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ABSTRACT

IMPROVED MOLECULAR DIAGNOSTICS FOR SOIL-TRANSMITTED
HELMINTHS

MAY 2020

NILS PILOTTE
B.A., ELMS COLLEGE
M.S., SMITH COLLEGE
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor Steven A. Williams

Current World Health Organization recommendations for the diagnosis of soiltransmitted helminths (STH) rely on antiquated microscopy-based techniques that lack
both diagnostic sensitivity and specificity. While sufficient for providing rough estimates
of infection frequency and intensity within high prevalence settings, these techniques lack
the capacity to effectively estimate infection levels following successful intervention
efforts, as worm burdens decline and community prevalences decrease. Furthermore, an
expanding body of evidence is suggesting that microscopy-based misdiagnosis of infection
is likely a larger concern then previously believed.

As such, with an increase in

programmatic support for transmission interruption and an escalating belief in the
possibility of regional eradication, recognition of the need for improved diagnostics is
expanding. Such diagnostics are critically important for accurately measuring intervention
successes, and for making determinations about where and when interventions can be
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discontinued allowing for the re-prioritization of resources.

Given the stakes and

acknowledging this need, recent years have witnessed the growth of molecular diagnostic
development efforts, centering primarily upon the creation of real-time PCR-based assays.
However, while a variety of assays have been developed, these assays have all utilized
suboptimal DNA targets, typically exploiting ribosomal and/or mitochondrial sequences
for parasite detection.
By coupling next-generation sequencing with bioinformatics-based approaches to
the analysis of raw sequencing read data, the selection of optimal DNA-based molecular
targets becomes possible. Software, such as RepeatExplorer can be utilized to identify
high copy-number, species-specific, repetitive DNA elements within a pathogen. These
repeat sequences can then be utilized to design sensitive and specific real-time PCR assays.
Utilizing such an approach, we have designed, developed, and extensively validated a panel
of assays facilitating the improved detection of the human infecting STH. These assays
are proving useful in a number of settings, gaining widespread traction within the
operational research community and helping to shape and define future intervention
strategies. Furthermore, our assays continue to highlight the inadequacies of alternative
diagnostic methods, illustrating the potential challenges and risks for misdiagnosis
associated with the use of both microscopy-based diagnostics, and assays targeting less
sensitive, less specific genomic regions.
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CHAPTER 1
INTRODUCTION

1.1 The soil-transmitted helminths
Spanning 120 countries and placing an estimated one quarter of the world’s total
population at risk (Figure 1.1), the soil-transmitted helminths (STH) are a leading cause of
morbidity and of lost economic productivity [1,2]. Categorized and named based upon the
important role played by soil in their transmission cycles [3] (Figure 1.2), the humaninfecting STH (roundworm - Ascaris lumbricoides; hookworm - Necator americanus,
Ancylostoma duodenale, and Ancylostoma ceylanicum; whipworm - Trichuris trichiura;
and threadworm - Strongyloides stercoralis) are estimated to result in the annual loss of
over 2 million healthy-life-years lived (as measured by disability adjusted life years
[DALYs]) [4], with some experts suggesting the burden is significantly greater [5]. While
infrequently fatal, morbidity associated with STH infections is substantial, and is most
pronounced in school-aged children, resulting in lethargy, wasting, growth stunting,
chronic anemia, poor school attendance, and underperformance vs. peers in the educational
and cognitive domains of learning, and memory [6].

Physical performance is also

impacted, with infected children demonstrating reduced capacities on a variety of fitnessrelated measures [7, 8]. As the prevalence of STH infection is highest in economicallydisadvantaged locations [9–11], these wide-ranging health and wellness impacts perpetuate
the cycle of poverty, reinforcing existing disparities and curtailing the potential of young
children living in disadvantaged locations [7].
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In addition to its significant impacts on childhood health, development, and
achievement, STH infection, primarily with hookworm and T. trichiura, is correlated with
increased risk for anemia during pregnancy. This increased risk results in higher rates of
pregnancy-related and child-delivery-related mortality [12, 13]. Growing evidence also
suggests that STH co-infection may increase susceptibility to other diseases such as HIV
and malaria [14, 15], while simultaneously exacerbating morbidity and increasing rates of
mortality upon the establishment of co-infection [10]. Furthermore, the efficacy of
vaccines providing protection against a variety of dangerous pathogens may also be
reduced as a result of STH infection [10, 16]. Taken together, these deleterious impacts
greatly reduce the capacity for work among populations already facing significant
disadvantages. This results in extreme consequences for economic productivity, with
annual losses estimated to reach US$3.5 billion in sub-Saharan Africa alone [17].
Given the broad, and multi-faceted impact which STH disease has on global health
and economic productivity, international recognition of the need for organized and
standardized intervention efforts is growing [18–21]. Current efforts typically involve the
mass drug administration (MDA)-based treatment of children with benzimidazoles, welltolerated anthelminthic chemotherapeutics which are given to a target population
irrespective of the individual infection statuses among the constituents [22–24]. When
intervention coverage and compliance are sufficient, these efforts are effective for deworming infected children under treatment. However, as the majority of such interventions
do not target large segments of the adult population for whom infection is generally
considered to be less detrimental to overall health, human reservoirs of infection remain
within the treated communities and re-infection of children occurs rapidly [25–28]. Odds
2

for reinfection are further bolstered by environmental reservoirs, as shed A. lumbricoides
and T. trichiura eggs may remain viable for extended periods of time outside of the host
[29–33]. This results in the persistence of infectious eggs for a period of years even if
community-wide treatment and intervention efforts are able to effectively clear infection
within an afflicted region. Recognizing these shortcomings, operational research-based
studies are now being conducted to evaluate whether transmission interruption, and
regional elimination of STH disease may be possible through the expansion and revision
of MDA-based treatment strategies, in combination with additional interventions such as
improvements to water, sanitation, and hygiene (WASH) [34–39].

1.2 Soil-transmitted helminth diagnostics
Historically, diagnosis of STH infection has relied on the microscopic identification
of eggs or larvae within the stool shed by infected individuals [40]. The Kato-Katz
technique, originally developed to facilitate detection of Schistosoma mansoni in stool [41],
remains the most commonly employed diagnostic methodology for use in human surveys
[42–45]. This technique involves the direct microscopic observation of shed STH eggs
within a recently-collected stool sample. Other less frequently utilized copromicroscopic
techniques such as the McMaster egg counting technique [46, 47], FLOTAC [48, 49], miniFLOTAC [50, 51] and FECPAC [52, 53] couple an egg-flotation step with microscopic
observation. However, despite widespread use, microscopy-based techniques have long
been known and acknowledged to lack both sensitivity and specificity of detection,
rendering them suboptimal [43, 54–56]. While such methods remain largely sufficient for
disease mapping in areas suspected of having high-prevalence/high-intensity infections
3

[57, 58], the expansion of intervention strategies with the lofty goal of interrupting
transmission and achieving local/regional elimination has resulted in a recognized need for
improved diagnostics. Programmatic acknowledgement of the need for a diagnostic
technique capable of accurately assessing infection rates under conditions of declining
prevalence is expanding [58] as such measures are critical to gauging intervention
effectiveness. As a result, recent years have witnessed the championing of polymerase
chain reaction (PCR)-based approaches as a possible solution to this diagnostic challenge
[59]. In response, a number of multiplexed and multi-parallel quantitative real-time PCR
(qPCR) assays have been developed [60–64] and a growing body of evidence is
demonstrating that these assays outperform the historically-employed microscopy-based
techniques [59, 62–66]. Yet despite these improvements, assay development efforts have
exclusively targeted ribosomal and mitochondrial sequences. These targets, historically
selected for their ease of discovery and multi-copy nature, remain the most commonly
selected targets for PCR-based diagnostics spanning the breadth of eukaryotic pathogens
[67–69]. However, despite their frequency of use, such targets are oftentimes suboptimal
due to their semi-conserved nature and moderate genomic copy-numbers.

1.3 Satellite sequence-based PCR diagnostics
Satellite sequences are repetitive DNA elements, most commonly between 150 to
400 base pairs (bp) in length, which form large tandemly repeated arrays within the
genomes of plants and animals [70]. These elements, whose biological functions are just
now being elucidated, play important roles in a variety of processes including chromatin
organization, kinetochore formation, gene regulation, and speciation [71–74]. Yet despite
4

these critical functions, satellite DNA sequences are known to diverge rapidly between
species, while undergoing periodic homogenization within a species [75]. These processes
result in high copy-number sequences that are maintained within a species, but bear little
resemblance to satellite regions in even the most closely related of species.
With single satellite families comprising as much as 35% of the eukaryotic genome
[76], the diagnostic utility of satellite sequences is unmatched by other genomic elements.
Recognizing that an ideal DNA-based diagnostic target should be highly repetitive and
species-specific, efforts to utilize satellite sequences as targets for DNA-based molecular
diagnostics predate the existence of PCR [77–79]. However, prior to the advent of nextgeneration sequencing (NGS), attempts to discover optimal satellite sequences for
diagnostic exploitation were dependent upon “guess and check”-type strategies. These
tactics relyed upon the coupling of restriction enzyme digestion with agarose gel
electrophoresis to identify repetitive genomic elements which would appear as high copynumber bands following size discrimination [80] (Figure 1.3). While such labors have led
to the identification of diagnostic target sequences for a variety of eukaryotic pathogens
[81–83], verification of such targets as optimal genomic elements was not possible utilizing
pre-NGS approaches. However, with the advent of NGS, the capacity to efficiently and
effectively estimate the genomic abundances of various DNA elements has emerged,
fundamentally changing the methods underlying optimal target discovery.

1.4 RepeatExplorer
With the advent of NGS technologies, the ability to gather high-throughput
sequence data for virtually any organism of interest has become straightforward and
5

inexpensive. Such sequencing efforts result in vast quantities of raw sequence reads, which
are most frequently used to assemble draft/reference genomes. During such assemblies,
repetitive sequence elements are typically “masked” because of the challenges they pose
for the assembly process [84–86]. However, with the development of specialized
informatics tools, these raw sequence reads can now be repurposed to answer specific
questions and allow specific investigations.
RepeatExplorer is a collection of Galaxy-based web tools capable of identifying
repetitive elements from raw NGS sequence reads [87]. Following initial trimming,
grooming, and quality control checks, a randomly sampled subset of reads are uploaded
for analysis. Input sequences then undergo an all-to-all sequence comparison, akin to a
BLAST analysis, and sequences are binned based upon their similarity. Reads attaining a
threshold similarity of ≥ 90% sequence identity over 55% or more of their read lengths are
then “clustered”, resulting in graph-based output. Within cluster graphs individual reads
are represented by vertices/nodes, which are connected by edges when the minimum
threshold similarity is met or exceeded. In such clusters, edge length identifies degree of
similarity, with shorter edges representing sequences with greater degrees of sequence
identity. Based upon the organization and length of the underlying repeat within the
genome, clusters then take on characteristic appearances (Figure 1.4).

Combining

graphical interpretation with statistical output such as cluster density (a measure of the
percentage of edges within a cluster relative to the maximum number of possible edges that
would exist if each node successfully paired with every other node within the cluster),
optimal targets can be selected. Further examination of the selected cluster then allows for
the identification of genomic repeat regions that show the greatest element of conservation
6

and representation. Through the assignment of representation scores to each nucleotide
within a given repeat’s sequence, target regions which lack diagnostically problematic
elements such as insertions/deletions, single nucleotide polymorphisms, and truncations
can be targeted for assay design (Figure 1.5).
By designing assays that target the most represented regions within clusters built
from the most numerous sequence elements, it becomes possible to develop optimal PCRbased diagnostic tools. While repetitive sequence composition can vary considerably from
species to species [88], the methodical analysis of underlying genome content ensures that
each assay target is optimal, reducing reliance on targets selected because of factors such
as prior availability or ease of discovery.
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Figure 1.1 Global distributions of soil-transmitted helminth infections. Estimated
prevalence rates as presented by Jourdan and colleagues, 2017. Prevalences are striated by
color and country for (A) Ascaris lumbricoides, (B) Trichuris trichiura, (C) Human
infecting hookworm, and (D) Strongyloides stercoralis.
This image adapted from: [2]
Jourdan P, Lamberton P, Fenwick A, Addiss D. Soil-transmitted helminth infections.
Lancet. 2018; 391: 2322–2323.
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Figure 1.2 A simplified overview of the soil-transmitted helminth lifecycle. Infective
larvae are ingested with food, water, or through oral contact with other contaminated
substance. Hookworm species may also enter the body by directly penetrating the skin
(not pictured). Once internalized, larvae travel to the bloodstream and migrate to the lungs.
After reaching the lungs, larvae are cleared via the process of coughing, after which they
are swallowed and travel back to the intestinal track. After reaching their species-specific
intestinal regions of preference, colonization occurs and infection is established. The
mating of male and female worms within the intestinal lumen then becomes possible,
resulting in the daily shedding of hundreds, to tens of thousands of infective eggs or larvae.
Depending upon species, shed pathogen may remain viable in the external environment for
months or years. Such extended viability greatly complicated intervention efforts, as it is
possible for environmental reservoirs to remain even following the clearance of pathogen
from a population.
This image adapted from: [3]
Das CJ, Kumar J, Debnath J, Chaudhry A. Imaging of ascariasis. Australas Radiol. 2007;
51: 500-506.
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Figure 1.3 An example of satellite DNA detection using restriction enzyme digestion
and agarose gel electrophoresis. In this example from the literature, genomic DNA from
the copepod Tigriopus brevicornis was digested with a variety of restriction enzymes.
Digested products were then visualized using agarose gel electrophoresis, allowing for the
identification of highly represented gDNA elements. These repetitive sequences appear as
bands due to the presence of restriction sites in the gDNA regions of each repeat monomer.
Due to the presence of these restircition sites, digestion results in the production of many
copies of predictably digested monomer, resulting in digestion products of identical, or
near identical size. Due to their reptetive nature and resulting high copy numbers, these
elements then appear as distinct DNA bands when separated by size on an agarose gel.
10

Such bands can then be excised, recovered, and sequenced to determine repeat identity.
TM; partially digested Tenebrio molitor satellite DNA utilized as a standard.
This image adapted from: [80]
Mravinac B, Ugarković E, Franjević D, Plohl M. Long inversely oriented subunits form a
complex monomer of Tribolium brevicornis satellite DNA. J Mol Evol. 2005; 60: 513525.
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Figure 1.4 Basic principles underlying RepeatExplorer cluster formation. By
performing an all-to-all BLAST analysis of raw sequence reads, RepeatExplorer joins
reads which share 90% or greater sequence identity over 55% or more of the read lengths.
Reads (represented by nodes) meeting or exceeding this criteria for identity are joined by
edges, forming clusters. (A) A characteristic cluster for a short tandem repeat. Because
12

read lengths are closer in length to the length of individual repeat monomers, reads exceed
RepeatExplorer’s similarity threshold when compared with many other reads within the
cluster. For this reason, a compact cluster is formed comprised of short verticies
connecting each individual node to many other nodes. Reads that are still able to meet the
required identity threshold but show greater variability due to the presence of single
nucleotide polymorphisms, insertions/deletions, portions of a flanking sequences, or other
dissimilarities are represented by the more distant nodes, giving the cluster a “star burst”like appearance. (B) A characteristic cluster for a long tandem repeat. Because individual
repeat monomers are considerably longer than the length of an individual read, reads within
a cluster share threshold similarity only with reads mapping to adjacent regions of the
repeat. Two reads mapping to separated regions of the monomer will not share threshold
similarity, and therefore will not be joined by an edge. However, because the repeat is
tandemly arranged, a read spanning the junction between two monomers will share
similarity with both the 5’ and 3’ regions of the adjacent monomers at the junction. For
this reason, the resulting cluser forms a closed circle. (C) A characteristic cluster for a long
interspersed repeat. Much like a long tandem repeat, individual nodes within a long
interspersed repeat meet the similarity threshold only with reads mapping to neighboring
regions of the monomer. However, because the repat monomer is not tandemly arranged,
it is boardered by variable flanking sequences. As such, reads mapping to the 5’ end of the
repeat do not share threshold similarity with reads mapping to the repeat’s 3’ end. This
results in the formation of a “line”-like cluster. Because short, tandemly arranged repeats
contain the greatest number of repeat monomers per unit length of DNA, an assay targeting
such a monomer typically provides the ideal diagnostic target, comprising the most
prevalent genomic element of sufficient length to accommodate assay design. As such
these clusters represent the “first choice” for target selection.
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Figure 1.5 Mechanism for identifying optimal primer/probe regions within a
candidate cluster. Individual reads within a cluster are aligned by RepeatExplorer and
this alignment is used to generate a representation score for each nucleotide position within
the cluster. This score is equal to the total number of clustered reads that a given nucleotide
is found within. In this figure, these scores are represented by the string of numbers, with
each number corresponding to an individual nucleotide within the consensus sequence.
Utilizing these scores, the region of the cluster containing nucleotides with the greatest
representation can be selected as the preferred region for primer/probe design. This region
putatively represents the repeat’s “core” region, allowing for the avoidance of flanking
regions, regions lost within truncated repeats, or highly variable regions within the repeat.
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CHAPTER 2
IMPROVED PCR-BASED DETECTION OF SOIL-TRANSMITTED HELMINTH
INFECTIONS USING A NEXT-GENERATION SEQUENCEING APPROACH
TO ASSAY DESIGN

as written by Pilotte N., Papaiakovou M., Grant J.R., Bierwert L.A., Llewellyn S.,
McCarthy J.S., Williams S.A.
PLoS Neglected Tropical Diseases, 2016

2.1 General Chapter Overview
This chapter describes a new pipeline for the discovery of highly repetitive DNA
sequences within eukaryotic organisms, facilitating the development of real-time PCR
(qPCR) assays targeting optimal sequences. Following the generation of raw NGS reads,
a Galaxy-based analysis tool known as RepeatExplorer is utilized to identify the most
common genomic elements within the human infecting soil-transmitted helminth species
Necator americanus, Ancylostoma duodenale, Trichuris trichiura, Strongyloides
stercoralis, and Ascaris lumbricoides. Following the identification of optimal targets,
novel small-volume, multi-parallel assays are developed, optimized, and validated through
comparative testing with published assays. Discordant results, coupled with confirmatory
testing and sequencing efforts demonstrate that the novel index assays provide improved
sensitivity and specificity over their reference comparators, in certain instances correcting
pathogen misclassifications which occur when using the less specific reference assays
targeting ribosomal sequences. Of note, the analysis of A. lumbricoides repeats, performed
using DNA extracted from adult A. lumbricoides tissues, identifies the most repetitive
23

sequence elements as mapping to the ribosome-encoding and mitochondrial genes, rather
than to a “non-coding” repetitive sequence.

This finding is likely the result of A.

lumbricoides undergoing chromosome diminution during embryonic developement.
During this process, many of the genomic repeats are predictably and repeatibly eliminated
from somatic tissues, rendering the moderately-repeated ribosomal targets the most
prevalent remaining.
My contributions to this work include isolating all gDNA specimens, performing
all NGS library preparations and sequencing reactions, and analyzing all output. I am also
responsible for the re-purposing of RepeatExplorer software, a software designed and
intended for use with plants, by developing a pipeline for its use as a repetitive element
discovery tool for soil-transmitted helminths and other eukaryotic pathogens. I performed
all analyses, designed all primers and probes, directly performed, or oversaw the
performance of all optimization and validation testing, and wrote the manuscript.
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2.2 Abstract

2.2.1 Background
The soil transmitted helminths are a group of parasitic worms responsible for
extensive morbidity in many of the world’s most economically depressed locations. With
growing emphasis on disease mapping and eradication, the availability of accurate and
cost-effective diagnostic measures is of paramount importance to global control and
elimination efforts. While real-time PCR-based molecular detection assays have shown
great promise, to date, these assays have utilized sub-optimal targets. By performing nextgeneration sequencing-based repeat analyses, we have identified high copy-number, noncoding DNA sequences from a series of soil transmitted pathogens. We have used these
repetitive DNA elements as targets in the development of novel, multi-parallel, PCR-based
diagnostic assays.

2.2.2 Methodology/principal findings
Utilizing next-generation sequencing and the Galaxy-based RepeatExplorer web
server, we performed repeat DNA analysis on five species of soil transmitted helminths
(Necator americanus, Ancylostoma duodenale, Trichuris trichiura, Ascaris lumbricoides,
and Strongyloides stercoralis). Employing high copy-number, non-coding repeat DNA
sequences as targets, novel real-time PCR assays were designed, and assays were tested
against established molecular detection methods. Each assay provided consistent detection
of genomic DNA at quantities of 2 fg or less, demonstrated species-specificity, and showed
an improved limit of detection over the existing, proven PCR-based assay.
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2.2.3 Conclusions/significance
The utilization of next-generation sequencing-based repeat DNA analysis
methodologies for the identification of molecular diagnostic targets has the ability to
improve assay species-specificity and limits of detection. By exploiting such high copynumber repeat sequences, the assays described here will facilitate soil transmitted helminth
diagnostic efforts. We recommend similar analyses when designing PCR-based diagnostic
tests for the detection of other eukaryotic pathogens.

2.3 Author Summary
With a growing emphasis on the mapping and elimination of soil transmitted
helminth (STH) infections, the need for optimal and specific diagnostic methods is
increasing. While PCR-based diagnostic methods for the detection of these parasitic
organisms exist, these assays make use of sub-optimal target sequences. By designing
assays that target non-coding, high copy-number repetitive sequences, both the limit of
detection and species-specificity of detection improve. Using next-generation sequencing
technology, we have identified high copy-number repeats for a series of STH species
responsible for the greatest burden of disease. Using these repetitive sequences as targets
in the design of novel real-time PCR assays, we have improved both the limits of detection
and species-specificity of detection, and we have demonstrated this improved detection by
testing these assays against an established PCR-based diagnostic methodology.
Accordingly, these assays should facilitate mapping and monitoring efforts, and the
generalized application of this approach to assay design should improve detection efforts
for other eukaryotic pathogens.
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2.4 Introduction
Estimated to infect more than one quarter of the world’s total population, the soil
transmitted helminths (STH) are responsible for profound morbidity and nutritional
insufficiency [1]. Concentrated in the world’s most impoverished locations, the results of
widespread infection on economic capacity are equally burdensome. Yet despite the scope
of such disease, and continuing efforts to improve treatment programs and integration
strategies, reliable and accurate diagnosis of STH infections remains difficult, and resulting
prevalence estimates remain imprecise [1-2].
In recent years, the interest in molecular diagnostic methods for the detection of
gastrointestinal helminths has grown substantially. Largely, this escalation in interest has
occurred in parallel with the belief that standard microscopy-based methodologies for the
examination of stool samples are sub-optimal, leading to underrepresentation of infection
[3-5]. Further complicating matters, rates of STH egg/larval excretion have been shown to
vary considerably within sequentially collected stool samples originating from a single
infected individual [6-7]. This variability in egg/larval count can result in false negative
samples, particularly when non-amplification-based diagnostic methodologies are utilized
[7]. Such underrepresentation of disease complicates programmatic efforts, making the
accurate assessment of the effects of intervention difficult, and frequently leaving lowlevel infections undiagnosed [5, 8-9]. Additionally, microscopy-based diagnostic methods
have been linked with pathogen misidentification due to the morphological similarities that
exist between species [5, 10]. Because of such concerns, a number of conventional and
real-time PCR-based assays have been developed with the objective of improving both
species-specificity and limits of detection [4, 11-17]. These assays have proven valuable,
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and as global efforts to estimate the burden of disease caused by the soil transmitted
helminths (STHs) continue to increase, the number of studies incorporating such assays
has risen in response [3, 5, 9, 18-21]. To date, the target sequences for such assays have
been ribosomal internal transcribed spacer (ITS) sequences, 18S or ribosomal subunit
sequences, or mitochondrial genes such as cytochrome oxidase I (COI) [4, 11-14].
Ribosomal sequences have been selected as diagnostic targets because they are typically
found as easily identified moderate copy number tandem repeats in nucleated organisms
[22-25]. Similarly, multiple copies of mitochondrial targets are found in the vast majority
of eukaryotic cells [26], making them attractive target choices. However, while effective,
such diagnostic targets are often sub-optimal. This is particularly true in the case of
nematodes and other multi-cellular organisms where species-specific, highly repetitive
DNA elements frequently make up a substantial portion of the genome, and are often
present at copy-numbers exceeding 1,000 per haploid genome [27-29]. Due to such
overrepresentation, non-coding repetitive sequence elements have become the targets of
choice for many PCR-based diagnostic assays for the detection of various helminth species
[30-31]. However, the identification of such repeats has historically been complicated and
labor intensive.

This identification has relied on techniques such as restriction

endonuclease digestion of genomic DNA, followed by gel electrophoresis and Sanger
DNA sequencing or polyacrylamide slab gel sequencing [32-34]. However, the advent of
next-generation sequencing (NGS) technologies and associated informatics tools has
expedited the search for highly repetitive sequence elements [35-39], and greater
confidence can be placed in the accuracy of the results of such searches. Furthermore, as
ribosomal and mitochondrial sequences tend to demonstrate high degrees of conservation
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between species, species-specificity of detection is also improved through the targeting of
unique, highly-divergent, non-coding repeat DNA elements.
Here we describe the development of multi-parallel real-time PCR assays for the
detection of five species of soil transmitted helminths (Necator americanus, Ancylostoma
duodenale, Trichuris trichiura, Strongyloides stercoralis, and Ascaris lumbricoides).
Using NGS-generated sequence data and the Galaxy-based RepeatExplorer computational
pipeline [38-39], we have searched the genomes of each organism for highly repetitive,
non-coding DNA elements in order to identify diagnostic targets capable of providing
optimal limits of detection and species-specificity of detection. Using these targets to
design small-volume, multi-parallel tests [4], we have created a platform that provides costminimizing implementation of only those assays appropriate for a specific geographic
region based upon the infections present. While performing multiplex assays may provide
labor and time savings in locations where many parasites are co-endemic, such assays
result in considerable waste when used in areas harboring only one or a few of the target
species. In such settings, the “pick-and-choose” nature of multi-parallel assays minimizes
reagent waste, and by improving upon limits of detection, the species-specific platform we
describe here should facilitate improved STH monitoring and mapping efforts. Since NGSbased repeat analyses allow for the selection of the most efficacious target sequences, this
approach to assay design should be applied to the development of additional diagnostics
tests for other eukaryotic pathogens.
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2.5 Materials and Methods

2.5.1 Isolation of parasite genomic DNA
For isolation of genomic DNA from N. americanus, A. duodenale, and T. trichiura,
extractions were performed on cryopreserved adult worms in accordance with the
“SWDNA1” protocol available on the Filarial Research Reagent Resource Center website
(http://www.filariasiscenter.org/parasite-resources/Protocols/materials-1/).

For

N.

americanus and A. duodenale, DNA extractions were conducted using a pool of
approximately 10 adult worms. Both hookworm species belonged to strains originating in
China. In the case of T. trichiura, extraction was performed using a single adult female
worm of Ugandan origin. For S. stercoralis and A. lumbricoides, previously extracted
genomic DNA was received from collaborators. S. stercoralis DNA was obtained from
laboratory-reared worms originating from Pennsylvania, USA, and A. lumbricoides DNA
was isolated from worms obtained from Ecuador.

2.5.2 Next-generation sequencing of genomic DNA

2.5.2.1 Library preparation
50 ng of genomic DNA, at a concentration of 2.5 ng/µl, was utilized for the NGS
library preparation of all organisms except S. stercoralis. For S. stercoralis, sequencing
was not performed, as publically available sequence reads were used for the bioinformatics
analyses (Sequence Read Archive ID: ERX044031). For all remaining parasites, libraries
were prepared using the Nextera DNA Sample Preparation Kit (Illumina, San Diego, CA),
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the Nextera DNA Sample Preparation Index Kit (Illumina), and the ZR-96 DNA Clean &
Concentrator-5 Kit (Zymo Research Corporation, Irvine, CA) in accordance with the
manufacturer’s protocols and previous description [40]. Following library preparation, the
concentration of each library was determined using the Qubit 1.0 Fluorometer (Life
Technologies, Carlsbad, CA) and the Qubit dsDNA Broad Range Assay Kit (Life
Technologies). Additionally, the size distribution of each library was analyzed using the
Agilent 2100 Bioanalyzer System (Agilent Technologies, Santa Clara, CA) and the Agilent
High Sensitivity DNA Kit (Agilent Technologies).

2.5.2.2 Next-generation sequencing
Based upon the DNA concentrations and size distributions for each prepared
library, aliquots containing approximately 12 pmol of library were created for all parasites.
Library aliquots were then sequenced individually on the MiSeq platform (Illumina) using
the MiSeq Reagent Kit v3 (150 cycles) (Illumina) and the single-ended read approach.

2.5.3 Repeat analysis
For each parasite analyzed, raw sequencing reads were uploaded to the Galaxybased RepeatExplorer web server [39]. Reads were processed according to the workflow
in Figure 2.1, enabling the identification of high copy-number repeat DNA sequences for
each organism. Promising repeat families were further analyzed using the Nucleotide
BLAST tool (http://blast.ncbi.nlm.nih.gov/Blast.cgi) available from the National Center
for Biotechnology Information (NCBI). Results from each organism were screened for
repetitive DNA elements found to have high degrees of homology with elements of the
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human genome, common bacteria of the human microbiome, or other parasitic organisms
likely to be found within the human gut. Had such sequences been identified as among the
most repetitive, they would have been eliminated from further consideration as they would
be expected to cause species-specificity challenges during downstream PCR assay
development. However, no such conserved highly repetitive elements were identified.
Following screening, sequences from each organism, putatively determined to be among
the most highly repetitive, were utilized for further assay development (Figure 2.2).

