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Abstract

Background

The soil transmitted helminths are a group of parasitic worms responsible for extensive mor-

bidity in many of the world’s most economically depressed locations. With growing empha-

sis 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 next-generation sequencing-

based repeat analyses, we have identified high copy-number, non-coding 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.

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 Stron-
gyloides stercoralis). Employing high copy-number, non-coding repeat DNA sequences as

targets, novel real-time PCR assays were designed, and assays were tested against estab-

lished 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.

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
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species-specificity and limits of detection. By exploiting such high copy-number 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.

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 spe-
cies-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.

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 con-
tinuing efforts to improve treatment programs and integration strategies, reliable and accurate
diagnosis of STH infections remains difficult, and resulting prevalence estimates remain impre-
cise [1–2].

In recent years, the interest in molecular diagnostic methods for the detection of gastrointes-
tinal helminths has grown substantially. Largely, this escalation in interest has occurred in par-
allel 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 com-
plicating 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 low-level infections undiagnosed [5, 8–9]. Addi-
tionally, microscopy-based diagnostic methods have been linked with pathogen misidentifica-
tion 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, and as global efforts to estimate the burden of disease caused by
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the soil transmitted helminths (STHs) continue to increase, the number of studies incorporat-
ing 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 sub-
unit sequences, or mitochondrial genes such as cytochrome oxidase I (COI) [4, 11–14]. Ribo-
somal 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]. Simi-
larly, 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-cellu-
lar 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 ele-
ments have become the targets of choice for many PCR-based diagnostic assays for the detec-
tion 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 between species,
species-specificity of detection is also improved through the targeting of unique, highly-diver-
gent, non-coding repeat DNA elements.

Here we describe the development of a multi-parallel real-time PCR assay for the detection
of five species of soil transmitted helminths (Necator americanus, Ancylostoma duodenale, Tri-
churis 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 spe-
cies-specificity of detection. Using these targets to design small-volume, multi-parallel tests [4],
we have created a platform that provides cost-minimizing implementation of only those assays
appropriate for a specific geographic region based upon the infections present. While perform-
ing 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 NGS-based 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.

Materials and Methods

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
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species belonged to strains originating in China. In the case of T. trichiura, extraction was per-
formed using a single adult female worm of Ugandan origin. For S. stercoralis and A. lumbri-
coides, previously extracted genomic DNA was received from collaborators. S. stercoralisDNA
was obtained from laboratory-reared worms originating from Pennsylvania, USA, and A. lum-
bricoidesDNA was isolated from worms obtained from Ecuador.

Next-generation sequencing of genomic DNA
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, sequenc-
ing 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), the Nex-
tera DNA Sample Preparation Index Kit (Illumina), and the ZR-96 DNA Clean & Concentra-
tor-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).

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 (Illu-
mina) using the MiSeq Reagent Kit v3 (150 cycles) (Illumina) and the single-ended read
approach.

Repeat analysis
For each parasite analyzed, raw sequencing reads were uploaded to the Galaxy-based Repea-
tExplorer web server [39]. Reads were processed according to the workflow in Fig 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 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 (Fig 2).

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), uti-
lizing the default parameters for probe-based qPCR. The putative species-specificity of each
primer pair was further examined using Primer-BLAST software (http://blast.ncbi.nlm.nih.
gov/Blast.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
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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 candi-
date sequence was selected based on these results. In the case of A. lumbricoides, RepeatEx-
plorer 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 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 combina-
tion 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 (Fig 3). Primer
and probe sets for each organism can be found in Table 1.

Primer and probe validation
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 con-
ducted in 7 μl volumes, containing 3.5 μl of 2X TaqMan Fast Universal PCR Master Mix (Life

Fig 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 FASTQGroomer tool is used to convert sequence reads into Sanger format. The FASTQ: READQC 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.

doi:10.1371/journal.pntd.0004578.g001
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Technologies), 125 nmol of each assay’s respective probe, and 2 μl of template DNA at a con-
centration 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 reac-
tions were conducted using the StepOne Plus Real-Time PCR System (Life Technologies).

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 concen-
trations 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.

