

overcame this issue by increasing the LAMP primer concentra-

tions in one-pot assays. Ultimately, we found two-step SNP-

LAMP assays to be more powerful, since 10-fold higher probe

concentrations can be used. For any assay that requires higher

sensitivity, as with our SARS-CoV-2 demonstrations, the two-

step assay described here is superior.
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HiScribeTM T7 High Yield RNA Synthesis Kit New England Biolabs Cat# E2040S

Experimental models: Cell lines

MOLT-4 American Type Culture Collection Cat# CRL-1582

SK-BR3 American Type Culture Collection Cat# HTB-30

Oligonucleotides

Oligonucleotides used in this study This paper See Table S2

Software and algorithms

NUPACK Zadeh et al., 2011 http://nupack.org/

Other

Code for probe design and data analysis This paper 10.5281/zenodo.6575233

Web application for probe design This paper https://snp-lamp-design.netlify.app
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Philip Ro-

mero (promero2@wisc.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request.

d All original code has been deposited at Zenodo (10.5281/zenodo.6575233) and is publicly available as of the date of publica-

tion. The DOI is also listed in the key resources table.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
We subcultured MOLT-4 cells (American Type Culture Collection) in a 1:8 ratio every two days in RPMI-1640 Medium (Gibco)

supplemented with 10% FBS (Gibco) and 1X Antibiotic-Antimycotic (Gibco) at 37�C and 5% CO2. We subcultured SK-BR3 cells

(American Type Culture Collection) in a 1:4 ratio every two days in DMEM, high glucose (Gibco) supplemented with 10% FBS and

1X Antibiotic-Antimycotic 37�C and 5% CO2. MOLT-4 cells were derived from a 19-year-old male and SK-BR3 cells were derived

43-year-old female. Our cell lines were not authenticated.

METHOD DETAILS

LAMP primer design
We first identified SNP targets in target cell lines based on data from the Broad Institute Cancer Cell Line Encyclopedia (Barretina

et al., 2012). We then used the genomic location to retrieve target WT and SNP sequences from the NCBI genome browser (O’Leary
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et al., 2016). For each gene target, we designed LAMP primers to target these sequence regions using PrimerExplorer V5 software

(LAMP primer designing software: PrimerExplorer, n.d.) (Eiken Chemical Co.), placing the SNP base within the LAMP dumbbell loop

structure.

Thermodynamic simulations of probe set binding
We predicted the equilibrium concentration of each DNA complex using the complexes and concentrations functions from the

NUPACK software package (Dirks et al., 2007). For each probe set, we simulated three conditions: one with 1mM of a linear DNA

strand representing the SNP target sequence, one with 1mM of the WT sequence, and a background condition with no WT or

SNP target present. For simplicity, we assumed that 1mM of each probe and sink strand is present in each simulation, as well as

65mM NaCl and 8mM MgCl2, matching our SNP-LAMP conditions. We then calculated the percentage of free probeF strand in

each simulation to predict the fitness of each probe using the following equation:

Fitness = SNP � log
�

SNP

MaxðWT ;BackgroundÞ
�

(Equation 1)
Probe design space simulations
We simulated 10,000 probe sets by first randomly generating 10,000 pairs of SNP and target sequence pairs. We then created a

probe set for each target sequence by truncating a random number of bases from each terminus of the SNP sequence and its com-

plement, and the WT sequence and its complement. We ensured that every complex in each probe set had a duplex at least 6 bases

long, and that the probe duplex contained a blunt end for fluorophore and quencher placement. We then performed the thermody-

namic simulations described above to predict the fitness of each probe using Equation 1, listed above.

Approximate Tm calculations
We performed approximate Tm calculations for each DNA duplex in order to screen out highly unfit probes before more computa-

tionally intensive thermodynamic simulations. For duplexes greater than 13 bases in length, we used a formula derived by Wallace

et al. (1979):

Tm = 64:9 + 41:0 �
�

countGC --16:4

countGC + countAT

�
(Equation 2)

For duplexes less than or equal to 13 bases in length, we used the Marmur rule (Marmur and Doty, 1962):

Tm = ð4 � countGCÞ+ ð2 � countATÞ (Equation 3)
Principal component analysis
We performed principal component analysis using the sci-kit-learn package for Python 3.3 (Varoquaux et al., 2015). We calculated a

set of 12 features for each probe representing the binding affinity of the probe and sink complexes using the approximate Tm cal-

culations described above, along with several other relevant design aspects. Features are listed in Table S1. We fit our PCA to the

10,000 random simulated probe sets we generated, and reduced these 12 features to 2 principal components for plotting and for

probe screening in our algorithm.