2.5.4 Primer and probe design
Candidate primer and probe pairings for each organism, excluding A. lumbricoides,
were designed using the PrimerQuest online tool (Integrated DNA Technologies,
Coralville, IA), utilizing the default parameters for probe-based qPCR. The putative
species-specificity of each primer pair was further examined using Primer-BLAST
software (https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi). In the case of S.
stercoralis the highest copy-number repeat (as determined by RepeatExplorer) was not
selected as a target sequence, due to design difficulties associated with the extreme A-T
richness of the repeat (A-T % = 80.25). As a result, a second repeat analysis was
performed, selecting only for sequence reads with > 30 % G-C content, and a second
candidate sequence was selected based on these results. In the case of A. lumbricoides,
RepeatExplorer analyses of two different sequencing runs performed from two distinct
libraries both resulted in the identification of ribosomal and mitochondrial sequences as
the most highly repetitive. For this reason, sequences from an existing, proven, primer and
probe set targeting the ITS1 region were selected for further analysis [14, 16]. With the
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exception of the previously published A. lumbricoides probe, all probes were labeled with
a 6FAM fluorophore at the 5’ end, and were double quenched using the internal quencher
ZEN and 3IABkFQ (IOWA BLACK) at the 3’ end (Integrated DNA Technologies). This
fluorophore-quencher combination was chosen as comparative testing of each probe
revealed improved Ct values and greater ΔRn values using this chemistry when compared
to typical TAMRA quenching (Figure 2.3). Primer and probe sets for each organism can
be found in Table 2.1.

2.5.5 Primer and probe validation

2.5.5.1 Primer optimization reactions
In order to determine the optimal primer concentrations for each assay, a
concentration matrix was created. For all primers, testing at 62.5 nM, 125 nM, 250 nM,
500 nM and 1000 nM was performed, and all forward primer concentrations were tested in
combination with all reverse primer concentrations. Optimization assays were conducted
in 7 µl volumes, containing 3.5 µl of 2X TaqMan Fast Universal PCR Master Mix (Life
Technologies), 125 nmol of each assay’s respective probe, and 2 µl of template DNA at a
concentration of 1 ng/µl. Cycling conditions consisted of an initial 2 min incubation step
at 50 °C, followed by a 10 min incubation at 95 °C. These incubations were followed by
40 cycles of 95 °C for 15 sec for denaturation, followed by 1 min at 59 °C for annealing
and extension. All reactions were conducted using the StepOnePlus Real-Time PCR
System (Life Technologies).
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2.5.5.2 Determination of assay detection limits
In order to determine the limits of detection for each assay, genomic template DNA
stocks were titrated for each parasite. DNA stock concentrations of 1 ng/µl, 100 pg/µl, 10
pg/µl, 1 pg/µl, 100 fg/µl, 10 fg/µl, 1 fg/µl, 100 ag/µl, 10 ag/µl and 1 ag/µl were tested with
each assay using the optimized primer concentrations and assays were again conducted in
7 µl total volumes. Reagent concentrations and cycling conditions were identical to those
used for primer optimization reactions.

2.5.5.3 Assay species-specificity testing
In order to ensure the species-specificity of each assay, the primer-probe set for
each parasite was tested using template DNA from each of the other STH species.
Furthermore, each primer-probe combination was tested against human genomic DNA and
the DNA of the common gastrointestinal tract commensal Escherichia coli (K-12 strain).
All template stocks were at a concentration of 1 ng/µl, and all assays were performed using
the same reagent volumes and concentrations as used for the primer optimization reactions
and for the determination of assay detection limits.

2.5.6 Comparative testing of field-collected samples

2.5.6.1 Collection of samples
For comparative assay testing, a panel of 79 samples was employed. All samples
had been previously collected as part of the “Wash for Worms” interventional trial in
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Timor-Leste (Trial registration: ACTRN12614000680662). The specific procedures used
during the collection and storage of these samples have been previously described [41].

2.5.6.2 DNA extraction
All DNA extractions were performed at QIMR Berghofer using the PowerSoil
DNA isolation Kit (Mo Bio, Carlsbad, CA, USA) in accordance with the previously
described, modified version of the manufacturer’s protocol [42]. Following extraction, an
aliquot of each sample was retained at QIMR Berghofer and another was shipped to Smith
College (Northampton, MA, USA).

2.5.6.3 Real-time PCR testing
DNA extracts from all samples were assayed at both QIMR Berghofer and Smith
College. Testing at QIMR Berghofer was conducted using previously described real-time
PCR primer/probe sets [4, 13-15], optimized for use in pentaplex assays [42] to test for the
presence of N. americanus, T. trichiura, Ascaris ssp., Ancylostoma ssp., and S. stercoralis.
For ease of reporting, hereafter, these assays will be referred to as the “QIMR assays”.
Testing which occurred at Smith College made use of the optimized, previously
undescribed multi-parallel assays for the detection of N. americanus, T. trichiura, A.
lumbricoides, A. duodenale, and S. stercoralis introduced in this manuscript (hereafter
referred to as the “Smith assays”). All sample aliquots tested at Smith College were coded
blind by QIMR and assay results were not shared between institutions until all testing had
been completed.
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2.5.6.4 Statistical analysis
Positive, negative and overall agreements were calculated to assess concordance
between the QIMR and Smith assays using the equations found in “Statistical Guidance on
Reporting Results from Studies Evaluating Diagnostic Tests” [43]. Kappa statistics, which
account for the possibility that concordance may occur by chance, were calculated for each
taxon using R version 3.1.3 and the R package irr [44-45].

2.5.6.5 Trichuris speciation of Smith-negative, QIMR-positive samples
Samples testing positive for Trichuris ssp. using the QIMR assay, but negative for
Trichuris trichiura using the Smith assay were further analyzed to determine the identity
of the infecting species. Using a previously described primer-probe set targeting the coding
sequence for the 18S ribosomal subunit [46], these samples were PCR amplified in 25 µl
reactions using the Phusion Hot Start Flex DNA Polymerase Kit (New England Biolabs,
Ipswich, MA). PCR reaction conditions were as follows: 16.5 µl PCR-grade water, 400
nM forward primer, 400 nM reverse primer, 0.5 µl dNTPs, 0.75 µl DMSO, 5.0 µl Phusion
HF buffer, 0.25 µl Phusion Polymerase, and 1 µl template DNA. Cycling conditions
consisted of an initial denaturing step at 98 °C for 15 min, followed by 35 cycles of 98 °C
for 10 sec, 56 °C for 15 sec, and 72 °C for 15 sec. Following 35 cycles, a final extension
step of 72 °C for 7 min was performed. PCR products were then sequenced using standard
Sanger methodology and resulting sequence data were analyzed using NCBI’s Nucleotide
BLAST tool.
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2.5.6.6 Differentiation of A. duodenale and A. ceylanicum infections
Samples testing positive for Ancylostoma ssp. using the QIMR assay, but negative
for A. duodenale using the Smith assay, underwent further testing to discriminate between
infection with A. duodenale and A. ceylanicum. For differential detection, a semi-nested
PCR-Restriction Fragment Length Polymorphism (RFLP) assay was employed, and
samples were tested in accordance with the published protocol [47].

Digestion of

Ancylostoma ssp. PCR product using the MvaI enzyme (Life Technologies) was indicative
of the presence of A. ceylanicum, while digestion with Psp1406I (Life Technologies) was
indicative of A. duodenale.

2.6 Results

2.6.1 Primer and probe validation

2.6.1.1 Primer optimization
The use of a primer matrix resulted in the determination of optimal concentrations
for each assay. Optimal conditions were determined to be those at which Ct values were
lowest when testing 2 µl of the appropriate template stock at a concentration of 1 ng/µl.
For N. americanus, A. duodenale, and S. stercoralis, the optimal concentrations were
determined to be 250 nM for both forward and reverse primers. For A. lumbricoides the
optimal concentrations were determined to be 62.5 nM for both forward and reverse
primers, and for T. trichiura, the optimal concentrations were determined to be 62.5 nM
for the forward primer and 250 nM for the reverse primer.
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2.6.1.2 Assay sensitivities
In order to demonstrate the detection limits of each multi-parallel PCR assay,
genomic DNA stocks for each parasite were serially diluted, and optimal primer
concentrations for each assay were used to test 2 µl of the appropriate template at
concentrations of 1 ng/µl, 100 pg/µl, 10 pg/µl, 1 pg/µl, 100 fg/µl, 10 fg/µl, 1 fg/µl, 100
ag/µl, 10 ag/µl, and 1 ag/µl. For all species, consistent detection of parasite DNA was
possible at all concentrations at or above 1 fg/µl. For the detection of A. duodenale,
consistent detection occurred at all concentrations at or above 10 ag/µl, and for the
detection of N. americanus, sporadic detection proved possible at the 100 ag/µl and 10
ag/µl concentrations.

2.6.1.3 Assay specificities
To verify that the primer-probe combinations for the detection of each parasite were
species-specific, each optimized assay was tested against genomic template DNA from
each of the other parasite species included within this multi-parallel platform. They were
also tested against human genomic DNA and E. coli genomic DNA. In no instance did
species-specificity testing result in the amplification of any non-target DNA template,
indicating that each assay demonstrated excellent species specificity.

2.6.2 Comparative Testing of Field Collected Samples
A panel of 79 blindly-coded patient samples, obtained in Timor-Leste as part of a
previously described study [42], was tested using the newly described multi-parallel Smith
assays, as well as the previously described, multiplex real-time PCR detection
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methodology (QIMR assay) (Table 2.2, Table 2.3). As samples were patient-obtained and
no true “gold standard” exists for the detection of the various STH infections examined
here, it is difficult to definitively determine whether increased sample positivity is a result
of improved assay detection limits or non-specific, off-target amplification.

For this

reason, the comparative performances of each assay were assessed through calculations of
positive, negative, and overall agreement [43]. For the detection of N. americanus, a
positive agreement (PA) of 100 % and a negative agreement (NA) of 61 % were calculated.
This resulted in an overall agreement (PO) of 85 % (Kappa 0.658). Use of the Smith assay
resulted in the detection of 60 positive samples, while the QIMR assay resulted in the
detection of 48 positives. All 48 QIMR-positive samples were among the 60 positive
samples detected using the Smith methodology.
For the detection of A. lumbricoides, a PA of 100 %, an NA of 82 %, and a PO of
91 % (Kappa 0.822) were seen. The Smith assay for A. lumbricoides detection resulted in
the identification of 47 positive samples, while the corresponding QIMR assay resulted in
40 positives. Again, all 40 QIMR-positive samples were among the 47 Smith-positive
samples which were identified.
Detection of Trichuris gave a PA of 71 %, an NA of 88 % and a PO of 85 % (Kappa
0.580). Sample examination using the Smith assay identified 18 positive extracts, while
examination with the QIMR assay identified 14 positives. However, only 10 positives
were common to both assays, with 8 samples identified as positive only by the Smith assay,
and 4 samples demonstrating the presence of parasite DNA using only the QIMR
methodology. Amplification in control reactions demonstrated that the QIMR assay, but
not the Smith assay, would provide for the detection of the closely related parasite Trichuris
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vulpis, a whipworm species common to canines, but also known to cause zoonotic infection
[48-49]. As Trichuris spp. including T. vulpis, Trichuris suis, and Trichuris ovis have a
wide geographic distribution with increased prevalence in tropical and sub-tropical
locations [50-51], the four QIMR-positive, Smith-negative samples were sequenced to
determine the identity of the Trichuris species present within these samples. BLAST
analysis indicated that two of the samples contained DNA from the ruminant parasite T.
ovis (E values = 0.0). Unfortunately, two independent trials failed to produce usable
sequence for the remaining two samples, after which both sample stocks had been
exhausted, making further examination impossible.
Examination of all 79 samples for the presence of S. stercoralis resulted in the
detection of only a single positive sample. This single sample was identified using both
the Smith and QIMR assays. Sample examination for the presence of Ancylostoma resulted
in the identification of 22 Ancylostoma spp. positive samples using the QIMR
methodology. However, not a single A. duodenale-positive sample was identified using
the Smith assay. As the zoonotic parasite Ancylostoma ceylanicum has been suspected of
causing human infection in Timor-Leste [52], a previously described, semi-nested PCRRFLP assay was employed to discriminate infection with A. duodenale from infection with
A. ceylanicum [47]. In this assay, an MvaI restriction digest of PCR product is indicative
of the presence of A. ceylanicum, while digestion with Psp1406I is indicative of A.
duodenale. 21 of the 22 Ancylostoma spp. positive samples were digested by MvaI,
identifying the infections as A. ceylanicum in origin. Two independent PCR trials (four
replicates) failed to amplify the remaining Ancylostoma spp.-positive sample, preventing a
definitive determination of the identity of the parasite in that sample.
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Because a sizeable panel of field-collected samples was analyzed using the two
different real-time PCR methodologies discussed here, a comparison of Ct values was
conducted for all samples testing positive for a given parasite by both the Smith and QIMR
methods (Table 2.3). All 10 samples demonstrating positive results for T. trichiura when
tested by both assays showed lower Ct values using the Smith methodology (mean
difference in Ct value = 7.86 +/- 2.46). Examination for N. americanus resulted in a similar
pattern, with all 48 samples testing positive by both methodologies possessing lower Ct
values when tested using the Smith assay (mean difference in Ct value = 4.94 +/- 1.22). In
the case of A. lumbricoides, Ct values were lower using the QIMR methodology for 38 of
40 samples demonstrating positive results for both assays. However, at 0.896 +/- 0.767,
the mean difference in Ct values was low. For S. stercoralis testing, only a single positive
sample was identified. This sample possessed a lower Ct value when tested using the Smith
assay. As no samples tested positive for Ancylostoma using the Smith assay (QIMRpositive samples were demonstrated to be A. ceylanicum), a Ct comparison could not be
made.

2.7 Discussion
In light of their impact on global health, the importance of optimal and speciesspecific diagnostic methods for the detection of soil transmitted helminths cannot be
overestimated. While current molecular assays making use of ribosomal and mitochondrial
targets have vastly improved the diagnosis of STH infection, these targets are frequently
sub-optimal, potentially leaving low-level infections undiagnosed. Furthermore, such
sequences may lack the species-specificity required to discriminate between different
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species of the same genus. In contrast, assays targeting high copy-number repetitive
sequences improve upon assay detection limits, as many eukaryotic pathogens contain
large numbers of such non-coding repeat DNA elements. Accordingly, by coupling the
high throughput nature of NGS with the Galaxy-based RepeatExplorer computational
pipeline, a cost effective, accurate, and expedited methodology for the identification of
high copy-number repeat DNA elements was developed. Through the design of real-time
PCR primer/probe pairings that uniquely target such repetitive sequences in a speciesspecific manner, diagnostic accuracy and limits of detection are improved dramatically
when compared with microscopy-based diagnostic techniques and PCR-based diagnostics
targeting mitochondrial or ribosomal sequences.

Utilizing this strategy, we have

successfully identified novel target sequences for the detection of N. americanus, A.
duodenale, T. trichiura, and S. stercoralis. Furthermore, we have demonstrated the
consistent detection of genomic DNA from each target organism at quantities of 2 fg or
less, and have presented evidence to suggest improved limits of detection and speciesspecificity relative to an established and validated PCR diagnostic methodology
[Llewellyn, 2016]. Although further testing utilizing “spiked” samples containing known
quantities of eggs/larvae is currently underway, 2 fg of DNA is far less than the quantity
present within a single fertilized egg or L1 larvae of each species [53-55] (Table 2.4). In
principle, we have therefore demonstrated the potential of these assays to detect a single
egg within a tested patient stool sample.
While the high copy-number nature of non-coding repetitive sequence elements
makes them attractive diagnostic targets, such elements also frequently demonstrate rapid
evolutionary divergence [56-57]. This divergence increases the diagnostic appeal of these
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sequences, as divergence reduces the risk for non-specific, off-target amplification, a
characteristic essential for the development of species-specific PCR assays capable of
discriminating between closely related organisms. Accordingly, while additional testing
against genomic DNA from a growing panel of closely related parasites will continue to
be used to evaluate the species-specificity of each selected primer/probe set, we have
successfully demonstrated that each Smith assay does not amplify off-target templates from
any other parasite species included within this multi-parallel platform. Furthermore, by
employing a semi-nested PCR-RFLP tool, we were able to successfully demonstrate that
our assay for the detection of A. duodenale does not amplify the closely related parasite A.
ceylanicum.

In contrast, the previously published primer/probe set employed for

comparative testing was unable to distinguish between these two species, resulting in
consistent off-target amplification of A. ceylanicum DNA. Similarly, while our T. trichiura
assay failed to amplify four samples containing genetic material from other Trichuris spp.,
the comparative QIMR assay again demonstrated non-specific, off-target amplification for
at least two of these samples, as sequence analysis demonstrated the presence of DNA from
the ruminant parasite T. ovis. Taken together, these findings support the notion that
improved assay species-specificity results from non-coding, repeat-based PCR assay
design. Of note, to our knowledge, this is the first example of T. ovis potentially serving
as a causative agent of zoonotic infection. However, as sheep are considered a major
agricultural commodity of Timor-Leste [58], the possibility exists that individuals testing
positive for T. ovis may have ingested intestinal material from an animal harboring
infection, making it conceivable that the T. ovis DNA present was not the result of zoonotic
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infection. Given that T. ovis is not known to cause human infection, further exploration of
this possible zoonosis is warranted.
Attempting to design a non-coding, repetitive DNA sequence-based assay for the
species-specific detection of A. lumbricoides presented a unique set of challenges. A.
lumbricoides, like many species of Ascaridae, discards large portions of its highly
repetitive, non-coding genomic DNA during embryonic development.

This process,

known as chromosome diminution, eliminates the presence of such DNA elements from
post-embryonic somatic cells [59-61]. Presumably for this reason, two separate repeat
analyses, performed on two distinct library preparations, failed to identify any repetitive
sequences with copy numbers greater than ribosomal and mitochondrial targets.
Accordingly, a previously described primer/probe set targeting the ITS1 ribosomal region
was chosen for inclusion in our multi-parallel platform [14, 16]. In order to improve
diagnostics for this parasite, further analysis of A. lumbricoides using DNA extracted from
eggs alone (before chromosome diminution) will be undertaken.
In addition to the potential detection limit improvements and species-specificity
gains realized when diagnostically targeting non-coding repetitive DNA sequences,
designing multi-parallel assays provides another unique set of advantages over previous
design strategies [4]. By reducing the number of tests required, multiplex assays can
provide labor and reagent savings over alternative diagnostic measures when used in
environments that harbor the full complement of organisms targeted by the assay [62-63].
However, as the geographic distribution of STH species is not uniform, the use of multiparallel assays makes it possible to select only the assays appropriate for a given location,
reducing primer/probe costs associated with testing for unnecessary targets [4]. By running
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these assays as “small-volume” 7 µl reactions, reagent use is minimized, resulting in cost
savings. Furthermore, as multi-parallel reactions are run independently, this enables the
development of new assays for new pathogens and their subsequent addition to the testing
platform without the complex re-optimization of assay conditions required for multiplex
PCR assays.
While reagent costs associated with performing molecular diagnostic testing are
higher than costs associated with conducting traditional microscopy-based diagnostics,
expenses associated with molecular techniques are declining as improved reagents and
enzymes have allowed reaction volumes to decrease, minimizing reagent needs [4, 64].
Furthermore, reagent improvements have increased the practicality of sample pooling, a
practice already adopted by many tropical disease surveillance and diagnostic efforts [6569]. Such pooling allows for cost-reducing high-throughput screening of stool samples
[70-71]. Thus, while the total cost associated with performing a duplicate Kato-Katz thick
smear under field conditions has been estimated at $2.06 [72] and we estimate the total
cost associated with the duplicate testing a single stool sample using all five multi-parallel
assays to be approximately $10, the pooling of as few as five samples would render small
volume, multi-parallel PCR testing more cost effective than Kato-Katz testing.
Furthermore, molecular diagnostic accuracy and reliability provide increased clarity of
results [64], allowing for the implementation of more informed and effective treatment and
control strategies. Such improvements in efficiency result in greater programmatic gains,
drastically reducing long-term costs and expenses of control or elimination programs.
One profound shortcoming which hampers STH diagnostic development is the lack
of a reliable gold standard for detection [8]. While still used in many clinical, mapping,
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and research efforts, microscopy-based methodologies are known to lack both adequate
limits of detection and species-specificity of detection [3-5, 10, 64]. Similarly, while
currently available molecular methods have greatly improved upon many of the
shortcomings inherent to microscopy, the use of sub-optimal ribosomal or mitochondrial
targets possessing relatively high degrees of conservation can result in both false-negative,
and off-target, false-positive results. Thus, a gold standard of detection is sorely needed.
Unfortunately, without a definitive method for assigning positive/negative status to an
unknown sample, distinguishing improved limits of detection from false-positive
amplification can be difficult.

Nonetheless, comparative assay testing remains an

important aspect of designing any diagnostic test. As such, we believe the evaluation of
Timor-Leste patient samples presented in this paper provides strong evidence for improved
limits of detection when utilizing the newly described Smith assays. While strain-specific
genetic differences arising within divergent geographic isolates could present detection
challenges, testing on a limited number of patient-derived samples from Argentina and
Ethiopia aimed at providing evidence for the global applicability of these multi-parallel
assays is currently underway. Additional studies to further validate these assays on a
variety of geographic isolates will continue.
In all instances, and for all parasites excluding Ancylostoma and Trichuris (where
off-target amplification of A. ceylanicum and T. ovis by the QIMR assay was
demonstrated), each Timor-Leste patient sample that provided a positive QIMR assay
result also demonstrated positivity with the corresponding Smith assay. Furthermore, all
N. americanus, T. trichiura, and S. stercoralis samples that were positive by both assays
exhibited lower Ct values for the Smith assay results. These findings strongly suggest
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improved limits of detection for the Smith assays, and support our contention that samples
returning Smith assay positive results, but QIMR assay negative results, are likely lowlevel positives escaping detection by the sub-optimal PCR platform. This conclusion is
further supported by the finding that the Smith assays do not show off-target amplification
of any other STH parasites, human DNA or E. coli DNA.
As both the QIMR and Smith assays for the detection of A. lumbricoides make use
of the same previously published primer/probe combination [14, 16], comparative assay
testing for this parasite provided results which were more difficult to interpret. As
increased reaction volumes are known to frequently improve detection limits for an assay,
likely due to the large volume nature of the QIMR assay (25 µl vs. 7 µl for Smith), 38 of
40 samples returning positive results for both testing platforms demonstrated lower Ct
values when examined using the QIMR method. Interestingly, despite this tendency for
QIMR testing to result in lower Ct values, seven samples identified as positive using the
Smith assay were found to be QIMR-negative. In contrast, not a single sample was found
to be QIMR-positive and Smith-negative. As the QIMR assays are multiplexed, one
explanation for this apparent contradiction is that the multiplex methodology failed to
detect A. lumbricoides in a subset of samples that were positive for multiple STH parasites
(Table 2.3). Such failures are known to occur in multiplex reactions, particularly when
primer concentrations are suboptimal, as reagents are utilized for the amplification of a
more prevalent target, preventing the amplification of the lower copy-number target
sequences within the sample [73]. Alternatively, while the results of our assay specificity
testing present compelling evidence to the contrary, the possibility of false positive
amplification cannot be definitively ruled out.
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Non-coding repetitive DNA elements are found in nearly all eukaryotic organisms.
Such sequences are typically highly divergent, and frequently exist in high copy-number.
These characteristics make them ideal molecular diagnostic targets, particularly for the
detection of pathogens such as the STHs, which remain an underdiagnosed, poorly mapped
global health concern.

By applying next-generation sequencing technology to the

challenge of repeat DNA discovery, we have designed highly specific multi-parallel PCR
assays with improved limits of detection over existing diagnostic platforms. We believe
that these assays will greatly aid in the global efforts to map STH infection, facilitating
accurate disease prevalence estimates. Furthermore, we intend to apply this approach to
molecular target discovery of other parasitic organisms and NTDs, as optimal limits of
detection and species-specificity of detection are vital to all diagnostic efforts. This is
particularly true when implementing diagnostics in climates of decreasing disease
prevalence. Accordingly, as NTD elimination efforts continue to progress, optimized
assays will play an increasingly critical role in the detection of sporadic and focal infections
and the monitoring for disease recrudescence.
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Table 2.1 Selected primer and probe sequences for each multi-parallel assay.
Parasite

Necator
americanus

Forward Primer

Reverse Primer

5’- CCAGAATCGCCACAAATTGTAT -3’

5’- GGGTTTGAGGCTTATCATAAAGAA -3’

5’- GTATTTCACTCATATGATCGAGTGTTC -3’

5’- GTTTGAATTTGAGGTATTTCGACCA -3’

5’- GGCGTAGAGGAGCGATTT -3’

5’- TACTACCCATCACACATTAGCC -3’

Strongyloides
stercoralis

5’- CGCTCCAGAATTAGTTCCAGTT -3’

5’- GCAGCTTAGTCGAAAGCATAGA -3’

Ascaris
lumbricoides

5’- GTAATAGCAGTCGGCGGTTTCTT -3’

5’- GCCCAACATGCCACCTATTC -3’

Ancylostoma
duodenale

Trichuris
trichiura
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Probe
5'-/56 FAM/CCCG
ATTTG/ZEN/AGCT
GAATTGTCAAA/
3IABkFQ/-3'
5'-/56-FAM/TGAC
AGTGT/ZEN/GTC
ATACTGTGGAAA/
3IABkFQ/-3'
5'-/56-FAM/TTTG
CGGGC/ZEN/GAG
AACGGAAATATT/
3IABkFQ/-3'
5'-/56-FAM/ACA
GTCTCC/ZEN/AGT
TCACTCCAGAAGA
GT/3IABkFQ/-3'
5’-/56-FAM/ TTG
GCGGACAATTGC
ATGCGAT/MBG/3’

Table 2.2 Comparative assay results for each species of parasite.
Necator americanus

Smith-positive

Smith-negative

QIMR-positive

48

0

QIMR-negative

12

19

Ascaris lumbricoides

Smith-positive

Smith-negative

QIMR-positive

40

0

QIMR-negative

7

32

Trichuris trichiura

Smith-positive

Smith-negative

QIMR-positive

10

4*

QIMR-negative

8

57

Strongyloides stercoralis

Smith-positive

Smith-negative

QIMR-positive

1

0

QIMR-negative

0

78

Ancylostoma duodenale

Smith-positive

Smith-negative

QIMR-positive

0

22 **

QIMR-negative

0

57

* Two of these four samples contained T. ovis. The identity of the pathogen in the
remaining 2 samples could not be determined due to a lack of material.
** 21 of these 22 samples contained A. ceylanicum. The identity of the pathogen in the
22nd sample could not be determined due to a lack of material.
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Table 2.3 Comparative assay results for patient-obtained samples from Timor-Leste.
Trichuris
Sample #

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59

QIMR
Assay*
(Ct value)

Smith
Assay*
(Ct value)

29.4
31.2
34.2
35.5
26.5

21.5
22.3
24.5
23.2
21.9

34.2
18.5

24.7
28.7

22.6

Ascaris

Necator

QIMR
Assay*
(Ct value)

Smith
Assay*
(Ct value)

QIMR
Assay*
(Ct value)

Smith
Assay*
(Ct value)

20.5
12.7

21.0
12.9

18.3
20.6

14.2
16.3

27.4

27.0

11.5
22.4
13.7

11.9
22.5
13.8

15.3
22.4
22.0

25.8
33.6
10.8
17.3
18.0

18.1
13.3

18.3
13.8

18.2
18.2

13.0
14.0

14.4
15.6

14.9
16.2

30.7
18.5
11.6

32.7
18.5
13.2
33.8
14.4
17.1
31.5
14.3

22.0
25.4
22.5
30.9
25.4
19.3
18.1
25.9
23.9

18.5
21.1
17.2
26.4
18.8
14.7
13.3
17.0
15.7
36.5
14.0

13.9
18.5
14.1
14.8
24.6
14.1

16.7
25.3
15.5
32.3

14.8

15.6

28.8
22.8

16.8
13.3

14.0

26.4
14.0

27.7
14.9
32.1
10.8
21.6
35.0
15.4

9.8
21.0
14.5
23.3

33.5
18.0

22.0

18.1

28.7
34.4
13.2
27.7

20.2
18.0
25.8

15.3
14.4
20.5

29.0
19.0

23.7
14.3

16.0
21.9

11.5
17.8
35.0
16.6
31.7

20.8

15.5

10.7
28.9
14.5

27.4

28.7

20.3

28.4
16.5

29.5
17.6

15.3

10.2
30.3

35.0

21.1
24.3

15.6
19.2
29.9

24.4

20.2
35.1

Strongyloides
QIMR
Assay*
(Ct value)

Smith
Assay*
(Ct value)

Ancylostoma
QIMR
Assay*
(Ct value)

20.7

25.2

24.2
21.93

35.3
22.07

23.02

22.25
24.87

21.545

23
21.415

24.965

20.15

31.0
22.0
22.7
28.1

17.3
32.8

27.4

18.6

52

23.235
25.725

Smith
Assay*
(Ct value)

60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79

30.4
13.8

31.6
15.1

30.8

31.1

21.7
22.2

28.6
30.9

20.9
26.9
21.2
16.6
17.2

16.4
19.4
16.7
11.6
12.1

25.735

19.4
18.5

15.2
13.7

20.93

22.36

13.9
29.5
9.4

15.7
29.9
12.1
14.2
12.3

15.0
19.2
17.6

10.5
14.1
13.2

20.935

13.3
10.5

29.1
18.7
18.4
33.4

24.3
21.2
20.4
22.7
22.9
20.2

18.8
17.0
17.0
20.7
17.7
15.3

26.995
20.705
23.47

28.1
16.4
17.6

*Results are reported as mean Ct values.
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19.66

Table 2.4 Estimated minimum quantities of DNA in the eggs of each species of STH.
Species

Haploid Genome Size
(Genbank Assembly
Accession)

Necator
americanus
Ascaris
lumbricoides
Trichuris
trichiura
Ancylostoma
duodenale
Strongyloides
stercoralis

244 Mb [54]
(GCA_000507365.1)
317 Mb
(GCA_000951055.1)
75 Mb
(GCA_000613005.1)
332 Mb
(GCA_000816745.1)
42 – 60 Mb [53]
(GCA_000947215.1)

Estimated
Minimum
Quantity of
DNA/Diploid Cell
0.54 pg

Estimated
Number of
Diploid
Cells/Egg [55]
4-8

Estimated Total
Quantity of
DNA/Egg
2.16 pg – 4.32 pg

0.70 pg

As few as 1

0.70 pg

0.17 pg

1

0.17 pg

0.73 pg

4-8

2.92 pg – 5.84 pg

0.09 pg – 0.13 pg

2-8*

0.18 pg – 1.04 pg*

* As S. stercoralis eggs typically hatch in the intestinal lumen, this parasite is released into
the stool as rhabditiform larvae which possess an even greater number of cells. Therefore,
a patient stool sample harboring a single larval worm will contain a much higher quantity
of parasite DNA than the quantity listed here.
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Figure 2.1 Workflow for repeat analysis. Output data from a next-generation sequencing
run are uploaded to the RepeatExplorer Galaxy-based platform. During the QC and
manipulation phase, the FASTQ Groomer tool is used to convert sequence reads into
Sanger format. The FASTQ: READ QC tool is then used to verify the quality of the reads
before removing unnecessary sequence (i.e. adapter sequences, etc.) from the ends of each
read using the FASTQ Trimmer tool. The QC analysis is then repeated, and the FASTQ to
FASTA converter tool is used to convert each read into FASTA format. Using these DNA
sequence reads as input, sequences undergo clustering, during which an “all-to-all”
sequence comparison is performed, and similar sequences are grouped together into
clusters. Clusters containing the most highly repetitive sequences are then selected as
putative diagnostic targets to be used for primer and probe-based real-time PCR assay
design.
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Figure 2.2 Illustrative output from RepeatExplorer analysis of Necator americanus.
During “clustering” each nucleotide within a cluster is assigned a number. That number
corresponds to how many individual next-generation sequencing reads that particular
nucleotide appeared in. Using this output, a stretch of the most abundant nucleotides
(depicted in green within the larger cluster’s sequence) is selected, and the corresponding
nucleotides (highlighted in yellow) are selected as the candidate sequence from which the
primers and probe are designed.
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Figure 2.3 Comparative probe testing. For each novel probe design, FAM-TAMRA and
double quenched FAM-ZEN-IOWA BLACK probes were synthesized. Comparative
testing revealed that double quenched probes outperformed traditional probes, as
evidenced by lower Ct values and greater ΔRn values. The plot above demonstrates these
findings with the amplification of three concentrations of N. americanus template DNA
using both double quenched (yellow) and traditional (blue) probe designs.
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CHAPTER 3
A NOVEL, SPECIES-SPECIFIC, REAL-TIME PCR ASSAY FOR THE
DETECTION OF THE EMERGING ZOONOTIC PARASITE ANCYLOSTOMA
CEYLANICUM IN HUMAN STOOL

as written by Papaiakovou M.#, Pilotte N.#, Grant J.R., Traub R.J., Llewellyn S,
McCarthy J.S., Krolewiecki A.J., Cimino R., Mejia R., Williams S.A.
#
Equal contribution
PLoS Neglected Tropical Diseases, 2017

3.1 General Chapter Overview
This chapter describes the utilization of our previously described RepeatExplorerbased target-discovery pipeline for the development of a novel qPCR assay enabling the
species-specific detection of the zoonotic intestinal helminth Ancylostoma ceylanicum.
This work represents the first description of a qPCR assay capable of discriminating
between A. ceylanicum and Ancylostoma duodenale, the related, obligate human pathogen.
Following development and optimization, this index assay is validated on samples
originating from both Timor Leste and Argentina through comparisons with both a
ribosomal sequence-targeting, genus-specific Ancylostoma spp. assay and a PCRRestriction Fragment Length Polymorphism (RFLP) assay.

