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Testing is pivotal for early identification of disease and subsequent
infection control. Pathogens’ nucleic acid sequence can change
due to naturally-occurring genetic drift or intentional modifi-
cation. Because of the reliance on molecular assays for human,
animal, and plant disease diagnosis, we must understand how
nucleotide mutations affect test accuracy. Primers designed
against original lineages of a pathogen may be less efficient at
detecting variants with genetic changes in priming regions. Here,
we made single- and multi-point mutations in priming regions of a
model SARS-CoV-2 template that was used as input for a loop-
mediated isothermal amplification (LAMP) assay. We found that
many of the modifications impacted assay sensitivity, amplification
speed, or both. Further research exploring mutations at every posi-
tion in each of the eight priming regions should be conducted to
evaluate trends and determine generalizability.

Introduction

Molecular assays, such as polymerase chain reaction (PCR), are
the gold standard for infectious disease diagnosis. PCR has
been pivotal in controlling the spread of SARS-CoV-2 through-
out the COVID-19 pandemic. However, like all viruses,
SARS-CoV-2 is subject to genetic drift, which raises the possi-
bility that primers designed against older lineages of the virus
may be less efficient at detecting emerging variants with
nucleotide changes in the priming regions. There are tools
such as ROSALIND Diagnostic Monitoring System and NEB’s
Primer Monitor that track pathogen variation and primer per-
formance over time; however, these platforms rely on time-
lagged sequencing databases and identify atrisk primers
based on basic primer-target mismatches rather than empiri-
cal data."”
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Effects of single and multiple nucleotide
mutations on loop-mediated isothermal

* Erica R. Browne and Robert J. Meagher (=) *

SARS-CoV-2 is a good model system to study the effects of
nucleotide mutations on primer-based detection because we
saw firsthand how the emergence and rapid spread of new var-
iants during the pandemic reduced the ability of molecular
assays to consistently identify SARS-CoV-2, especially at low
viral loads. We witnessed an S gene failure in the TaqPath1
COVID-19 multiplex reverse transcription (RT)-qPCR test and a
dramatic reduction in sensitivity for the N gene target in the
CDC 2019-Novel Coronavirus RT-PCR Diagnostic Panel.>* The
consequential outcomes of false negative COVID-19 test results
inspired researchers to systematically investigate this matter
further. A paper published in September 2020 explored how
single nucleotide polymorphisms affect test sensitivity. C-to-U
substitutions in the SARS-CoV-2 genome were associated with
false negative RT-PCR results.” Another study, in which
researchers sequenced patient test samples, found that
SARS-CoV-2 mutations in the N gene led to reduced sensitivity
of RT-PCR.® Most of the literature demonstrates that even
single-point modifications in the priming region can nega-
tively affect the ability of RT-PCR to accurately identify
SARS-CoVv-2."71°

Loop-mediated isothermal amplification (LAMP) is an
emerging alternative to PCR for diagnostic applications. LAMP
has the potential to be faster and operationally simpler than
PCR: results can be obtained in <1 hour and LAMP requires
less sample preparation and less sophisticated instrumenta-
tion. LAMP utilizes six primers that bind eight unique regions
in the target gene, potentially making it more susceptible to
nucleotide mutations than PCR. The priming regions cover
about 160 bases and has long been claimed to lead to very
high specificity."" Altogether, this implies that LAMP could
lose sensitivity in the face of genetic drift within the priming
regions. However, little research has been conducted to
explore the effect of sequence variation on LAMP performance.
Similarly to PCR, we might expect the 3’ end of individual
LAMP primers to be more significant than the center or 5 seg-
ments;'? however, the 5' end of LAMP inner primers is also
anticipated to be important.'*> We could also predict that
changes in the loop primers are less likely to affect sensitivity,
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since the loop primers are intended to accelerate the reaction
but are not necessary for amplification.™

Tamanaha et al. made single-point substitutions at every
position in each of the six LAMP primers targeting SARS-CoV-2
and found most single-base changes did not affect amplifica-
tion speed or assay sensitivity when compared to unmodified
primers.'* Modifying primer sequences is experimentally expe-
dient but could unintentionally introduce changes in assay
efficiency due to differences in primer-primer interactions. In
this study, we tested samples with single- and multi-point
mutations introduced into a double-stranded (ds)DNA tem-
plate modeling a region of the SARS-CoV-2 genome and ana-
lyzed the effect of the modifications on LAMP amplification.

