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Abstract

Background

Historically, soil-transmitted helminth (STH) control and prevention strategies have relied on
mass drug administration efforts targeting preschool and school-aged children. While these
efforts have succeeded in reducing morbidity associated with STH infection, recent model-
ing efforts have suggested that expanding intervention to treatment of the entire community
could achieve transmission interruption in some settings. Testing the feasibility of such an
approach requires large-scale clinical trials, such as the DeWorm3 cluster randomized trial.
In addition, accurate interpretation of trial outcomes requires diagnostic platforms capable
of accurately determining infection prevalence (particularly as infection intensity is reduced)
at large population scale and with significant throughput. Here, we describe the develop-
ment and validation of such a high-throughput molecular testing platform.

Methodology/Principal findings

Through the development, selection, and validation of appropriate controls, we have suc-
cessfully created and evaluated the performance of a testing platform capable of the semi-
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automated, high-throughput detection of four species of STH in human stool samples. Com-
parison of this platform with singleplex reference assays for the detection of these same
pathogens has demonstrated comparable performance metrics, with index assay accuracy
measuring at or above 99.5% and 98.1% for each target species at the level of the technical
replicate and individual extraction respectively. Through the implementation of a rigorous
validation program, we have developed a diagnostic platform capable of providing the nec-
essary throughput and performance required to meet the needs of the DeWorm3 cluster
randomized trial and other large-scale operational research efforts for STH.

Conclusions/Significance

Resulting from the rigorous developmental approach taken, the platform we describe here
provides the needed confidence in testing outcomes when utilized in conjunction with large-
scale efforts such as the DeWorma3 trial. Additionally, the successful development of an
evaluation and validation strategy provides a template for the creation of similar diagnostic
platforms for other neglected tropical diseases.

Author summary

Current models predict that an expansion of intervention efforts to include community-
wide treatment strategies could, in certain geographies, result in the elimination of soil-
transmitted helminths (STH) as a public health problem. Large-scale operational research
efforts to reduce the burden of STH such as the DeWorm3 cluster randomized trial have
been organized to evaluate these predictions, but such evaluations require a high through-
put testing strategy capable of providing sensitive, specific, and accurate results. To meet
this need, we have developed and rigorously evaluated a multiplexed diagnostic platform
using a novel validation plan with pre-defined performance characteristics. Our successful
validation of this platform has provided the community with a tool capable of meeting the
diagnostic requirements of large-scale operational research efforts. Furthermore, this
strategy provides a blueprint for the development of similar platforms for use as part of
other neglected tropical disease programs evaluating other intervention strategies.

Introduction

Soil-transmitted helminths (STH) are a leading cause of human disease, infecting over 1.5 bil-
lion individuals worldwide, with the majority of infections occurring in low and middle-
income countries [1,2]. Large-scale programs designed to control these infections have relied
heavily on mass drug administration (MDA)-based deworming efforts, targeting populations
at high risk of morbidity, namely preschool and school-aged children (PSAC and SAC) and
women of reproductive age. Historically, these programs have utilized coproscopy-based tech-
niques (such as the Kato-Katz method) to determine the prevalence and intensity of infection
within a population, in turn informing decisions related to intervention frequency and dura-
tion [3]. This intervention and monitoring strategy has effectively reduced morbidity in multi-
ple geographies [4]. However, such microscopy-based diagnostics are known to lack
sensitivity. This shortcoming is particularly pronounced when infection intensities are low, as
the sensitivity of detection may drop below 50% [3]. Additionally, with programmatic
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consideration being given to the possible transition from morbidity control strategies to strate-
gies aimed at transmission interruption and/or the elimination of disease as a public health
problem, diagnostics with high-throughput and improved performance characteristics are
urgently needed. Although molecular assays such as quantitative polymerase chain reaction
(qPCR) have been designed, tested, and used in research settings [3,4], the development and
validation of a large-scale, high-throughput testing platform, exportable for use in multiple lab-
oratories across both high- and low-infection intensity settings, has not been previously
described.

The DeWorm3 project is a multi-country, community, cluster-randomized trial designed
to determine the feasibility of successful transmission interruption of soil-transmitted hel-
minth (STH) infections following sequential, high-coverage, community-wide mass-drug
administration (cMDA) interventions [5]. This large-scale project includes study sites in
Benin, India, and Malawi. As the primary discriminator of infection for this study, we devel-
oped and validated a large-scale, high-throughput, molecular testing platform for the detection
of STH in human stool. In all three participating countries, a geographically defined adminis-
trative unit that included a population of approximately 80,000-140,000 individuals was cen-
sused and mapped. Each study site was divided into 40 clusters, which were randomized (1:1)
to receive either the intervention (biannual cMDA with albendazole) or control treatment
(standard of care MDA delivered to PSAC & SAC annually) for three years [5]. In total,
approximately 300,000 stool samples were collected during the five-year study period.