Fig 2. Illustrative output from RepeatExplorer analysis ofNecator americanus. During “clustering” each nucleotide within a cluster is assigned a
number. That number corresponds to howmany 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.

doi:10.1371/journal.pntd.0004578.g002
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Fig 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 ofN. americanus template DNA using both double quenched (yellow)
and traditional (blue) probe designs.

doi:10.1371/journal.pntd.0004578.g003

Table 1. Selected primer and probe sequences for eachmulti-parallel assay.

Parasite Forward Primer Reverse Primer Probe

Necator americanus 5’- CCAGAATCGCCACAAATTGTAT -3’ 5’- GGGTTTGAGGCTTATCATAAAGAA -3’ 5'- /56-FAM/CCCGATTT G/ZEN/
AGCTGAATTGTCA AA/3IABkFQ/ -3'

Ancylostoma duodenale 5’- GTATTTCACTCATATGATCGAGTGTTC -3’ 5’- GTTTGAATTTGAGGTATTTCGACCA -3’ 5'- /56-FAM/TGACAGTG T/ZEN/
GTCATACTGTGGA AA/3IABkFQ/ -3'

Trichuris trichiura 5’- GGCGTAGAGGAGCGATTT -3’ 5’- TACTACCCATCACACATTAGCC -3’ 5'- /56-FAM/TTTGCGGGC/ZEN/G
AGAACGGAAATA TT/3IABkFQ/ -3'

Strongyloides stercoralis 5’- CGCTCCAGAATTAGTTCCAGTT -3’ 5’- GCAGCTTAGTCGAAAGCATAGA -3’ 5'- /56-FAM/ACAGTCTC C/ZEN/
AGTTCACTCCAGA AGAGT/3IABkFQ/ -3'

Ascaris lumbricoides 5’- GTAATAGCAGTCGGCGGTTTCTT -3’ 5’- GCCCAACATGCCACCTATTC -3’ 5’- /56-FAM/ TTGGCGGACAATTGCATGCGAT/
MBG/ -3’

doi:10.1371/journal.pntd.0004578.t001
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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 reac-
tions and for the determination of assay detection limits.

Comparative testing of field-collected samples
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 Timor-Leste (Trial registration: ACTRN12614000680662). The specific procedures used
during the collection and storage of these samples have been previously described [41].

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 ali-
quot of each sample was retained at QIMR Berghofer and another was shipped to Smith Col-
lege (Northampton, MA, USA).

Real-time PCR testing. DNA extracts from all samples were assayed at both QIMR Ber-
ghofer 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 unde-
scribed 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.

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 statis-
tics, 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].

Trichuris speciation of Smith-negative, QIMR-positive samples. Samples testing posi-
tive 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 sub-
unit [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 tem-
plate DNA. Cycling conditions consisted of an initial denaturing step at 98°C for 15 min, fol-
lowed 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.

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
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assay, underwent further testing to discriminate between infection with A. duodenale and A.
ceylanicum. For differential detection, a semi-nested PCR-Restriction Fragment Length Poly-
morphism (RFLP) assay was employed, and samples were tested in accordance with the pub-
lished 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.

Results

Primer and probe validation
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 val-
ues 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 deter-
mined 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.

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 concentra-
tions 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 con-
centrations 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.

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.

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 methodology (QIMR assay)
(Table 2, S1 Table). 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 deter-
mine 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 pos-
itive 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

Improved Detection of Soil Transmitted Helminths

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004578 March 30, 2016 9 / 18



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 demonstrat-
ing 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 vulpis, a whipworm species common to
canines, but also known to cause zoonotic infection [48–49]. As Trichuris ssp. including T. vul-
pis, Trichuris suis, and Trichuris ovis have a wide geographic distribution with increased preva-
lence 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 identifica-
tion of 22 Ancylostoma ssp. positive samples using the QIMR methodology. However, not a
single A. duodenale-positive sample was identified using the Smith assay. As the zoonotic para-
site Ancylostoma ceylanicum has been suspected of causing human infection in Timor-Leste
[52], a previously described, semi-nested PCR-RFLP assay was employed to discriminate infec-
tion with A. duodenale from infection with A. ceylanicum [47]. In this assay, an MvaI restric-
tion digest of PCR product is indicative of the presence of A. ceylanicum, while digestion with

Table 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.

doi:10.1371/journal.pntd.0004578.t002
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Psp1406I is indicative of A. duodenale. 21 of the 22 Ancylostoma ssp. 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 ssp.-positive sample, pre-
venting a definitive determination of the identity of the parasite in that sample.