Materials and methods

We designed primers that target the RNA-dependent RNA poly-
merase (RARP) region of SARS-CoV-2 using LAMP Designer
v1.13 Premier Biosoft software (sequences shown in
Table S1t). Primers were analyzed for cross-reactivity via
BLAST and for hairpins and self-dimerization using
OligoAnalyzer (IDT, Coralville, IA). We used an end-point fluo-
rescence detection mechanism called Quenching of
Unincorporated Amplification Signal Reporters (QUASR).'®
QUASR incorporates a dye-labelled primer and a quencher-
tagged single-stranded probe into a standard LAMP reaction.
After incubation, the reaction is cooled to room temperature,
resulting in dark quenching of the unused fluorescent primers
in negative samples or highly fluorescent amplicons in positive
samples.

For this study, we used synthetic dsDNA eBlocks (IDT) as
template as an expedient method to generate defined
sequence modifications, albeit in DNA rather than RNA. LAMP
reactions were 10 pL total volume: 1X isothermal amplification
buffer (NEB, Ipswich, MA), 1.4 mM deoxynucleotide mix (NEB),
8 mM magnesium sulfate (NEB), 2 pM Syto9 (Invitrogen,
Carlsbad, CA), 0.32 U per pL of WarmStart Bst 2.0 (NEB), 0.2 pM
of F3 and B3 primers (IDT), 1.6 pM of FIP and BIP (Cy5 label)
primers (IDT), 0.8 pM of LF and LB primers (IDT), 2.4 uM of
quencher (IDT), and 2 pL of template diluted to 100 copies per
KL (200 copies per 10 pL reaction). Overall, we tested 69 unique
samples with sequence variations that were intentionally
designed to test the effects of mutations in specific priming
regions. A dsDNA sequence based on the RARP region of the
WA1/2020 SARS-CoV-2 genome (GenBank: MN985325) was used
as the positive control. We included 8 replicates per repeat,
totalling 24-48 replicates for each sample. LAMP was run at
67.5 °C for 45 minutes using a CFX96 Real-Time PCR Detection
System (Bio-Rad, Hercules, CA).

Both real-time data, using Syto9 intercalating dye, and
QUASR end-point fluorescence results were used in this study.
Real-time data was acquired from the CFX Maestro Software
(Bio-Rad) and end-point fluorescence images were collected
with a FluorChem R system (Protein Simple, Santa Clara, CA)
using the MultiFluor Red setting with an exposure time of
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50 ms. We used IDT’s OligoAnalyzer to determine the change
in melting temperature (7,,) and percent bound (primer to
template) for all the single-point mutation samples tested in
this study. To assess significance between the positive control
and each sample, a two-sided Fisher’s Exact Test was per-
formed with a 95% confidence interval. We also grouped
samples by the priming region in which the mutation(s)
occurs (F1, F2, F3, B1, B2, B3, LF, LB) and compared each
group to the positive control. Additionally, we used Fisher’s
Exact Test to conduct paired analysis: one- vs. two-point modi-
fication and 3’ vs. 5 mutation position within the same
priming region. We then evaluated a subset of samples with
positivity rates, or percent of replicates that amplified, that
were not statistically different from the positive control. We
calculated the cycle threshold (Ct) mean, standard deviation,
and variance for the replicates and performed an F-test to
check whether the variance of each sample is equal (or not) to
the variance of the positive control.

Results and discussion

Fig. 1 summarizes the samples used in this study. To ensure
the reproducibility and validity of the results, most samples
were tested by two researchers with different levels of experi-
ence with LAMP. 60 of the 69 unique samples had nucleotide
mutations in one of the eight LAMP priming regions: F1 (11),
F2 (21), F3 (7), LF (8), B1 (4), B2 (6), B3 (3), and LB (0). Six
samples had sequence changes in two priming regions and
three samples were modified between primer binding sites
(BTWN) as controls that theoretically should not affect LAMP.
The localized position of the mutation within each priming
region ranged from the 5’ end to the 3’ end and is depicted in
Fig. 1 with a pink line. The sample sequences include one
(31), two (25), three (8), or four (3) substitutions, as well as del-
etions (2). The exact nucleotide substitution or deletion can be
found in Table S2.1 Note that these “mutations” were designed
purely to probe the efficacy of LAMP, and do not represent
replication-competent variants, or actual modifications
observed in the RARP region of SARS-CoV-2. Mutations were
made in regions the authors hypothesized could produce inter-
esting results.