To meet the testing needs of the DeWorm3 project, and to provide a diagnostic design
strategy for future studies and for potential future programmatic use, we developed a high-
throughput, molecular testing platform for the detection of Ascaris lumbricoides, Necator
americanus, Ancylostoma duodenale, and Trichuris trichiura. This platform (hereafter referred
to as the DeWorm3 assays) was tested using a novel approach to assay validation in the
absence of both standardized STH control materials and an accurate diagnostic “gold stan-
dard”. To ensure the integrity of our approach, this a priori validation plan was developed in
consultation with an external panel of independent evaluators. The high-throughput testing
approach was standardized and validated at laboratories in the United States (Quantigen, Fish-
ers, IN) and India (Christian Medical College, Vellore), through the incorporation of rigorous
pre-validation steps (run controls) and quality control (QC) measures. Here we describe the
validation and quality assurance processes used to evaluate the DeWorm3 assays. This detailed
description of our validation methods demonstrates the robust approach used to test the
DeWorm3 trial samples and provides a framework for the deployment of this or other similar
large-scale, community-level testing platforms in the future.

Methods

All experiments performed in the validation of this high-throughput molecular system utilized
the standard set of extraction and qPCR methods described below. The full report of the vali-
dation plan is available in the supplementary materials (S1 Appendix).

Ethics statement

The DeWorm3 Project has been reviewed and approved by the Institut de Recherche Clinique
au Bénin (IRCB) through the National Ethics Committee for Health Research (002-2017/
CNERS-MS) from the Ministry of Health in Benin, The London School of Hygiene and Tropi-
cal Medicine (12013), The College of Medicine Research Ethics Committee (P.04/17/2161) in
Malawi and the Christian Medical College Institutional Review Board in Vellore, India
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(10392). The study was also approved by The Human Subjects Division at the University of
Washington (STUDY00000180).

Sample disruption and nucleic acid isolation

Isolation of DNA from STH eggs requires both physical disruption and chemical digestion.
DNA extraction from T. trichiura eggs is particularly challenging due to their multi-layer
structure: an outer vitelline layer, a middle chitinous layer that resists physical disruption, and
an inner lipid layer that provides resistance to chemical breakdown [6]. Attempting to over-
come these challenges, we optimized a previously described bead-beating protocol to disrupt
eggs within stool samples using a 96-well plate shaking system (OMNI International, Kenne-
saw, GA) [7,8]. After disruption, we isolated DNA using the semi-automated KingFisher Flex
96-well sample extractor (ThermoFisher Scientific, Waltham, MA) with the MagMAX Micro-
biome Ultra Nucleic Acid Isolation Kit following the manufacturer’s suggested protocol (Ther-
moFisher Scientific) (Fig 1) with a single modification. Namely, MVP II Binding Beads
(ThermoFisher Scientific) were used in place of those included with the MagMAX kit.

0
&)

—»‘

e
- ¢ Wash
~500 mg Centrifuge at Aspirate Add 1 mL PBS and Centrifuge at Aspirate PBS
stool in 95% 16,000 x g for ethanol vortex for 15 sec 16,000 x g for
ethanol 2 min 3 min
Loz
Scoop
Add 800 pL lysis Mass and add 50-75 mg of
solution per well stool to each well

C —

> - _
— E— :- 7 :
‘ 2 | = 5 Extract

. Extract usin
Remove samples Bead beat plate Centrifuge at 2400 x g KingFisherg

from 4°C for 3 min for 5 min Automation

Store at -20°C

Created with BioRender.com

Fig 1. Procedure for isolation of DNA from stool samples. After sample collection, isolation of DNA occurred in three steps. (A) Samples were washed, to
remove the ethanol used for storage and preservation. (B) Samples were scooped into OMNI 96-well 1.4 mm ceramic bead-beating plates. (C) Following
overnight incubation, DNA extraction was performed.

https://doi.org/10.1371/journal.pntd.0012760.9001
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Table 1. Primers and probes used in DeWorm3 assays.

Species Primer/Probe (Conc) Sequence (5’- 3°) Reference
Ascaris lumbricoides Fwd (65 nM) 5 —CTTGTACCACGATAAAGGGCAT—3 [9]
Rev (65 nM) 5—TCCCTTCCAATTGATCATCGAATAA—3
Probe (250 nM) 5—/5YakYel/TCTGTGCAT/ZEN/TATTGCTGCAATTGGGA /3IABKFQ/—3’
Trichuris trichiura Fwd (65 nM) 5—GGCGTAGAGGAGCGATTT—3 [8]
Rev (250 nM) 5—TACTACCCATCACACATTAGCC—3
Probe (250 nM) 5—/5YakYel/TTTGCGGGC/ZEN/GAGAACGGAAATATT
/3IABKFQ/—3
Ancylostoma duodenale Fwd (250 nM) 5—GTATTTCACTCATATGATCGAGTGTTC—3’ [8]
Rev (250 nM) 5—GTTTGAATTTGAGGTATTTCGACCA—3’
Probe (250 nM) 5—/56-FAM/TGACAGTGT/ZEN/GTCATACTGTGGAAA /3IABKFQ/—3’
Necator americanus Fwd (250 nM) 5—CCAGAATCGCCACAAATTGTAT—3 [8]
Rev (250 nM) 5—GGGTTTGAGGCTTATCATAAAGAA—3’
Probe (250 nM) 5—/56-FAM/CCCGATTTG/ZEN/AGCTGAATTGTCAAA

