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Abstract

Background: The bacterium Vibrio cholerae causes diarrheal illness and can acquire
genetic material leading to multiple drug resistance (MDR). Rapid detection of resist-
ance-conferring mobile genetic elements helps avoid the prescription of ineffective
antibiotics for specific strains. Colorimetric loop-mediated isothermal amplification
(LAMP) assays provide a rapid and cost-effective means for detection at point-of-care
since they do not require specialized equipment, require limited expertise to perform,
and can take less than 30 min to perform in resource limited regions. LAMP output

is a color change that can be viewed by eye, but it can be difficult to design primer
sets, determine target specificity, and interpret subjective color changes.

Methods: We developed an algorithm for the in silico design and evaluation of LAMP
assays within the open-source PCR Signature Erosion Tool (PSET) and a computer
vision application for the quantitative analysis of colorimetric outputs. First, Primer3
calculates LAMP primer sequence candidates with settings based on GC-content opti-
mization. Next, PSET aligns the primer sequences of each assay against large sequence
databases to calculate sufficient sequence similarity, coverage, and primer arrange-
ment to the intended taxa, ultimately generating a confusion matrix. Finally, we tested
assay candidates in the laboratory against synthetic constructs.

Results: As an example, we generated new LAMP assays targeting drug resistance

in V. cholerae and evaluated existing ones from the literature based on in silico target
specificity and in vitro testing. Improvements in the design and testing of LAMP assays,
with heightened target specificity and a simple analysis platform, increase utility

for in-field applications. Overall, 9 of the 16 tested LAMP assays had positive signal
through visual and computer vision-based detection methods developed here. Here
we show LAMP assays tested on synthetic AMR gene targets for aph(6), varG, floR,
gnrVC5, and almG, which allow for resistance to aminoglycosides, penicillins, carbapen-
ems, phenicols, fluoroquinolones, and polymyxins respectively.

Keywords: LAMP, AMR, Assay, Vibrio cholera, Antimicrobial resistance, Image
processing, Computer vision, Loop-mediated isothermal amplification, Molecular
diagnostic, Colorimetric
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Background

Cholera, the diarrheal illness caused by ingestion of Vibrio cholerae, affects 1.3—4 mil-
lion people worldwide, where 1 in 10 develop severe symptoms caused by dehydration
according to the US Center for Disease Control and Prevention (CDC) [1]. In 2022, 80
countries reported data on cholera to the World Health Organization (WHO). Of these,
44 countries reported 472,697 cases and 2,349 deaths, a case-fatality rate (CFR) of 0.5%
in both outbreaks and as imported cases [2]. Prevention and treatment options are avail-
able, such as the oral cholera vaccines (OCVs) and intravenous rehydration therapy,
which, together with good hygiene practices, are optimal for reducing spread, morbid-
ity, and mortality [3, 4]. However, due to vaccine shortages, antibiotics may still be rec-
ommended to help reduce the severity and duration of symptoms, especially in severe
or special cases, such as pregnant individuals or those with comorbidities. Unfortu-
nately, widespread antibiotic use has led to increasing reports of antimicrobial resistance
(AMR) and multidrug resistance (MDR) in V. cholerae [5-7]. To slow the acquisition
of further resistance among cholera strains, prophylactic antibiotic treatment is not
advised. Therefore, targeting the prescribed antibiotic as precisely as possible is ideal.

Frontline medical providers can optimize medical treatments based on point-of-care
diagnostics, which can reduce lengthy analysis times and help improve patient out-
comes. For example, molecular diagnostics such as polymerase chain reaction (PCR)
and quantitative PCR (qPCR) assays quickly and reliably amplify target genetic mate-
rial to detect the presence of targeted pathogenic organisms [8]. However, field usage is
limited since they require bulky or expensive thermocycler instruments. Recently, loop-
mediated isothermal amplification (LAMP) assays have become popular for bacterial
and viral sample analyses; they are quicker than PCR, do not require expensive equip-
ment, and provide a visual colorimetric readout of positive detection [9-13].