The right-most column in Fig. 1 depicts the percent of total
replicates that amplified for each sample (positivity rate),
which was determined by end-point fluorescence results. The
positivity rate for each sample is listed in Table S3.7 The posi-
tive control, in the top row, amplified 98.8% of the time (324
of 328 replicates). The concentration of 200 copies of template
per reaction was intentionally chosen so that the positive
control would amplify ~99% of the time, as opposed to a
higher concentration that would amplify 100% of the time,
which we hypothesized would mask the impact of some
mutations. Unsurprisingly, samples with modifications
outside the priming regions demonstrated very high probabil-
ities of amplification (Fig. 1, rows 2-4)."® Across all samples
tested, the percent of replicates that amplified ranged from

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Summary of the priming region, localized position (3, center, 5'), and number of mutations for each of the 69 samples. Each row is a
different sample, with the positive control in the top row. Substitutions are depicted by a pink line and deletions by a black hyphen. The right-most
column displays the percent of replicates that amplified (positivity rate) for each sample.

0-100%. Fig. 2A and B show representative results portraying
high and low positivity rates, respectively.

Table S4t1 shows the calculated values for exact match Ty,
percent bound for exact match, mismatch T, and percent
bound for mismatch for all samples with a single mutation.
We were only able to analyze samples with a single-point modi-
fication because, to the best of our knowledge, thermodynamic

This journal is © The Royal Society of Chemistry 2024

models for samples with multiple mismatches have not been
established. We did not see any obvious correlation between
mismatch T, or percent bound for mismatch and sample
positivity rate, which could indicate that there are other contri-
buting parameters here.

Table 1 highlights initial statistical analysis in which we
compared the percent amplified for each sample with that of
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Fig. 2 Representative end-point (A and B) and real-time (C and D) fluorescence results. Each repeat included 8 replicates. (A) Samples exhibiting
excellent amplification (LF-s1-40, LF-s1-41, LF-s1-42, LF-s1-43, LF-s1-44, LF-s1-45, LF-s1-46). (B) Samples with very low positivity rates (F2-s1-39,
B2-s1-55, B2-s1-56, B2-s1-57, B2-s1-58, B2-s2-59, B2-s2-60). (C) Real-time amplification curves demonstrating narrow inter-replicate spread.
Samples pictured: positive control (black), LF-s1-40 (red), LF-s1-41 (orange), LF-s1-42 (yellow), LF-s1-43 (green), and LF-s1-44 (blue). (D) Real-time
amplification curves of samples with larger inter-replicate variance. Samples graphed: positive control (black), B1-s1-62 (red), B3-s1-65 (yellow), B3-

s2-66 (green), and B3-s3-67 (blue).

the unmodified positive control. We found 24 samples with no
statistical difference, indicating that the mutation did not
affect amplification. On the contrary, 45 samples were statisti-
cally significantly different from the positive control, meaning
that the modification hindered the ability of the primers to
identify the target for subsequent amplification.

We noticed several interesting data points in Fig. 1 and
Table 1. We tested three samples with substitutions very near
or at the 3’ end of the B3 priming region (B3 is reverse-
oriented) and found they all had positivity rates >91%. This
was surprising to us because we hypothesized that the 3’ end
is critical for target amplification. Alternatively, many modifi-
cations near the 3’ end of the F3 priming region seemed to be
detrimental to amplification success, as evidenced by positivity
rates as low as 46.9%. This could indicate that the F3 primer is
more important than B3 for this specific primer set.

1704 | Analyst, 2024, 149,1701-1708

We then started grouping the 69 samples logically for
further evaluation. First, we organized samples by the priming
region in which the mutation was made. Table 2 summarizes
the results from the grouped analysis. In short, all groups had
positivity rates that were statistically significantly different
from the positive control except for samples with mutations in
the LF priming region. This is unsurprising because only the
F3, B3, FIP (F1 + F2), and BIP (B1 + B2) primers are required
for amplification. The loop primers (LF and LB) are designed
to enhance the speed of the LAMP assay.'? There were individ-
ual samples within each of these significant groups for which
specific mutations didn’t alter amplification; however, when
samples were categorized by priming region, the samples with
poor amplification greatly outnumbered those with high posi-
tivity rates. We then combined samples with modifications in
the forward or backward direction of the same priming region

This journal is © The Royal Society of Chemistry 2024
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Table 1 Results of individual Fischer's Exact Tests comparing the posi-
tivity rates of each sample to the positive control