Bacillus atrophaeus

https://doi.org/10.1371/journal.pntd.0012760.t001

/3IABKFQ/—3’

Custom Assay (ThermoFisher Scientific) [10]
(Catalog # APGZFA7 -Ba06596576_s15)

Multiplexing of qPCR assays

Four previously developed primer/probe-based assays, each targeting a highly repetitive geno-
mic element unique to a single STH species, were utilized in the development of our index
assays [8,9]. Based on initial oligo optimization experiments, we selected primer and probe
concentrations that yielded comparable C1 and ARn values between singleplex and multiplex
formats when used on contrived mixed-infection controls (Table 1). Hydrolysis probes for
each assay were labeled with either 6-FAM or Yakima Yellow reporters (IDT, Coralville, IA)
and were double-quenched with ZEN-IABKFQ chemistries (IDT). These fluorophore-
quencher pairings were chosen due to the reduced background fluorescence and improved
sensitivity that they offer relative to single-quenched probes [8]. Assays were then duplexed by
pairing the N. americanus assay with the T. trichiura assay, and the A. lumbricoides assay with
the A. duodenale assay. These pairings were chosen as N. americanus and A. lumbricoides were
expected to represent the most common sources of infection across DeWorm3 study sites. For
this reason, it was decided that they should be separate, such that the likelihood of competition
for reagents within a single QPCR reaction well would be reduced. Duplexed assays were then
tested against a characterized panel of DNA samples previously extracted from stool collected
in India. Results were compared to singleplex results obtained for the same samples (S1 Table).
Through the process of duplexing, a single sample could be tested for the presence of all four
STH targets in only two qPCR wells. To each of the two STH-specific duplexed assays, we
added a third, primer-limited (50 nM each) ABY-labeled primer/probe-based assay designed
to amplify an exogenous extraction/qPCR internal positive control (IPC): Bacillus atrophaeus
bacteria (ZeptoMetrix, Buffalo, NY) [10]. The selection of this control is discussed in detail
below. Details for all primers and probes used in the DeWorm3 assays are listed in Table 1.

Selection of qPCR reagents and lyophilization

Sample-derived qPCR inhibitors can limit amplification of target STH gDNA [11]. To evaluate
master mix performance and select an appropriate chemistry, naive stool samples, collected in
Benin, were spiked with STH gDNA to generate qPCR sensitivity and amplification curves.
Various commercially available master mixes were tested on the QuantStudio 7 Real-Time
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PCR System (Life Technologies, Carlsbad, CA) at Quantigen. All tested mixes were obtained
from ThermoFisher Scientific and included TagMan Environmental Master Mix 2.0, Ambion
Path-ID qPCR Master Mix, and TaqPath 1-Step RT-qPCR Master Mix, CG. As our goal was to
lyophilize all qPCR reagents-master mix and assays—to ensure reagent stability during interna-
tional shipment and subsequent storage, and to improve workflow efficiency and accuracy in
the laboratory through the reduction of pipetting steps, ThermoFisher customized a compara-
ble formulation of the TaqPath 1-Step RT-qPCR Master Mix, CG (without the reverse tran-
scriptase) as a TagMan 5X Lyo-ready gPCR Master Mix with ROX and excipient. Testing
identified no significant differences in detection sensitivity as a function of master mix tested
across target species (S2 Table). Argonaut Manufacturing Services (Carlsbad, CA) produced
384-well custom-designed lyophilized qPCR plates (lyo-plates) in bulk. Following batch testing
at Quantigen, these plates were disseminated to all testing laboratories for use with all
DeWorm3 sample testing. Subsequently, a second batch of plates was required, which was pro-
duced and tested in an identical manner.

Assay validation

Control selection and validation. Assay validation first requires control validation.
Accordingly, appropriate controls were identified and selected for use with our high through-
put testing platform. Following selection, control validation focused on the performance of
positive extraction controls (using both external and internal targets), and of appropriate
qPCR controls.