Probe set design by genetic algorithm
The genetic algorithm starts by generating an initial population of 128 probe sets that contain a random number of complementary

bases on either side of the SNPbase position.We include additional constraints that the probe duplexmust be greater than 6 bases in

length, containing a blunt end to accommodate the fluorophore:quencher pair, and that the bottom strands of both the probe and sink

duplexes are completely covered by their complement. This initial population is then evolved by (1) filtering candidate designs to re-

move designs that do not occupy the high-fitness region of the PCA space (Figure S1), (2) evaluating each member’s fitness using

NUPACK (Dirks et al., 2007) and our design objective function, (3) selecting the top ranked probes as ‘parents’ for the next generation,

(4) randomly crossing parents by selecting a probe complex from one and a sink complex from the other to generate ‘children’, (5)

mutating the children by randomly adding/removing a single terminal base to generate new population, and (6) repeating steps 1-5

over 7 generations, halving the population size at each generation. After the genetic algorithm optimization, we identify the top design

and perform hill climbing to exhaustively search the local design space and ensure we have reached a maxima. This final probe

design should be highly optimized for SNP detection, with a high specificity and signal.

Probe set optimization by hill-climbing
In each hill-climbing iteration, we generated 16 possible mutant probe sets by adding or removing 1 base from each terminus of each

probe and sink strand. We performed NUPACK thermodynamic simulations on eachmutant probe set and calculated its fitness as in
e2 Cell Reports Methods 2, 100242, July 18, 2022
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our genetic algorithm. We then moved to the mutant probe set with the greatest fitness gain over the current probe, and repeated the

hill-climbing algorithm.When none of themutant probe sets had a greater fitness than the current one, we returned the current probe

set as the final probe set design.

Upon completion of our algorithm, we retrieved the fittest probe in the final generation, and added a fluorophore and quencher to a

blunt end of the probe duplex. We then added poly-T tails to all unmodified 30 termini in the probe and sink complexes in order to

prevent polymerase extension on the LAMP product.

DNA complexes and primer mixes
Weordered all DNA oligos from Integrated DNA Technologies (Coralville, Iowa), and dissolved each into nuclease-free water (Thermo

Fisher) prior to storage at�20�C.Weprepared LAMPprimermix and probe setmix stocks in nuclease-free water (Thermo Fisher) and

stored at �20�C. On the day of experiment, we thawed each mixture on ice while protecting from light, and subsequently added to

LAMP reactions.

Production of mRNAs using in vitro transcription
DNA templates for SARS-CoV-2 614D and 614G fragments were synthesized by Integrated DNA Technologies (Coralville, Iowa),

each containing an upstream T7 promoter. We PCR amplified each fragment using Phusion� High-Fidelity DNA Polymerase

(New England Biolabs) and purified the resulting amplicons with the DNA Clean & Concentrator-5 kit (Zymo Research). We then per-

formed in vitro transcription from these amplicons using the HiScribeTM T7 High Yield RNA Synthesis Kit (New England Biolabs), and

purified the resulting RNA using a GeneJET RNA Purification Kit (Thermo Scientific). We quantified each RNA sample’s concentration

using a NanoDropTM Spectrophotometer (Thermo Scientific) and stored RNA stocks at�80�C in RNase-free water. Primer and DNA

fragment sequences are given in Table S2.

Total RNA extraction from cell lines
We subcultured MOLT-4 cells and SK-BR3 cells as described above. We collected approximately 2.5 million cells of each type and

purified their total RNA using a GeneJET RNA Purification Kit (Thermo Scientific). We quantified the concentration of each RNA sam-

ple using a NanoDropTM Spectrophotometer (Thermo Scientific) and stored RNA stocks at.