These comparisons

demonstrate the ability of the index assay to discriminate to the species level, highlighting
the misidentification dangers associated with the use of less specific ribosomal sequencetargeting assays and providing a discussion of the reasons why species-level diagnosis is
important.
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My contributions to this work include performing all bioinformatics analyses,
designing the assay and either directly performing or overseeing the performance of all
optimization and validation assays, as well as all comparative testing. I also co-wrote the
manuscript.
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3.2 Abstract

3.2.1 Background
Molecular-based surveys have indicated that Ancylostoma ceylanicum, a zoonotic
hookworm, is likely the second most prevalent hookworm species infecting humans in
Asia. Most current PCR-based diagnostic options for the detection of Ancylostoma species
target the Internal Transcribed Spacer (ITS) regions of the ribosomal gene cluster. These
regions possess a considerable degree of conservation among the species of this genus and
this conservation can lead to the misidentification of infecting species or require additional
labor for accurate species-level determination. We have developed a novel, real-time PCRbased assay for the sensitive and species-specific detection of A. ceylanicum that targets a
non-coding, highly repetitive genomic DNA element. Comparative testing of this PCR
assay with an assay that targets ITS sequences was conducted on field-collected samples
from Argentina and Timor-Leste to provide further evidence of the sensitivity and speciesspecificity of this assay.

3.2.2 Methods/principal findings
A previously described platform for the design of primers/probe targeting noncoding highly repetitive regions was used for the development of this novel assay. The
assay’s limits of detection (sensitivity) and cross-reactivity with other soil-transmitted
helminth species (specificity) were assessed with real-time PCR experiments. The assay
was successfully used to identify infections caused by A. ceylanicum that were previously
only identified to the genus level as Ancylostoma spp. when analyzed using other published
67

primer-probe pairings. Further proof of sensitive, species-specific detection was provided
using a published, semi-nested restriction fragment length polymorphism-PCR assay that
differentiates between Ancylostoma species.

3.2.3 Conclusions/significance
Due to the close proximity of people and domestic/wild animals in many regions
of the world, the potential for zoonotic infections is substantial. Sensitive tools enabling
the screening for different soil-transmitted helminth infections are essential to the success
of mass deworming efforts and facilitate the appropriate interpretation of data. This study
describes a novel, species-specific, real-time PCR-based assay for the detection of A.
ceylanicum that will help to address the need for such tools in integrated STH deworming
programs.

3.3. Author Summary

Historically, Ancylostoma ceylanicum has been viewed as an uncommon cause of
human hookworm infection, with minimal public health importance. However, recent
reports have indicated that this zoonotic hookworm causes a much greater incidence of
infection within certain human populations than was previously believed. Current methods
for the species-level detection of A. ceylanicum rely on techniques that involve
conventional PCR accompanied by restriction enzyme digestions. These PCR-based assays
are not only laborious but they lack sensitivity as they target suboptimal regions on the
DNA. As efforts aimed at the eradication of hookworm disease have grown substantially
over the last decade, the need for sensitive and specific tools to monitor and evaluate
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programmatic successes has correspondingly escalated. Since a growing body of evidence
suggests that patient responses to drug treatment can vary based upon the species of
hookworm that is causing infection, accurate species-level diagnostics are advantageous.
Accordingly, the novel real-time PCR-based assay described here provides a sensitive,
species-specific diagnostic tool that will facilitate the accurate mapping of disease
endemicity and will aid in the evaluation of progress of programmatic deworming efforts.

3.4 Introduction
Ancylostoma ceylanicum is the only predominantly animal-infecting hookworm
species known to successfully develop into adults within the human intestine [1]. This
zoonotic species has been reported to infect animals and humans in Southeast Asia, South
America, South Africa, Melanesia and Australia [2–13], and prevalence studies have
demonstrated A. ceylanicum to be the second most common hookworm species causing
human infection in many parts of Asia [5, 14-16]. Equally troubling, a recent study
investigating A. ceylanicum transmission conducted in Cambodia demonstrated the ability
of this worm to result in burdens of infection comparable to levels caused by Necator
americanus [6]. Furthermore, it has been demonstrated that Ancylostoma duodenale can
ingest eight times the volume of blood consumed by N. americanus, resulting in increased
iron depletion [17]. Accordingly, frequent cases of Ancylostoma-associated anemia have
been reported, even among properly nourished individuals [12, 18]. Although only
speculative, similar pathology might exist for human infections with A. ceylanicum,
underscoring the potential importance of this zoonotic parasite for both child and maternal
health [19]. Despite these findings, methodologies for the reliable, species-specific, and
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sensitive molecular detection of A. ceylanicum are lacking, resulting in a need for improved
diagnostic tools.
Historically, diagnosis and detection of all hookworm species has relied heavily on
the use of coprological methods [5]. Widespread use of these methods stems from their
low cost, simplicity, and minimal infrastructure requirements. By default, microscopy has
served as the standard method for gastrointestinal helminth detection [5]. However, at the
egg level, and in some cases even at the larval level, certain hookworm species are
morphologically indistinguishable [20] and further culturing of worms is required for
differentiation. Conducting such coprological techniques is time-consuming and requires
highly skilled microscopists for accurate assessment of results [21]. Accordingly, PCRbased molecular diagnostic tests for hookworm provide an attractive alternative to
microscopy with more modest training requirements. However, such assays frequently
target the internal transcribed spacer regions (ITS) of the rDNA gene clusters, which
demonstrate considerable homology between closely related Ancylostoma species [5]. This
similarity can lead to species misidentification in hookworm positive samples. Several
PCR variations such as nested PCR and PCR coupled with restriction fragment length
polymorphism (PCR-RFLP) have been developed to differentiate between the hookworm
species. Unfortunately, these methods tend to be laborious, requiring many steps and/or
restriction enzyme digestions coupled with agarose gel electrophoresis [4, 21, 23, 24]. In
addition, nested PCR is far more likely to result in false positivity due to sample
contamination and increased numbers of PCR cycles [22]. Thus, simplified PCR assays,
not reliant on nested PCR or restriction enzyme digestions, would be of great benefit to
programmatic efforts. Furthermore, while drug intervention and hygiene programs have
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made substantial gains and continue to show great promise, they frequently fail to account
for the control of zoonotic infections [15]. Such concerns are particularly important when
proper sanitation is lacking as the potential for zoonotic transmission from wild or domestic
animals to humans is dramatically increased [5]. Accordingly, species-level identification
provides insight into possible infection reservoirs, which might not be considered utilizing
genus-level diagnostics.
Herein we report the development and validation of a novel, real-time PCR-based
diagnostic assay for the species-specific detection of A. ceylanicum. The development of
this test is based on the identification of a highly repetitive, non-coding DNA element using
advanced bioinformatics to analyze whole genome sequence data for target discovery and
assay design [25]. We posit that the incorporation of this new assay into our previously
established diagnostic platform [25] will aid programmatic efforts, as accurate specieslevel detection and differentiation of Ancylostoma ssp. is now possible.

3.5 Materials and Methods

3.5.1 Assay design
Genome sequences for A. ceylanicum were obtained from NCBI (Sequence Read
Archive ID: SRR2037027 and SRR2037046). Analysis of repeat DNA content was
performed using the publically available platform, RepeatExplorer [26], following our
previously established bioinformatics workflow [25], and a primer-probe set was designed
using the PrimerQuest online tool (Integrated DNA Technologies, Coralville, IA) (Table
3.1). This candidate primer-probe pairing then underwent further bioinformatics analysis
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using the Primer-BLAST tool available from the National Center for Biotechnology
Information (NCBI) website. Utilizing default parameters, the candidate primer pair did
not return any matches to off target templates within NCBI’s Nucleotide Collection
database, indicating target specificity and ensuring that the occurrence of off target
amplification would be extremely unlikely. Default parameters for probe-based PCR were
utilized for the assay design and the probe was labeled with 6FAM fluorophore at the 5’
end and double-quenched with ZEN (internal) and 3IABkFQ at the 3’ end.

3.5.2 Assay optimization
A concentration matrix was created to determine the optimal forward and reverse
primer concentration as previously described [25]. All reactions were performed in 7 µl
total volumes utilizing 2 µl of template, 3.5 µl of TaqMan Fast Universal PCR Master Mix
(ThermoFisher Scientific, Waltham, MA), and the appropriate concentrations of primers
and probe. Cycling conditions consisted of an initial 2-minute incubation step at 50 °C,
followed by a 10-minute incubation at 95 °C. These incubations were followed by 40 cycles
of 95 °C for 15 seconds for denaturation and 1 minute at 59 °C for primer annealing and
polymerase extension. All reactions were conducted using the StepOnePlus Real-Time
PCR System (Life Technologies, Carlsbad, CA).

3.5.3 Sensitivity and specificity testing
Following the completion of primer optimization reactions, the sensitivity and
specificity of our assay was evaluated. For sensitivity testing, the optimized assay was
performed utilizing a titration of genomic DNA concentrations as template. Reactions were
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conducted using 2 µl of A. ceylanicum genomic template at concentrations of 1 ng/µl, 100
pg/µl, 10 pg/µl, 1 pg/µl, 100 fg/µl, 10 fg/µl, 1 fg/µl, 100 ag/µl 10 ag/µl, and 1 ag/µl. In
order to verify assay specificity, optimized conditions were employed to evaluate the
potential for non-specific amplification of control genomic DNA from six other species of
soil-transmitted helminths (A. duodenale, N. americanus, Trichuris trichiura,
Strongyloides stercoralis, Ascaris lumbricoides and Ancylostoma caninum), along with
human genomic DNA and DNA of the common gastrointestinal tract commensal bacterium
Escherichia coli (strain K-12). All of these control samples were tested utilizing 2 µl of
DNA template at concentrations of 1 ng/µl.

3.5.4 Mixed infection testing
A panel of six 10-fold serial dilutions of an initial 1 ng/µl stock of A. ceylanicum
genomic DNA was created. To each dilution in this panel was added genomic DNA from
both A. caninum and A. duodenale such that concentrations of DNA from both of these
other species was at a final concentration of 1 ng/µl in each panel dilution. The
aforementioned panel was tested with the optimized real-time PCR based assay for A.
ceylanicum to prove that the presence of other Ancylostoma spp., simulating mixed
infections, would not affect our assay’s specificity. Furthermore, testing of this panel
enabled us to determine the assay’s limits of detection when increasingly limited
concentrations of target DNA (A. ceylanicum) were intermixed with genomic DNA from
the two other Ancylostoma spp. (Table 3.2).
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3.5.5 Selection of field-samples for inclusion in this study
Sixty-one human stool samples previously collected as part of the “Wash for
Worms” intervention trial in Timor-Leste (Trial registration: ACTRN12614000680662)
were selected for inclusion in this study. DNA extractions for these samples were
previously performed at QIMR Berghofer, and real-time PCR analysis demonstrated the
presence of Ancylostoma spp. DNA in 22 of these samples [27]. Eight additional samples,
collected in Orán, Argentina, as part of a larger collection effort (IRB00008019), were also
selected for inclusion in this study. For Argentinian samples, DNA was previously
extracted at Baylor College of Medicine utilizing a published methodology [28]. Prior realtime PCR analysis of these eight samples had demonstrated the presence of Ancylostoma
spp. DNA [28].

3.5.6 PCR-RFLP analysis
A previously published semi-nested conventional PCR assay coupled with
restriction fragment length polymorphism analysis [23] was employed to distinguish
between the different hookworm species in the samples obtained from both Timor-Leste
and Orán, Argentina. All amplification reactions and digestions were conducted in
accordance with the previously described methodologies [23].

3.5.7 Real-time PCR analysis
DNA aliquots of all samples from both Timor-Leste and Orán, Argentina were sent
to Smith College for further analysis. Samples were blindly coded and assayed for the
presence of both A. duodenale and A. ceylanicum. Testing for the presence of A. duodenale
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occurred in accordance with the previously described protocol [25], while A. ceylanicum
testing was conducted using the novel assay described here.

3.6 Results
Utilization of the previously published workflow for repeat analysis led to the
identification of a novel target for the sensitive and species-specific real-time PCR-based
detection of A. ceylanicum [25]. Employing the PrimerQuest online tool, a primer/probe
pairing was identified and oligonucleotides were synthesized. Through the analysis of a
titration matrix, primer optimization reactions were performed, and the optimal forward
primer concentration was determined to be 125 nM, while the reverse primer was
demonstrated to have an optimal concentration of 1000 nM.

This combination of

concentrations resulted in the lowest Ct values when amplifying 2 µl of A. ceylanicum
genomic DNA at a concentration of 1 ng/µl.
Assay specificity testing failed to amplify purified genomic DNA from the STH
parasites A. duodenale, N. americanus, T. trichiura, S. stercoralis, A. lumbricoides and A.
caninum. Testing also failed to amplify human DNA or DNA from the common
gastrointestinal bacteria, E. coli (strain K-12), thus demonstrating the assay’s speciesspecific detection properties.

Furthermore, assay sensitivity testing demonstrated

consistent detection of purified A. ceylanicum genomic DNA template at all quantities
above 200 ag. However, when the A. ceylanicum assay was utilized to analyze samples
containing simulated mixed infections of both A. ceylanicum and other Ancylostoma
species, the limit of detection was determined to be 13.3 fg of A. ceylanicum DNA (Table
3.2). Importantly, based upon the genome size of A. ceylanicum [29], and assuming that a
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single egg contains approximately 8 cells, this quantity of template DNA is less than the
quantity expected to be found within a single A. ceylanicum egg (5520 fg of DNA
theoretically based on A. ceylanicum’s genome size).
To further validate this novel assay, 61 DNA extracts from stool samples collected
in Timor-Leste were analyzed. Utilizing a genus-specific real-time PCR assay, previously
performed testing conducted at QIMR Berghofer had demonstrated the presence of
Ancylostoma spp. DNA in 22 of these samples [27]. However, follow-up testing of these
samples utilizing our previously described A. duodenale-specific primer/probe set
excluded the presence of A. duodenale [25], and semi-nested PCR-RFLP analysis
demonstrated the presence of A. ceylanicum in 21 of the 22 samples analyzed (Figure 3.1)
[25].The identity of the 22nd sample could not be determined as this sample failed to allow
for amplification using either our A. duodenale-specific assay or the semi-nested PRCRFLP analysis. Two independent sequencing trials were also performed, but meaningful
results could not be obtained after which the sample stock had been exhausted. This subset
of Ancylostoma spp.-positive samples was then employed to demonstrate the comparative
sensitivity and species-specificity of our newly designed A. ceylanicum assay. Utilizing
this assay, the same 21 samples which were determined to be A. ceylanicum-positive by
RFLP-PCR again tested positive for the presence of A. ceylanicum DNA, while the 22nd
sample (PCR-RFLP-negative for A. ceylanicum) was also negative by real-time PCR,
likely indicating the amplification of a non-duodenale, non-ceylanicum target utilizing the
Ancylostoma genus-specific assay (Table 3.3). Equally important, the remaining 39 TimorLeste-derived samples that tested negative for Ancylostoma spp. using the previously
described genus-specific PCR assay [27] also produced a negative result when tested using
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the newly described A. ceylanicum-specific diagnostic (Table 3.3). Thus, results agreed
across all samples, in all replicates, with all utilized assays.
While testing of field-collected samples from Timor-Leste demonstrated the ability
of our new assay to detect DNA from A. ceylanicum, we next sought to demonstrate that
this A. ceylanicum real-time PCR assay would not amplify DNA from A. duodenalecontaining field samples. For this purpose, eight additional DNA extracts from stool
samples, obtained from an A. duodenale endemic region near Orán, Argentina, were tested
in duplicate. Utilizing a combination of the previously described A. duodenale-specific
PCR [25] and the semi-nested PCR-RFLP assays [23], we verified the presence of A.
duodenale and the absence of A. ceylanicum within each sample (Figure 3.2, Table 3.4).
Individual samples were then tested using the newly described A. ceylanicum-specific PCR
assay, and for all samples, in all replicates, amplification failed to occur. Thus, by
selectively amplifying A. ceylanicum-containing samples from Timor-Leste, but failing to
amplify Argentinian samples positive for A. duodenale, we successfully demonstrated the
species-specific nature of the A. ceylanicum PCR assay on human samples collected in the
field. Table 3.5 summarizes the results of the various molecular approaches used to
determine the species of Ancylostoma within samples from both field studies.

3.7 Discussion
Highlighting the under-recognized importance of A. ceylanicum as a public health
concern, a study in northern Cambodia recently implicated A. ceylanicum as the causative
agent responsible for as many as half of all human hookworm infections among the young
adult population [6]. However, despite such prevalence, zoonotic parasites are typically
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given little consideration during the implementation of mass deworming efforts.
Accordingly, increased awareness of the potential impact of A. ceylanicum infection on the
human population is required, and more sensitive tools are needed for monitoring this
important zoonotic STH. Such tools will provide a more complete picture of the role such
zoonotic parasites play in global health.
While current treatments for human hookworm infection are not species-dependent,
it has been demonstrated that responses to drug treatments can vary in a species-dependent
manner [31]. Because species-specific diagnostics are lacking, misidentification of the
infecting species may lead to a lack of clarity in understanding drug-responses in infected
populations. While benzimidazole-based interventions have not yet resulted in the
reporting of any such species-specific responses, such responses may develop, or they may
simply be underreported. As A. duodenale and A. ceylanicum are both capable of causing
significant human infection, and A. caninum has the capacity to infect humans in an
“unsuccessful” manner [23, 31], species-specific diagnostic assays are needed to fully
evaluate the progress of drug intervention programs. Furthermore, given the increasing
concerns surrounding the possible development of drug resistance [32-34], species-level
knowledge of infection is critical, as it is likely that different hookworm species may evolve
resistance via different mechanisms and at different rates. The importance of species-level
identification is further supported by the phenomenon of refugia, as the presence of an
untreated animal reservoir may slow the evolutionary pressures on a pathogen, in turn
slowing the development of drug resistance mechanisms [32, 34].
While the A. ceylanicum-specific assay described here has potential usefulness as
a tool for monitoring veterinary infections, its specificity and performance in such settings
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has not yet been evaluated. In order to evaluate such applications, additional testing and
validation of this assay against common animal hookworm species such as Ancylostoma
braziliense, Ancylostoma tubaeforme, and Uncinaria stenocephala, as well as other
common veterinary intestinal helminths would be required. Similarly, employment of this
assay for the purposes of environmental monitoring would require, at a minimum, testing
against common free-living nematode species.
Given the importance of the accurate, species-level identification of STH
infections, we believe that the real-time PCR-based assay for the detection of A. ceylanicum
described here, in combination with our previously described real-time PCR assays, will
aid future hookworm monitoring efforts. With the demonstrated capacity to detect DNA
isolated from a single egg, this assay provides a sensitive and species-specific diagnostic
tool capable of more fully informing program managers, enabling more appropriate
decision-making and allowing for improved programmatic outcomes. Finally, it should be
noted that this A. ceylanicum PCR assay is easily integrated into our current multi-parallel
PCR system [25] to provide a more complete picture of the STH infection status in studied
populations.
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Table 3.1 Primer and probe sequences for A. ceylanicum.
Parasite

Forward

Reverse

Probe

A. ceylanicum

5’-CAAATATTACTGTGCGCATTTAGC-3’

5’-GCGAATATTTAGTGGGTTTACTGG-3’

CGGTGAAAG/ZEN/CTTTGCG

5’-/56-FAM
TTATTGCGA/3IABkFQ/ -3’
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Table 3.2 Results of real-time PCR testing for A. ceylanicum of samples spiked with
DNA from mixed Ancylostoma spp. to replicate mixed infections.

*
#

Sample
Identifier
A
B
C
D
E
F

Ancylostoma
ceylanicum
4 ng
400 pg
40 pg
4 pg
400 fg
40 fg

Ancylostoma
duodenale
4 ng
4 ng
4 ng
4 ng
4 ng
4 ng

Ancylostoma
caninum
4 ng
4 ng
4 ng
4 ng
4 ng
4 ng

Final
Volume
12 ul
12 ul
12 ul
12 ul
12 ul
12 ul

G

4 fg

4 ng

4 ng

12 ul

H

-

4 ng

4 ng

8 ul

I (+)

2 ng

-

-

7 ul

J (NTC)

-

-

-

7 ul

Results are reported as mean Ct values.
“-” Indicates an absence of DNA in the sample.
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Real-Time
PCR Assay *
14
17
20
24
27
31
not
detected
not
detected
12
non
detected

Table 3.3 Results of real-time PCR testing of samples from Timor-Leste for A.
duodenale and A. ceylanicum.
Sample Number

3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58

QIMR Assay
Ancylostoma spp. *, #
21
22
35
22
23
22
25
22
23
21
25
20
23
26
-

Real-Time PCR Assay
Smith Assays
Ancylostoma duodenale *, #
Ancylostoma ceylanicum *, #
18
19
18
22
20
24
19
20
18
22
18
19
22
-
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59
60
61
62
63
64
65
66
67
68
70
71
72
73
74
75
76
77
79
80
81
82
83
3
*
#

26
22
21
21
20
27
21
23
-

-

Results are reported as mean Ct values.
“-” Indicates a negative qPCR result.
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23
19
19
19
15
23
20
22
-

Table 3.4 Results of real-time PCR testing of samples from Orán, Argentina for A.
duodenale and A. ceylanicum.
Sample Number

6
7
10
11
13
36
37
38
*
#

Real-time PCR Assay
Smith Assays
Ancylostoma
Ancylostoma
duodenale *, #
ceylanicum *, #
34
33
37
33
34
32
25
33
-

BCM Assay
Ancylostoma
spp. *, #
32
29
30
29
32
27
34

Results are reported as mean Ct values.
“-” Indicates a negative qPCR result.
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Table 3.5 Results of three separate molecular assays for Ancylostoma spp.
differentiation.
Origin of

Real-Time PCR for

Real-Time PCR for

Semi-Nested PCR

Samples

A. duodenale [25]

A. ceylanicum

[23]

TimorLeste
Orán,
Argentina

(-)

(+)*

Figure 3.1

(+)

(-)

Figure 3.2

*Twenty-one out of twenty-two samples were positive for A. ceylanicum. The identity of
the species in the 22nd sample could not be determined utilizing any of the employed assays
or Sanger sequencing.
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Figure 3.1 Ancylostoma spp. determination using semi-nested PCR-RFLP analysis.
Following two rounds of conventional PCR targeting the ITS region, the product (~ 400
bp) was subjected to two separate restriction enzyme digestions (MvaI/BstN1 [#ER0551]
and Psp1406I/AcII [#ER0942], ThermoFisher Scientific) following the manufacturer’s
suggested protocol. The MvaI enzyme digests PCR amplicons of A. ceylanicum into two
products (bands at 340 bp and 64 bp) but does not digest amplicons of A. caninum or A.
duodenale. Psp1406I digests A. duodenale amplicons into two products (bands at 255 bp
and 149 bp) but does not digest amplicons of A. caninum or A. ceylanicum. In Figure 3.1,
the uncut product (2nd round PCR product), the Mva product (2nd round PCR product
digested with MvaI) and the Psp product (2nd round PCR product digested with Psp1
enzyme) for the positive control (A. ceylanicum) and for samples from Timor-Leste are
shown. The banding pattern demonstrates the presence of A. ceylanicum in these samples
and validates the positive results from the newly described real-time PCR assay for A.
ceylanicum (see Additional File 1; l = 100 base pair ladder; u = undigested control).
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Figure 3.2 Ancylostoma spp. determination on field samples from Orán, Argentina
using semi-nested PCR-RFLP analysis. Testing was performed in the same manner as
described in Figure 3.1. The banding pattern from a representative sample demonstrates
the presence of A. duodenale in the pictured sample and validates the negative results from
the newly described real-time PCR assay for A. ceylanicum.
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CHAPTER 4
TARGETING A HIGHLY REPEATED GERMLINE DNA SEQUENCE FOR
IMPOROVED REAL-TIME PCR-BASED DETECTION OF ASCARIS
INFECTION IN HUMAN STOOL

as written by Pilotte N., Maasch J.R.M.A., Easton A.V., Dahlstrom E., Nutman T.B.,
Williams S.A.
PLoS Neglected Tropical Diseases, 2019

4.1 General Chapter Overview
This chapter describes the development of an assay for the detection of humaninfecting Ascaris spp. This assay is intended to improve upon the ribosomal sequencetargeting assay described in our original paper (Pilotte, et al., 2016). Improvement is made
possible by analysis of genomic DNA isolated from germline, rather than adult, Ascaris
tissue. Because members of the order Ascaridida are capable of a phenomenon known as
chromosome diminution, whereby large sections of their repetitive gDNA are predictably
and repeatibly eliminated from somatic cells during embryonic development, prior analysis
of gDNA isolated from adult worms resulted in the identification of rDNA as the most
prevalent genomic element. This occurred because the post-diminution adult tissues no
longer contained the majority of these repeat sequences. However, as diagnosis of soiltransmitted helminths relies on identification of material within shed stool, identification
of pathogen is dependent primarily upon the presence of pre-diminution eggs within a
sample. For this reason, an index assay targeting a satellite repeat that is largely eliminated
during diminution is described, and this assay’s performance is comparatively evaluated
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against the previously used ribosomal target. Analysis demonstrates the vastly improved
analytical and clinical sensitivities of the new assay, and highlight the importance of
methodical and systematic selection of assay targets.
My contributions to this chapter include performing all informatics analyses,
designing primers and probe, and either directly performing, or overseeing the performance
of all optimization and validation testing. I also wrote the manuscript.
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4.2 Abstract

4.2.1 Background
With the expansion of soil transmitted helminth (STH) intervention efforts and the
corresponding decline in infection prevalence, there is an increased need for sensitive and
specific STH diagnostic assays. Previously, through next generation sequencing (NGS)based identification and targeting of non-coding, high copy-number repetitive DNA
sequences, we described the development of a panel of improved quantitative real-time
PCR (qPCR)-based assays for the detection of Necator americanus, Ancylostoma
duodenale, Ancylostoma ceylanicum, Trichuris trichiura, and Strongyloides stercoralis.
However, due to the phenomenon of chromosome diminution, a similar assay based on
high copy-number repetitive DNA was not developed for the detection of Ascaris
lumbricoides. Recently, the publication of a reference-level germline genome sequence
for A. lumbricoides has facilitated our development of an improved assay for this human
pathogen of vast global importance.