An optimal external extraction control should reflect the performance characteristics and
specific challenges of the real-world samples and targets being studied. Ascaris suum was
selected as our platform’s external extraction control, as it closely mirrors (or based on the def-
inition of species utilized for classification, arguably is) one of the target organisms (Ascaris
lumbricoides) and is commercially available (Excelsior Sentinel, Inc., Ithica, NY). Ascaris lum-
bricoides and Ascaris suum are genetically similar, with a growing body of evidence suggesting
that they may represent variants of the same species rather than unique species [12]. Further-
more, the previously described assay target used in the DeWorm3 assay has been shown to be
equally represented in the genomes of both A. suum and A. lumbricoides [13,14]. For these rea-
sons, batches of A. suum control aliquots were prepared by adding approximately 35,000 eggs
to 6 g of commercially purchased STH-negative stool (BioIVT, Westbury, NY). These batches
were combined with 21 mL of molecular grade ethanol and were thoroughly mixed using a
handheld immersion homogenizer (OMNI International, Kennesaw, GA). Homogenization
yielded an egg concentration of approximately 1.7 eggs/pL. From this initial batch, 25 A. suum
controls were randomly selected, extracted (as described previously [15]), and tested in dupli-
cate using qPCR to determine the expected Ct range (S3 Table). Based on these results, passing
qualifications for validation of the A. suum control were defined as positive A. suum amplifica-
tion with a Ct value of < 23, a value approximating the upper bound of those seen during this
initial testing.

Arguably, the most critical control is the internal positive control (IPC). When properly
selected, this control serves as a per-sample extraction, recovery, and amplification control.
For use with our testing platform, commercially available Bacillus atrophaeus was selected as
the IPC. B. atrophaeus is a spore forming bacteria whose structure provides some resistance to
lysis [16], making it an appropriate choice for use with STH eggs whose lysis requires mechani-
cal disruption and chemical digestion. This bacterium is well-validated as a control for DNA
extraction [10]. Given these characteristics, B. atrophaeus was commercially purchased (Zepto-
Metrix, Buffalo, NY) for use with our platform [16]. Bacterial spores were spiked into 200

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0012760 January 10, 2025 6/17


https://doi.org/10.1371/journal.pntd.0012760

PLOS NEGLECTED TROPICAL DISEASES High-throughput detection of soil-transmitted helminths

naive stool samples, and the B. atrophaeus IPC was validated using both the first DeWorm3
Assay (targeting B. atrophaeus, N. americanus, and T. trichiura) and the second DeWorm3
assay (targeting B. atrophaeus, A. lumbricoides, and A. duodenale). Passing qualifications for
validation of this control were defined as positive B. atrophaeus amplification with a Ct
score < 34 in both the first and second assays in the absence of STH amplification.

Plasmid DNA was used as a positive PCR control to ensure reagent integrity and to act as a
qPCR process control. Stocks of four plasmids, each containing a single copy of the target
sequence for one of the four pathogens of interest, were prepared as previously described [9].
Plasmids were then combined into a single pool and diluted for testing at two masses (2 pg
and 200 fg). Twenty-five replicates of each dilution were then tested using the DeWorm3
assays to verify that all plasmid targets performed consistently and allowed for predictable and
reproducible amplification within an expected Cr value range (S4 Table). Passing qualifica-
tions for validation of this control were defined as < 2 standard deviations from the valida-
tion-defined mean Cr for each assay run with 100 fg of template. Thus, the Cr score cut-off for
each species were determined as follows: N. americanus < 25.2, A. lumbricoides < 23.4, A.
duodenale < 23.5,and T. trichiura < 21.95.

Preparation of spiked-stool standards. A panel of controls comprised of twenty STH-
positive and five STH-negative standards was prepared at Smith College (Northampton, MA).
Standards were created by spiking helminth-naive stool with samples of known STH infection
status for each species of STH. To create each standard, 500 mg aliquots of STH-containing
stool, previously characterized in an unrelated study by a combination of Kato-Katz micros-
copy and singleplex qPCR [3], were inoculated into separate 6-gram aliquots of commercially
available, STH-negative bulk stool (BioIVT). Each spiked stool sample was then suspended in
21 mL of molecular grade ethanol and thoroughly mixed using a hand-held homogenizer to
increase the uniformity of egg distribution. For each standard, 75 aliquots averaging 85 mg of
stool homogenate in 300 uL of ethanol were generated. Randomly selected aliquots of each
standard were tested at Smith College using the reference singleplex qPCR assays to ensure the
expected presence/absence of each target in each tested aliquot.

Characterization of spiked-stool standards. Three blinded aliquots of each standard
(~85 mg per aliquot) were extracted and qPCR tested in quadruplicate at Quantigen using the
multiplexed DeWorm3 assays (25 standards x 3 aliquots x 4 technical replicates). An individ-
ual test result was considered positive if amplification occurred with a Cr value < 40, while a
test was considered negative if amplification did not occur. Following testing, results generated
at Quantigen were compared with results generated at Smith College using the singleplex ref-
erence assays [8,9]. This comparison was performed to ensure that all standards were of suffi-
cient quality to allow for consistent performance. With two exceptions (samples 15 and 18),
samples producing discordant results either (1) across technical replicates tested by the
DeWorm3 assays at Quantigen and/or (2) between aliquots tested by the multiplexed
DeWorm3 assays and the original singleplex reference assays, were eliminated. Samples 15
and 18 were retained despite inconsistent detection of A. lumbricoides and N. americanus due
to their consistent performance when tested with the T. trichiura assay and the desire to retain
T. trichiura containing standards. Elimination of poorly performing samples resulted in a
panel of 18 standards used in all further testing/validation (Table 2).