Sample name Test statistic Sample name Test statistic

F2-s1-1 <0.0001 F2-s1-35 <0.0001
F2-s1-2 <0.0001 F2-s1-36 <0.0001
F2-s1-3 <0.0001 F2-s1-37 <0.0001
F2-s1-4 <0.0001 F2-s1-38 <0.0001
F2-s2-5 <0.0001 F2-s1-39 <0.0001
F2-s2-6 <0.0001 LF-s1-40 >0.9999
F2-s2-7 <0.0001 LF-s1-41 >0.9999
F2-s2-8 <0.0001 LF-s1-42 >0.9999
F2-s2-9 <0.0001 LF-s1-43 >0.9999
F2-s2-10 <0.0001 LF-s1-44 >0.9999
F2-s3-11 <0.0001 LF-s2-45 >0.9999
F1-s1-12 <0.0001 LF-s2-46 0.3739
F1-s1-13 <0.0001 LF-s2-47 0.3739
F1-s1-14 >0.9999 F3-s1-48 >0.9999
F1-s1-15 0.0565 F3-s1-49 0.2990
F1-s2-16 <0.0001 F3-s1-50 >0.9999
F1-s2-17 0.0175 F3-s2-51 0.0028
F1-s2-18 <0.0001 F3-s2-52 <0.0001
F1-s2-19 >0.9999 F3-s3-53 <0.0001
F1-s2-20 >0.9999 F3-s3-54 <0.0001
F1-s2-21 <0.0001 B2-s1-55 <0.0001
F1-s3-22 <0.0001 B2-s1-56 <0.0001
F1-F2-s3-23 <0.0001 B2-s1-57 <0.0001
F1-F2-s3-24 <0.0001 B2-s1-58 <0.0001
F1-F2-s4-25 <0.0001 B2-s2-59 <0.0001
F1-F2-s4-26 <0.0001 B2-52-60 <0.0001
BTWN-s2-27 >0.9999 B1-s1-61 <0.0001
BTWN-s3-28 0.2990 B1-s1-62 >0.9999
BTWN-s4-29 0.2990 B1-s2-63 <0.0001
F2-d3-30 >0.9999 B1-s2-64 <0.0001
F1-d3-31 0.0565 B3-s1-65 0.0565
F2-s1-32 <0.0001 B3-s2-66 0.0565
F2-s1-33 <0.0001 B3-s3-67 0.2290
F2-s1-34 <0.0001 F2-B2-52-68 <0.0001
F1-B1-s2-69 <0.0001

Table 2 Fisher’'s Exact Test results comparing percent amplified for
each group to that of the positive control. Samples are categorized by
the priming region in which the mutation is located: F1 (n = 11), F2 (n =
19), F3(n =7), LF (n = 8), B1(n =4), B2 (n = 6), F1/B1 (n = 15), F2/B2 (n =
25), and F3/B3 (n = 10)

Group Test statistic Significance
F1 <0.0001 HxxX

F2 <0.0001 *rXX

F3 <0.0001 HHXX

LF 0.7001 ns

B1 <0.0001 HxxX

B2 <0.0001 *xXX

F1/B1 <0.0001 HHXX

F2/B2 <0.0001 xxxx

F3/B3 <0.0001 Hxx*

ns = no significance; ****significance: p-value < 0.0001.

to see if a larger sample size affected the statistical outcome.
We believe this classification is valid for a dsDNA template
(although not necessarily for an RNA template) since the
matched forward and backward primers have a similar
mechanistic role during LAMP amplification."" As seen in
Table 2, the F1/B1, F2/B2, and F3/B3 combined groups have
the same statistical outcome as when they were separate.

This journal is © The Royal Society of Chemistry 2024
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Next, we wanted to determine if the number of mutations
or localized position led to differences in amplification. The
top two rows in Table 3 show the results when comparing one
(s1) and two (s2) substitutions within the same priming
region. The lack of significance between the paired groups
suggests that the number of mutations isn’t correlated with
the number of replicates that amplified. For the next pairings,
we combined samples with modifications in the forward or
backward segments of the same priming region to ensure
sufficient sample size for analysis. Results demonstrate no sig-
nificant difference between samples with mutations localized
at opposing ends of the same priming region (3’ vs. 5'). It is
worth noting that samples used for the localized position com-
parison did not have mutations at the same exact position
within the primer, but rather all modifications were within
four nucleotides of the end, which allowed us to broadly group
samples as having 3’ or 5" mutations. The bottom two rows in
Table 3 show an interesting trend. Again, we merged samples
with modifications in the forward or backward segments of
the same priming region to increase sample size for more
robust statistical analysis of one vs. two substitutions. We
noticed the p-values for these pairings with larger sample sizes
(bottom two rows) were significantly lower than when we ana-
lyzed a smaller number of samples with mutations in the
forward sequence alone (top two rows). Because the test stat-
istic changed with sample size, we believe we need to test
more samples with a wider variety of sequence modifications
to begin to uncover true trends and make generalizable
predictions.