However, LAMP assays present challenges that slow adoption and limit their useful-
ness. LAMP assays require up to six primers in complex orientations to generate the
required loop structure and can lead to inconsistencies in the design of primer sequences
and spacing but still produce robust results compared to traditional methods [14]. How-
ever, with a greater number of primers compared to traditional PCR and qPCR, there
is a greater chance for primer dimers, mispriming, and false positive. Primer panels for
LAMP assays are more difficult to design than PCR and qPCR assays, since the primer
set solution space is constrained by additional thermodynamic, length, and distance
requirements. Several software applications, like the NEB® LAMP Primer Design Tool
or Primer Explorer, can help design primers based on user-input target sequences, but
these applications do not provide specificity metrics for the resulting assay with respect
to taxonomy [15-17]. Second, once a successful assay panel has been designed, the
resulting colorimetric change must be assessed visually for the presence or absence of
the pathogen. Subjective human interpretation of color can be unreliable, time-consum-
ing, and limited in sensitivity [9, 18]. To address this need, recently, visible colorimet-
ric measurements using smartphone or tablet software and cameras (i.e., smartphones)
have been developed [19-21].

The PCR Signature Erosion Tool (PSET) provides an ix silico method for determining
primer binding sites relative to taxonomically related sequences and detects mutations
in primers used for PCR or qPCR assays [22, 23]. For this study, we created LAMP assays
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for V. cholerae detection, beginning with improvements to PSET, and culminating with a
robust, quantitative determination of the assay outcome using computer vision. The new
LAMP workflow module for PSET can generate assays or predict performance using
large reference sequence databases, such as the NCBI nucleotide (nt) database. Running
the tool periodically can identify potential assay failures as newly evolved sequences are
deposited into databases such as GenBank or GISAID [22]. Additionally, we developed a
LAMP assay design tool based on the open source Primer3 program as an alternative to
web-based programs, leveraging multicore architecture. We then performed end-to-end
design of novel LAMP assays together with in silico evaluation of existing ones. Finally,
we validated the LAMP assay designs in vitro and developed a method to computation-
ally determine the colorimetric changes of the LAMP assay using a smartphone camera.
The code is publicly available at https://github.com/biolaboro/PSET.

Methods

Design in silico

A LAMP assay design script was written in Python (v3.11.4) with bindings to the
Primer3 PCR design tool (v2.6.1) via the primer3-py (v2.6.0) API [24-27] and a sche-
matic representation provided in Figure S2. A Snakemake workflow coordinates the exe-
cution of the script, which first runs Primer3 to identify primer pairs and optional loop
candidates [28]. It uses the Primer3 configuration file system to guide the nested search
for inner primers and loops with additional parameters for inter-primer distances,
strandedness, and thermodynamic constraints. LAMP assays were designed using global
parameters to space primers (DIST_RANGE) and calculate thermodynamic proper-
ties as: FlcBlc_DIST_RANGE=1-2000, F2F1c_DIST_RANGE=20-80, F3F2_DIST_
RANGE=1-50, dv=0.5 (divalent cation concentration in mM), mv=200 (monovalent
cation concentration in mM), with additional primer-pair specific parameters shown
in Table S8. A procedure then evaluates every primer pair and loop primer combina-
tion. Accordingly, there is an initial search for the outer F3/B3 primers and inner F2/B2
primers. The next four searches calculate the Flc, Blc, LF, and LB candidates separately.
Nonoverlapping combinations of F2-LF-F1c and Blc-LB-B2 are then evaluated based on
Flc-Blc distance constraints and for 5°/3’ stability in terms of AG. The final LAMP 5°/3’
assay definition indicates primers and loops with square brackets and parentheses on
the amplicon. Additionally, each primer, loop, FIP, and BIP component is individually
defined in a resulting JSON object with an associated assay penalty score equal to the
sum of Primer3 penalties.