Evaluation of assay accuracy. Assay accuracy was evaluated on the technical replicate
level and the aliquot level using the above-described panel of contrived standards. Accuracy
was calculated using the sum of true positives and true negatives as the numerator, and the
total number of samples tested as the denominator (Equation 1). Three blinded aliquots (~85
mg) of each of the 18 contrived standards were extracted and qPCR-tested in quadruplicate
using the DeWorm3 assays (18 standards x 3 aliquots x 4 technical replicates). The true
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Table 2. Infection characteristics for spiked stool standards.

Standard # STH Status
T. trichiura A. lumbricoides N. americanus A. duodenale
1 X X
2 X
3 X
4 X
5 X
6 X X
7 X
8 X X X
9
10
11
12
13
14 X X X
15 X X) X
16 X X X
17 X X X
18 X X (x)

(X) indicates the presence of trace amounts of target that were inconsistently identified. For these targets within these samples, either a “positive” or a “negative” result

was accepted as target concentrations fall at/near the limit of detection of the assay and therefore do not allow for consistently reproducible results.

https://doi.org/10.1371/journal.pntd.0012760.t002

positive or negative status of each standard was defined by the initial characterization per-
formed at Smith College using the singleplex reference assays (see “Preparation of spiked-stool
standards” above). Evaluation of STH positivity at the aliquot level was defined as at least one
positive amplification out of all technical replicates tested by the DeWorm3 assay. Well failures
were not included in calculations of assay accuracy.

stool standards.

Equation 1. Accuracy calculations of index assay performance when testing spiked-

True Positives + True Negatives

Accuracy =
7 True Positives + True Negatives + False Positives + False Negatives

Table 3. Characteristics of contrived standards used for limit of detection testing.

Target Concentration of positive field Mass of field sample | Mass of naive stool | Total mass of contrived Concentration of contrived
sample (EPG) (mg) (mg) sample (g) sample (EPG)
N. americanus 960 500 6052 6.552 73.26
A. 2100 500 6052 6.552 160.26
lumbricoides
A. duodenale 500* 500 6357 6.357 78.65
T. trichiura 4224 500 6045 6.545 322.69

* A. duodenale-containing field samples were not available. Therefore, whole-genome amplified A. duodenale DNA was spiked at a concentration mimicking the DNA

content of eggs at a 500 epg concentration.

https://doi.org/10.1371/journal.pntd.0012760.t003
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Evaluation of assay specificity. Assay specificity was assessed using 413 stool samples
from Benin (213) and India (200) which initially tested negative for all species using the
DeWorm3 extraction and assay platforms. A second aliquot of each of these stool samples was
subsequently retested utilizing the manual extraction procedure and the singleplex reference
assays. Specificity was calculated through comparison of these results.

Evaluation of assay limits of detection. A subset comprised of four spiked-stool stan-
dards was used to determine the limits of detection (LOD) for the DeWorm3 assays. LOD test-
ing was possible, as matched microscopy data (Kato-Katz) were available for the field samples
used in contrived sample creation. Using this information, the concentration of eggs per gram
(EPG) of stool in the selected spiked stool standards could be estimated (Table 3). Extracted
DNA for each standard was serially diluted 1:10 to create six dilution points. Each dilution
point was tested by both DeWorm3 assays in 10 technical replicates (4 standards x 6 dilution
points x 10 replicates), and the lowest concentration in which all 10 replicates generated a posi-
tive signal was identified. Starting at a concentration two-fold higher than this concentration,
five 1:2 serial dilutions were created, and 20 technical replicates of each dilution point were
tested by qPCR (4 standards x 5 dilution points x 20 replicates). The LOD was determined as
the lowest concentration at which at least 19/20 technical replicates amplified for the target
STH species using Equation 2 below (S5 Table).

Equation 2. Calculation of index assay limit of detection as determined by the testing of
DNA extracts isolated from contrived stool standards.

STH eggs

Tg of Standard x 50 mg aliquot x qPCR dilution limit = LOD

Assessment of sample heterogeneity. Sample heterogeneity was explored by selecting a
random 10% of the first 2,000 baseline samples from Benin that were collected as part of the
DeWorm3 trail. Four aliquots of each of these samples were extracted and tested. To test for
site-dependent extraction differences, for each sample, two extractions were completed using
the DeWorm3 assay’s semi-automated extraction protocol at Quantigen and two independent
extractions were completed via the reference assay’s manual extraction protocol at Smith Col-
lege. Each extraction product, regardless of location of origin, was then tested using both the
DeWorm3 assays (at Quantigen) and the singleplex reference assays (at Smith College). Testing
generated two data points per extraction and a total of eight data points for each sample (Fig 2).