Of the 69 samples tested, 24 exhibited excellent amplifica-
tion and their positivity rates were not significantly different
from the positive control (Table 1). However, the positivity rate
is simply a ratio of the end-point positives over the total repli-
cates tested, which does not provide any information about
assay speed or variance. Since we also collected real-time
amplification data, we looked at the fluorescence curves and
Ct values to further analyze this subset of samples. We noticed
that the real-time curves of replicates for some samples were
tightly clustered (Fig. 2C) like the positive control, while others
had large gaps between replicates (Fig. 2D). To explore this
phenomenon further, we ran multiple F-tests using the Ct var-

Table 3 Results of Fisher's Exact Tests comparing positivity rates of
various groups: F1-s1 (n = 4), F1-s2 (n = 6), F2-s1 (n = 12), F2-s2 (n = 6),
F1/B1-3' (n = 4), F1/B1-5" (n = 5), F2/B2-3" (n = 12), F2/B2-5' (n = 6), F1/
B1-sl (n = 6), F1/B1-s2 (n = 8), F2/B2-s1 (n = 16), F2/B2-s2 (n = 8)

Group 1 Group 2 Test statistic Significance
F1-s1 F1-s2 >0.9999 ns

F2-s1 F2-s2 0.1720 ns

F1/B1-3' F1/B1-5' 0.3448 ns

F2/B2-3' F2/B2-5' 0.2341 ns

F1/B1-s1 F1/B1-s2 0.0214 *

F2/B2-s1 F2/B2-s2 0.0039 *x*

ns = no significance; *significance: p-value < 0.05; **significance: p <
0.01.
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iance and compared each of the 24 samples in this subset to
the positive control. As seen in Table 4, the calculated F-value
was larger than F-critical for majority of the samples, leading
us to reject the null hypothesis that population variances are
equal. This statistical analysis generally matches our qualitat-
ive observations of the inter-replicate spread of the real-time
curves. Several samples with mutations between priming
regions (BTWN) and with changes in the LF binding site had
similar variances to the positive control which was unsurpris-
ing for reasons discussed above. Interestingly, one of the
samples modified between priming regions and 6 of the LF-
mutated samples exhibited variances that were significantly
larger than that of the positive control. This could be a result
of the inherent variability of the LAMP mechanism, even
among replicates, and especially at template concentrations
nearing the limit of detection."”'® We would need a larger
sample size to determine if these instances truly represent an
unforeseeable trend and to increase our confidence in the
results.

In diagnostic scenarios, it is critical to understand the
impact of genetic drift on both the sensitivity and speed of
molecular assays. Traditionally, diagnostic test sensitivity is
determined to be the concentration at which there is a 95%
probability of successful amplification (LODys) using a probit
analysis or similar methodology. If mutations inhibit amplifi-
cation at moderate or low concentrations, it certainly will
affect assay performance metrics such as LODys. Other nucleo-
tide modifications may slow amplification, causing some repli-
cates to be undetectable within the pre-determined reaction

Table 4 F-Test results comparing the Ct variance of each sample in
this subset to the Ct variance of the positive control