Evaluation in silico

An alignment-based workflow implements the LAMP assay evaluation within the PSET
framework. The initial phase queries the amplicon against a BLAST + database [29], col-
lecting a list of accessions with sequence identity and coverage above a parameterized
threshold. The next phase realigns each component primer and loop separately, using
the glsearch36 tool of the FASTA suite [30] for a global-local alignment to guarantee full
query coverage. A filtering step removes results with alignment below a parameterized
identity threshold. The last phase checks for nested primer and loop order, arrangement,
and inter-primer/loop distances. A confusion matrix is output with respect to each
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subject accession, where calls are based on subject taxonomy and whether primer and
loop sequences are arranged correctly while exceeding identity threshold. The taxonomy
check determines whether the NCBI Taxonomy identifier of the subject is equal to or a
descendant of any of the identifiers in the set of assay targets. Accordingly, the taxonomy
and arrangement-alignment evaluation yields the true/false and positive/negative com-
ponent of the confusion matrix call.

In vitro LAMP assay testing

All LAMP primers (Table S1) were ordered from IDT and reconstituted at 100uM in
sterile water. FIP and BIP primers were diluted to 16uM, F3 and B3 primers were diluted
to 2uM, and LF and LB primers were diluted to 4uM to make a 10X primer master mix.
Positive control gene Block (gBlock) fragments were ordered from IDT and reconstituted
at 10ng/uL. Serial (1:10) dilutions were performed in molecular grade water to achieve
the concentrations of 10pg/pL through 1fg/pL that were tested. LAMP reagents were
ordered from NEB (WarmStart Colorimetric LAMP 2X Master Mix cat# M1800S). The
LAMP reaction mix was prepared using 12.5uL of WarmStart Colorimetric LAMP 2X
Master Mix, 2.5pL of the reaction specific LAMP 10X primer mix, and 9uL of molecular
grade water per well of a 96-well reaction plate (Applied Biosystems cat# N8010560).
The final primer concentrations were 1.6uM for FIP and BIP, 0.2uM for F3 and B3, and
0.4puM for LF and LB. 1pL of the desired dilution of each gene fragment was then added
to the corresponding well and 1puL of molecular grade water was added to no template
control wells. The plate was incubated at 65°C for 30 min in a thermocycler (Applied
Biosystems TFS-2720) following LAMP 2X Master Mix manufacture guidelines. After
the incubation period, the plate was allowed to cool to room temperature. Final LAMP
assay images were captured with a smartphone (Samsung Galaxy S10e) with default

camera settings.

LAMPvision image analysis

The LAMPvision prototype python script uses the NetworkX (3.0), NumPy (v1.26.4),
OpenCV (v4.9.0), Pandas (2.2.0), Scikit-Learn (1.5.0) packages to analyze the LAMP
assay images [31-35]. First, the algorithm filters the image to restrict colors within the
HSYV (hue, saturation, value) color range between (0, 85, 100) and (179, 255, 255), which
correspond to pinkish reds and yellows of the LAMP assay. Next, the Hough circle trans-
form procedure detects circles within the grayscale representation of the image. This
step returns the location and size of each circle detected and is meant to locate plate
wells. Overlapping circles are combined into a bigger one based on radius and the new
location is set to the centroid. Next, the circles are binned into a grid index based on
horizontal and vertical overlap. Accordingly, a 1-D clustering step uses the mean-shift
algorithm to calculate the minimum cluster value based on the pairwise distances of the
circles. This requires that the well plate have at least two non-empty adjacent wells. The
resulting value reflects the average distance between adjacent wells. This is done so that
the output corresponds to each well plate index, even if a row or column is empty. Values
for color and circle detection were determined through trial and error and suitability on
these images and values are hardcoded into the LAMPvision script in the GitHub repos-
itory. Finally, the mean RGB color of each circle is output with the corresponding well
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index. An R script (v4.4.0) calculated the color difference between each reaction and the
corresponding no-template negative control and rendered plots with the ggplot2 library
(3.5.1) and related extensions [36—42]. These color differences across replicates (n=4
for each assay sample) were then plotted with the relative copies per well. Uniquely, the
graph plots each point as the extracted well pixels from the original image. Raw images,
metadata, and scripts are available in the analysis.zip archive file.