4.2.2 Methodology/principal findings
Repurposing raw DNA sequence reads from a previously published Illuminagenerated, NGS-based A. lumbricoides germline genome sequencing project, we
performed a cluster-based repeat analysis utilizing RepeatExplorer2 software.

This

analysis identified the most prevalent repetitive DNA element of the A. lumbricoides
germline genome (AGR, Ascaris germline repeat), which was then used to develop an
improved qPCR assay. During experimental validation, this assay demonstrated a fold
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increase in sensitivity of ~3,100, as determined by relative Cq values, when compared with
an assay utilizing a previously published, frequently employed, ribosomal ITS DNA target.
A comparative analysis of 2,784 field-collected samples was then performed, successfully
verifying this improved sensitivity.

4.2.3 Conclusions/significance
Through analysis of the germline genome sequence of A. lumbricoides, a vastly
improved qPCR assay has been developed. This assay, utilizing a high copy number repeat
target found in eggs and embryos (the AGR repeat), will improve prevalence estimates that
are fundamental to the programmatic decision-making process, while simultaneously
strengthening mathematical models used to examine STH infection rates. Furthermore,
through the identification of an optimal target for PCR, future assay development efforts
will also benefit, as the identity of the optimized repeat DNA target is likely to remain
unchanged despite continued improvement in PCR-based diagnostic technologies.

4.3 Author Summary
With an at-risk population in the billions, Ascaris lumbricoides is a pathogen of
great global importance. In recent years, efforts to control the spread of this parasitic
helminth have expanded, resulting in declining infection rates and worm burdens in some
regions. While immeasurably important for global health, these declines have also served
to expose the shortcomings of traditional diagnostic methods, as low-levels of pathogen
generate a need for more sensitive tools, and microscopy-based techniques are proving illsuited to the task at hand. Thankfully, improved sensitivity can be achieved through the
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careful selection of optimal repetitive DNA targets for PCR. However, previous attempts
to identify such targets in A. lumbricoides were unsuccessful, largely due to chromosome
diminution, an unusual phenomenon occurring in the Ascaridida, whereby large portions
of the germline genome are reproducibly eliminated during early development, resulting
in their absence in larvae or adult worms. As the stool-based molecular diagnosis of A.
lumbricoides infection is primarily dependent upon the identification of egg-derived DNA,
utilizing genomic DNA from adult worms for molecular target selection eliminates
germline candidates and results in suboptimal target sequence choices.

Recently, the

publication of a pre-diminution germline genome of A. lumbricoides has provided us with
an opportunity to re-evaluate target selection, facilitating the development of a novel
quantitative real-time PCR assay with greatly improved sensitivity (~3100-fold as
determined by relative Cq value) over previously developed assays that were based on
ribosomal repeat DNA sequences with lower copy numbers.

4.4 Introduction
Believed responsible for more than 800 million global infections, Ascaris
lumbricoides is the most prevalent of the human-infecting soil transmitted helminths (STH)
[1-2]. As recently as 2017, infections with this parasite were believed to result in
approximaely 861,000 disability adjusted life years [3], generating nearly 45% of the
global years lived with disability attributable to the overall burden of STH infections [3].
Due to an improved understanding of the scope of this disease burden, there is now an
increased recognition of the global health impact of A. lumbricoides and the other STH
infections. Such awareness has resulted in the expansion of infection and risk mapping
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efforts [4-9] and operational research studies intended to improve, expand, and more fully
understand the impacts associated with interventions [10-15]. Similarly, due to exponential
improvements in approaches to mathematical modelling, the roles played by these valuable
tools for shaping and informing the STH programmatic decision making process continue
to increase [5-6, 16-18]. Fundamentally, such operational research efforts and modelling
strategies rely heavily upon the availability of accurate data. Such reliance is particularly
critical following interventions that have resulted in declining prevalence, drawing greater
attention to the ramifications of employing insensitive diagnostic methods such as KatoKatz [19]. Therefore, sensitive and specific diagnostic tools facilitating the collection of
accurate data are increasingly critical for the proper interpretation of findings and the
veracity of resulting conclusions.
Previously, we described a pipeline for the identification of high-copy number
repetitive DNA elements for use as semi-quantitative real-time PCR (qPCR) targets for the
detection of various STH species [20-21].

These targets, identified utilizing next-

generation sequencing (NGS)-based analysis tools, have facilitated improved sensitivity
and specificity of detection, leading to their adoption in various diagnostic efforts and
operational research (OR) studies such as the DeWorm3 cluster randomized trials [11, 14,
22]. Despite the availability of such tools, to date, the qPCR-based detection of A.
lumbricoides has depended upon less optimal targets, such as ribosomal internal
transcribed spacer (ITS) sequences [20, 23-24]. This shortcoming is rooted in the unique
process of chromosome diminution, whereby some species, including certain members of
the order Ascaridida, undergo programmed elimination of select and reproducible regions
of their gDNA during development [25-26]. In the case of A. lumbricoides, diminution
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occurs between the third and seventh embryonic divisions [27], and an estimated 13% of
the haploid germline genome is eliminated by this process [25], including the most
abundant of the genome’s tandemly repeated sequences [26]. Such elimination of highly
repetitive, non-coding sequences during embryonic development renders ribosomal repeats
the highest copy number gDNA sequences remaining in the genomes of larval and adult
Ascaris worms. As pure gDNA is more easily obtained from adult worms, initial analyses
using our pipeline utilized adult DNA extracts, and therefore failed to identify repeats
present at higher copy number than the ribosomal ITS sequences [20]. However, STH
diagnosis is dependent upon the detection of DNA from eggs/early embryos extracted from
the stool of infected individuals. Thus, identifying an optimal qPCR target requires
examination of egg-derived DNA, possessing pre-diminution gDNA sequences.
Acknowledging this shortcoming in the currently available PCR diagnostic toolkit,
we now describe the development of an Ascaris germline assay utilizing a highly repetitive
DNA element whose copy number is reduced by an estimated 99% in the post-diminution
genome of larval and adult worms [26]. This 120 bp target, hereafter referred to as the
Ascaris germline repeat (AGR), was previously estimated to constitute approximately
8.9% of the Ascaris germline genome [26], and further analysis of germline sequence reads
utilizing RepeatExplorer2, a Galaxy-based computational tool [28] supports the prediction
that this tandem repeat represents the most abundant germline gDNA sequence. The
incorporation of a new PCR-based assay utilizing this improved target into our previously
described STH diagnostic pipeline [20-21], represents a significant diagnostic
improvement with the capacity to aid future programmatic efforts.
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4.5 Materials and Methods

4.5.1 Ethics statement
The use of human samples in this study was approved by the reviewing body at the
International Centre for Diarrhoeal Disease Research, Bangladesh (protocol # PR-14105)
and by the University of California at Berkeley Committee for Protection of Human
Subjects (protocol # 2014-08-6658).

4.5.2 Repetitive DNA sequence analysis
Three independently prepared, paired-end DNA libraries of raw Illumina
sequencing reads, previously utilized for the assembly of a reference-quality A.
lumbricoides germline genome [26], were repurposed for use in this study (Sequence Read
Archive [SRA] BioProject number PRJNA511996). Prior to SRA upload, all reads were
trimmed to a uniform length of 93 bp and a full description of sequencing and filtering
methodologies has been described elsewhere [26]. Utilizing a randomly selected subset of
500,000 reads, each paired-end library was analyzed using RepeatExplorer2, a Galaxybased analysis tool for the identification of repetitive DNA elements [28]. These analyses
were used to identify the highest copy number genomic DNA sequences, which were
selected as PCR targets for further analysis (Figure 4.1). All RepeatExplorer analyses were
performed using default settings, without advanced options, and with the “Select Queue”
set to “Basic and Fast”.
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4.5.3 Assay design
Utilizing default parameters for PrimerQuest Tool software (Integrated DNA
Technologies, Coralville, IA), a candidate primer-probe pairing was designed that targeted
our identified DNA repeat sequence. Primer-BLAST, available from the National Center
for Biotechnology Information (NCBI) website (www.ncbi.nlm.nih.gov), was employed to
determine whether or not our candidate primers matched off-target template sequences
found within the RefSeq Representative Genome Database, and NCBI’s nucleotide
collection database. Following analysis, primers and probe were synthesized by Integrated
DNA Technologies. Probe chemistry included labeling with a 6-FAM fluorophore at the
5’ end, and double quenching with ZEN (internal) and 3IABkFQ (3’ end) chemistries
(Table 4.1).

4.5.4 Assay validation and optimization
Assay validation and optimization experiments were performed as previously
described [20-21]. Briefly, utilizing 200 pg of pure A. lumbricoides gDNA isolated from
an adult female worm as template, optimal primer concentrations were determined by
titrating forward and reverse primers in independent 7 µL reactions containing 3.5 µL of
TaqPath ProAmp Master Mix (ThermoFisher Scientific, Waltham, MA). Employing
doubling dilutions, primers were tested at concentrations ranging from 1000 nM to 62.5
nM, with forward and reverse primer concentrations tested in all possible dilution
combinations.

Optimal AGR primer concentrations were then utilized in reactions

intended to verify assay specificity, whereby 2 ng of purified genomic DNA isolated from
adult Necator americanus, adult Ancylostoma duodenale, adult Ancylostoma ceylanicum,
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adult Trichuris trichiura, Strongyloides stercoralis L1 larvae, adult Schistosoma mansoni,
adult Anisakis typica, adult Baylisascaris procyonis, and adult Parascaris univalens, were
used as template in separate reactions. Additionally, testing against human DNA, gDNA
from Candida albicans (strain L26) (BEI Resources, Manassas, VA), DNA from the
common gut bacteria Escherichia coli, and gDNA from a “mock” microbial community
(v5.2H) (BEI Resources) also occurred. As a final validation, a panel of 20 infection-naïve,
commercially available human stool samples were obtained for testing (BioIVT, Westbury,
NY). DNA extraction was performed as previously described [29] and each extract was
then tested for the presence of Ascaris signal.

4.5.5 Generation of a plasmid control containing the assay target sequence
Utilizing our AGR qPCR assay primers, pure A. lumbricoides gDNA was amplified
by conventional PCR. Reactions in 25 µL volumes, containing 12.5 µL of Q5 Hot Start
High-Fidelity 2X Master Mix (New England Biolabs, Ipswich, MA) and 500 nM
concentrations of each primer were amplified with an initial 30 second incubation at 98 °C;
followed by 35 cycles of 98 °C for 10 seconds, 63 °C for 30 seconds, and 72 °C for 30
seconds; and a final 2 minute extension step at 72 °C. Following cycling, PCR products
were cloned into the pCR-Blunt II-TOPO vector (ThermoFisher Scientific) in accordance
with the manufacturer’s suggested protocol, and NEB Express Competent E. coli (New
England Biolabs) were transformed with 3 µL of the ligated plasmid. Transformed
competent cells were then plated on LB-kanamycin plates, and grown at 37 °C overnight.
Colonies were picked, and colony PCR was performed in 25 µL reactions containing 12.5
µL of One Taq 2x Master Mix (New England Biolabs), with 500 nM M13 forward and
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reverse primers. Cycling began with an initial 30 second denaturation at 94 °C, followed
by 35 reaction cycles of 94 °C for 15 seconds, 44 °C for 30 seconds, and 68 °C for 90
seconds; and a final extension for 5 minutes at 68 °C. Reaction products were sequenced,
and a plasmid clone containing a single copy of the correct AGR repeat element was
selected for use as a positive control in all future experiments.

4.5.6 Determination of assay efficiency
In order to determine assay efficiency, a panel of 10-fold plasmid serial dilutions
was generated. Dilutions ranged from 100 pg/µL to 100 ag/µL. Because the control
plasmid is 3,595 bp in size, and the average mass of a single nucleotide base pair is
estimated to be 650 Da, 100 ag of plasmid was estimated to correspond to approximately
50 copies of the plasmid. Utilizing this information, approximate copy numbers were
calculated for each concentration within the serial dilution series. Optimized reaction
conditions were then employed to perform 11 or 12 reaction replicates for each dilution.
Mean Cq values were calculated for reactions performed on each concentration of template,
and a reaction efficiency was calculated.

4.5.7 Determination of assay detection limits
To determine assay detection limits, a panel of banked DNA extracts, previously
isolated (as described elsewhere [29]) from 50 mg naïve stool samples that had been spiked
with known numbers of A. lumbricoides eggs, was tested for the presence of detectable
levels of A. lumbricoides target DNA. These samples were prepared and extracted as part
of an ongoing, unrelated study in which the identification and isolation of eggs utilized for
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spiking was performed using the McMaster egg counting technique as previously described
[30]. Eggs were carefully removed from their parent samples under the microscope, briefly
rinsed in nuclease-free water, and then added to the naïve stool. Following the addition of
eggs, DNA was extracted from spiked aliquots as previously described [29]. All testing
occurred in duplicate, and was performed using the experimentally-determined optimal
AGR assay conditions. To facilitate inter-assay comparison, samples were similarly tested
using a previously described assay that targets a ribosomal ITS2 sequence [20]. In total, 19
samples were tested. Four samples were spiked with 40 eggs, four with 10 eggs, four with
5 eggs, and four with 2 eggs. An additional three samples containing DNA from a single
egg completed the panel.

4.5.8 Assay validation utilizing field-collected samples

4.5.8.1 Collection of samples and assessment of quality
A panel of 2,784 previously isolated (as described elsewhere [29]) human stool
DNA extracts were utilized in this study. All samples were collected in Bangladesh as part
of the WASH Benefits Bangladesh trial [15]. At the time of processing, extraction quality
was assessed, as previously described [29], through the procedural inclusion of an internal
amplification control (IAC) plasmid. Following the extraction of all DNA samples, the
recovery of IAC plasmid, spiked into each sample during the extraction procedure, was
assessed using qPCR, and a mean Cq value and standard deviation (SD) was calculated for
all samples. To ensure extraction quality and data comparability, all samples which
produced a Cq value > 3SD from the mean underwent re-extraction and re-testing.
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4.5.8.2 qPCR testing
All samples and standards were tested in duplicate, utilizing the optimized version
of the newly described AGR assay. After assaying all samples, results for each sample
were compared with results obtained using the previously described ITS2-targeting assay
referenced above [20]. While testing with both assays occurred sequentially, rather than
simultaneously, samples were properly stored at -20 °C until all testing was completed. On
all experimental plates, plasmid controls were run at concentrations of 10 pg/µL, 100
fg/µL, and 1 fg/µL. Following the completion of all testing, standard deviations were
calculated for the mean Cq values for each control concentration. For a given experimental
plate, in the event that the mean Cq value for any control dilution was > 2SD from the
mean, the entire plate was retested. In the event that a given sample produced one positive
and one negative result, the sample was re-tested in duplicate. For such samples, a positive
result was ascribed to the sample if it again produced one or more positive results upon retesting. Samples which produced two negative results upon re-testing were considered to
be negative. All criteria for test validity and sample positivity/negativity determination
were identical to those used for testing with the ITS2-targeting assay.

4.5.8.3 Statistical analysis
An agreement table was generated to assess assay concordance/discordance.
Samples were scored as “true positives” when they were found to be positive by either
experimental assay.

Assay sensitivities were calculated by dividing the number of

positives as determined by a given assay, by the total number of “true positives”.
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4.6 Results

4.6.1 Target sequence identification and assay design
RepeatExplorer2 analysis software was employed to identify genomic DNA
elements of putatively greatest copy number from sequence data derived from three,
previously prepared, paired-end libraries of egg-derived A. lumbricoides DNA [26]. For
each library, the RepeatExplorer-generated cluster containing the largest number of DNA
sequence reads contained a 120 bp satellite element, previously identified as the most
numerous within the A. lumbricoides germline genome [26]. Similarly, for each analyzed
library, a supercluster comprised of multiple clusters each mapping to this repeat was
predicted to represent between 7.9% and 16.3% of the germline genome. While it is
important to note that such superclusters contain additional sequence fragments (flanking
regions, etc.), when considered as rough representations of a sequence’s genome
percentage, these estimates are consistent with the 8.9% prediction made by Wang, et al
[26].

These results strongly suggest that this repetitive sequence is the most prevalent

repeat DNA element within the germline genome of A. lumbricoides. Utilizing this 120 bp
AGR sequence, PrimerQuest Tool software was employed to design a candidate primerprobe set and Primer-BLAST analysis of this set returned only Ascaris-derived product
predictions, minimizing the likelihood of experimental off-target PCR amplification.

4.6.2 Validation and optimization
As previously described, a titration of doubling dilutions of primer candidates was
employed to determine optimal primer concentrations [20]. As determined by mean Cq
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value, optimal concentrations were determined to be 125 nM for the forward primer and
500 nM for the reverse primer. Utilizing these primer concentrations, assay specificity was
verified: 2 ng of template failed to produce off-target amplification for any of the species
or samples tested. Similarly, testing of all DNA extracts from the infection-naïve stool
panel failed to produce Ascaris signal, indicating that cross-reactivity with common
elements of the gut flora is unlikely to occur.

4.6.3 Determination of assay efficiency
By testing a titration of our generated control plasmid (Figure 4.2), assay efficiency
was determined. Utilizing plasmid size to determine target copy number per titration, a
standard curve was generated by plotting Log(target copy #) vs. mean Cq value (Figure
4.3). The slope of this curve was determined to be -3.3216, with a reaction efficiency of
100.1% and an amplification factor of 2.00.

4.6.4 Determination of Assay Detection Limits
Utilizing DNA extracts obtained from naïve stool samples spiked with known
numbers of A. lumbricoides eggs, assay detection limits were determined. Results using
the new AGR assay indicated that target detection was possible from all stool samples
spiked with all tested concentrations of eggs ranging from 40 eggs to a single egg (Table
4.2). In contrast, results obtained when testing with the ITS-targeting assay failed to allow
for consistent detection at both 1 and 2 egg concentrations (Table 4.2).
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4.6.5 Assay validation utilizing field-collected samples
Comparing results obtained using the newly described qPCR AGR assay with those
generated through testing with a previously described, ribosomal ITS-targeting qPCR
assay [20], an analysis of 2,784 human stool DNA extracts was performed. 349 samples
were determined to be positive using the ITS-targeting assay, while 643 samples were
determined to be positive utilizing the newly described qPCR AGR assay. Of the 349 ITSassay positives, only two were negative when tested by the new AGR assay. In contrast,
of the 643 samples determined to be positive by the AGR assay, 296 were negative when
tested by the ribosomal ITS assay (Table 4.3). This led to a sensitivity of 99.69% for the
AGR assay, and an ITS-targeting assay sensitivity of 54.11%. Minimum, maximum,
median, and quartile values for the ITS-assay-positive sample population, the AGR-assaypositive sample population, and the AGR-assay-positive, ITS-assay-negative sample
population are shown in Figure 4.4.
In an attempt to quantify the improvement in reaction sensitivity offered by the new
AGR assay, an average reduction in mean Cq value was calculated for all samples which
tested positive by both experimental assays, excluding a single sample which produced a
lower Cq value when tested using the ribosomal ITS assay (n=346). To calculate this
average reduction in mean Cq, the difference in mean Cq values for each co-positive
sample was determined by subtracting the mean Cq value for the ribosomal ITS-targeting
assay from the mean Cq value for the AGR assay. The average of these differences was
then determined to be 11.51 cycles (range of 0.55 – 14.99) (Figure 4.5).

This average

change in Cq value corresponds to a fold increase in target number between the two qPCR
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assays of ~3,100, which resulted in the detection of Ascaris DNA in nearly twice as many
stool samples.

4.7 Discussion
With the expansion of treatment efforts and the resulting declines in infection
prevalence and intensity, the sensitivity and specificity of STH diagnostic methods are
increasingly important. Post-treatment surveys and population surveillance efforts are only
as precise as the tools used to perform them and inconsistent tools may result in
mismeasurement or misinterpretation of intervention impact. [31]. As such, diagnostic
accuracy is critical for making assessments, and a given study’s programmatic value is
inherently tied to diagnostic capability. As OR efforts increasingly work towards the
definition of transmission breakpoints, important decisions will be made based upon
diagnostically determined prevalence levels under settings of declining parasite burden and
decreasing infection intensities. The importance of diagnostic accuracy is embodied by the
criteria governing the DeWorm3 cluster randomized trials, which state that “transmission
interruption in a cluster will be defined as achieving a prevalence of each STH species of
≤2%...by qPCR 24 months after the final round of MDA” [11]. However, the attainment
of a 2% prevalence rate is inherently linked to the test used for prevalence determination.
Therefore, understanding diagnostic performance is critical for proper decision making,
and maximizing diagnostic sensitivity increases confidence when breakpoint thresholds are
attained, minimizing the odds of future recrudescence.
Previously, Easton, et al., described the theoretical limits of detection for both KatoKatz and PCR as a function of the sample volume used for diagnosis [31]. As such, a 50
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mg stool sample, analyzed by PCR has a theoretical limit of detection of 20 eggs per gram,
should a single egg be present within the analyzed aliquot.

However, Easton and

colleagues also point out that with sufficient sensitivity, shed DNA, or DNA resulting from
egg degradation could also be detected, allowing for further improvement over
microscopy-based techniques that are dependent upon the presence of intact eggs within
the sample aliquot tested [31]. While such levels of sensitivity may appear to have reduced
importance when one considers that a single adult female Ascaris worm has been estimated
to shed as many as 200,000 eggs per day [32], egg shedding varies considerably from
person to person, and factors such as individual host immunity, geography, age of worm,
worm burden, and intervention history can drastically alter patterns of egg production [33].
By selecting a molecular target with dramatically improved copy number, the capacity to
detect pathogen signal is greatly improved, theoretically pushing limits of detection to
previously impossible levels (Table 4.4).
Recognizing the need for optimal sensitivity in molecular diagnosis, we previously
described the identification of improved qPCR targets for the detection of a number of
human-infecting soil transmitted helminths [20-21].

However, due to the unusual

phenomenon of chromosome diminution, whereby repeat-enriched portions of the genomic
DNA are eliminated between the third and seventh cellular divisions, we were unable to
identify an appropriate, novel, high copy-number repeat DNA element within the adult
genome of A. lumbricoides. Recently, due to the publication of a reference-quality
germline genome sequence for A. lumbricoides [26], we have been able to overcome this
challenge with the selection of a highly repetitive DNA target that yields vastly superior
sensitivity over previously utilized target DNA sequences.
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Present in both the A.

lumbricoides and A. suum germline genomes, this target facilitates improved diagnostic
detection of all human Ascaris infections.
Representing an estimated 8.9% of the germline genome, yet only 120 bp in length,
it is not surprising that the DNA target utilized by our new AGR assay facilitated a dramatic
decrease in Cq values when compared to qPCR tests based on ribosomal DNA targets.
With an estimated genome size of 334 Mb [26], nearly 2.5 x 105 copies of this AGR
element are believed to exist per haploid A. lumbricoides genome. This is in sharp contrast
to the estimated 42 copies of ribosomal DNA present in Ascaris [34]. Interestingly,
assuming similar reaction efficiencies, these copy numbers would suggest a Cq difference
of just over 12, in near agreement with the 11.51 mean cycle difference which was
determined during the experimental testing of field samples described here. Such drastic
improvement in sensitivity should facilitate detection of Ascaris DNA at levels well below
the quantity which is recoverable from a single egg, a hypothesis further supported by our
spiking experiment results (Table 4.2). The validity of this sensitivity increase was
reinforced by the results of the extensive specificity testing which we performed, providing
strong evidence that the increased rates of positivity do not result from non-specific, offtarget amplification.
It should be noted that a shortcoming of the performed spiking experiment was a
failure to utilize an IAC during the DNA extraction procedure. However, as results for
spiked sample testing existed for both the AGR assay and the ITS-targeting assay, an
assessment of comparative sensitivity remained possible. While it is unfortunate that this
failure to include an IAC prevented the drawing of meaningful correlations between Cq
values and EPG levels, it is worth mentioning that large OR efforts, such as the DeWorm3
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cluster randomized trials, aim to assess transmission break points based solely upon
infection prevalence, irrespective of infection intensity [11].
In addition to their direct OR and surveillance functions, sensitive and specific
diagnostic tools allow the research community to amass large bodies of accurate data,
essential for the expansion and development of novel ideas and methodologies. The
increased reliance on such data is seen in the incremental advancement of modeling efforts,
a group of tools playing an ever-increasing role in both research and programmatic
communities. Similarly, innovative ideas, such as the possibility of utilizing environmental
sampling for STH surveillance [35] have historically been hampered by insufficient
diagnostic options. However, with a resurging interest in these alternative methodologies
[36-37], the availability of more sensitive tools will be critical, as such samples will likely
rely upon larger sample masses, resulting in the dilution of molecular signal. Furthermore,
while it is likely that future technologies will eventually render the current methods of
qPCR-based diagnostics obsolete, prevalent targets will remain prevalent and may prove
useful as new technologies come online. As such, the discovery of optimal targets should
have a lasting impact on the field of infectious disease diagnostics.
While detection of parasite DNA target at sub-single egg concentrations greatly
improves the sensitivity of detection, expanded sensitivity can also result in a potential
complication. The issue is that higher copy-number DNA targets, coupled with excellent
qPCR efficiencies, render assays increasingly susceptible to the possibility of sample-tosample contamination. Such concerns are especially valid when the transfer of the
technology to endemic countries is a priority. Deployment of such assays to varied
laboratory environments can lead to an increased risk of false positive and false negative
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results. Accordingly, highly sensitive qPCR assays require added attention to detail, and
highlight the need for a renewed programmatic focus on proper training and project
oversight. Equally important, appropriate quality assurance and quality control practices
must be implemented, as must the use of consistent and standardized procedures and
controls. Recognizing this need, options for external laboratory quality assessment are
growing, and participation in assessment programs such as the Helminth External
Molecular Quality Assessment Scheme offered by the Dutch Foundation for Quality
Assessment in Medical Laboratories (SKML) should be considered whenever possible.
Submitting to such external evaluations will help to ensure the accuracy of results and the
inter-lab comparability of data.
Although infrequently voiced, an additional concern stems from the sometimes
stated belief that optimization of a diagnostic assay can theoretically lead to the
development of a test that is “too sensitive”. The argument has been made that the
detection of sub-cellular levels of DNA from cellular debris may result in the false
attribution of a “positive” status to individuals who are not actually harboring active
infection [38]. Similarly, for certain pathogens, detection of an individual microorganism
may lead to diagnostic “positivity” under non-pathogenic concentrations [39-40].
However, such concerns are more relevant in the context of the clinical diagnosis of an
individual patient. It is certainly true that sub-infectious levels of a pathogen may not pose
a significant risk to the individual patient. Yet when used in a surveillance capacity, even
sub-clinical levels of pathogen, or pathogen-derived material, are indicative of pathogen
presence within the population. Oftentimes, such sub-clinical levels of pathogen may still
pose a transmission risk within the community, facilitating persistence or providing an
112

early indication of possible infection recrudescence [41-42]. As such, when used for
surveillance purposes, maximizing sensitivity should always be the diagnostic goal.
However, it is equally important to remember that presence of pathogen signal is not
necessarily an indicator of the potential for transmission. Factors such as single sex
infections and expulsion of pathogen material can result in sample positivity despite failing
to pose a transmission risk. For this reason it is critical that assay results be interpreted in
the context of the study environment. Should the aims of a particular study dictate that
only more heavily infected samples be of interest, a Cq value cutoff could be imposed,
allowing the investigators to effectively filter out “light”, potentially sub single-egg
positive results without requiring changes to the testing procedure.
By targeting a highly repetitive element of the germline genome, the AGR qPCR
assay described here has the capacity to greatly improve the sensitivity of detection of
human Ascaris infections. This improvement should aid both operational research and
programmatic efforts, increasing the accuracy of diagnostic results and facilitating betterinformed decision making processes. Given the vast global prevalence of human Ascaris
infection, the addition of this novel assay to the list of available molecular tools is of
considerable significance.
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Table 4.1 Primer and probe sequences for the AGR assay.
Forward Primer

5’ – CTTGTACCACGATAAAGGGCAT - 3’

Reverse Primer

5’- TCCCTTCCAATTGATCATCGAATAA - 3’

Probe

5’ - /56-FAM/TCTGTGCAT/ZEN/TATTGCTGCAATTGGGA/3IABkFQ/ - 3’
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Table 4.2 Evaluation of limits of detection utilizing DNA extracts from spiked stool
samples.
Number of
Samples

Number of Eggs
per Sample (EPG)

Mean Cq Value [Range]a
AGR Assay

Mean Cq Value [Range]a
ITS Assay

4

40 (800)

15.61 [14.69-16.77]

25.40 [24.69-26.65]

4

10 (200)

15.99 [14.43-17.36]

25.60 [24.11-26.78]

4

5 (100)

20.16 [18.52-21.85]

30.56 [28.36-32.81]

4

2 (40)

25.26 [20.85-29.65]

32.76 [31.33-33.85]b

3

1 (20)

24.21 [19.12-32.44]d

30.21 [28.46-32.87]c

2

No Template Control

0.00 [0.00-0.00]

0.00 [0.00-0.00]

a

Each spiked sample was run in duplicate, resulting in a mean for each sample. Mean Cq
values for a given egg concentration were calculated as the mean value of all component
sample means. The reported “Range” is the lowest individual Cq value and the highest
individual Cq value for a given egg concentration. EPG, eggs per gram.
b
Only two samples resulted in amplification of Ascaris target, with one of these samples
amplifying in only 1 of 2 replicate reactions.
c
Only two samples resulted in amplification of Ascaris target.
d
One sample amplified in only 1 of 2 replicate reactions.
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Table 4.3 Agreement of assay results upon comparative testing of field-collected stool
extracts.