Sample name Ct variance F-Value F-Critical Reject null?
Pos control 0.740 - - -
F1-s1-14 3.028 4.094 1.507 Yes
F1-s1-15 4.368 5.906 1.522 Yes
F1-s2-19 0.397 1.863 1.644 Yes
F1-s2-20 14.364 19.421 1.507 Yes
BTWN-s2-27 0.240 3.080 1.790 Yes
BTWN-s3-28 0.436 1.698 1.815 No
BTWN-s4-29 0.608 1.216 1.815 No
F2-d3-30 3.920 5.301 1.581 Yes
F1-d3-31 5.290 7.153 1.607 Yes
LF-s1-40 1.588 2.147 1.507 Yes
LF-s1-41 1.369 1.851 1.507 Yes
LF-s1-42 0.810 1.095 1.507 No
LF-s1-43 0.980 1.325 1.507 No
LF-s1-44 0.360 2.054 1.644 Yes
LF-s2-45 1.742 2.356 1.507 Yes
LF-s2-46 5.108 6.906 1.514 Yes
LF-s2-47 1.513 2.046 1.514 Yes
F3-s1-48 1.210 1.636 1.581 Yes
F3-s1-49 5.570 7.531 1.594 Yes
F3-s1-50 19.184 25.939 1.581 Yes
B1-s1-62 0.436 1.698 1.790 No
B3-51-65 17.808 24.078 1.607 Yes
B3-52-66 48.442 65.497 1.607 Yes
B3-s3-67 8.410 11.371 1.594 Yes

Null hypothesis: both populations have equal variances (@ = 0.05).
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time. Altogether, this could lead to an increase in the false-
negative rate (decreased clinical sensitivity), with a corres-
ponding reduction in the effectiveness of outbreak control
measures that depend on accurate diagnostics.

We used DNA templates even though our model organism
is an RNA virus because it is straightforward and inexpensive
to obtain synthetic gene-sized segments of dsDNA with a
defined sequence at a known concentration. We incorporated
a T7 transcription start site into the template so that in future
work we can transcribe the modified sequence into RNA and
perform RT-LAMP to determine if an assay targeting RNA has
similar intolerances to point mutations as a LAMP assay using
dsDNA. This process will require significant optimization to
quantify and normalize the resulting RNA and ensure com-
plete digestion of DNA prior to RT-LAMP.

In this work, we modified the target sequence itself, via
substitutions or deletions, to imitate genetic drift. Further, we
explored the effects of multi-point mutations (1-4) on LAMP
assay sensitivity and speed. Both experimental design choices
conscious  effort to  better  represent
SARS-CoV-2 mutations that have been documented throughout
the pandemic. For example, both Alpha (B.1.1.7) and Omicron
(B.1.1.529) variants have multi-point substitutions and del-
etions in addition to a handful of consecutive base
modifications.®

were a

Conclusions

Here, we made single- and multi-point mutations (up to four)
in seven of the eight priming regions of a model SARS-CoV-2
template. We evaluated LAMP primer performance using both
end-point and real-time fluorescence results to better under-
stand how molecular assay sensitivity and speed change as a
result of nucleotide modifications. Many samples exhibited
poor amplification when analyzed at end point, indicating that
the mutations completely hindered the primers’ ability to
identify the target sequence, thereby negatively impacting
assay sensitivity. Other samples generated many positive repli-
cates, but upon further analysis of the real-time curves, the
amplification speed was reduced. The handful of samples that
were not statistically different from the positive control in
terms of percent amplified and variance, had modifications in
either the LF binding site or between priming regions.
Although majority of these results align with our understand-
ing of the LAMP mechanism, we believe many more samples
need to be tested to comprehend some of the unexpected
results and to uncover generalizable trends.

This work here expands on the minimal research in the
field of LAMP and nucleotide mutations. And the limited data
that does exist was collected using samples that were designed
and tested differently, making comparisons very difficult. The
samples used in this study are a good representation of
natural viral evolution because many templates had multiple
mutations and the modifications were made directly in the
genetic sequence. Understanding how genetic drift affects

This journal is © The Royal Society of Chemistry 2024
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nucleic acid amplification assays will help scientists decide
whether to proactively re-design primers when new variants
emerge to avoid microorganisms that escape detection.
Employing updated and precise assay primers will ultimately
increase confidence in diagnostic test accuracy in the face of
genetic drift and reduce the likelihood of false negative clinical
diagnoses.

In the future, we could systematically make substitutions at
every base position in which the six LAMP primers bind and
produce additional sequences with multiple mutations, del-
etions, and insertions for analysis. Additional data would
provide a more complete picture of how nucleotide modifi-
cations affect downstream detection mechanisms. Expanding
data collection is especially important since we found that
single-point mutations within the target region may inhibit
primer binding more than previous work suggested.'* Further,
we could explore mutations in other LAMP-targeted genome
sequences to determine if these results are generalizable
across different gene targets and a variety of pathogens.
Continued research efforts could lead to the development of
predictive modelling tools that would allow scientists to antici-
pate changes in molecular diagnostic test accuracy in the face
of pathogen genetic drift.
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