Results

LAMP assay primer design and PSET analysis of V. cholerae AMR genes

A functional LAMP assay requires careful primer design, with considerations such as
amplicon length, primer spacing, primer orientation, and primer annealing tempera-
tures, while also requiring specificity to the target sequence [11]. Here we designed and
incorporated a LAMP primer design tool into PSET for rapid and automated determi-
nation of primer erosion that occurs when mutations in the template strand mismatch
with the primer, causing failure of a previously working assay (Fig. 1). Briefly, the LAMP
assay design algorithm uses Primer3 to determine the F3/B3 primer pair, followed by
the internal primer pairs F2/Flc and Blc/B2 which are concatenated into FIP and BIP,

a. i Upload LAMP primer assays in definition or
primer TSV format. Query each primer pair
against BLAST+ database: Nucleotide (nt).

N A H i\ RN :
F3 =2 FIP = LF =
B3 = BIP — [ B e

b.i Realign primers with glsearch36. Evaluate
F3/B3, F2/Flc, & B2/Blc as PCR sub-assays
(optional LF/LB as probes). Check taxa.

Aligned Arrange Taxonomy Call
1 1 1 TP
1 1 0 EFP
1/0 0 1 EN
1/0 0 0 TN

c. i Aggregate primer pair results and adjust
calls with respect to the required LAMP
assay arrangement.

F3/B3 F2/Flc B2/Blc Arrange Call
All = TP 1 TP
Any = FN 1/0 FN
All = FP 1 FP
Any = TN 1/0 TN

Fig. 1 Conceptual design of LAMP primers. a The user loads assays as LAMP primers or in an assay definition
format for b blasting to find target sequences and validate primer spacing. Appropriate primer alignments,
primer arrangements, and taxonomy targets are calculated. ¢ A confusion matrix is generated for each assay
to describe the target specificity
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respectively. Within the latter pairs, additional optional primers are chosen to become
Loop-F (LF) and Loop-B (LB) primers, which can help speed up nucleic acid ampli-
fication during the assay. The final LAMP assay is designed based on the appropriate
spacing of these primer sets as well as the annealing temperature differences to cre-
ate a constraint-based LAMP assay for the target sequence (see Methods for detailed
parameters).

PSET evaluates LAMP assays by analyzing primer alignment and arrangement against
BLAST database taxa to determine in silico target specificity. The previous version of
PSET determined PCR or qPCR assays which have 2 or 3 primer sets respectively. There-
fore, an algorithm was required for LAMP assays containing 6—8 total primers which are
not in a typical PCR primer orientation (Fig. 1). Since the FIP/BIP primers create a loop
structure through an inverted hairpin, their sequences are a combination of disjointed
forward and reverse primers F2/Flc or B2/Blc, respectively. An algorithm was devel-
oped to reduce the FIP and BIP primers to their counterparts. Briefly, a BLAST searches
queries for alignment of both F3 and B3 primers to retrieve a template sequence from
the database and extracts a complete sequence template for determining the location of
the other primer sequences. Then FIP/BIP are aligned to the template with BLAST. Each
FIP and BIP primer should produce two alignments where one alignment is forward, and
one alignment is reverse. The hits are then evaluated where the FIP is expected to have
at least one alignment in the forward direction and one alignment in the reverse direc-
tion where the sum of the two alignment lengths should equal the length of the original
FIP primer. The location of the F3/B3, F2/Flc, and B2/Blc relative to the template are
used for evaluation of primer spacing. If F2/F1c, and B2/B1c are not found in the target
sequence then an additional query is used as a template.

For integration into the PSET evaluation routine, LAMP assays are treated as three
pseudo-PCR/qPCR assays representing amplicons from the pairs of primer for F3/B3,
F2/F1c with LF denoted as a probe, and B2/B1c with LB denoted as a probe. Each one is
evaluated for correct orientation and spacing. The final output is a cumulative “call” of
the LAMP assays that reflect primer alignment, arrangement, and subject sequence tax-
onomy. True Positive (TP) LAMP assay targets must have all pseudo-PCR/qPCR assays
return individual TP calls to the same subject. If any pseudo-PCR/qPCR assays return a
False Negative (FN) then the LAMP assay is considered an FN, even if primers are ori-
ented correctly, which demonstrates that the overall LAMP assay would not effectively
target the subject sequence of interest.