�80�C in RNase-free water.

SNP-LAMP and annealing assays
We performed SNP-LAMP and annealing assays in triplicate using a Bio Rad CFX Connect qPCR machine. Except in anneal-only

experiments, we incubated the reactions at 65�C to allow LAMP amplification whilemonitoring FAM, HEX, and/or SYBR fluorescence

channels. We subsequently heated the reaction to 95�C for two minutes. We then annealed the probes by lowering the temperature

by 1�Cevery 30 s andmonitored FAMor HEX fluorescence channels at each step. For SARS-CoV-2 variantmixture experiments, limit

of detection experiments, and crude sample assays, we reduced this annealing cycle to 10 s per degree to speed up the workflow.

For these experiments, we used a two-step reaction workflowwhere we ran LAMP in 10 mL at 65⁰C for 30min, added probes to a final

volume of 20mL and a concentration of 1mM per probe strand, and then performed the anneal cycle. Each reaction comprised a total

volume of 10mL, consisting of 1XWarmStart LAMPMaster Mix (New England Biolabs), and 0.5 U/mL SUPERase,InTM RNase Inhibitor

(Invitrogen), with primer concentrations given in Table S3 and probe concentrations given in Table S4. Primer, target oligo, and probe

set sequences are given in Table S2. LAMP durations and input RNA amounts are listed in Table S3, while probe and target oligo

concentrations are listed in Table S4. In cases where no target oligo or RNA was present, we added water as a non-template control.

Crude biological sample preparation
We performed limit of detection and crude sample experiments by spiking in known quantities of in vitro transcribed SARS-CoV-2

spike 614D or 614G RNA fragments into water, viral transport media (VTM) prepared following CDC guidelines (Centers for Disease

Control and Prevention, 2020), human pooled saliva (Innovative Research), and lysed single-donor human whole blood (Innovative

Research). To prevent RNA degradation, 20mM Tris at pH 8.0, 133mMDTT and 400mMGuanidinium were present in the VTM, saliva,

and blood mixtures prior to RNA addition. We diluted saliva 1:3 before spiking in RNA at the concentrations listed, heat-inactivating

for 3min at 95⁰C, and adding to the LAMP reactions.We diluted VTM1:3, heat inactivated before spiking in RNA at the concentrations

listed, and added to the LAMP reactions. For blood, we diluted 1:5 with 1% Triton X-100, added RNA at the concentrations listed,

heat inactivated, spun down the samples in a mini benchtop centrifuge for 2 min, and added the supernatant to the LAMP reactions.

In all cases, we added 1mL of each crude sample directly to each 10mL LAMP reaction.

Sanger sequencing of LAMP amplicons
Using the MT-CO2, ACTB, TP53, and NOTCH1 LAMP primers listed in Table S2, we performed LAMP amplification from 10ng of

MOLT-4 or SK-BR-3 total RNA in 25mL reactions for 90 min, as described above. We verified reaction completion by eye using

turbidity (Yuan et al., 2019). Upon reaction completion, we added 10mg of RNase A (Thermo Fisher) and incubated at 37�C for

15 min to destroy cellular RNA. We then purified products from each LAMP reaction using a Zymo DNA Clean & Concentrator-5

kit, eluting in nuclease-free water. We quantified each product using a NanoDropTM Spectrophotometer (Thermo Scientific) and
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submitted for sanger sequencing using the product’s corresponding FIP and BIP primers listed in Table S2. In the case ofMT-CO2,

the primers used for sequencing differed from those used in SNP-LAMP experiments, as we later found a LAMP primer set with

superior reaction speed. However, both primer sets targeted the same SNP mutation.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical testing
To obtain the p values reported in this work, we first performed a two-tailed t-test to verify that a significant effect is present.When the

p value for this test was above 0.05, we reported it directly. Otherwise, we performed a one-sided t-test and reported the p value. We

performed all tests with n = 3, assuming homoscedasticity.

ADDITIONAL RESOURCES

The web application for SNP-LAMP probe design is available at https://snp-lamp-design.netlify.app/.
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