Results
Control selection and validation

All run controls (internal and external extraction controls as well as qQPCR controls) passed the
predefined thresholds for validation. Passing qualifications to validate the performance of the A.
suum external extraction control were defined as positive A. suum amplification with a Cr value
of < 23. The coefficient of variation (CV) for the A. suum positive extraction control was 4%

(n = 50) with an average Ct of 21.14 (+0.85) (Fig 3A). Validation testing for the performance of
the B. atrophaeus IPC resulted in a CV of 7% with an average Cr value of 29.96 (+2.02) for the
first DeWorm3 assay (B. atrophaeus, N. americanus, and T. trichiura) and an average Cr value
0f 30.00 (£2.00) for the second DeWorm3 assay (B. atrophaeus, A. lumbricoides, and A. duode-
nale) (Fig 3B), meeting the minimum requirements for validation. All qPCR positive controls
also passed the predefined validation threshold, with Crt values falling below required values for
all target species in all replicate reactions (Appendix Al to A3 in S1 Appendix).
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Fig 2. Assessment of sample heterogeneity. Illustration depicting how each sample used in the assessment of sample heterogeneity generated eight points of
data. Blue fills indicate samples subjected to reference protocols (manual extraction and singleplex qPCR) and green fills indicate samples subjected to
DeWorm3 protocols (semi-automated extraction and multiplex qPCR).

https://doi.org/10.1371/journal.pntd.0012760.9g002

Evaluation of assay accuracy

Extraction and testing of three independent aliquots of all contrived spiked-stool standards
resulted in positive detection for each expected species in at least three out of the four gPCR
replicates. In total, <1% of all qPCR wells failed to amplify as expected (Table 4). Assay accu-
racy at the technical replicate level met the minimum target with >99% accuracy for all assays.
The A. lumbricoides, N. americanus, and A. duodenale assays met the minimum standard of
100% accuracy at the individual extraction level. However, one T. trichiura false positive result
was seen among the 12 technical replicates tested, producing an individual extraction level
accuracy for T. trichiura of 98.1% (Table 4, S1 Text, Appendix A4 in S1 Appendix).

Upon quadruplicate repeat testing at Quantigen, using both the DeWorm3 multiplex assays
and the reference singleplex assays (n = 8), the one false positive T. trichiura amplification
event could not be reproduced. None of the STH-negative stool standards (n = 5) produced a
positive result for any erroneous/unexpected target.

Evaluation of assay specificity

Assay specificity was evaluated by retesting, using the manual extraction procedure and single-
plex reference assays, 413 stool samples that initially tested negative for all STH species at
Quantigen using the DeWorm3 semi-automated extraction procedure and multiplex assays.
Manual extraction and singleplex assay testing of 213 samples from Benin produced three
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Fig 3. Results of control validation. (A) Box plot depicting the range of Cr values for A. suum detection. (B) Box plots depicting Cr values for all B.
atrophaeus results obtained when running both DeWorm3 assays on a panel of STH-negative, B. atrophaeus-positive samples.

https://doi.org/10.1371/journal.pntd.0012760.9003

positive results (two N. americanus positive results and one A. lumbricoides positive result). Of
note, these three positive results occurred in three independent samples. To evaluate these dis-
cordant results, and to investigate the aliquot-to-aliquot variability of the responsible stool
samples, three new aliquots of each discordant sample (3 samples x 3 aliquots) were re-
extracted using the DeWorm3 assay extraction procedure and tested using the liquid versions
of the DeWorm3 assays in single qPCR replicates. All previously detected species were
detected in the DNA extracts from at least two out of three stool aliquots.

Manual extraction and singleplex reference assay testing of 200 samples from India having
previously tested negative for all STH species of interest during Quantigen’s initial screening
efforts produced five N. americanus positive results. To investigate aliquot-to-aliquot variabil-
ity, additional aliquots of the five discordant stool samples were re-extracted. Three of the five
samples were re-extracted in duplicate, and two samples underwent re-extraction of a single
aliquot due to limitations in sample volume. All eight re-extraction products ([3 samples x
2 extractions] + [2 samples x 1 extraction]) were tested using the lyophilized DeWorm3 assays
in duplicate, and all samples confirmed the detection of N. americanus in at least one retested
extract. While experimental results produced a specificity of 98% (results agreement from 405
of 413 samples), the follow-on testing described here supports stool sample heterogeneity as an
underlying cause (Appendix A5 in S1 Appendix).

Table 4. DeWorm3 assay accuracy at the individual extraction and technical replicate levels.

Level
Technical Replicate

Individual Extraction

https://doi.org/10.1371/journal.pntd.0012760.1004

Assay Accuracy
T. trichiura A. lumbricoides N. americanus A. duodenale
99.5% 100.0% 100.0% 100.0%
98.1% 100.0% 100.0% 100.0%

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0012760 January 10, 2025 11/17


https://doi.org/10.1371/journal.pntd.0012760.g003
https://doi.org/10.1371/journal.pntd.0012760.t004
https://doi.org/10.1371/journal.pntd.0012760

PLOS NEGLECTED TROPICAL DISEASES High-throughput detection of soil-transmitted helminths

Table 5. By-species results of limit of detection testing.