We demonstrated PSET’s taxonomy detection feature using previously published PCR,
qPCR, or LAMP primer sets targeting V. cholerae AMR genes, while additionally design-
ing novel LAMP primer sets (Table S1). These primer sets were compared to NCBI’s nt
database targeting NCBI Taxonomy identifier 666 (V. cholerae) using PSET (Table S2). In
general, previously published assays largely targeted V. cholerae, however the nt database
does not provide a means of distinguishing submissions with AMR. Therefore, some of
the AMR targets like gyrA, tcp, and omplU genes result in high FP hits, suggesting that
greater than 80% of the submitted nucleotide sequences do not contain these specific
AMR genes (Table S2). Therefore, we created a custom taxonomy database using V. chol-
erae sequences from Microbial Browser for Identification of Genetic and Genomic Ele-
ments (MicroBIGG-E) that are associated with AMR classes and genes. Given that PSET
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operates using NCBI'’s taxonomy database, we created a system to import new taxono-
mies based on AMR classes from MicroBIGG-E (Table S3) and tested the LAMP assays
designed here (Table S4). 34 of 43 assays showed an AMR class specificity of greater than
97%. However, the assays with low specificity targeted tetracycline and quinolone where
these AMR classes have multiple genes for conferring resistance. This is likely due to
gene-specific targeting since several are capable of conferencing resistance to the same

class.

In vitro testing with independent quantitative analysis methods

Primers were designed using the design principles described above and the target gene
fragments were synthesized based on deposited sequences from MicroBIGG-E [43]. The
samples were serially diluted, producing a tenfold dilution curve for each assay alongside
a sample that did not contain any template as a negative control (Fig. 2). Four independ-
ent replicates were incubated for 30min at 60 °C. These LAMP colorimetric assays pro-
duce a pH dependent color shift in response to nucleic acid amplification where negative
samples are red and positive samples are yellow. A quantitative visual interpretation of
the color change was determined by two individuals by eye (Table S5) as well as an auto-
mated interpretation based on image capture and hexadecimal-valued color distance

a. Plate layout for replicates e. Dilution curve

2I0I0[ I I ICI0I0k - 3O

R I EEE O O 0000

3l I I JO) QH 104 10° 10* 10t 1 0 fg

8 ::8 512 440k 44k 4427 442 44 0 copies
13 f, Summarized color differences

(CI0J0] I 1N IOIOI0 RUImppe—ns s

0]0l0] I I JOICIORE

olote! Y Y-lololoft

mage processing

A2 004, F 100847 A 201, Fy 152261

p=0369 p=0124

c. Hexadecimal color extraction

d. Color distance from control
68.9275 [6.082763 13.67479 13.49074 20.71232 [0

log(copies)

Fig. 2 In vitro LAMP assay analysis. a Plate layout scheme for the replicates (n=4) performed. Each assay
consisted of 5 samples with template and a no template control. A total of 16 unique assays were run on one
plate and performed four separate days. b Image of the completed LAMP assay with detected wells within
the green circles. ¢ Extracted hexadecimal color values. d Each sample’s color difference to the no template
control was calculated. e One assay displayed zoomed in describing dilutions and copies of the template
used. f The color difference was plotted relative to the copies of the template for each reaction for the four
replicates. Each subplot includes a linear model with the formula and associated statistics computed with the
stat_poly_eq function of the ggpmisc R package, including the R?, F value, and model fit p-value. A table of
these and additional statistics are provided in Table S9
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(Table S6 and S7). Nine of the 16 assays produced positive signals in the highest con-
centration template reaction while the no-template control was still negative, and four
assays remained negative at all DNA template concentrations suggesting no amplifica-
tion occurred. Three of the assays had amplification in all reactions, including the nega-
tive control, and further testing is required to confirm if this possibly from primer dimer
amplification. Based on the biological replicates the authors do not hypothesize this to
be contamination.

Visual analysis of LAMP assays showed detection of five AMR gene targets for aph(6),
varG, floR, gnrVC5, and almG, which allow for resistance to aminoglycoside antibiotic,
penicillins and carbapenems, phenicol antibiotics, fluoroquinolone, and polymyxin
respectively. Analysis by visual interpretation is subjective, time consuming, and difficult
to interpret individual wells on a plate [44]. Therefore, automated image analysis was
employed. Using a cellphone to capture images of the plates, we determined color differ-
ences of the sample to their cognizant no-template control (Fig. 2d). These color differ-
ences across replicates (n=4 for each reaction) are then plotted with the relative copies
per well (Fig. 2f and S1). Each point on the graph consists of the extracted well pixels
from the original image.