AGR qPCR Assay

Ribosomal ITS Assay
Negative

Positive

Total

Negative

2,139 (76.83%)

2 (0.07%)

2,141 (76.90%)

Positive

296 (10.63%)

347 (12.47%)

643 (23.10%)

Total

2,435 (87.46%)

349 (12.54%)

2,784 (100.00%)
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Table 4.4 Causes of PCR positivity in the absence of microscopic identification of
pathogen.
Circumstance Underlying Microscopic
Detection Failure
 Improper sample storage resulting in
degradation of eggs


Eggs are absent, but gDNA is present



Light infection is missed due to human
error

Mechanism Facilitating qPCR Detection in
Absence of Microscopic Detection
 Detection of short, tandem DNA repeats
does not require intact eggs and repeats
remain amplifiable even after significant
fragmentation due to tandem arrangement
 qPCR will detect target DNA, regardless
of the DNA’s source material (eggs, shed
tissues, etc.)
 Molecular detection is not subject to
human error or fatigue
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Figure 4.1 Identification of an optimal PCR target using RepeatExplorer2. (A) By
comparing the individual sequence of each read to the sequence of every other read within
the dataset of interest, RepeatExplorer builds “clusters” from reads meeting the cut-off
criteria of having 90% or greater sequence identity over 55% or more of the read lengths.
(B) Further comparison then identifies superclusters, comprised of clusters reaching a
threshold level for paired-end read mates shared between clusters. (C) By aligning
contigs/reads comprising component clusters within a supercluster, it becomes possible to
identify regions of DNA sequence within each supercluster that have the greatest coverage.
These highly repeated DNA regions are selected as targets for qPCR reaction primer and
probe design.
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Figure 4.2 Amplification plot for qPCR reactions used to calculate reaction efficiency.
Through replicate testing of titrated plasmid DNA containing a single copy of the reaction
target sequence, amplification curves were used to determine mean Cq values for reactions
occurring with each concentration of template.
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Figure 4.3 Calculation of assay efficiency. To determine assay efficiency, 10-fold serial
dilutions of control plasmid were prepared. All dilutions, ranging in concentration from
100 pg/µL to 100 ag/µL, were analyzed in either 11 or 12 replicate reactions. Mean Cq
values and standard deviations were then calculated for each concentration of plasmid
template, a slope was plotted, and reaction efficiency and amplification factor were
determined.
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Figure 4.4 Boxplots of positive sample populations from field-collected samples. Plots
represent the total population of ITS-assay-positive samples (n = 349), the total population
of AGR-assay-positive samples (n = 643), and the population of ITS-assay-negative, AGRassay-positive samples (n = 296). Medians are depicted by the horizontal lines, while the
box for each plot represents the interquartile range (IQR), and whiskers represent Q3 +
(1.5)(IQR) and Q1 – (1.5)(IQR).
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Figure 4.5 Differences between mean Cq values for all samples co-positive using both
the ribosomal ITS-targeting assay and AGR qPCR assay. (A) For each co-positive
sample, mean Cq values were plotted for both the ribosomal ITS-targeting assay (red
circles) and the AGR assay (blue squares). (B) For each co-positive sample, a difference
in mean Cq values was calculated by subtracting the mean value for the ribosomal ITS
qPCR assay from the mean value for the AGR qPCR assay. Results were binned by
difference and plotted. The average difference across all plotted samples was determined
to be 11.51 cycles.
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CHAPTER 5
COMPARISON OF MULTI-PARALLEL qPCR AND DOUBLE-SLIDE KATOKATZ FOR DETECTION OF SOIL-TRANSMITTED HELMINTH INFECTION
AMONG CHILDREN IN RURAL BANGLADESH
as written by Benjamin-Chung J.#, Pilotte N.#, Ercumen A., Grant J.R., Maasch J.R.M.A,
Gonzalez A.M., Abrams B.P., Ester A.C., Arnold B.F., Rahman M., Haque R., Hubbard
A.E., Luby S.P., Williams S.A., Colford, Jr. J.M.
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5.1 Chapter Overview
This chapter illustrates the advantages of using species-specific real-time PCR
assays. Through comparison with Kato-Katz microscopy, the World Health Organizatonrecommended diagnostic technique, the increased clinical sensitivities of our molecular
methodologies are demonstrated. The importance of assay specificity, made possible by
the careful selection of molecular targets is also demonstrated, as Kato-Katz microscopy
results in the misidentification of over 700 samples, wrongly classified as Ascaris-positive.
A combination of techniques including amplicon sequencing and qPCR-based testing with
multiple assays each targeting a unique region of the gDNA are used to show that samples
that are positive for Ascaris by Kato-Katz, but negative for Ascaris by qPCR, are in fact
Ascaris negative. This chapter tells a cautionary tale, illustrating the importance of
employing sensitive and specific assays for programmatic research efforts.
A secondary objective of the analyses described in this chapter was to correlate
qPCR-derived results with infection intensities as determined by Kato-Katz microscopy.
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However, due to the wide-spread microscopy-based misidentifications, meaningful
conclusions are not drawn.
My contributions to this chapter included directly performing, or overseeing the
performance of all real-time PCR testing. I also prepared all libraries, performed all
sequencing reactions and analyzed all sequencing results. I further contributed to data
analysis, table and figure generation, and I co-wrote the manuscript.
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5.2 Abstract

5.2.1 Background
There is growing interest in local elimination of soil-transmitted helminth (STH)
infection in endemic settings. In such settings, highly sensitive diagnostics are needed to
detect STH infection.

5.2.2 Methodology
We compared double-slide Kato-Katz, the most commonly used copromicroscopic
detection method, to multi-parallel quantitative polymerase chain reaction (qPCR) in 2,799
stool samples from children aged 2-12 years in a setting in rural Bangladesh with
predominantly low STH infection intensity. We estimated the sensitivity and specificity of
each diagnostic using Bayesian latent class analysis.

5.2.3 Principal findings
Compared to double-slide Kato-Katz, STH prevalence using qPCR was almost 3fold higher for hookworm species and nearly 2-fold higher for Trichuris trichiura. Ascaris
lumbricoides prevalence was lower using qPCR, and 26% of samples classified as A.
lumbricoides positive by Kato-Katz were negative by qPCR. Amplicon sequencing of the
18S rDNA from 10 samples confirmed that A. lumbricoides was absent in samples
classified as positive by Kato-Katz and negative by qPCR. The sensitivity of Kato-Katz
was 49% for A. lumbricoides, 32% for hookworm, and 52% for T. trichiura; the sensitivity
of qPCR was 79% for A. lumbricoides, 93% for hookworm, and 90% for T. trichiura.
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Specificity was  97% for both tests for all STH except for Kato-Katz for A. lumbricoides
(specificity = 68%). There were moderate negative, monotonic correlations between qPCR
cycle quantification values and eggs per gram quantified by Kato-Katz.

5.2.4 Conclusions
While it is widely assumed that double-slide Kato-Katz has few false positives, our
results suggest otherwise and highlight inherent limitations of the Kato-Katz technique.
qPCR had higher sensitivity than Kato-Katz in this low intensity infection setting.

5.3 Author Summary
Soil-transmitted helminth infections (STH) (e.g., Ascaris, hookworm, Trichuris)
contribute to a large burden of disease among children in low- and middle-income
countries. There is increasing interest in implementing large-scale deworming programs to
eliminate STH in certain settings. Efforts to monitor whether local elimination has occurred
require sensitive diagnostic tests that will not miss positive cases. Kato-Katz, a
microscopy-based diagnostic test, has commonly been used to identify STH eggs in stool,
but in settings where infection intensity is low, this method frequently misses positive
samples because it requires visual identification of small numbers of eggs, and hookworm
eggs may degrade prior to visualization. Quantitative polymerase chain reaction (qPCR) is
a molecular diagnostic method for detecting STH. It may detect more low intensity
infections than Kato-Katz because it identifies STH DNA in stool; DNA can be detected
in very small quantities and is less likely to degrade than STH ova. Thus, qPCR is likely to
be more accurate than Kato-Katz. This study compared the performance of double-slide
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Kato-Katz and qPCR using 2,799 stool samples from children aged 2-12 years in a setting
in rural Bangladesh with predominantly low STH infection intensity. qPCR was more
sensitive than Kato-Katz for hookworm and Trichuris infections. 26% of samples were
classified as Ascaris positive by Kato-Katz and negative by qPCR. DNA sequencing of 10
samples confirmed that Ascaris was absent in samples classified as positive by Kato-Katz
and negative by qPCR. We conclude that Kato-Katz likely produced false positive results
for Ascaris and that qPCR had a higher sensitivity than double-slide Kato-Katz in this low
infection intensity setting.

5.4 Introduction
Soil-transmitted helminths (STH) infect an estimated 1.5 billion individuals, almost
one fifth of the global population [1]. These infections contribute to a substantial burden
of disability and disease, particularly for children [2]. To control the burden of STH
infection, mass drug administration programs deliver preventive chemotherapy to
populations at risk, such as school children. In recent years, approximately 33% of children
in endemic settings received deworming medication for STH in the past six months
according to caregiver report [3]. Such programs have expanded dramatically following
the London Declaration on Neglected Tropical Diseases in 2012. Mass drug administration
(MDA) programs have yielded large reductions in STH infection prevalence and intensity
to date [4]. While the World Health Organization has set goals for STH focused on
morbidity control [5], there is an active body of research focused on whether local
elimination of STH is possible in endemic settings through community-wide MDA for
deworming [6–9]. As STH infection intensity and prevalence wane, increasingly sensitive
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diagnostic methods are required to determine whether STH transmission has been
interrupted and when interventions can be scaled back or discontinued [10].
Diagnostic methods for STH include copromicroscopic methods, such as the KatoKatz method [11, 12], formol-ether concentration [13], FLOTAC [14], mini-FLOTAC
[15–18], and FECPAKG2 [18, 19]. Of these, Kato-Katz is the most commonly used
diagnostic method for STH surveillance because it is inexpensive and relatively easy to
perform in low-resource settings [20]. A significant limitation of this method is that
samples must be evaluated within an hour of preparation in order to detect fragile
hookworm ova. In addition, Necator americanus and Ancylostoma duodenale cannot be
distinguished using Kato-Katz because of their morphological similarities. Because egg
excretion is highly variable over time [21], there can be substantial variation in the count
of eggs per gram (epg) of stool collected on different days. Kato-Katz has improved
sensitivity when performed on multiple samples from defecation events on different days,
but such samples are often logistically prohibitive to collect. Double-slide Kato-Katz
examines stool using two separate aliquots from a single defecation event prepared as
separate slides in order to help reduce the variability and increase sensitivity. Furthermore,
a meta-analysis estimated the sensitivity of double-slide Kato-Katz to be 64.6% for Ascaris
lumbricoides, 84.8% for Trichuris trichiura, and 63.0% for hookworm [22]. Another
limitation of Kato-Katz is that its sensitivity is lower in low infection intensity settings
(55.2% for A. lumbricoides, 79.8% for T. trichiura, and 52.6% for hookworm) [22].
Alternative copromicroscopic STH diagnostic methods,

such as

formol-ether

concentration, FLOTAC, mini-FLOTAC, and the McMaster method also have moderate
to low sensitivity for different types of STH in low-intensity settings [22].
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Multiplex [23, 24] and multi-parallel [25, 26] quantitative polymerase chain
reaction (qPCR) assays have been developed to detect STH DNA in stool. Multiplex and
multi-parallel assays allow for detection of multiple helminths from a single stool sample.
Growing evidence suggests that these methods may be used to estimate infection intensity,
although qPCR-based cutoffs for light, moderate, and heavy intensity infections have not
yet been defined [24, 27, 28]. To our knowledge, six studies have compared diagnostic
performance of copromicroscopic methods and qPCR; these studies reported that analyses
classifying STH status using qPCR as a diagnostic had higher prevalence [25], sensitivity,
and specificity compared to those using single- and/or double-slide Kato-Katz as a
diagnostic [18, 23, 27-29].
The greater sensitivity, specificity, and precision of qPCR relative to Kato-Katz
makes it an attractive diagnostic for monitoring the successes of STH control programs
deploying mass deworming since infection intensity tends to decline after several years of
intervention [30]. As a population reaches an STH transmission breakpoint, worm burdens
decrease, and the comparatively low sensitivity of Kato-Katz may preclude its use in
monitoring STH prevalence. In addition, a growing body of work suggests that qPCR may
also be used to estimate infection intensity; one study found that qPCR is approximately
3.6 times more precise than Kato-Katz in estimating A. lumbricoides egg intensity [31].
Such additional precision could increase the statistical power available to detect whether
the STH prevalence meets the threshold for elimination.
The primary objectives of this study were to estimate the prevalence of STH
infection and infection intensity using double-slide Kato-Katz and multi-parallel qPCR and
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to estimate the sensitivity and specificity of each method using Bayesian latent class
models and archived samples collected from children aged 2-12 years in rural Bangladesh.

5.5 Materials and Methods

5.5.1 Study population
This study analyzed archived stool samples that were collected from participants in
the WASH Benefits Bangladesh trial between May 2015 and May 2016 (Clinicaltrials.gov
NCT01590095) [32, 33]. The trial was implemented in Gazipur, Mymensingh, Tangail and
Kishoreganj districts of Bangladesh. Biannual school-based mass drug administration with
mebendazole had been implemented nationally in Bangladesh since 2008 and was ongoing
in the study area during the trial. The trial delivered interventions to improve water,
sanitation, handwashing, and nutrition and included single and combined intervention
arms. Full details of interventions and user adherence have been published elsewhere [33,
34]. This study randomly selected 2,800 stool specimens collected from children aged 22
months to 12 years of age (mean = 57 months) enrolled in the individual improved water,
sanitation, handwashing, and combined water+sanitation+handwashing (WSH) arms. This
sample size was chosen in order to estimate sensitivity with precision of +/- 5% and 80%
statistical power; we assumed STH prevalence estimates from a prior study in rural
Bangladesh [35] and double-slide Kato-Katz sensitivity and specificity estimates from a
prior meta-analysis of STH diagnostic accuracy [22].

136

5.5.2 Stool collection and storage
Field staff provided study participants’ primary caregivers with sterile containers
and requested that they collect stool from the child’s defecation event the next morning.
Field staff returned to the house at least three times to attempt to collect stool containers.
As part of the WASH Benefits trial, all study participants received a single dose of
albendazole following stool collection. Field staff transported stool specimens on ice to the
field laboratory, where 1 g of stool was archived in 1 ml of 100% ethanol. Specimens were
stored at -20 °C prior to relocation to a -80 °C freezer. In the WASH Benefits parasites
sub-study, the median time that elapsed between the reported time of defecation and when
the stool was first placed on ice was 2.4 hours (range: 0.03 to 18 hours), and the median
time that elapsed between the date of specimen collection and the date when specimens
were stored in a -80 °C freezer was 11 days (range: 1 to 330 days).

5.5.3 Kato-Katz procedures
Technicians were trained in double-slide Kato-Katz using the Vestergaard
Frandsen protocol at the International Centre for Diarrhoeal Disease Research, Bangladesh
(icddr,b) parasitology laboratory. On the day of stool collection, trained technicians
performed double-slide Kato-Katz [11, 12] on fresh stool within 30 minutes of preparing
each sample. For quality assurance, 10% of slides were evaluated independently by two
technicians, and 5% were evaluated by the same experienced parasitologist who conducted
Kato-Katz training. The quality assurance results have previously been published
elsewhere [34]. In brief, agreement between laboratory technicians was high (Kappa
statistic > 0.99 for each STH). The Kappa statistic for agreement between laboratory
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technicians and experienced parasitologists was 0.92 for A. lumbricoides, 0.20 for
hookworm, and 0.86 for T. trichiura. The agreement is likely lower for hookworm because
experienced parasitologists examined slides up to a few days after laboratory technicians,
and hookworm ova may have begun to disintegrate by that time. For the subset of samples
for which quality control was performed on the same day, the agreement for hookworm
was high. Agreement decreased as the time between the original assessment and the senior
parasitologist’s assessment increased (Table 5.1). Samples in which at least one STH egg
was visualized during Kato-Katz were classified as positive. Kato-Katz technicians did not
have access to any clinical information about study participants.

5.5.4 DNA isolation and qPCR procedures
Approximately 1-2 years after stool collection, preserved stool specimens were
shipped to Smith College in Northampton, MA, United States for qPCR analyses. Prior to
shipment, ethanol was evaporated from all samples for compliance with shipping
regulations, and samples were shipped on dry ice. Upon receipt at Smith College, all
samples were stored at -20 °C until DNA extraction. DNA was extracted using the
FastDNA Spin Kit for Soil (MP Biomedicals, Solon, OH) utilizing a previously published
modified version of the manufacturer’s methodology [25]. Following DNA extraction and
prior to qPCR analyses, extractions were stored at -20 °C. We assigned each sample a
unique number following extraction, and this number was electronically linked to the initial
barcode on the stool sample tube at the time of extraction. Results were then linked back
to the initial sample using both the Smith-assigned number and the barcode, and samples
underwent qPCR processing in the same batches that they were extracted in. An internal
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amplification control (IAC) plasmid was employed during the extraction of each sample to
ensure successful isolation, and adequate recovery of DNA [36]. Utilizing previously
described reaction methods [37], any sample which failed to produce a positive qPCR
result for one or more of the IAC replicates underwent re-extraction. Similarly, following
the completion of all extractions, the mean quantitation cycle (Cq) value for the IAC results
from all samples was calculated, as was the standard deviation of the mean. Any sample
with an individual IAC result determined to be 3 or more standard deviations greater than
the mean underwent re-extraction, as such a recovery was deemed suboptimal. Following
re-extraction, only the extracted DNA sample producing a positive IAC result within the
defined Cq range (not the previously conducted invalid extract) was used for experimental
testing.
Experimental qPCR reactions were performed using previously published multiparallel assays targeting non-coding repetitive sequences to detect Ascaris lumbricoides
[38], Trichuris trichiura, Strongyloides stercoralis, Necator americanus, Ancylostoma
duodenale [26] and Ancylostoma ceylanicum [39] (Table 5.2). Laboratory staff were
blinded to Kato-Katz results for each sample during the initial qPCR analyses. However,
upon completion of initial testing, all samples determined to be Kato-Katz positive but
qPCR negative for A. lumbricoides were tested using a second qPCR assay targeting an
unrelated, ribosomal DNA sequence in order to validate the negative qPCR result and
confirm the absence of A. lumbricoides DNA [26, 40].
For each assay, all samples were tested in replicate reactions and samples were
classified as positive when amplification occurred in both reactions with a Cq value of <
40, consistent with prior studies [41]. Samples which produced Cq values ≥ 40 in both
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replicate reactions or failed to amplify in both replicate reactions were classified as
negative. Consistent with common practice [42], samples that were positive in one of two
replicate reactions were re-tested in duplicate and classified as positive if the Cq value was
< 40 in at least one of two re-test reactions. In all cases of re-testing, the Cq value reported
as the sample’s final result was the re-test Cq value.
In addition to the IAC control, all experimental qPCR reaction plates were
accompanied by the testing of a titration of the appropriate assay’s control plasmid.
Plasmid controls for each target sequence were prepared as previously described [38].
Each plasmid contained a single copy of the corresponding assay’s target sequence and 20
pg, 200 fg and 2 fg of plasmid were tested in duplicate reactions. Following the completion
of all testing, the mean Cq value, across all experimental plates, for each plasmid
concentration was determined. Any plate which produced a Cq value for any concentration
of plasmid that was 3 or more standard deviations greater than the mean calculated for all
plates was retested in its entirety, and all results from that plate were considered to be
invalid. Only results from valid plates were reported (Table 5.3).

5.5.5 Sequencing
To verify that Kato-Katz positive/qPCR negative samples were truly qPCR
negative for A. lumbricoides, we performed sequencing on a subset of samples. Because <
1% of samples tested negative for hookworm or T. trichiura using qPCR but positive using
Kato-Katz, we only performed sequencing for samples with discordant A. lumbricoides
classification. A subset of 10 samples was selected to undergo amplicon sequencing-based
analysis. To facilitate the selection of samples, all samples that were double-slide Kato140

Katz positive for the presence of A. lumbricoides but qPCR negative for A. lumbricoides
were identified. From this list, a convenience sample (n=7) was then selected, such that
two of these samples would contain epg counts characteristic of moderate-intensity
infections as determined by World Health Organization guidelines, while five samples
would contain egg counts that were characteristic of light intensity infections [43]. All
seven of the Kato-Katz positive samples were negative by qPCR using both A.
lumbricoides assays. Additionally, three Kato-Katz negative samples were chosen for
inclusion in this panel. Two of these samples were selected due to their status as A.
lumbricoides-positive as determined by qPCR analysis, while a single sample was selected
that was both Kato-Katz negative and qPCR negative to serve as an uninfected control.
Samples were prepared for sequencing using a modified version of the Earth
Microbiome

Project’s

18S

Illumina

Amplicon

Protocol

http://www.earthmicrobiome.org/protocols-and-standards/18s/.

available

at:

This protocol utilizes

primers targeting the variable region 9 (V9) of the eukaryotic small subunit (SSU) rDNA
[44]. This protocol has been used in the analysis of helminth biodiversity in the gut of rats
[45] and validated as a method for assessing global parasite diversity [46]. Briefly, the
targets within each sample were amplified in triplicate 25 µl reactions using a uniquely
barcoded reverse primer coupled with a conserved forward primer (Table 5.4).

A

“mammalian blocking” primer, based on a previously described strategy, was also included
in all reactions to minimize the prevalence of mammal-derived amplicons [47]. All
reactions contained 10 µl of Platinum Hot Start PCR Master Mix (2X) (ThermoFisher,
Waltham, MA), 0.2 µM forward and reverse primers, and 1.6 µM “mammalian blocking”
primer (Integrated DNA Technologies, Coralville, IA). Cycling consisted of an initial
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denaturation step of 94 °C for 3 minutes, followed by 35 cycles of 94 °C for 45 seconds,
65 °C for 15 seconds, 57 °C for 30 seconds, and 72 °C for 90 seconds. Samples then
underwent a final extension step at 72 °C for 10 minutes. Following amplification,
triplicate reactions were combined, and pooled products were run on a 1.5% agarose gel to
confirm the presence of a band of the expected size (~260 bp). 240 ng of each pooled
product was then combined in preparation for sequencing, and this library was purified
using the ZR-96 Clean & Concentrator purification kit (Zymo Research, Irvine, CA). The
purified library was diluted to a 9 pM concentration, and 30% PhiX was added to improve
diversity. Sequencing then occurred on the Illumina MiSeq platform, using a MiSeq
Reagent Kit v2 (300-cycles) (Illumina, San Diego, CA).
Sequencing results were analyzed using the Quantitative Insights into Microbial
Ecology 2 (QIIME2) pipeline [48]. Briefly, all interlaced read pairs which did not contain
a valid barcode were filtered out and all read pairs whose best match was to bacterial 16S
ribosomal sequence were also removed. This resulted in a list of reads exclusively
matching eukaryotic 18S sequence.

Reads with 99% or greater identity were then

classified into operational taxonomic units (OTUs) and consensus sequences were built.
Taxonomy was then assigned to all OTUs that had ≥ 95% identity to sequences within the
Silva release 132 QIIME-compatible database.

5.5.6 Statistical methods
All statistical analyses were pooled across intervention arms to ensure sufficient
statistical power. Unless otherwise specified, analyses were conducted in R version 3.4.3.
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Data and replication scripts are available through the Open Science Framework
(https://osf.io/agk6w/).

5.5.7 Assessment of quality of Kato-Katz slide readings
For the 2,800 samples included in this analysis, we estimated concordance between
individual Kato-Katz technicians and expert technicians by comparing the classification of
positive/negative status for each STH on each slide as well as the mean difference in eggs
counted per slide.

5.5.8 Prevalence and correlation between eggs per gram and Cq values
We estimated the prevalence of STH infection using each diagnostic method with
robust sandwich standard errors to account for clustering at the village level [49]. We
calculated the agreement between prevalence estimates from double-slide Kato-Katz and
qPCR using a kappa statistic. We tested whether prevalence differed between the two
diagnostic methods using the Wilcoxon matched-pairs signed rank test that conditioned on
randomized block in the original trial [32, 50]. To classify infection intensity, we used the
World Health Organization cutoffs (light intensity infections were defined as < 5,000 epg
for A. lumbricoides, < 1,000 epg for T. trichiura, and < 2,000 epg for hookworm; moderate
intensity infections were defined as 5,000 ≤ epg < 50,000 for A. lumbricoides, 1,000 ≤ epg
< 10,000 for T. trichiura, and 2,000 ≤ epg < 4,000 for hookworm; heavy intensity infections
were defined as ≥ 50,000 epg for A. lumbricoides, ≥ 10,000 epg for T. trichiura, and ≥
4,000 epg for hookworm) [43]. To assess the correlation between epg estimated by doubleslide Kato-Katz and Cq value estimated by qPCR, we estimated Kendall’s tau and
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calculated two-sided p-values using a bootstrap with 1,000 replicates that resampled blocks
to account for the study’s cluster-randomized design using Stata version 14.2. We
compared mean Cq values within levels of infection intensity using a paired t-test paired
within randomized blocks.

5.5.9 Estimation of sensitivity and specificity
A challenge in studies assessing accuracy of STH diagnostics is the lack of a gold
standard diagnostic method [51]. We thus used two different approaches to estimate
sensitivity and specificity of each method, consistent with prior studies. We created a
reference using both detection methods and defined positivity as qPCR Cq values < 40 or
at least one egg detected by double-slide Kato-Katz. We also used Bayesian latent class
analysis, which defines the true prevalence of STH infection, sensitivity, and specificity as
latent variables that are estimated simultaneously from the data and assumes no gold
standard [22, 28, 52–54]. We hypothesized that the number of STH worms in the intestines
influences STH DNA concentration and epg in stool, each of which determines observed
STH infection measured by qPCR and Kato-Katz. Because observed STH status measured
by qPCR and Kato-Katz each depends upon true worm burden, we defined a model that
allowed for conditional dependence between each test by including terms for covariance
between diagnostic methods since both methods are dependent upon the same underlying
biological process [52].
Consistent with prior studies, our model did not include separate latent variables
for worm burden, DNA concentration and epg, which were unobserved, because the model
would have been non-identifiable. Latent class models for assessing diagnostic accuracy
144

of two diagnostic tests in the absence of a gold standard are not identifiable because the
number of unknown parameters exceeds the degrees of freedom [55]; in this case, multiple
unique parameter estimates can be produced from the same model, and a single set of
estimates cannot be identified. Within a Bayesian framework, when informative prior
distributions are defined for at least two parameters, the model is identifiable [56].
Consistent with prior studies, we used a highly informative prior for specificity of each
diagnostic test to allow for identifiability [22, 28, 57, 58] since prior studies have reported
high specificity values for double-slide Kato-Katz [59, 60] and qPCR [25, 61] (Table 5.5).
For A. lumbricoides, we chose to specify a non-informative prior for double-slide KatoKatz sensitivity and specificity and a less informative prior for qPCR sensitivity because
of discordant test results (summarized below). Since the model’s parameter estimates are
sensitive to the assumed prior distributions [62], we conducted a sensitivity analysis using
alternative, more informative priors for A. lumbricoides (Table 5.6). To estimate
parameters, we used Monte Carlo simulation with 4 chains and 100,000 iterations,
recording every 10th result. We computed the mean and 2.5 and 97.5 percentiles of the
posterior distribution using Gibbs sampling in WinBUGS version 14 [63].

5.5.10 Ethical statement
The study protocol was approved by the Ethical Review Committee at icddr,b (PR14105), the Committee for the Protection of Human Subjects at the University of
California, Berkeley (2014-08-6658), and the institutional review board at Stanford
University (27864). Prior to enrollment, all adult subjects provided written informed
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consent. Parents or guardians of children provided written informed consent on behalf of
children.