Species Eggs Per Gram
N. americanus 1.83x107°
A. lumbricoides 0.02
A. duodenale 0.98
T. trichiura 0.04

https://doi.org/10.1371/journal.pntd.0012760.t005

Evaluation of assay limits of detection

Through the testing of a dilution series of characterized samples, the lowest concentration at
which at least 19/20 technical replicates amplified for each target STH species was identified.
These concentrations were then used to calculate LODs, and the LOD for each assay was deter-
mined to be <1 EPG (Table 5 and Appendix A6 in S1 Appendix).

Assessment of sample heterogeneity

To determine the potential impact of aliquot heterogeneity on the detection of target species
from a single sample, 200 randomly selected samples (10%), from among the first 2,000 sam-
ples tested in Benin (as part of DeWorm3 baseline testing), were subjected to further testing.
Four aliquots were taken from each of these 200 samples and DNA was independently
extracted from each aliquot. Two extractions occurred using the previously described refer-
ence extraction procedures [15] and two extractions occurring using DeWorm3 procedures.
Follow-up qPCR analysis then occurred on each extraction product using both the DeWorm3
and singleplex reference assays. Minimal discordance was observed in three of the four target
species; 8/200 N. americanus results discordant, 3/200 T. trichiura results discordant, and 10/
200 A. lumbricoides results discordant. All testing for A. duodenale was concordant negative.
The rate of discordance was similar across laboratories, assay methodologies, and extraction
techniques (S6 Table). Across samples, extracts one, three, and four each detected STH species
in 36/200 DNA products while extract two detected STH species in 43/200 DNA products. To
further assess the comparative performance of the singleplex reference assays and the
DeWorm3 assays, concordance of STH detection was calculated across all extracts and assays.
Overall concordance for each species was as follows: N. americanus— 98.5% concordant, T. tri-
chiura- 100% concordant, A. duodenale- 100% concordant, and A. lumbricoides— 98.1%
concordant.

Discussion

Accurate estimates of helminth prevalence are critical to inform policy and programmatic
decision making. Multiple studies have demonstrated that molecular assays are superior for
the detection of infection and the quantification of prevalence and intensity across geographic
settings and epidemiologic contexts [17]. As the prevalence and intensity of STH infections
declines globally, programs are beginning to gauge potential for the regional elimination of
STH as a public health problem, or for the interruption of disease transmission in certain geo-
graphic areas. With this shift, improved sensitivity and accuracy of molecular assays become
critical for programs to achieve and confirm success. Unfortunately, platforms for the use of
molecular diagnostics for STH at scale have not been previously developed or commercialized
and these assays have largely been confined to research use. The small-scale use of these assays
has meant that there has been little efficiency of scale, allowing costs to remain high and meth-
ods, operating procedures, and QA/QC methodologies to remain unstandardized.
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Here we describe a well-validated, standardized, and scalable high-throughput platform for
qPCR-based detection of STH at the population level. Importantly, validation practices for an
assay designed for the diagnostic testing of an individual patient are fundamentally different
from an assay designed strictly for the assessment of population-level infection prevalence
and/or intensity for purposes of informing programmatic decision making. It is therefore criti-
cal that an assay be evaluated in the context of its expected utility. Accordingly, appropriate cri-
teria for diagnostic platform validation were defined a priori. The results of this validation
study demonstrate reliable, reproducible, and accurate detection of STH targets with high sen-
sitivity and specificity.

The poor diagnostic performance of existing, commonly employed, coproscopic techniques
limits the ability to define a true gold standard for detection of STH. Given that properly
designed molecular assays are significantly more sensitive and specific than microscopy-based
methods, both reference and index assays employed in this validation study would be expected
to detect more true infections than would microscopy-based approaches. As a result, valida-
tion requires testing against a contrived panel, created by the spiking of an appropriate, naive
matrix material with various combinations/concentrations of target material (eggs, DNA,
etc.). Through the creation and testing of 18 such samples, each containing combinations of
none/some/all of the targets of interest at various concentrations, we were able to validate the
performance of our index assays (DeWorm3 assays) relative to the corresponding reference
assays (Smith College assays), and to assess transferability of technology through assay use at
an overseas laboratory. In addition, owing to their well-characterized nature, these samples
were also used to create a bank of material appropriate for troubleshooting, technician qualifi-
cation, and periodic proficiency testing. Coupled with additional controls including a B. atro-
phaeus IPC, an A. suum-containing external extraction control, and appropriate PCR controls,
we were able to overcome the challenges associated with a lack of properly characterized con-
trol material in the absence of a true gold standard.