The slope was calculated from the LAMPvision color distance plots to determine if
assays have a positive signal trajectory with increasing template concentration and it was
found that a slope threshold of 4.0 may be used to determine if positive signal is pro-
duced, but further testing is required (Fig. 3a). Next, we determined the correlation of
the methods for the LAMP assay visual analysis and the LAMPvision tool (Fig. 3). Eight
assays showed a high degree of correlation (>0.8 Pearson correlation) between LAMP
vision and the visual quantitative analysis (Fig. 3a). Correlations were not calculated
for four assays because the visual analysis was not able to determine any positive signal
and all values were zero by visual analysis (Table S5). Three assays did not show a color
change but had a strong correlation (0.5-0.8 Pearson correlation) and one assay had a
negative correlation. These results suggest there is a strong agreement in the visual anal-
ysis and LAMPvision analysis when there is positive signal of the assay.

Discussion
Here we show the in vitro application of in silico LAMP assay design incorporated into
the Primer Signature Erosion Tool (PSET) and a computer vision algorithm to interpret
complex plate-based colorimetric LAMP assays. By combining all these aspects, we can
rapidly design, test, and validate novel LAMP assays targeting AMR genes while also
determining the suitability of previously published LAMP assays for target specificity.
The rapid design and validation of these LAMP assays allow individuals to develop vast
arrays of assays targeting numerous genes, signature sequences of species, or variants
of concern. Here we validated the code to produce novel LAMP assays and detect AMR
synthetic gene sequences. Although this work primarily focused on in silico aspects,
limited in vitro data show great promise for on-demand assay design and testing in far-
forward scenarios, applications, and use-cases.

Colorimetric LAMP assays as a diagnostic have been approved by the FDA for some
target strains, such as Salmonella [45] or SARS-CoV-2 [46], via Emergency Use Authori-
zation (EUA) which demonstrates their utility. The reliability of a nucleic acid detection
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a. Correlation of human visual vs quantitative color determination

Assay Number 1 2 3 4 5 6 7 8 9 10 11 12 16
Slope 7.85 879 ﬂM 5.59 434 3.08 10.16 843 851 863
LAMPVision vs Eye (Pearson)|  0.93 0.95 0.96 0.65 NC NC NC NC 0.99 0.98 097 098
Eye1vs Eye2 (Pearson) 1.00 0.99 1.00 1.00 NC NC 0.88 NC NC 1.00 1.00 1.00 0.99
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Fig. 3 Comparison of visual interpretation to quantitative computer LAMPvision methods. a The Pearson
correlation was calculated for the human visual determination of color shift on a scale of 0-5 and compared
to the LAMPvision methods described here. NC indicates non-computable due to standard deviation of 0. b
A comparison describing the subjective nature of two human individuals'interpretation of the color change.
c Another comparison of color scores by visual analysis (Eye1, top; Eye2, bottom) versus computer vision
analysis. d A plot showing the difference in color change detected visually and by computer vision methods.
Computer vision methods enhance the limit of detection. A table of additional statistics are provided in
Table S9 and Table S10 for subfigures a, b, and ¢

method that is easy to use and interpret will help track novel and recurring pathogens,
aiding in the surveillance of non-infectious environmental DNA (eDNA), responding
to epidemic scenarios, and allowing for diagnostic use in low-resource environments.
Ussing the software designed here, new LAMP assays can be designed, analyzed, and
output into an ordering form for rapid prototyping as demonstrated here (Fig. 2). These
methods produce standard LAMP primer sets that should feed into existing regulatory
workflows; however, proper clinical sample testing needs to be performed.

In silico target specificity was calculated for 66 previously published LAMP, PCR, and
qPCR assays from 27 publications targeting AMR genes in V. cholerae (Table S1). Addi-
tionally, we designed 43 new LAMP assays with the described LAMP primer design
and PSET integration tools. These assays were tested via PSET for their in silico target
specificity against NCBI's nt database (Table S2) and the V. cholerae subset of the Micro-
BIGG-E database (Table S3).