5.6 Results
We analyzed stool samples from 2,799 children using both double-slide Kato-Katz
and qPCR. 51% of children were female, and 66% of children’s caregivers reported that
they had received deworming in the past 6 months (Figure 5.1). Concordance between
individual Kato-Katz technicians and expert parasitologists in the classification of STH
positive/negative status was close to 100% for all technicians and STH (Figure 5.2). For A.
lumbricoides and T. trichiura, kappa statistics comparing individual technicians and expert
parasitologists were high, and the kappa statistic for hookworm was high when the expert
parasitologist performed Kato-Katz on the same day as the original count (Table 5.7). The
difference in mean eggs per slide between individual Kato-Katz technicians and experts
was < 60 for A. lumbricoides, < 15 for hookworm, and < 20 for T. trichiura (Figure 5.3).
We excluded the qPCR results of one sample from statistical analyses for all species
because the internal amplification control was > 3 standard deviations from the mean upon
initial testing and following re-extraction.
The observed prevalence was higher for qPCR than double-slide Kato-Katz for
hookworm and T. trichiura but lower for A. lumbricoides (Table 5.8, Figure 5.4). The
observed prevalence of A. lumbricoides was 37.0% (95% CI 34.7%, 39.3%) using KatoKatz and 23.3% (95% CI 20.9%, 25.7%) using qPCR. The observed prevalence of
hookworm was 7.5% (95% CI 6.3%, 8.7%) using Kato-Katz. Using qPCR the observed
prevalence of Necator americanus was 18.4% (95% CI 16.5%, 20.3%), and the observed
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prevalence of Ancylostoma ceylanicum was 3.8% (95% CI 2.9%, 4.6%); only one out of
2,799 samples tested positive for Ancylostoma duodenale. The observed prevalence of any
hookworm species using qPCR was 21.4% (95% CI 19.4%, 23.3%). For T. trichiura, the
observed prevalence was 7.0% (95% 5.6%, 8.3%) by Kato-Katz and 12.3% (95% CI
10.3%, 14.2%) by qPCR. Using Kato-Katz, 7% of children were infected with more than
one STH, and using qPCR it was 13% (Figure 5.5). The observed prevalence of moderate
intensity infection using Kato-Katz was 11% for A. lumbricoides, less than 1% for
hookworm, and 5% for T. trichiura. The observed prevalence of heavy intensity infection
using Kato-Katz was < 1% for A. lumbricoides, 1% for hookworm, and 0% for T. trichiura.
Using Kato-Katz, the geometric mean of epg was 5.14 for A. lumbricoides (134 among
positives), 0.43 for hookworm (125 among positives), and 0.40 for T. trichiura (124 among
positives).
Concordance between double-slide Kato-Katz and qPCR was higher for hookworm
and T. trichiura than for A. lumbricoides. The p-value for permutation tests assessing
whether the observed prevalence estimated by the two detection methods differed was
<0.001 for each STH (Table 5.9). 6-14% of samples classified as negative for the different
species by Kato-Katz were positive using qPCR. 26% of samples classified as positive for
A. lumbricoides by Kato-Katz were negative using qPCR. All samples determined to be
Kato-Katz positive for A. lumbricoides but negative by qPCR analysis targeting the noncoding repeat also failed to produce a positive result when tested with the ITS-targeting
assay. The majority of epg values among A. lumbricoides Kato-Katz-positive, qPCRnegative samples were < 100, although a small number of samples had epg between 1,000
and 50,000 (Figure 5.6). The probability that an individual Kato-Katz technician classified
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a stool sample as A. lumbricoides positive among those classified as negative by qPCR
ranged from 20% to 31%, and four out of six technicians were significantly more likely to
misclassify a sample than the technician with the lowest misclassification rate (Figure 5.7).
There was no evidence that the proportion of samples classified as positive for A.
lumbricoides by Kato-Katz and negative by qPCR (false positives assuming qPCR was the
gold standard) followed a trend by date of Kato-Katz or date of DNA extraction (Figure
5.8, Figure 5.9); patterns by date were similar for false negatives (Figure 5.10, Figure 5.11).
Using Bayesian latent class models, the estimated true prevalence was 27% (95%
Bayesian Credible Interval (BCI) 20%, 37%) for A. lumbricoides, 20% (95% BCI 17%,
24%) for hookworm, and 11% (95% BCI 8%, 14%) for T. trichiura. For double-slide KatoKatz, the sensitivity was 49% (95% BCI 34%, 64%) for A. lumbricoides, 32% (95% BCI
22%, 41%) for hookworm, and 52% (95% BCI 33%, 71%) for T. trichiura, and the
specificity was 68% (95% BCI 61%, 77%) for A. lumbricoides, 99% (95% BCI 96%,
100%) for hookworm, and 98% (95% BCI 96%, 100%) for T. trichiura (Table 5.10). For
qPCR, the sensitivity was 79% (95% BCI 61%, 99%) for A. lumbricoides, 93% (95% BCI
82%, 100%) for hookworm, and 90% (95% BCI 81%, 100%) for T. trichiura, and the
specificity was 97% (95% BCI 95%, 100%) for all three STH. The sensitivity analysis for
A. lumbricoides using alternative more informative priors produced similar estimates for
Kato-Katz and higher sensitivity for qPCR; when more informative priors were used for
both Kato-Katz and qPCR, the estimated sensitivity of qPCR was 90 (95% BCI 80, 99)
(Table 5.11). Pooling both methods as the gold standard, the sensitivity and specificity of
Kato-Katz was similar to those estimated from the Bayesian model, and for qPCR the
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sensitivity of hookworm and T. trichiura was higher but the specificity was lower than
estimated by the Bayesian model.
The distribution of Cq values for A. lumbricoides was bimodal, and to a lesser
extent the same pattern was present for N. americanus and T. trichiura (Figure 5.12). For
each STH, there was a negative, monotonic relationship between qPCR Cq values and epg
estimated using double-slide Kato-Katz (Figure 5.13). The Kendall’s tau comparing these
two quantities was -0.442 for A. lumbricoides, -0.346 for N. americanus, -0.266 for A.
ceylanicum, and -0.248 for T. trichiura (for each, the p-value was <0.001); we compared
N. americanus and A. ceylanicum to any hookworm species detected by Kato-Katz. We
also examined the distribution of Cq values by Kato-Katz infection intensity status for A.
lumbricoides (very few children had moderate-to-heavy intensity hookworm or T. trichiura
infections using Kato-Katz) (Figure 5.14). The distribution of Cq values was higher for
children who were Kato-Katz negative and children with light intensity infections
compared to those with moderate-to-heavy infections. The median Cq value was 9 (range:
4-34) among children with moderate to heavy A. lumbricoides infection, 14 (range: 8-38)
among those with light intensity infection, and 27 (range: 9-40) among those who were
Kato-Katz negative (t-test p-value < 0.001 for all comparisons).
In the sequencing analyses of 10 samples, we detected Enterobius vermicularis in
one sample that was double-slide Kato-Katz negative and qPCR positive, one sample that
was Kato-Katz positive and qPCR negative, and one sample that was negative using both
methods (Table 5.12). In addition, we identified Giardia intestinalis in 3 samples that were
Kato-Katz positive and qPCR negative and one sample that was negative using both
methods; we detected Dientamoeba fragilis in 3 samples that were Kato-Katz positive and
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qPCR negative, one sample that was Kato-Katz negative and qPCR positive, and one
sample that was negative using both methods. Analysis using the QIIME2 pipeline failed
to identify any reads mapping to A. lumbricoides in all seven Kato-Katz positive, qPCR
negative samples. A. lumbricoides was detected in one of the two samples that were KatoKatz negative and qPCR positive. However, this analysis failed to identify A. lumbricoides
in the second sample. Because of this discrepancy, the A. lumbricoides-derived consensus
sequence of the reads from the A. lumbricoides-positive sample was compared, using
BLAST, to all other reads from the entire sample set. This resulted in the identification of
a small number of A. lumbricoides-derived reads (n = 5, identity ≥ 97%) within the second
Kato-Katz negative, qPCR positive sample, while no A. lumbricoides reads were found
within the pool of reads mapping to any of the other samples. As only a single read within
this Kato-Katz negative, qPCR positive sample had 100% identity with the A.
lumbricoides-derived consensus sequence used as the query sequence in the BLAST
analysis, QIIME2’s failure to generate an OTU from these reads follows logically, as it is
likely that the 99% similarity threshold was not met for any two reads mapping to A.
lumbricoides from this sample. However, the presence of A. lumbricoides-derived reads
provides further support for the existence of A. lumbricoides DNA within the sample and
speaks to the sensitivity of the qPCR assays used during the analysis.

5.7 Discussion
This study compared the performance of double-slide Kato-Katz and qPCR for
detecting STH infections in a large sample of 2,800 children in a setting in rural Bangladesh
with biannual mass deworming administration. Consistent with prior studies in low STH
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infection intensity settings, using qPCR led to substantial increases in hookworm detection
and moderate increases in T. trichiura detection compared to Kato-Katz [23, 25, 27, 28,
51]. Poorer performance of Kato-Katz, particularly for hookworm, is likely due to rapid
disintegration of hookworm ova following stool collection [51, 64]. However,
unexpectedly, we found that one third of samples classified as A. lumbricoides negative by
qPCR were classified as positive by Kato-Katz, and the specificity of Kato-Katz was lower
for A. lumbricoides than for hookworm or T. trichiura. This discordance in classification
occurred primarily among samples with epg between 10 and 100, but surprisingly, a small
number of samples with A. lumbricoides epg between 1,000 and 50,000 classified as
negative by qPCR (Figure 5.6). Experimental testing with two qPCR assays utilizing
independent targets as well as sequencing analysis of a subset of samples confirmed that
samples classified as A. lumbricoides negative by qPCR contained no genomic targets for
A. lumbricoides. These unexpected findings call into question the common assumption that
Kato-Katz yields few false positives [22, 28, 57, 58].
There are several potential explanations for the unexpected discrepancy between
Kato-Katz and qPCR for A. lumbricoides. First, poor quality control of Kato-Katz could
have caused the discrepancy. The quality control assessment found minimal differences
between classification of A. lumbricoides between individual laboratory technicians and
expert parasitologists (Figure 5.2, Figure 5.3, Table 5.7), suggesting that Kato-Katz was
performed with typical quality. However, the expert parasitologist that performed quality
assurance also conducted Kato-Katz training; thus, if the expert mistook regularly
misclassified substances in stool as A. lumbricoides, misclassification may have been
passed on to technicians during training and would not have been caught during quality
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assurance. Second, the discrepancy could have resulted from mislabeling of stool samples.
While we cannot rule out this possibility, we consider this highly unlikely; if stool samples
were mislabeled, we would expect to see discrepancies for hookworm and T. trichiura as
well. There was no association between the false positive rate and false negative rate (using
qPCR as the gold standard) by date of Kato-Katz or date of DNA extraction, which suggests
that mislabeling or other laboratory protocol violations were unlikely since both may have
caused an unexpected increase in false positives/negatives at a specific point in time
(Figure 5.8 – 5.11). Third, it is possible that improper sample storage could have resulted
in STH DNA degradation that led to our discrepant findings for A. lumbricoides, however,
if that was the case we would expect to also see discrepancies for other STH and in
particular for hookworm, which is more fragile and is known to degrade more rapidly than
A. lumbricoides. Finally, it is possible that the discrepancy was due to insufficient DNA
extraction, but if this was the cause we would expect to see similarly poor performance for
all qPCR assays relative to Kato-Katz results. However, qPCR had higher sensitivity than
Kato-Katz for hookworm and T. trichiura. Taken together, these findings suggest that there
is an alternative explanation for the A. lumbricoides discrepancy.
Misclassification of STH ova has been previously reported: Capillaria
philippinensis or Capillaria hepatica ova can be mistaken for A. lumbricoides or T.
trichiura ova [65, 66] and Trichostrongylus spp. or Schistosoma ova can resemble
hookworm ova [67, 68].

Though we did identify other enteropathogens (Giardia

intestinalis and Dientamoeba fragilis) when sequencing a subset of samples, in stool, these
parasites do not share morphological features with most stages of A. lumbricoides [69]. We
hypothesize that the substance mistaken for A. lumbricoides in Kato-Katz was most likely
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plant material, pollen grains, or fungal spores, all of which can resemble certain stages of
A. lumbricoides [70]. Some of the sequenced stool samples contained DNA of flowering
plants of the division Magnoliophyta, which produce pollen, and fungi of the genera
Saccharomyces and Candida, which are commonly found in healthy intestinal microbiota
[71] (Table 5.12). We cannot definitively identify whether a different organism or
substance was mistaken for A. lumbricoides because the original slides used in Kato-Katz
were not preserved. Nevertheless, our findings raise concerns about the quality of the KatoKatz procedures and underscore the advantage of using molecular methods over
copromicroscopy since molecular methods do not rely on visualization of stool contents.
Overall, we found that sensitivity was lower for both double-slide Kato-Katz and
qPCR than in prior studies [22, 28]. A challenge in quantifying the accuracy of STH
diagnostics is the lack of a gold standard measure of infection [10]. Though we used
Bayesian latent class analysis, which assumes no gold standard, our estimates of sensitivity
and specificity from this method should be interpreted with caution. In studies evaluating
fewer than four diagnostic tests, parameters are not identifiable, and as a result parameter
estimates are highly dependent upon the assumed prior distributions [52]. Our latent class
models used informative priors for the specificity of each diagnostic, which we assumed
was between 0.95 and 1.00 for hookworm and T. trichiura; for these STH there was
agreement between results from the Bayesian latent class analysis and an analysis pooling
both methods as the reference, which suggests that our assumption was appropriate.
However, because of the apparent false positives for A. lumbricoides using Kato-Katz, our
prior distribution for the specificity of Kato-Katz ranged from 0 to 1. Using this model with
less informative priors, our estimate of sensitivity of qPCR for detecting A. lumbricoides
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using Bayesian latent class analysis was lower than a previous estimate for multi-parallel
qPCR using the same method [28]. Using less informative priors for A. lumbricoides may
have reduced the identifiability of our model and contributed to differing sensitivity and
specificity estimates in this study. However, our sensitivity analysis using more
informative priors for A. lumbricoides produced estimates that were similar to our primary
analysis and/or closer to previously published estimates (Table 5.6, Table 5.11). Our model
also assumed that the sensitivity and specificity of each diagnostic was constant for each
study subject [72]. It is possible that sensitivity and specificity varied due to variation in
STH prevalence and infection intensity, differing laboratory technicians, time from stool
collection to Kato-Katz or stool archiving, or other factors; however, we expect such
heterogeneity to be relatively low because our study used standardized procedures and was
in a relatively small geographic area.
We observed a bimodal distribution of Cq values for A. lumbricoides and to a lesser
extent for N. americanus and T. trichiura. While we cannot definitively identify the cause
of this pattern, we propose two potential hypotheses. First, it is possible that the lower
mode of Cq values (near Cq=12) reflects target sequences from intact eggs, while the
higher mode (near Cq=32) reflects the presence of target sequences from samples with subegg quantities (i.e. sub-genome quantities) of DNA (Figure 5.12). While the underlying
cause was not addressed, similar distributions have been reported in prior studies [24].
Furthermore, an egg spiking study utilizing the same repeat-targeting assay employed in
this study and employing the same controls and instrumentation used in this study,
determined that on average, DNA extraction from a sample containing a single A.
lumbricoides egg gives a Cq value of approximately 24, with the most efficient extractions
154

commonly producing Cq values in the range of 19-22 [38]. This implies that efficiently
extracted sub-egg quantities of target DNA should result in Cq values greater than 22. At
nearly 250,000 copies per haploid genome, the genomic target of the employed Ascaris
assay is more numerous than the repetitive sequences utilized as targets in any of the other
assays. As such, its ability to detect trace amounts of genomic DNA is likely greater,
providing an explanation for the more pronounced secondary distribution with higher Cq
values. Additional research is needed to determine whether individuals with sub-egg levels
of STH DNA in their stool experience clinical symptoms of infection and/or contribute to
STH transmission.
A second possible explanation for the bimodal Cq distribution is that the lower
mode represents fertilized eggs with diploid genomes, and the higher mode represents
unfertilized eggs shed from female-only A. lumbricoides infections with haploid genomes.
Unfertilized adult female A. lumbricoides worms may still shed large numbers of singlegenome eggs. However, fertilized eggs undergo multiple cellular divisions during the
process of embryonation, meaning that a single egg may contain many copies of the
genome. Typically, under permissive environmental conditions, embryonation occurs over
the course of approximately 2-3 weeks following fecal shedding, generally requiring
approximately 5 days for eggs to reach the 8-cell stage [73]. When stored at colder
temperatures approaching 5 °C, such development is arrested [73]. Given that all stool
samples collected as part of this study were placed on ice within 18 hours of sample
production, it is extremely unlikely that significant embryonic development could have
occurred prior to DNA extraction and qPCR testing. Therefore, while fertilized eggs would
contain diploid genomes it is unlikely that significant cell division would have occurred.
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As such, in this study, any effect on Cq value resulting from fertilization status is likely to
have been minimal, making this unlikely to account for the presence of the observed
bimodal distribution.
Whether Cq values can be used to approximate intensity of STH infection is an
open question. The strength of the correlation between epg and Cq values informs whether
Cq value thresholds can be defined for STH infection intensity as is done using Kato-Katz
[74]. Prior studies have reported moderate-to-high correlations between epg and DNA
concentration for all three STH [23–25, 28, 75], and one study reported that Cq values
correlated well with expelled adult worms following anthelminthic treatment [28]. We
found moderate correlations between epg and Cq values that were lower than the
correlations reported in prior studies [24, 25, 28]. A. lumbricoides was the only STH in this
study with a sufficiently large number of samples classified as moderate-to-heavy intensity
using Kato-Katz. The majority of moderate-to-heavy intensity infections had Cq values of
10 or lower (Figure 5.14). However, because of the misclassification of A. lumbricoides,
we interpret this pattern with caution because epg counts may have been overestimated in
some samples and underestimated in others. In general, a limitation of using Cq values to
approximate infection intensity is that the quantity of cells per egg (and thus the copy
number of a target) varies depending on fertilization status, cell number, diminution status,
and the STH species [76], complicating inferences about epg using Cq values. When
comparing Cq values to epg estimated from Kato-Katz, another limitation is that there is
variability in the number of STH eggs secreted in stool, the number of haploid genomes
present per egg, and eggs are not distributed evenly within stool or in stool samples [77,
78]. Despite these limitations, Cq values represent the only quantitative output from a
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qPCR reaction, and as such, they may represent the best (albeit imperfect) measure for
approximating infection intensity.
In settings with predominantly low STH infection intensity, highly sensitive
diagnostics are needed to detect low intensity infections prior to elimination and to detect
resurgent infections. Though a common critique of qPCR is its higher cost relative to KatoKatz, comparisons of the materials required for each method suggest that costs for multiparallel qPCR can be lower than those for Kato-Katz [25]. As pointed out by Turner et al.,
even if qPCR is more costly than Kato-Katz, in an elimination setting, the continued use
of low sensitivity diagnostics may impede efforts to determine when STH transmission has
been interrupted which may unnecessarily prolong mass deworming administration. The
cost of prolonged MDA is likely to exceed that of a more costly diagnostic [79]. Our results
support the use of qPCR in elimination settings due to its higher sensitivity and specificity.
In addition, importantly, using qPCR instead of Kato-Katz in intervention trials can also
reduce misclassification and bias of intervention effect estimates [80].

5.8 Conclusion
Kato-Katz remains a highly cost-effective, feasible diagnostic method appropriate
for certain uses cases, such as identifying where to perform MDA, determining the
frequency of MDA, and assessing progress towards program goals [30]. Prior to this study,
the greatest disadvantage of Kato-Katz was typically considered to be its low sensitivity;
here we show that not only was sensitivity lower for Kato-Katz than for qPCR, but also in
our setting, Kato-Katz had low specificity for A. lumbricoides. Though we were not able
to definitively determine the cause of the apparent A. lumbricoides misclassification using
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Kato-Katz, regardless of the cause, our results highlight an inherent limitation of KatoKatz. In addition, our results echo conclusions of other recent studies that qPCR may be
more appropriate for use cases such as identifying whether STH transmission has been
interrupted and confirming sustained transmission interruption due to its higher sensitivity
in low STH intensity settings [30].
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Table 5.1 Percent agreement between results as determined by the original Kato-Katz
technician and the senior parasitologist by days elapsed between each assessment.
Days

Ascaris lumbricoides

Hookworm

Trichuris trichiura

0
1
2-4
>4
Overall

1.00
0.91
0.94
0.88
0.92

1.00
0.33
0.11
0.00
0.20

1.00
0.81
0.91
0.83
0.86
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Table 5.2 Target information, sequences, manufacturers, and relevant references for
all qPCR primers and probes used during this study.
Target

Forward Primer
Sequence
Manufacturer
(5’  3’)

Reverse Primer
Sequence
Manufacturer
(5’  3’)

Ancylostoma ceylanicum
Repetitive Sequence

CAAATATTAC
TGTGCGCATT
TAGC

IDT DNA

GCGAATATTT
AGTGGGTTTA
CTGG

IDT DNA

Ancylostoma duodenale
Repetitive Sequence

GTATTTCACT
CATATGATCG
AGTGTTC

IDT DNA

GTTTGAATTT
GAGGTATTTC
GACCA

IDT DNA

Necator americanus Repetitive
Sequence

CCAGAATCG
CCACAAATTG
TAT

IDT DNA

GGGTTTGAG
GCTTATCATA
AAGAA

IDT DNA

Strongyloides stercoralis
Repetitive Sequence

CGCTCCAGA
ATTAGTTCCA
GTT

IDT DNA

GCAGCTTAGT
CGAAAGCAT
AGA

IDT DNA

Trichuris trichiura Repetitive
Sequence

GGCGTAGAG
GAGCGATTT

IDT DNA

TACTACCCAT
CACACATTAG
CC

IDT DNA

Ascaris lumbricoides
Repetitive Sequence

CTTGTACCAC
GATAAAGGG
CAT

IDT DNA

TCCCTTCCAA
TTGATCATCG
AATAA

IDT DNA

Ascaris lumbricoides ITS
Sequence

GTAATAGCA
GTCGGCGGTT
TCTT

IDT DNA

GCCCAACAT
GCCACCTATT
C

IDT DNA

Internal amplification control

CTAACCTTCG
TGATGAGCA
ATCG

IDT DNA

GATCAGCTAC
GTGAGGTCCT
AC

IDT DNA
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Probe
Sequence
(5’  3’)
/56FAM/CGGTGA
AAG/ZEN/CTT
TGCGTTATTG
CGA/3IABkFQ/
/56FAM/TGACAG
TGT/ZEN/GTC
ATACTGTGGA
AA/3IABkFQ/
/56FAM/CCCGAT
TTG/ZEN/AGC
TGAATTGTCA
AA/3IABkFQ/
/56FAM/ACAGTC
TCC/ZEN/AGT
TCACTCCAGA
AGAGT/3IABk
FQ/
/56FAM/TTTGCG
GGC/ZEN/GAG
AACGGAAAT
ATT/3IABkFQ/
/56FAM/TCTGTG
CAT/ZEN/TAT
TGCTGCAATT
GGGA/3IABkF
Q/
/56FAM/TTGGCG
GACAATTGC
ATGCGAT/MB
G/
/56FAM/AGCTAG
TCG/ZEN/ATG
CACTCCAGTC
CTCCT/3IABkF
Q/

Manufacturer

Relevant
Reference

IDT DNA

Pilotte, et al.
PLoS Negl Trop
Dis. (2016)

IDT DNA

Pilotte, et al.
PLoS Negl Trop
Dis. (2016)

IDT DNA

Pilotte, et al.
PLoS Negl Trop
Dis. (2016)

IDT DNA

Pilotte, et al.
PLoS Negl Trop
Dis. (2016)

IDT DNA

Pilotte, et al.
PLoS Negl Trop
Dis. (2016)

IDT DNA

Pilotte, et al.
PLoS Negl Trop
Dis. (2016)

ThermoFisher

Pilotte, et al.
PLoS Negl Trop
Dis. (2018)

IDT DNA

Deer, et al. Lett
Appl Microbiol.
(2010)

Table 5.3 Comparison of multi-parallel qPCR and double-slide Kato-Katz for
detection of soil-transmitted helminth infection among children in rural Bangladesh.

Species

Ancylostoma
ceylanicum

Necator
americanus

Ancylostoma
duodenale

Trichuris
trichiura

Ascaris
lumbricoides

Strongyloides
stercoralis

Control
Conc.

Mean

Standard
Deviation

20 pg

10.57428624

0.629269472

200 fg

16.76210483

0.89796325

2 fg

23.58155042

1.429190388

20 pg

14.90265768

1.546944972

200 fg

21.31265956

1.794560709

2 fg

27.7174806

1.0135431

20 pg

11.58566395

2.354262378

200 fg

17.9120955

2.416993482

2 fg

24.6325359

2.150720837

20 pg

14.54309587

1.10072496

200 fg

21.70388865

2.280166759

2 fg

28.74177976

1.995048103

20 pg

11.35916323

1.225636444

200 fg

17.79485853

1.452208619

2 fg

24.59787477

1.855364044

20 pg

15.34083837

0.84766427

200 fg

21.70180233

0.876749866

2 fg

28.44642298

1.353544442
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+/- 3SD
9.315747 11.83283
14.96618 18.55803
20.72317 26.43993
11.80877 17.99655
17.72354 24.90178
25.69039 29.74457
6.877139 16.29419
13.07811 22.74608
20.33109 28.93398
12.34165 16.74455
17.14356 26.26422
24.75168 32.73188
8.90789 13.81004
14.89044 20.69928
20.88715 28.3086
13.64551 17.03617
19.9483 23.4553
25.73933 31.15351

Total
Plates
Tested

Total
Plates
Requiring
Retests

66

6

66

6

66

7

66

5

66

5

66

3

Table 5.4 Primer sequences used for 18S SSU sequencing.
Primer Name
Read 1 Sequencing
Primer
Read 2 Sequencing
Primer
Index Sequence
Primer

Primer Sequence (5’  3’) a
TATCGCCGTTCGGTACACACCGCCCGTC
AGTCAGCCAGCATGATCCTTCTGCAGGTTCACCTAC
GTAGGTGAACCTGCAGAAGGATCATGCTGACTGACT

Forward Primer for
PCR

AATGATACGGCGACCACCGAGATCTACACTATCGCCGTTCGGTACACA
CCGCCCGTC

Reverse Primer for
PCR #1
Reverse Primer for
PCR #2
Reverse Primer for
PCR #3
Reverse Primer for
PCR #4
Reverse Primer for
PCR #5
Reverse Primer for
PCR #6
Reverse Primer for
PCR #7
Reverse Primer for
PCR #8
Reverse Primer for
PCR #9
Reverse Primer for
PCR #10

CAAGCAGAAGACGGCATACGAGATACGAGACTGATTAGTCAGTCAGCA
TGATCCTTCTGCAGGTTCACCTAC
CAAGCAGAAGACGGCATACGAGATGCTGTACGGATTAGTCAGTCAGCA
TGATCCTTCTGCAGGTTCACCTAC
CAAGCAGAAGACGGCATACGAGATATCACCAGGTGTAGTCAGTCAGCA
TGATCCTTCTGCAGGTTCACCTAC
CAAGCAGAAGACGGCATACGAGATTGGTCAACGATAAGTCAGTCAGCA
TGATCCTTCTGCAGGTTCACCTAC
CAAGCAGAAGACGGCATACGAGATATCGCACAGTAAAGTCAGTCAGCA
TGATCCTTCTGCAGGTTCACCTAC
CAAGCAGAAGACGGCATACGAGATGTCGTGTAGCCTAGTCAGTCAGCA
TGATCCTTCTGCAGGTTCACCTAC
CAAGCAGAAGACGGCATACGAGATAGCGGAGGTTAGAGTCAGTCAGCA
TGATCCTTCTGCAGGTTCACCTAC
CAAGCAGAAGACGGCATACGAGATTACAGCGCATACAGTCAGTCAGCA
TGATCCTTCTGCAGGTTCACCTAC
CAAGCAGAAGACGGCATACGAGATAATTGTGTCGGAAGTCAGTCAGCA
TGATCCTTCTGCAGGTTCACCTAC
CAAGCAGAAGACGGCATACGAGATTGCATACACTGGAGTCAGTCAGCA
TGATCCTTCTGCAGGTTCACCTAC

GCCCGTCGCTACTACCGATTGG/ideoxyI//ideoxyI//ideoxyI//ideoxyI//ideoxyI/
Mammal Blocking
TTAGTGAGGCCCT/3SpC3/
Primer
a
The barcode sequence in each reverse primer is underlined.
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Table 5.5 Prior distributions used in Bayesian latent class analysis models.

Prevalence
Kato-Katz
sensitivity
Kato-Katz
specificity
qPCR sensitivity

qPCR specificity

A. lumbricoides
Beta distribution with
shape parameters
=1, =1
Beta distribution with
shape parameters
=1, =1
Beta distribution with
shape parameters
=1, =1
Uniform distribution
with minimum=0.60,
maximum=1
Uniform distribution
with minimum=0.95,
maximum=1

Hookworm
Beta distribution with
shape parameters
=1, =1
Beta distribution with
shape parameters
=3, =3
Uniform distribution
with minimum=0.95,
maximum=1
Uniform distribution
with minimum=0.80,
maximum=1
Uniform distribution
with minimum=0.95,
maximum=1
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T. trichiura
Beta distribution with
shape parameters
=1, =1
Beta distribution with
shape parameters
=3, =3
Uniform distribution
with minimum=0.95,
maximum=1
Uniform distribution
with minimum=0.80,
maximum=1
Uniform distribution
with minimum=0.95,
maximum=1

Table 5.6 Sensitivity analysis using alternative prior distributions in Bayesian latent
class analysis models for A. lumbricoides.
Analysis
Primary
analysis
result
Sensitivity
analysis 1

Sensitivity
analysis 2

Sensitivity
analysis 3

Description of
priors
Non-informative
priors
More
informative
prior for KatoKatz sensitivity
and specificity
More
informative
prior for qPCR
sensitivity
More
informative
prior for
sensitivity and
specificity of
both Kato-Katz
and qPCR

Kato-Katz
Sensitivity
Specificity
(95% BCI)
(95% BCI)

qPCR
Sensitivity
Specificity
(95% BCI)
(95% BCI)

49 (34, 64)

68 (61, 77)

79 (61, 99)

97 (95, 100)

49 (34, 64)

68 (62, 76)

80 (61, 99)

97 (95, 100)

49 (38, 59)

67 (63, 71)

90 (80, 99)

97 (95, 100)

49 (39, 59)

67 (63, 71)

90 (80, 99)

97 (95, 100)
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Table 5.7 Kappa statistics comparing the original classification of a single slide as
having any STH ova between individual Kato-Katz technicians and expert
parasitologists.
Ascaris
Hookworm
Trichuris
#
Technician
Kappa
p-value
Kappa
p-value
Kappa
p-value#
statistic
statistic#
statistic#
1
0.83
<0.001
----2
0.90
<0.001
0.18
0.004
0.79
<0.001
3
1.00
<0.001
--0.66
<0.001
4
0.91
<0.001
0
-1.00
<0.001
#
Some values were not estimated (as indicated by --) because neither the technician nor
the expert parasitologist identified any ova. The agreement is likely lower for hookworm
because experienced parasitologists examined slides up to a few days after laboratory
technicians, and hookworm ova may have begun to disintegrate by that time. In the primary
study, in the subset of samples for which quality control was performed on the same day,
the
agreement
for
hookworm
was
high
(Ercumen
et
al.,
2019.
https://doi.org/10.1371/journal.pntd.0007323).
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Table 5.8 Observed soil-transmitted helminth prevalence, double-slide Kato-Katz
eggs per gram, and qPCR Cq values (N=2,799).