The approach to assay development, validation, and verification described here has several
strengths. The DeWorm3 platform was designed for use with samples collected as part of a rig-
orous, large-scale clinical trial (the DeWorm3 cluster randomized trial) conducted across mul-
tiple geographic and epidemiologic settings and involving hundreds of thousands of
individuals. Given this intended use case, the a priori establishment of a validation protocol
and the inclusion of a group of external evaluators increases the rigor of the assessment, which
is critical for inspiring confidence in study results. In addition, the demonstration of export-
ability and reproducibility across laboratories suggests that this assay can be successfully trans-
ferred while maintaining diagnostic performance. This is critical in results interpretation for
multi-site studies at scale and for future potential programmatic use. Finally, the creation of
standard operating procedures, training documents, data collection instruments, and QA/QC
procedures and panels can be used to support the establishment of large-scale laboratory plat-
forms capable of supporting STH programs globally. These procedures and materials comple-
ment currently available resources, such as the STH community’s external quality assessment
scheme, which is a valuable tool for validating and assessing the periodic performance of labo-
ratories but does not support the frequency of quality assurance testing required by an effort
such as the DeWorm3 trial [18].

While the development and validation pipelines that we employed allowed us to create a
testing platform that is well-suited to its intended task, some limitations remain. Most criti-
cally, assessment of sample heterogeneity revealed some discrepancies in detection of targets
across aliquots created from individual samples. These discrepancies were likely the result of
the heterogenous distribution of target material within each sample, despite efforts to optimize
homogenization procedures prior to DNA extraction. The inability to generate completely

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0012760 January 10, 2025 13/17


https://doi.org/10.1371/journal.pntd.0012760

PLOS NEGLECTED TROPICAL DISEASES High-throughput detection of soil-transmitted helminths

homogeneous samples means that the potential for some number of false negative results
remains. Additional work will determine the frequency of false negativity, the likelihood of
obtaining a false negative result as a function of target mass/copy number in a sample, and the
ability to buffer against false negative results through procedural modifications (replicate test-
ing, etc.).

While the imperfect nature of sample homogenization may result in a limited number of
false negative outcomes, these same challenges may also allow false positive results to occur.
This happens when samples previously characterized as negative for a given pathogen contain
trace amounts of target sequence that lead to the very sporadic detection of a positive result. It
is possible that sporadic positivity due to the trace presence of target was the cause of the one
“false positive” T. trichiura result seen during the evaluation of assay accuracy. However, when
such sporadic positivity does occur, other causes, such as sample contamination cannot be
ruled out, thus leading to a “false positive” classification.

In addition to the procedural limitations discussed above, assay platform limitations also
exist. Notably, our assay platform involved an element of inefficiency in DNA recovery
because of imperfect methods for DNA extraction from fecal samples. Coupling these
imperfect methods with single replicate testing of study samples may increase the incidence
of false negative results. Furthermore, it is important to recognize that the platform
described in this paper is unlikely to be suitable for use in all settings. As equipment costs
and requirements are considerable, and reagent availability presents significant challenges,
the intended use of this platform is to facilitate testing at the level of the “center”, making
high-throughput molecular analysis available to programs that may otherwise be fully reli-
ant upon coproscopic techniques for at-scale testing. Admittedly, the establishment of such
testing capabilities requires considerable work and resources and is the underlying reason
why the platform was only fully established at Quantigen and the India DeWorm3 site, with
partial establishment in Benin, and no establishment in Malawi. While the rigor of the vali-
dation testing undertaken using contrived and characterized samples likely rendered it
unnecessary, our failure to include a blinded analysis of a large panel of field-collected sam-
ples characterized by both reference assay testing and microscopy-based analysis could also
be seen as a procedural shortcoming.

In addition to its intended purpose as a validation procedure for a high-throughput molec-
ular testing platform for large-scale population-level studies of STH prevalence, the methodol-
ogies described here have utility beyond their primary use case. Through the adaptation of the
described procedures, we have provided a blueprint for platform development capable of aid-
ing programmatic efforts to evaluate other pathogens of interest. Global programs aimed at
control/elimination of numerous neglected tropical diseases (NTD)s continue to realize vary-
ing degrees of success. This has resulted in an increased need for sensitive and specific tools
capable of accurately assessing infection prevalence at scale [19]. As NTD programs pivot
towards elimination of disease as a public health problem and, in some cases, to elimination of
transmission, such tools are needed to inform intervention stopping decisions and to monitor
for disease recrudescence in the post-intervention setting. As such, guidelines facilitating the
development of platforms capable of providing these answers, in the absence of reliable gold-
standard methods, will be critical.

The success of current STH programs has led to substantial reductions in infection preva-
lence in target populations, primarily among children, and to a lesser extent, among women of
reproductive age. Novel diagnostics are needed to accurately monitor the progress of STH pro-
grams given the limitations of existing tools. The platform described here is a well validated
real-time PCR-based approach that could be readily scaled for broad programmatic use in sup-
port of global morbidity management and STH transmission interruption efforts.
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