Page 9 of 13
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LAMP colorimetric assays are used as rapid, point-of-care diagnostics. However, due
to the non-specific pH-based color changes, they cannot be multiplexed in a single well.
An array of individual colorimetric LAMP assays can be used to detect multiple targets,
but then the interpretation of numerous assays becomes problematic. Here we designed
a useful computer vision tool, LAMPvision, to detect wells and quantify results reliably
across several replicates (n =4). Other studies have used wavelength shifts in absorption
spectra or smartphone applications, but those studies required expensive machines or
complicated setups to correct for lighting [45, 47]. LAMPvision uses an internal nega-
tive control placed next to the samples to serve as a color normalization factor. However,
there were observable differences in saturation across the images that may introduce sig-
nal noise that were not corrected for in this study. These may be mitigated by perform-
ing additional background correction processes, like nonuniform nonlinear brightness
corrections which account for changes in brightness on the edges of the image relative
to the focal point. Although lighting standards could be employed, the aim of these com-
puter vision methods are to reduce cognitive load and use automated image correction
to make assays easier to interpret. All these methods require additional testing with dif-
ferent lighting color conditions and different smart phone camera types.

Several of the LAMP assays were not functional and required revisions to the ordering
form of the code, initially. For instance, the B3 primer was ordered in the wrong orienta-
tion relative to the assay due to a bug in the output script. However, the assays were still
functional and produced positive signals. Interestingly, the utility of the B3 primer is to
facilitate the removal of the FIP/BIP primers during amplification. This could be one rea-
son these assays have high detection limits regarding copy number. Further refinement
of these metrics will presumably result in a higher rate of LAMP assay success. Similarly,
since only synthetic DNA controls were used in these experiments, further characteriza-
tion on live samples is required. Furthermore, much more stringent controls and valida-
tion steps are required for clinical usage.

Color image analysis is difficult to compare to human eye perception and additional
testing may be required to validate the color distance calculations [44]. In this method,
we used red, green, and blue color values which do not account for color intensity and
perhaps a color difference calculation using hue, saturation, lightness (value; HSL, HSV)
is better. Since RGB hexadecimal values can fluctuate with brightness, intensity cor-
rection methods may be required for validation and could be implemented using neg-
ative control wells strategically interspersed as a color correction factor. Here, we did
not determine a specific negative control color value for baseline and instead used the
associated assays’ no-template control as a baseline value for a color change distance
measure. Accordingly, having one negative control does not provide a means to calculate
negative standard deviations for thresholding positive signals. In future applications, all
sample negative controls may be utilized but would require brightness and color correc-
tion across the plate and across separate images.

Future improvements to these methods would result in a greater percentage of func-
tional in vitro assay successes utilizing clinical samples. A major limitation to this study
is the use of synthetic controls, but clinical samples will be utilized in future experi-
ments. Likewise, careful examination of the very strict thermodynamic properties of
each primer from published LAMP primer sets will help refine and constrain primer



Negrén et al. BMC Bioinformatics (2024) 25:384 Page 11 of 13

attributes leading to greater in vivo success, thereby limiting potential primer dimer
based false positives. Finally, sequencing the LAMPlicon product may be beneficial in
determining if the false positive events are the result of DNA amplification or some
other pH change causing the color shift.

Conclusion

Overall, we present a means of rapidly prototyping new LAMP assays with target speci-
ficity including in vivo tests with synthetic DNA sequences with computer vision analy-
sis. LAMP’s point-of-care usage can help combat increasing antimicrobial resistance as
LAMP assays become easier to access and interpret for individuals and clinicians. As
these tests become robust and well validated, they will have greater utility in field testing
to control and mitigate cholera outbreaks. As outlined in the Global Roadmap 2030.2,
intensified strategic and systematic use of rapid diagnostic tests followed by laboratory
confirmation will contribute to reaching the targets of the “Ending Cholera: Ending
Cholera: a Global Roadmap to 2030” initiative [2].
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