Ascaris
lumbricoides
Hookworm
Necator
americanus
Ancylostoma
ceylanicum
Ancylostoma
duodenale
Trichuris
trichiura
Strongyloides
stercoralis

double-slide Kato-Katz
Number
Median EPG
Observed
of
in positive
prevalence
positive
stool samples
(95% CI)
samples
(range)
37.0
72
1,035
(34.7, 39.3)
(12, 100,824)
7.5
96
209
(6.3, 8.7)
(24, 6,732)

qPCR
Number
of
positive
samples
652
598

--

--

--

515

--

--

--

106

--

--

--

1

195

7.0
(5.6, 8.3)

96 (24, 5,040)

343

--

--

--

17

166

Observed
prevalence
(95% CI)
23.3
(20.9, 25.7)
21.4
(19.4, 23.3)
18.4
(16.5, 20.3)
3.8
(2.9, 4.6)
<0.001
(0.0, 0.10)
12.3
(10.3, 14.2)
0.6
(0.3, 0.9)

Median Cq
value in
positive stool
samples (range)
17.4
(4.4, 39.6)
-20.8
(13.9, 35.5)
23.6
(14.4, 37.8)
27.2
(27.2, 27.2)
27.7
(21.4, 40.0)
24.6
(19.1, 31.8)

Table 5.9 Classification of qPCR and double-slide Kato-Katz for each type of STH
(N=2,799).
Ascaris lumbricoides
Kato-Katz +
Kato-Katz Hookworm
Kato-Katz +
Kato-Katz Trichuris trichiura
Kato-Katz +
Kato-Katz -

qPCR +
319 (11%)
333 (12%)
qPCR +
195 (7%)
403 (14%)
qPCR +
167 (6%)
176 (6%)

qPCR 716 (26%)
1431 (51%)
qPCR 14 (1%)
2187 (78%)
qPCR 28 (1%)
2428 (87%)
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Kappa statistic (p-value)
0.13 (<0.001)

0.42 (<0.001)

0.58 (<0.001)

Table 5.10 Estimated sensitivity, and specificity of each diagnostic method using
Bayesian latent class models.
double-slide Kato-Katz
Sensitivity
Specificity
(%)
(%)
(95% BCI)
(95% BCI)

qPCR
Sensitivity
Specificity
(%)
(%)
(95% BCI)
(95% BCI)

Bayesian latent class model
Ascaris lumbricoides
49 (34, 64)
68 (61, 77)
79 (61, 99)
97 (95, 100)
a
Hookworm
32 (22, 41)
99 (96, 100)
93 (82, 100)
97 (95, 100)
Trichuris trichiura
52 (33, 71)
98 (96, 100)
90 (81, 100)
97 (95, 100)
Any positive test (sensitivity) or any negative test (specificity) using double-slide KatoKatz or qPCR
Sensitivity
Specificity
Sensitivity
Specificity
(%)
(%)
(%)
(%)
(95% CI)
(95% CI)
(95% CI)
(95% CI)
Ascaris lumbricoidesb
49 (45, 53)
67 (64, 69)
--Hookworma
34 (30, 38)
99 (99, 100)
98 (97, 99)
85 (83, 86)
Trichuris trichiura
53 (47, 58)
99 (99, 99)
92 (90, 95)
93 (92, 94)

95% BCI: 95% Bayesian credible interval
95% CI: 95% confidence interval
a
Necator americanus, Ancylostoma duodenale, and Ancylostoma ceylanicum combined
b
Due to the high discordance between qPCR and double-slide Kato-Katz for A.
lumbricoides, we estimated sensitivity and specificity using qPCR alone as the gold
standard
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Table 5.11 Sensitivity analysis using alternative prior distributions in Bayesian latent
class analysis models for A. lumbricoides.

Analysis

Description of priors

Primary
analysis
result

Non-informative priors

Sensitivity
analysis 1
Sensitivity
analysis 2
Sensitivity
analysis 3

More informative prior
for Kato-Katz sensitivity
and specificity
More informative prior
for qPCR sensitivity
More informative prior
for sensitivity and
specificity of both KatoKatz and qPCR

Kato-Katz
Sensitivity
Specificity
(95% BCI) (95% BCI)

qPCR
Sensitivity
Specificity
(95% BCI) (95% BCI)

49 (34, 64)

68 (61, 77)

79 (61, 99)

97 (95, 100)

49 (34, 64)

68 (62, 76)

80 (61, 99)

97 (95, 100)

49 (38, 59)

67 (63, 71)

90 (80, 99)

97 (95, 100)

49 (39, 59)

67 (63, 71)

90 (80, 99)

97 (95, 100)
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Table 5.12 Taxonomic assignments for OTUs resulting from sequencing analysis with
the Qiime2 pipeline.

K-K +/PCR - #1
K-K +/PCR - #2
K-K +/PCR - #3
K-K +/PCR - #4
K-K +/PCR - #5
K-K +/PCR - #6
K-K +/PCR - #7
K-K -/PCR + #1
K-K -/PCR + #2
K-K -/PCR -

K-K +/PCR - #1
K-K +/PCR - #2
K-K +/PCR - #3
K-K +/PCR - #4
K-K +/PCR - #5
K-K +/PCR - #6
K-K +/PCR - #7
K-K -/PCR + #1
K-K -/PCR + #2
K-K -/PCR -

K-K +/PCR - #1
K-K +/PCR - #2
K-K +/PCR - #3
K-K +/PCR - #4
K-K +/PCR - #5
K-K +/PCR - #6
K-K +/PCR - #7
K-K -/PCR + #1
K-K -/PCR + #2
K-K -/PCR -

Eukaryota;Amoe
bozoa;Discosea;
Longamoebia;Ce
ntramoebida;Ac
anthamoeba;Aca
nthamoeba
stevensoni;__;__;_
_;__;__;__;__

Eukaryota;Archa
eplastida;Chloro
plastida;Charop
hyta;Phragmopl
astophyta;Strept
ophyta;Embryop
hyta;Tracheophy
ta;Spermatophyt
a;Magnoliophyta
;Apiales;Cnidium
;Cnidium
monnieri;__

Eukaryota;Archa
eplastida;Chloro
plastida;Charop
hyta;Phragmopl
astophyta;Strept
ophyta;Embryop
hyta;Tracheophy
ta;Spermatophyt
a;Magnoliophyta
;Brassicales;Bras
sica;Brassica
napus (rape);__

Eukaryota;Archa
eplastida;Chloro
plastida;Charop
hyta;Phragmopl
astophyta;Strept
ophyta;Embryop
hyta;Tracheophy
ta;Spermatophyt
a;Magnoliophyta
;Caryophyllales;
Amaranthus;Am
aranthus
tuberculatus;__

Eukaryota;Archa
eplastida;Chloro
plastida;Charop
hyta;Phragmopl
astophyta;Strept
ophyta;Embryop
hyta;Tracheophy
ta;Spermatophyt
a;Magnoliophyta
;Caryophyllales;
Rheum;Rheum
palmatum;__

Eukaryota;Archa
eplastida;Chloro
plastida;Charop
hyta;Phragmopl
astophyta;Strept
ophyta;Embryop
hyta;Tracheophy
ta;Spermatophyt
a;Magnoliophyta
;Cucurbitales;Cu
cumis;Cucumis
sativus
(cucumber);__

Eukaryota;Archa
eplastida;Chloro
plastida;Charop
hyta;Phragmopl
astophyta;Strept
ophyta;Embryop
hyta;Tracheophy
ta;Spermatophyt
a;Magnoliophyta
;Fabales;Glycine;
Glycine max
(soybean);__

Eukaryota;Archa
eplastida;Chloro
plastida;Charop
hyta;Phragmopl
astophyta;Strept
ophyta;Embryop
hyta;Tracheophy
ta;Spermatophyt
a;Magnoliophyta
;Fabales;Vigna;V
igna unguiculata
subsp.
unguiculata
(cowpea);__

0
0
0
0
0
0
0
0
16
0

0
233
2824
33
538
45
0
0
0
0

0
0
0
0
13
0
13
0
79
0

0
0
0
0
0
0
1067
0
0
0

0
0
958
0
0
0
0
0
0
0

0
195
0
0
0
0
0
0
0
0

0
0
0
0
0
0
207
0
0
0

0
93
0
0
0
0
0
0
0
0

Eukaryota;Archa
eplastida;Chloro
plastida;Charop
hyta;Phragmopl
astophyta;Strept
ophyta;Embryop
hyta;Tracheophy
ta;Spermatophyt
a;Magnoliophyta
;Liliopsida;Alism
atales;Zantedesc
hia;Zantedeschia
aethiopica

Eukaryota;Archa
eplastida;Chloro
plastida;Charop
hyta;Phragmopl
astophyta;Strept
ophyta;Embryop
hyta;Tracheophy
ta;Spermatophyt
a;Magnoliophyta
;Liliopsida;Incer
tae
Sedis;Elaeis;Elae
is guineensis
(African oil
palm)

Eukaryota;Archa
eplastida;Chloro
plastida;Charop
hyta;Phragmopl
astophyta;Strept
ophyta;Embryop
hyta;Tracheophy
ta;Spermatophyt
a;Magnoliophyta
;Liliopsida;Poale
s;Oryza;Zea
mays subsp.
mays (maize)

Eukaryota;Archa
eplastida;Chloro
plastida;Charop
hyta;Phragmopl
astophyta;Strept
ophyta;Embryop
hyta;Tracheophy
ta;Spermatophyt
a;Magnoliophyta
;Liliopsida;Zingi
berales;Curcuma
;Curcuma elata

Eukaryota;Archa
eplastida;Chloro
plastida;Charop
hyta;Phragmopl
astophyta;Strept
ophyta;Embryop
hyta;Tracheophy
ta;Spermatophyt
a;Magnoliophyta
;Liliopsida;Zingi
berales;Curcuma
;Zingiber mioga

Eukaryota;Archa
eplastida;Chloro
plastida;Charop
hyta;Phragmopl
astophyta;Strept
ophyta;Embryop
hyta;Tracheophy
ta;Spermatophyt
a;Magnoliophyta
;Liliopsida;Zingi
berales;Musa;M
usa itinerans

Eukaryota;Archa
eplastida;Chloro
plastida;Charop
hyta;Phragmopl
astophyta;Strept
ophyta;Embryop
hyta;Tracheophy
ta;Spermatophyt
a;Magnoliophyta
;Malvales;Gossy
pium;Gossypium
barbadense
(sea-island
cotton);__

Eukaryota;Archa
eplastida;Chloro
plastida;Charop
hyta;Phragmopl
astophyta;Strept
ophyta;Embryop
hyta;Tracheophy
ta;Spermatophyt
a;Magnoliophyta
;Medicago
truncatula
(barrel
medic);__;__;__

0
0
0
0
0
0
120
0
0
0

144
0
0
0
0
0
0
0
373
0

0
277
0
0
556
0
62
0
0
0

0
0
88
0
0
0
0
0
0
0

0
0
108
0
0
0
0
0
0
0

0
190
8308
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
230
0

0
173
27
110
640
259
0
0
0
0

Eukaryota;Archa
eplastida;Chloro
plastida;Charop
hyta;Phragmopl
astophyta;Strept
ophyta;Embryop
hyta;Tracheophy
ta;Spermatophyt
a;Magnoliophyta
;Myrtales;Eucaly
ptus;Eucalyptus
grandis;__

Eukaryota;Archa
eplastida;Chloro
plastida;Charop
hyta;Phragmopl
astophyta;Strept
ophyta;Embryop
hyta;Tracheophy
ta;Spermatophyt
a;Magnoliophyta
;Rosales;Brousso
netia;Broussone
tia papyrifera;__

Eukaryota;Archa
eplastida;Chloro
plastida;Charop
hyta;Phragmopl
astophyta;Strept
ophyta;Embryop
hyta;Tracheophy
ta;Spermatophyt
a;Magnoliophyta
;Rosales;Ziziphu
s;Ziziphus
jujuba;__

Eukaryota;Archa
eplastida;Chloro
plastida;Charop
hyta;Phragmopl
astophyta;Strept
ophyta;Embryop
hyta;Tracheophy
ta;Spermatophyt
a;Magnoliophyta
;Solanales;Nicoti
ana;Nicotiana
attenuata;__

Eukaryota;Archa
eplastida;Chloro
plastida;Charop
hyta;Phragmopl
astophyta;Strept
ophyta;Embryop
hyta;Tracheophy
ta;Spermatophyt
a;Magnoliophyta
;Solanales;Solan
um;Solanum
tuberosum
(potato);__

Eukaryota;Archa
eplastida;Chloro
plastida;Chlorop
hyta;Chlorophyc
eae;Pectinodesm
us
pectinatus;__;__;_
_;__;__;__;__;__

Eukaryota;Archa
eplastida;Chloro
plastida;Chlorop
hyta;Chlorophyc
eae;Sphaeroplea
les;Scenedesmus
;Desmodesmus
communis;__;__;_
_;__;__;__

Eukaryota;Archa
eplastida;Chloro
plastida;Chlorop
hyta;Trebouxiop
hyceae;Apatococ
cus
lobatus;__;__;__;__
;__;__;__;__

0
0
0
0
2200
0
0
0
0
0

0
0
0
0
0
0
24
0
0
0

0
0
0
140
16211
0
0
0
0
0

0
127
14274
0
0
132
0
0
0
142

0
0
87
0
0
0
0
0
0
0

0
0
43
0
35
0
0
0
0
0

0
0
0
0
0
39
0
0
0
0

0
0
0
0
11
0
0
0
0
0
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K-K +/PCR - #1
K-K +/PCR - #2
K-K +/PCR - #3
K-K +/PCR - #4
K-K +/PCR - #5
K-K +/PCR - #6
K-K +/PCR - #7
K-K -/PCR + #1
K-K -/PCR + #2
K-K -/PCR -

K-K +/PCR - #1
K-K +/PCR - #2
K-K +/PCR - #3
K-K +/PCR - #4
K-K +/PCR - #5
K-K +/PCR - #6
K-K +/PCR - #7
K-K -/PCR + #1
K-K -/PCR + #2
K-K -/PCR -

K-K +/PCR - #1
K-K +/PCR - #2
K-K +/PCR - #3
K-K +/PCR - #4
K-K +/PCR - #5
K-K +/PCR - #6
K-K +/PCR - #7
K-K -/PCR + #1
K-K -/PCR + #2
K-K -/PCR -

K-K +/PCR - #2
K-K +/PCR - #3
K-K +/PCR - #4
K-K +/PCR - #5

Eukaryota;Excav
ata;Metamonada
;Parabasalia;Trit
richomonadea;D
ientamoeba;Dien
tamoeba
fragilis;__;__;__;__;
__;__;__

Eukaryota;Opist
hokonta;Holozoa
;Metazoa
(Animalia);Eum
etazoa;Bilateria;
Arthropoda;Chel
icerata;Arachnid
a;Acari;Puccinia
striiformis f. sp.
tritici
87/7;__;__;__

Eukaryota;Opist
hokonta;Holozoa
;Metazoa
(Animalia);Eum
etazoa;Bilateria;
Arthropoda;Crus
tacea;Maxillopod
a;Copepoda;Cala
noida;unculture
d eukaryote;__;__

Eukaryota;Opist
hokonta;Holozoa
;Metazoa
(Animalia);Eum
etazoa;Bilateria;
Chordata;Verteb
rata;Gnathostom
ata;Euteleostomi
;Tetrapoda;Mam
malia;Homo
sapiens
(human);__

Eukaryota;Archa
eplastida;Chloro
plastida;Chlorop
hyta;Trebouxiop
hyceae;Protothe
ca zopfii var.
hydrocarbonea;_
_;__;__;__;__;__;__;_
_

Eukaryota;Archa
eplastida;Rhodo
phyceae;Floride
ophycidae;Nema
liophycidae;Petr
ohua;Petrohua
bernabei;__;__;__;
__;__;__;__

Eukaryota;Excav
ata;Discoba;Disc
icristata;Eugleno
zoa;Kinetoplaste
a;Metakinetopla
stina;Trypanoso
matida;Zelonia;Z
elonia cf.
costaricensis;__;_
_;__;__

0
0
0
0
0
0
0
0
58
0

0
0
0
0
0
0
0
0
12
0

0
35
0
0
0
0
0
14
0
0

3421
0
0
0
103
0
117
0
0
7910

127305
0
0
0
0
94
60
0
333
10752

81
0
0
0
0
0
0
0
0
0

0
5
0
0
0
0
0
0
356
0

0
125
179
311
13658
96
5513
1043
1014
79

Eukaryota;Opist
hokonta;Holozoa
;Metazoa
(Animalia);Eum
etazoa;Bilateria;
Chordata;Verteb
rata;Gnathostom
ata;Euteleostomi
;Tetrapoda;Mam
malia;Tursiops
truncatus
(bottlenose
dolphin);__

Eukaryota;Opist
hokonta;Holozoa
;Metazoa
(Animalia);Eum
etazoa;Bilateria;
Mollusca;Bivalvi
a;Palaeoheterod
onta;Unionoida;
Elliptio
complanata
(eastern
elliptio);__;__;__

Eukaryota;Opist
hokonta;Holozoa
;Metazoa
(Animalia);Eum
etazoa;Bilateria;
Nematoda;Chro
madorea;Oxyuri
da;Enterobius
vermicularis
(human
pinworm);__;__;_
_;__

Eukaryota;Opist
hokonta;Holozoa
;Metazoa
(Animalia);Eum
etazoa;Bilateria;
Nematoda;Chro
madorea;Spiruri
da;Ascaris
lumbricoides
(common
roundworm);__;_
_;__;__

Eukaryota;Opist
hokonta;Holozoa
;Metazoa
(Animalia);Eum
etazoa;Bilateria;
Platyhelminthes;
Rhabditophora;S
eriata;Tricladida
;Continenticola;S
chmidtea
mediterranea;__;
__

Eukaryota;Opist
hokonta;Holozoa
;Metazoa
(Animalia);Eum
etazoa;Cnidaria;
Hydrozoa;Hydro
idolina;Siphonop
horae;unculture
d
eukaryote;__;__;_
_;__

Eukaryota;Opist
hokonta;Holozoa
;Metazoa
(Animalia);Eum
etazoa;Cnidaria;
Myxozoa;Myxos
porea;Bivalvulid
a;Thelohanellus
kitauei;__;__;__;__

Eukaryota;Opist
hokonta;Nuclet
mycea;Fungi;Dik
arya;Ascomycot
a;Pezizomycotin
a;Eurotiomycete
s;Eurotiales;Asp
ergillaceae;Aspe
rgillus;Aspergill
us candidus;__;__

0
0
63
0
655
0
191
115
74
0

8
0
0
0
0
0
0
0
0
0

252725
0
0
0
0
0
4
0
110829
85879

0
0
0
0
0
0
0
0
383
0

0
0
0
0
0
0
0
0
0
21

0
0
7
0
0
0
0
0
0
0

0
129
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
161
0
189

Eukaryota;Opist
hokonta;Nuclet
mycea;Fungi;Dik
arya;Ascomycot
a;Pezizomycotin
a;Eurotiomycete
s;Eurotiales;Asp
ergillaceae;Aspe
rgillus;Aspergill
us cristatus;__;__

Eukaryota;Opist
hokonta;Nuclet
mycea;Fungi;Dik
arya;Ascomycot
a;Pezizomycotin
a;Eurotiomycete
s;Eurotiales;Asp
ergillaceae;Aspe
rgillus;Aspergill
us lentulus;__;__

Eukaryota;Opist
hokonta;Nuclet
mycea;Fungi;Dik
arya;Ascomycot
a;Pezizomycotin
a;Eurotiomycete
s;Eurotiales;Asp
ergillaceae;Aspe
rgillus;Aspergill
us niger ATCC
1015;__;__

Eukaryota;Opist
hokonta;Nuclet
mycea;Fungi;Dik
arya;Ascomycot
a;Pezizomycotin
a;Eurotiomycete
s;Eurotiales;Asp
ergillaceae;Aspe
rgillus;Aspergill
us
penicillioides;__;
__

Eukaryota;Opist
hokonta;Nuclet
mycea;Fungi;Dik
arya;Ascomycot
a;Pezizomycotin
a;Eurotiomycete
s;Eurotiales;Asp
ergillaceae;Aspe
rgillus;Aspergill
us ustus;__;__

Eukaryota;Opist
hokonta;Nuclet
mycea;Fungi;Dik
arya;Ascomycot
a;Pezizomycotin
a;Eurotiomycete
s;Eurotiales;Asp
ergillaceae;Penic
illiopsis;Penicilli
opsis
clavariiformis;__;
__

Eukaryota;Opist
hokonta;Nuclet
mycea;Fungi;Dik
arya;Ascomycot
a;Pezizomycotin
a;Eurotiomycete
s;Eurotiales;Tric
hocomaceae;Tal
aromyces;Talaro
myces
purpureogenus;_
_;__

Eukaryota;Opist
hokonta;Nuclet
mycea;Fungi;Dik
arya;Ascomycot
a;Pezizomycotin
a;Pezizomycetes
;Pezizales;Rhizin
aceae;Phymatotr
ichopsis;uncultu
red
eukaryote;__;__

0
0
0
0
0
211
0
0
0
0

0
0
0
0
0
0
0
0
120
0

437
0
0
0
0
0
0
0
0
0

0
0
274
0
309
0
252
1184
0
40

0
0
68
0
0
0
0
0
0
0

0
53
0
0
0
0
0
0
0
0

36
0
0
0
140
0
0
0
0
0

0
0
0
0
0
37
0
0
0
0

Eukaryota;Opist
hokonta;Nuclet
mycea;Fungi;Dik
arya;Ascomycot
a;Saccharomycot
ina;Saccharomyc
etes;Saccharomy
cetales;Debaryo
mycetaceae;Can
didaLodderomyces
clade;Candida
dubliniensis;__;__

Eukaryota;Opist
hokonta;Nuclet
mycea;Fungi;Dik
arya;Ascomycot
a;Saccharomycot
ina;Saccharomyc
etes;Saccharomy
cetales;Debaryo
mycetaceae;Can
didaLodderomyces
clade;Candida
parapsilosis;__;__

Eukaryota;Opist
hokonta;Nuclet
mycea;Fungi;Dik
arya;Ascomycot
a;Saccharomycot
ina;Saccharomyc
etes;Saccharomy
cetales;Debaryo
mycetaceae;Yam
adazymaCandida
clade;[Candida]
membranifacien
s;__;__

Eukaryota;Opist
hokonta;Nuclet
mycea;Fungi;Dik
arya;Ascomycot
a;Saccharomycot
ina;Saccharomyc
etes;Saccharomy
cetales;Incertae
Sedis;Candida;C
andida
ghanaensis;__;__

Eukaryota;Opist
hokonta;Nuclet
mycea;Fungi;Dik
arya;Ascomycot
a;Saccharomycot
ina;Saccharomyc
etes;Saccharomy
cetales;Incertae
Sedis;Candida;C
andida
versatilis;__;__

Eukaryota;Opist
hokonta;Nuclet
mycea;Fungi;Dik
arya;Ascomycot
a;Saccharomycot
ina;Saccharomyc
etes;Saccharomy
cetales;Incertae
Sedis;Starmerell
a-Candida
clade;Starmerell
a bacillaris;__;__

Eukaryota;Opist
hokonta;Nuclet
mycea;Fungi;Dik
arya;Ascomycot
a;Saccharomycot
ina;Saccharomyc
etes;Saccharomy
cetales;Incertae
Sedis;Starmerell
a-Candida
clade;[Candida]
apicola;__;__

Eukaryota;Opist
hokonta;Nuclet
mycea;Fungi;Dik
arya;Ascomycot
a;Saccharomycot
ina;Saccharomyc
etes;Saccharomy
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Following de-multiplexing by barcode, OTUs underwent taxonomic assignment. For
each sample, the number of interlaced read pairs mapping to each taxonomic assignment
is provided.
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Figure 5.1 Participant flow diagram. An overview of participant selection and testing is
provided.
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Figure 5.2 Percent agreement between laboratory technicians and expert technicians
in STH positive/negative status for individual slides. Each bar indicates the percent
agreement in STH positive/negative status between an individual technician and an expert
technician on a single slide reading. Black vertical lines indicate the 95% confidence
intervals.
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Figure 5.3 Mean difference in Kato-Katz single slide egg count between laboratory
technician and expert technician among samples that were positive by either the
laboratory technician or the expert. Each bar indicates the mean difference in single
slide egg counts between an individual technician and an expert technician. Black vertical
lines indicate the 95% confidence intervals.
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Figure 5.4 Observed soil-transmitted helminth prevalence by double slide Kato-Katz
and qPCR. Prevalence was estimated from stool samples collected from children aged 212 years in rural Bangladesh (N=2,799).

177

Figure 5.5 Venn diagram of co-infections detected by double slide Kato-Katz and
qPCR. Soil-transmitted helminth ova or DNA were detected in stool samples collected
from children aged 2-12 years in rural Bangladesh using Kato-Katz or multi-parallel qPCR
(N=2,799).
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Figure 5.6 Distribution of A. lumbricoides eggs per gram classified by concordance
status between Kato-Katz and qPCR. For this comparison, qPCR is assumed to be the
gold standard of detection.
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Figure 5.7 Probability that a stool sample was classified as positive for A. lumbricoides
using Kato-Katz among those classified as negative by qPCR by individual Kato-Katz
technician. Each bar indicates the probability that a sample was classified as positive by
Kato-Katz among those classified as negative by qPCR for an individual technician. Black
vertical lines indicate the 95% confidence intervals.
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Figure 5.8 Cumulative probability that a stool sample was classified as positive for A.
lumbricoides using Kato-Katz among those classified as negative by qPCR by date of
Kato-Katz. Data were not included for hookworm and Trichuris since only 1% of samples
were classified as positive by Kato-Katz among those classified as negative by qPCR for
those STH.
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Figure 5.9 Cumulative probability that a stool sample was classified as positive for A.
lumbricoides using Kato-Katz among those classified as negative by qPCR by date of
DNA extraction. The date of DNA extraction was not recorded for the last 242 samples;
we imputed the date for those samples as 1 day later than the last recorded date. Data were
not included for hookworm and Trichuris since only 1% of samples were classified as
positive by Kato-Katz among those classified as negative by qPCR for those STH.
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Figure 5.10 Cumulative probability that a stool sample was classified as negative
using Kato-Katz among those classified as positive by qPCR by date of Kato-Katz.
All data were included for all species of STH.
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Figure 5.11 Cumulative probability that a stool sample was classified as negative
using Kato-Katz among those classified as positive by qPCR by date of DNA
extraction. The date of DNA extraction was not recorded for the last 242 samples; we
imputed the date for those samples as 1 day later than the last recorded date.
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Figure 5.12 Distribution of Cq values for each soil-transmitted helminth. A panel was
not included for A. duodenale as DNA was detected from only a single sample for that
species.
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Figure 5.13 Relationship between Cq values measured by qPCR and eggs per gram
estimated using double slide lide Kato-Katz. Soil-transmitted helminth ova or DNA
were detected by Kato-Katz and qPCR in stool samples collected from children aged 2-12
years in rural Bangladesh (N=2,799). The black solid line is the LOESS smoother for
values that were classified as positive using both tests. Gray points indicate results that
were negative by qPCR but positive by Kato-Katz; they are gray because Kato-Katz cannot
differentiate between hookworm species. The Kendall’s tau comparing eggs per gram and
Cq values was -0.442 for A. lumbricoides, -0.346 for N. americanus, -0.266 for A.
ceylanicum, and -0.248 for T. trichiura (for each, the p-value was <0.001).
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Figure 5.14 Distribution of A. lumbricoides Cq values within infection intensity
categories as determined by double slide Kato-Katz. Light intensity infections were
defined as < 5,000 epg for A. lumbricoides, < 1,000 epg for T. trichiura, and < 2,000 epg
for hookworm; moderate intensity infections were defined as 5,000  epg < 50,000 for A.
lumbricoides, 1,000  epg < 10,000 for T. trichiura, and 2,000  epg < 4,000 for
hookworm; heavy intensity infections were defined as  50,000 epg for A. lumbricoides, 
10,000 epg for T. trichiura, and  4,000 epg for hookworm per the World Health
Organization definition.
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CHAPTER 6
A CASE FOR USING GENOMICS AND A BIOINFORMATICS PIPELINE TO
DEVELOP SENSITIVE AND SPECIES-SPECIFIC PCR-BASED DIAGNOSTICS
FOR SOIL-TRANSMITTED HELMINTHS
as written by Grant J.R., Pilotte N., Williams S.A.
Frontiers in Genetics, 2019

6.1 General Chapter Overview
This chapter provides an overview of the merits of utilizing methodically and
intelligently designed assay for the real-time PCR-based detection of soil-transmitted
helminths. Providing a brief summary of the growing list of studies which have employed
the assays that we have developed, examples of the advantages of utilizing sensitive and
species-specific assays are detailed. Through a recounting of these individual examples,
instances in which our assays have been instrumental in disentangling and/or elucidating
otherwise confounded data are provided. Furthermore, a description of the methods used
to develop these assays is given, as is a brief explanation of the software utilized for assaytarget identification.
My contributions to this chapter include compiling details on all studies which have
employed our assays. I have been personally involved in nearly all of these studies, either
as an advisor, or directly as an investigator. I was also responsible for generating the figure
and for writing the portions of the paper that detailed the RepeatExplorer and Tandem
Repeat Analyzer (TAREAN) software platforms.
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6.2 Abstract
The balance of expense and ease of use vs. specificity and sensitivity in diagnostic
assays for helminth disease is an important consideration, with expense and ease often
winning out in endemic areas where funds and sophisticated equipment may be scarce. In
this review we argue that molecular diagnostics, specifically new assays that have been
developed with the aid of next generation sequence data and robust bioinformatic tools,
more than make up for their expense with the benefit of a clear and precise assessment of
the situation on the ground. Elimination efforts associated with the London Declaration
and the World Health Organization (WHO) 2020 Roadmap have resulted in areas of low
disease incidence and reduced infection burdens. An accurate assessment of infection
levels is critical for determining where and when the programs can be successfully ended.
Thus, more sensitive assays are needed in locations where elimination efforts are
approaching a successful conclusion. While microscopy or more general PCR targets have
a role to play, they can mislead and cause study results to be confounded. Hyper-specific
qPCR assays enable a more definitive assessment of the situation in the field, as well as of
shifting dynamics and emerging diseases.

6.3 Introduction
Parasitic worms impact the health and economic well-being of billions of people
worldwide. Soil-transmitted helminths (STH) are a burden in the tropics and subtropics,
and contribute to an estimated 1.9 - 2.1 million Disability-Adjusted Life Years (DALYs)
and $7.5 billion to $138.9 billion in loss of productivity [1, 2]. Efforts are underway to
eliminate STH, with the ambitious goal of controlling morbidity by the year 2020 [3, 4].
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Mass drug administrations (MDA) and water, sanitation and hygiene (WASH) programs
across endemic countries are making headway [5-8], but with 2020 fast approaching, there
are still many challenges to reaching this goal. An important concern is where to enact and
when to cease MDA.

This depends on accurately mapping the current burden in

communities [9]. Sensitive, species-specific diagnostics are critical to properly evaluating
the success of these programs, as well as addressing where to focus efforts and when
interventions can be ended [6].
Diagnostic techniques need to be inexpensive, practical, and give consistent results
across technicians and labs. Importantly, they must be accurate, sensitive, and easily
interpreted. Microscopy has long been relied upon as the standard for diagnosis of
intestinal parasites including soil transmitted helminths [10]. Several copromicroscopic
methods are in use, including FLOTAC [11], MINI-FLOTAC [12], several modifications
of the McMaster technique [13], and Kato-Katz [14] (KK). Of these, KK is the most
commonly used for STH diagnosis because it is relatively easy to perform in the field and
is generally more sensitive than other microscopic methods [15]. With any of these tests,
even highly-trained microscopists can misidentify species or give inconsistent results [16],
and they are notoriously insensitive in regions with low infection rates [17-20].
Molecular diagnostics have been garnering more interest in the last few years, as
their superior sensitivity has been proven and their acceptance by the research community
has increased [21-23]. However, as with any advance, there are technical problems to
overcome. For example, DNA extraction efficiency and preservation of samples prior to
testing will affect diagnostic reliability [24-27]. Notably, Trichuris trichiura eggs are
notoriously difficult to break open and this impacts the sensitivity of molecular assays, but
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techniques are being developed and improved to the point where consistently good results
are achievable [28-30]. While molecular diagnostics are not inexpensive, microscopy
techniques are also expensive and can be difficult to scale up, while the costs of qPCR have
the potential to decrease, as studies show that multiple technical replicates may not be
crucial and other cost-cutting measures such as cheaper, more effective sample
preservation and pooling are explored [8, 24, 31]. Until recently, most PCR-based assays
have targeted well-characterized and conserved regions such as ITS and 18S [32, 33] but
increased availability of whole genome sequence data is facilitating the discovery of more
sensitive and species-specific genomic targets [34, 35].
Repetitive elements are essential parts of eukaryotic genomes that have structural
and regulatory functions [36, 37] and different types of repetitive DNA elements have been
studied and classified [37-40]. Ribosomal DNA is found in repeat arrays [41, 42]. These
have traditionally been used for primer design, and can give sensitive results depending on
the size of the array [33]. However, the repeat is conserved between species and even
genera, and rDNA-based assays are often less specific than those designed from other
repeat types [34, 43].
Tandemly repeated DNA is classified by the size of the repeated monomer,
resulting in microsatellites (< 9 bp), minisatellites (< 15 bp in arrays of 0.5-30 kb), and
satellites (satDNA, up to ~200 bp per monomer, in megabase-sized arrays) that are
generally enriched within the centromeric, pericentromeric and subtelomeric regions of
the chromosome [37]. Copy number can be quite variable in mini- and micro-satellites but
larger satDNA monomers are more consistent within species [37]. Microsatellites and
minisatellites are not useful for assay design, as the repeats tend to be too short to allow for
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primer/probe design. Larger satDNA monomers, on the other hand, offer the best options
for assay design, in that the repeat monomers are an optimal size for qPCR, they are
extremely abundant, and the copy number is relatively stable within species [37].
The other major types of repeat element include transposons and retrotransposons
which are dispersed throughout the genome. These include Short Interspersed Nuclear
Elements (SINEs) which are 100-500 bases long, and Long Interspersed Nuclear Elements
(LINEs) which are larger – 6000 or 7000 bases long. These may also be useful for repeatbased assay design [44].
The amount of repetitive DNA in any eukaryotic species is variable and can make
up quite a large percentage of the genome. A recent study of parasitic worms revealed that
both genome size and repeat content of the genomes range widely, with repeat elements
forming up to 37% of the genomes in STH of interest (Table 6.1). Repetitive elements
make up even greater percentages in other eukaryotes [36, 45-47], up to an astonishing
97% in some plants [48, 49]. These repetitive elements, because of their abundance in the
genome, provide targets for molecular assays of exquisite sensitivity. In addition, since
many appear unbound by selective pressure, they can be highly species-specific. This
combination of improved sensitivity and specificity makes repetitive elements a prime
target for molecular diagnostics. However, as mentioned above, some forms of repetitive
DNA, such as simple short nucleotide repeats, will be unsuitable for assay design. Another
potential stumbling block is sequence variation in the repeat itself as polymorphism in the
primer and probe sites will decrease the sensitivity of the assay. However, while the repeats
we have targeted have not been specifically investigated, maintenance of homogeneity in
repetitive elements by concerted evolution has been discussed in relation to other repeats
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in other species [50, 51]. Concerted evolution of repeats conserves the sequence within a
species, while allowing significant heterogeneity between species. There can, of course,
be some variation within repeats [52, 53] which could lessen the sensitivity of repeat-based
molecular assays. Copy number variation of repeats between individuals may also impact
the sensitivity of these assays in some populations. Studies have found population-level
copy number variation in ribosomal repeats of different species [54-57] but there is a
suggestion that there are both copy-number variable-type repeats and constant-type repeats,
whose copy number is consistent within species [58]. An understanding of copy number
variation and its impact on assay sensitivity will likely need to be studied on an individual
basis.
The value of repeats as diagnostic tools has been understood for some time but
these sequences were more difficult to find in the pre-genomics era [59-66]. Now,
abundant genomic data and robust bioinformatics tools are available to make these targets
easier to identify and use in developing PCR-based assays. The pipeline leading from low
coverage NGS data to hyper-sensitive and specific qPCR assay is not overly complicated
or time-consuming, and the ability to repurpose low coverage NGS data from other studies
makes this an attractive option for diagnostic development for helminthology and many
other fields.

6.4 Findings
Diagnostics give an estimate of the true prevalence of a disease, with the probability
of correctly estimating the truth given by the sensitivity of the diagnostic. WHO guidelines
for when to treat a community are informed by the prevalence of disease in that community,
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and are thus influenced by the sensitivity of the diagnostic used. A study modeling the
probability of making the correct treatment decisions given WHO guidelines for treatment
and varying the true prevalence and diagnostic sensitivity, shows that there is a significant
difference in outcome when more sensitive diagnostics are used [67]. Medley et al (2016)
found it especially true in areas of intermediate true prevalence (between 30 and 50 %).
More sensitive tests allowed the correct treatment decision to be made more often in
intermediate cases.
The aforementioned study measured outcome by looking at DALYs and found that
these were not as influenced by diagnostic sensitivity in low or high prevalence areas.
However, there are other reasons to prefer more sensitive tests in low prevalence areas as
well. As the goals of the WHO elimination programs are reached, there will be pressure
to reallocate the funds spent on MDA to other programs. A well-defined threshold under
which recrudescence will not occur is critical to preventing the reoccurrence of disease
after the completion of MDA. Restarting such programs would be extremely difficult and
expensive once they have ended. Modeling has shown that the threshold must be based on
true prevalence [68, 69] which can only be accurately estimated with highly sensitive
diagnostics. Improved diagnostics are crucial to meet this need [26, 27, 71, 72]. PostMDA surveillance is also necessary. With highly sensitive diagnostics, the reappearance
of disease can be recognized and addressed before infection levels rise, increasing the
probability of controlling the recrudescence [73]. In addition to testing human populations
for infection, vectors that transmit helminths (or other parasites) or intermediate hosts can
be screened to track disease prevalence in the community without the need for taking
human samples [74-77]. Pooling of samples is a common way to decrease cost so
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diagnostic tests used for the screening of pooled samples need to be highly sensitive [7880], especially when the infection level is low, so as not to miss positive results in dilute
samples.
In recent years, efforts to sequence nematode genomes by groups such as the
International Helminth Genomes Consortium have made great strides in increasing the
availability of helminth genomic sequence data [81]. While many of the genomes are in
draft form, this is sufficient for probing the genome for species-specific repeats. Our
method for recovering highly repetitive sequence from low depth, raw, short-read genome
sequence data uses the Galaxy-based tool RepeatExplorer [34, 82, 83]. Originally used to
investigate repeat sequences in plant genomes, RepeatExplorer takes as input short-read
next generation sequence data, and creates graph-based clusters based on the similarity of
the sequences. In these graphs (see Figure 6.1), each read is represented by a node and
each sequence pair (by default defined as ≥ 90% identity over at least 55% of the read
lengths) is represented by an edge. The density of the graph represents the number and
similarity of reads in the cluster. In low-depth sequence data sets, low copy number
sequences will not be well-represented and will therefore graph as individual nodes or
small clusters, while high copy number repetitive sequences will be found in dense clusters.
The number of reads in a given cluster, combined with the structure and density of that
cluster can be used as a proxy for the representation of the number of repeats of that
sequence in the genome. The depth of read coverage will impact the sensitivity of the
assay, since each copy in the genome will be an additional target for the assay. In addition,
RepeatExplorer and its sister software TAREAN [84], provide information on the count of
individual nucleotides in the repeat contigs. These counts can be used to design assays to
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the most conserved regions, limiting the problems associated with intra-genomic variation.
Primer/probe qPCR assays targeting sequences discovered using this technique have been
shown to amplify as little as 20 ag of genomic DNA, or less than the amount of DNA found
in a single egg [34]. Care is needed in choosing which repeat to select for use as a
diagnostic target, as some may be found in closely related species [85, 86], however,
similar to what has been reported in the literature [87, 88], we have found that many
repetitive sequences are species-specific. There may be times when a more general assay
– one that will amplify several species of the same genus, for example – may be desired
[86]. A careful search of RepeatExplorer output can often reveal both species- and generaspecific targets.
Diagnostics based on targets discovered using this technique have proven useful in
both past, and ongoing field tests in Kenya [89], Bangladesh [93], Ethiopia, Uganda, Timor
Leste [34, 35], Thailand [43], Liberia [90], Japan, Benin, Malawi, India, and the Southern
US, and have been adopted for use by large operational research efforts such as the
DeWorm3 cluster randomized trials [91]. However, testing biological samples, whether
for diagnosing individuals or getting an overview of the epidemiological environment of a
region, involves myriad factors such as unexpected or emerging parasites, zoonotic
infections, and misleading material in the samples. While most of the criticism of the KK
technique has been on the lack of sensitivity and potential for missed infection, there is
also the risk of false positives, for example, mistaking other material in stool as eggs [18].
Some fecal elements may resemble parasite ova, depending on environmental or dietary
factors. Confounding elements may include pollen grains, fungal spores, diatoms, or any
number of items. An entire chapter in Ash and Orihel’s “Atlas of Human Parasitology” is
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dedicated to artifacts in fecal samples that can mislead copromicroscopic diagnostics [92].
Thus, this problem is more frequent than many researchers realize or acknowledge; what
follows are some examples demonstrating the importance of this issue.
A field study comparing KK with repeat-based qPCR in Bangladesh [93] found that
hookworm species and Trichuris trichiura prevalence, as measured by qPCR, was
significantly higher than was measured by KK. This was expected, given the greater
sensitivity of the qPCR assays and the results of many previous studies comparing KK and
PCR [31, 34, 94-97].

For Ascaris, however, prevalence as measured by KK was

significantly higher than by qPCR. This surprising result was investigated further, both by
qPCR targeting a different part of the Ascaris genome, and also by amplicon sequencing
targeting the 18S gene of all eukaryotes in several of the KK positive/qPCR negative
samples. All of the samples that were positive by KK but negative by the initial qPCR
assay were also negative using the second qPCR target. Additionally, the 18S amplicon
sequencing revealed no Ascaris in these samples, but did find it in the control samples that
were positive by both KK and qPCR. There was no one organism found in the amplicon
sequencing that could explain all of the false-positive results; what had confounded the
microscopists is still unknown, but there was no evidence by any of the molecular assays
that Ascaris was present in the samples. Had the study relied upon copromicroscopic
results alone, the conclusion would have been that MDA or WASH interventions were less
effective as an Ascaris intervention than they likely were, since the true prevalence of the
parasite was in fact much lower than was measured by KK.
In a similar case, higher than expected rates of hookworm were noted in a survey
of children in rural Rwanda. Further investigation suggested these results may have been
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confounded by Caenorhabditis elegans eggs [98].

Additional examples of

misidentification of hookworm ova as other eggs [99-101] show that such confusion may
be a more common problem than previously thought. Thus, relying solely on microscopy
may be misleading in some instances.
Discrepancies can occur between molecular assays as well, since some PCR targets
are less species-specific than others. In developing our pipeline for repeat-based primer
discovery, a previously published qPCR assay targeting the internal transcribed spacer
region was compared against our newly developed assay targeting an Ancylostoma
duodenale species-specific repeat [34, 102]. Surprisingly, the repeat-based assay failed to
detect any of the samples that were determined to be positive for A. duodenale by the ITSbased assay. A previously published semi-nested PCR assay [103, 104] and Sanger
sequencing later determined that the discordant results were due to all of the infections
being the zoonotic species Ancylostoma ceylanicum. The ITS of these two species is highly
conserved in the region targeted by the original qPCR assay and so the ITS-based assay
did not distinguish between these closely related species. The repeat-based assay, on the
other hand, only detected A. duodenale. We have since used our pipeline to develop a
species-specific qPCR assay for A. ceylanicum [35], which is more specific than the ITSbased assay and easier to use than semi-nested PCR.
In a similar case, the same ITS-based primer set [102] was used to investigate
Ancylostoma duodenale in a field study of a refugee population in Thailand [43]. Since
the most common human Ancylostoma parasite is A. duodenale, the results were initially
believed to indicate A. duodenale infection. Again, however, a corroboratory qPCR
targeting the highly specific A. duodenale repeat failed to detect any A. duodenale. Use of
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the A. ceylanicum-specific assay [35], as well as confirmation with semi-nested PCR and
Sanger sequencing, revealed that all of these infections were, in fact, caused by A.
ceylanicum and not A. duodenale. In this case, while the more general ITS-based assay
misdiagnosed the species causing the infection, the more specific assay for the expected
parasite (A. duodenale) would have missed the infection. This highlights a risk of using
extremely specific qPCR assays in the field if the precise parasite community is unknown.
The specificity of Trichuris trichiura (whipworm) detection by microscopy is
assumed to be high, given the relatively distinct morphology of Trichuris eggs. However,
there are several species of Trichuris, including some that infect companion or farm
animals. Distinction between species of Trichuris relies on size differentiation, but there
are overlaps in some species making misdiagnosis by microscopy possible. The most
common species in humans is T. trichiura, but T. suis, which commonly infects pigs, and
T. vulpis, usually found in dogs, have also been found infecting humans [105, 106].
Microscopy and genera-specific qPCR assays may be confounded by these zoonotic
species. Discordance between the ITS-based Trichuris qPCR assay and the repeat-based
qPCR assay has been noted in one study where all but one of the discordant results were
later shown to be Trichuris ovis, a species found in sheep and goats that has not been known
to infect humans. Whether this is evidence of human infection or merely false positives
due to close contact with infected animals or ingesting food contaminated with animal feces
is an open question. In these cases, qPCR targeting highly species-specific repetitive
targets alone could easily miss the prevalence of zoonotic infection, leading to a
misunderstanding of the health of the population.
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Despite the distinct morphology of Trichuris, the potential of misidentifying
unexpected infection with zoonotic species is not the only risk when relying solely on
microscopy for investigating whipworm. A study of STH in two regions in Liberia that
used both microscopy and qPCR found discordance between the tests for T. trichiura in
one of the regions [90], with 25 of 27 putatively positive samples for T. trichiura, as
determined by KK, being negative by qPCR. In the second region, the agreement between
the two tests was high. In this case, the discrepancies were investigated further and the
eggs were determined to be a species of Capillaria, a human parasite that is associated with
eating raw fish and not expected in this region. Reinvestigation by microscopy in this case,
elucidated subtle differences in the eggs found in the KK positive, qPCR negative samples.
A microscopist highly trained and expecting to have to differentiate between two extremely
similar egg morphologies could have noticed the difference and provided a correct result.
But, since Capillaria had not previously been reported in Liberia, the eggs that looked like
Trichuris were reported as such. Without the complementary qPCR, this mistake would
not have been discovered. This study also found discrepancies between the microscopy
and qPCR measuring the prevalence of Ascaris lumbricoides in the same region where
Capillaria was discovered. Surprisingly, these samples were also determined to be
confounded by the presence of Capillaria, which can appear rounder and have more subtle
polar plugs, leading to its misidentification as the eggs of A. lumbricoides. These examples
highlight the tendency for microscopists to sometimes see what they are looking for. In
this case, the unexpected presence of Capillaria eggs misled the microscopists and would
have resulted in significant misinterpretation of the distribution of STH species in the study
region.
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6.5 Conclusions
The elimination of STH is a worthy goal, given the distress and disability they cause
to a large portion of the global population. The goal is also attainable, but will not be easily
reached. Monitoring and evaluation of progress is critical and depends on highly accurate
reporting. Species-specific repeat-based target discovery and qPCR assays deliver this
accuracy. Microscopy and genera-specific molecular assays have a place in this effort,
especially in surveys where full mapping of parasite diversity has not occurred. These
tools, used in conjunction with highly sensitive and specific molecular assays targeting
repetitive elements, can give a clear and accurate assessment where one tool alone could
yield misleading results.
New target development is fairly easy, since the web-based bioinformatics tool
RepeatExplorer provides output in a manner that makes finding repeat-based qPCR targets
straightforward. Only a skim of the genome is necessary, so the data needed to develop
new assays is already available for many species, and is fairly inexpensive to produce for
a species whose genome has not yet been sequenced. We have used this technique to
explore new diagnostics for other nematode and protist parasites, and feel the pipeline for
assay development has potential for improving diagnostic sensitivity in many other
disciplines.
Correct identification of species is of interest if one wants to understand evolution,
biogeography and emerging disease. The treatment for infection with one species of
helminth is often the same as for another, however, we would argue that lumping all species
of a genus together is careless. It is not clear that different species respond the same way
under the same drug treatment and misidentification of species in the past might be
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confounding the results of studies of resistance or drug response based on microscopy
alone. Different species within a genus may also vary in their capacity for animal infection,
resulting in some parasites having animal reservoirs while others remain obligate human
pathogens. A more detailed understanding of the underlying community structure will
offer crucial insight into subjects such as anthelminthic resistance, emerging or zoonotic
diseases, and optimal threshold levels for elimination of disease.
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Table 6.1 Genome size of representative helminth species and the amount/percent of
genome masked as repetitive.

Species

Ancylostoma ceylanicum [32]
Ancylostoma duodenale

[32]

Ascaris lumbricoides germline

[79]

Ascaris lumbricoides soma [79]
Necator americanus

[32, 78]

Strongyloides stercoralis [32, 80]

Assembly
size (Mb)

Repeatmasked
(Mb)

Repeat
%

% of assembly that
is low
complexity/simple
repeats#

349

128.6

36.8

0.5

332.9

116.1

34.9

0.7

334

n/a

16.8

n/a

291

n/a

7

1.5

244.1

67.1

27.5

1.2

42.7

4.4

10.3

4.2

Trichuris trichiura [32]
75.5
18.4
24.4
0.4
#Low complexity repeats and simple (for example di- or tri-nucleotide repeats) are not
targets for molecular assays.
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Figure 6.1 Description of RepeatExplorer cluster output. (A) Short tandem repeats,
including many satellite sequences, form characteristic “star burst”-type clusters. Because
they are tandem, and such repeats are of similar size or shorter than the length of an
individual sequence read, a very high percentage of reads within the cluster meet the
RepeatExplorer-defined criteria for pair formation. This results in each read successfully
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pairing with a very high percentage of the other reads assigned to the cluster. Because
nearly all of the reads within the cluster are paired with nearly all of the other reads within
this same cluster, a compact network of very short edges forms between reads. This in turn
generates a very dense cluster with a core of paired reads possessing nearly identical
sequences. If of sufficient length for assay design, the consensus sequences for these
clusters make ideal diagnostic targets, as they contain the greatest number of repeats per
read. (B) Long tandem repeats characteristically result in “doughnut”-like clusters. In
such clusters, neighboring reads within the underlying scaffold meet the criteria for pair
formation. However, because the length of the repeat monomers generating these clusters
is longer, reads may be significantly shorter than the monomer itself. This results in many
reads within the cluster that do not meet the criteria for pair formation as they map to
different regions of the same monomer unit. Yet because they are tandemly arranged, reads
spanning a repeat-repeat junction will meet the pair formation criteria, closing the sequence
“loop” and resulting in a “doughnut”-shaped cluster. (C) Long interspersed repeats, such
as transposable elements form characteristic “line”-type clusters. While reads neighboring
each other in the underlying scaffold meet the criteria for pair formation, the extended
length of a repeat monomer means that distant reads within a single monomer will not meet
this threshold. This results in similar pairings to those seen in clusters generated from long
tandem repeats. However, because these elements are interspersed, reads do not span
repeat-repeat junctions, so a “loop” is not formed, and clusters attain a linear appearance.
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CHAPTER 7
FUTURE DIRECTIONS AND OPPORTUNITIES

7.1 The Future of Molecular Diagnostics for Soil-Transmitted Helminths
Implementing methodical target selection strategies has long term advantages for
the soil-transmitted helminth (STH) research and monitoring communities. While nucleic
acid-based assay technologies continue to advance and evolve, parasite genomes evolve on
an evolutionary scale. Therefore, even when targeting rapidly-diverging repetitive DNA
regions, methodical selection strategies ensures that next-generation assays will have the
ability to exploit optimal targets during assay design. In this manner, the identification of
optimal targets constitutes an important and lasting research output with the capacity to
significantly outlive the utility of the real-time PCR (qPCR) assays described in this
dissertation.
Understanding that multi-parallel qPCR assays have limitations that present
challenges for the STH research and monitoring communities, improving their utility is
critical and attempts to build upon current assay technologies should be pursued. Foremost,
opportunities to improve upon throughput, thereby reducing both resource/reagent costs
and labor costs, should be prioritized as a short term goal. As such, with support from the
Bill and Melinda Gates Foundation, we are currently collaborating with an industry partner
(Quantigen Genomics, Fishers, IN) towards the adaptation of our assays into a multiplexed
format, coupled with lyophilized, pre-plated reagents. A successful outcome will eliminate
the need for cold chain, greatly facilitating assay exportability. While multi-parallel assays
provide advantages over multiplexed assays in many settings, the increased throughput
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provided by multiplexing can result in significant economic savings during large-scale
studies. As such, through the multiplexing of targets, sample testing at scale becomes
incresingly feasible. Accordingly, our assays are currently slated for use as the molecular
discriminators of infection for the DeWorm3 Cluster Randomized Trials [1]. These
studies, aiming to gauge the ability for chemotherapeutic intervention alone to allow for
regional STH elimination will include the testing of approximately 240,000 individuals
spanning three endemic countries (India, Malawi, and Benin). The trials constitute the
largest STH operational research study ever performed, rendering throughput critical to
feasibility and potential for success.
While lyophylization and multiplexing provide readily attainable benefits to
research efforts in the short-term, future diagnostic platforms should aim to facilitate fielddeployability, minimizing the need for laboratory infrastructure.

Lateral flow-based

detection systems provide an attractive option for next-generaion nucleic-acid based
diganostics, as assay “read out” occurs rapidly, and in a presence/absence fashion much
like an at-home pregnancy test. Recognizing the benefits of such a detection method, we
have previoiusly adapted lateral flow technology to the detection of the filarial nematode
parasite Brugia malayi [2]. However, this assay remains reliant upon the use of PCR,
providing logistical challenges for programmatic implementation. Assays based upon
technologies such as loop-mediated isothermal amplification (LAMP) [3], helicasedependent amplification (HDA) [4], and recombinase polymerase amplification (RPA) [5]
may help to overcome this reliance on PCR as all such amplification techniques are
isothermal, requiring only a single temperature for product generation.
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An alternative solution to the formidable challenges associated with a reliance on
amplification may be to employ signal amplification-based strategies in place of target
amplification-based

approaches.

Initially

stemming

from

PCR-product-based

contamination concerns, recent years have witnessed the growth of signal amplication
strategies such as the use of branched DNA (bDNA) probes [6]. Fundamentally, these
technologies remain reliant upon the complementary base pairing of a target sequence to a
capture probe, typically bound to a solid-state surface. However, through the sequential
addition of “amplifier” molecules that are capable of binding only in the presence of a
captured DNA target, signal is increased, allowing for visual detection of product [7]
(Figure 7.1). Due to their reliance on the flow of target molecules and assay components
across a membrane-bound capture probe, bDNA-based assays are inherently adaptable to
lateral flow designs, making the future exploitation of these technologies extremely
attractive to the STH community, and to the neglected tropical disease (NTD) community
as a whole.

7.2 Novel Approaches to Monitoring “Gut” Helminths
Historically, NTD monitoring and surveillance efforts have primarily gravitated
towards antigen/antibody-based lateral flow assays for intervention monitoring and disease
surveillance efforts. For the reasons discussed previously, the decision to rely on such
immunoassays stems largely from their capacity for use as point-of-collection-based tests,
requiring minimal infrastructure and producing a negative/positive readout in a matter of
seconds or minutes.

However, in recent years, the utility of these tests has been

increasingly scrutinized, as a growing body of evidence is suggesting that many such
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assays lack sensitivity and demonstrate considerable cross-reactivity leading, respectively,
to both false negative and false positive outcomes [8, 9]. In response to such concerns,
programmatic decision makers for diseases such as lymphatic filariasis (LF) are now reexamining the utility of alternative surveillance strategies such as molecular
xenomonitoring (MX). MX, the testing of hematophagic insects for the presence of
pathogen DNA [10] is attractive due to its non-invasive nature, eliminating the need for
direct human sampling. As LF is a mosquito transmitted disease caused by infection with
a lymph-dwelling nematode, vector insects can be monitored for the presence/absence of
pathogen DNA, allowing for their use as a proxy measure of human infection [11].
However, while the potential utility of MX has long been recognized, throughput
challenges, along with the associated costs and labor requirements have historically
prevented the widespread programmatic use of this technique.

Yet despite these

limitations, the appeal of MX remains strong, and efforts to reimagine its use are increasing
[12].
While taking a bloodmeal from an infected human host, a mosquito may ingest
filarial nematodes that serve as the causative agents of LF. Following uptake, the filarial
pathogen first travels to the mosquito’s gut, where infection is established. From here, the
mosquito’s innate defenses attempt to eliminate the pathogen, and if successful, the
pathogen is excreted within the feces produced by the mosquito. Reasoning that such a
process is inherently similar to the processes underlying human infection with an intestinal
helminth, we have developed a procedure facilitating the detection of pathogen signal from
the excreta/feces (E/F) of a mosquito [13]. As the biological mass of mosquito E/F is
significantly less than the corresponding mass of the E/F-producing mosquitoes, E/F
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collected from many hundreds of mosquitoes can be tested as a single sample pool [13 –
15]. In contrast, testing of intact mosquitoes is limited to pool sizes of approximately 25
insects, as larger pools and the resulting dilution of DNA target may result in failed
detection when the parasite burdens within the pools are low [16]. As such, E/F-based
testing has the capacity to greatly improve the throughput of MX, overcoming one of the
primary obstacles associated with traditional approaches. Coupling this technique with the
detection of methodically selected repeat-based PCR targets and a novel methodology for
the physical collecting of E/F [14] (Figure 7.2), we have developed a platform capable of
serving as a high-throughput disease surveillance system. Currently, field-testing of this
platform is underway, with studies in Ghana [17] and Cameroon having been completed.
While further testing will be required, this platform has significant potential to augment
traditional human and vector sampling strategies. As such, by re-imagining what it means
to monitor for “gut”-infecting helminths, we have provided an important tool to the
operational research, disease monitoring, and surveillance communities for vector borne
diseases.
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Figure 7.1 Schematic representation of an example branched DNA assay. Utilizing
capture extenders (CE) designed to have complementarity to both the target DNA molecule
and the universal capture probe, diagnostic targets are captured on a solid-state medium.
Label extenders (LE) with complimentarity to the target are then bound to captured target
molecules. Next, preamplifiers hybridize to complementary regions on each LE, and
amplifiers anneal with preamplifiers. Label probe is then exposed to this assembled
scaffold, allowing for either fluorescent or chemiluminescent signal amplification.
This image adapted from: [7]
Makowski GS. Advances in clinical chemistry. Volume 80. 2017. Available:
http://www.sciencedirect.com/science/bookseries/00652423/80
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Figure 7.2 Schematic of the superhydrophobic cone for E/F collection and images
from field collections. (A, B) By coating A4 printer paper with a superhydrophobic
substance (NeverWet, Rust-Oleum, Durham, UK), cone-shaped collection funnels can be
fabricated and placed above a collection vessel such as a microcentrifuge tube or a nucleic
acid-preserving membrane. Funnels can then be fit into cups, and captured mosquitoes are
transferred to the funnel. (C) Mosquitoes are housed above funnels for a period of days,
allowing for the production of E/F which travels down the superhydrophobic surface and
collects below. (D) Mosquito excreta feces following collection in a 1.7 mL
microcentrifuge tube.
This image adapted from: [14]
Cook DAN, Pilotte N, Minetti C, Williams SA, Reimer LJ. A superhydrophobic cone to
facilitate the xenomonitoring of filarial parasites, malaria, and trypanosomes using
mosquito excreta/feces. Gates Open Res. 2018; 1: 7.
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