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 sam-
ples testing positive for a given parasite by both the Smith and QIMR methods (S1 Table). 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 (QIMR-positive samples were demonstrated to be A. ceylanicum), a Ct comparison
could not be made.

Discussion
In light of their impact on global health, the importance of optimal and species-specific diag-
nostic 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 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 ele-
ments. 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 species-specific manner, diagnostic accuracy and limits of detection are improved dramati-
cally 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 species-specificity relative to an established and vali-
dated 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 spe-
cies [53–55] (Table 3). 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 evolution-
ary divergence [56–57]. This divergence increases the diagnostic appeal of these sequences, as
divergence reduces the risk for non-specific, off-target amplification, a characteristic essential
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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-par-
allel platform. Furthermore, by employing a semi-nested PCR-RFLP tool, we were able to suc-
cessfully 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, result-
ing in consistent off-target amplification of A. ceylanicum DNA. Similarly, while our T. tri-
chiura assay failed to amplify four samples containing genetic material from Trichuris ssp., 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 rumi-
nant 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. ovismay have ingested intesti-
nal material from an animal harboring infection, making it conceivable that the T. ovis DNA
present was not the result of zoonotic 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, elimi-
nates the presence of such DNA elements from post-embryonic somatic cells [59–61]. Presum-
ably for this reason, two separate repeat analyses, performed on two distinct library
preparations, failed to identify any repetitive sequences with copy numbers greater than ribo-
somal and mitochondrial targets. Accordingly, a previously described primer/probe set target-
ing 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.

Table 3. Estimated MinimumQuantities of DNA in the Eggs of Each Species of STH.

Species Haploid Genome Size (Genbank
Assembly Accession)

Estimated Minimum Quantity
of DNA/Diploid Cell

Estimated Number of
Diploid Cells/Egg[55]

Estimated Total
Quantity of DNA/Egg

Necator
americanus

244 Mb[54] (GCA_000507365.1) 0.54 pg 4–8 2.16 pg– 4.32 pg

Ascaris
lumbricoides

317 Mb (GCA_000951055.1) 0.70 pg As few as 1 0.70 pg

Trichuris trichiura 75 Mb (GCA_000613005.1) 0.17 pg 1 0.17 pg

Ancylostoma
duodenale

332 Mb (GCA_000816745.1) 0.73 pg 4–8 2.92 pg– 5.84 pg

Strongyloides
stercoralis

42–60 Mb[53] (GCA_000947215.1) 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.

doi:10.1371/journal.pntd.0004578.t003
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In addition to the potential detection limit improvements and species-specificity gains real-
ized when diagnostically targeting non-coding repetitive DNA sequences, designing multi-par-
allel 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 comple-
ment of organisms targeted by the assay [62–63]. However, as the geographic distribution of
STH species is not uniform, the use of multi-parallel 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 these assays as “small-volume” 7 μl reactions, reagent use
is minimized, resulting in cost savings. Furthermore, as multi-parallel reactions are run inde-
pendently, 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 [65–69]. 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 effec-
tive than Kato-Katz testing. Furthermore, molecular diagnostic accuracy and reliability pro-
vide 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 elimina-
tion 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, 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 micros-
copy, 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 Ethio-
pia aimed at providing evidence for the global applicability of these multi-parallel assays is cur-
rently 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-tar-
get amplification of A. ceylanicum and T. ovis by the QIMR assay was demonstrated), each
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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 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 low-level 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. lumbricoidesmake 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 vol-
umes are known to frequently improve detection limits for an assay, likely due to the large vol-
ume 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 val-
ues, seven samples identified as positive using the Smith assay were found to be QIMR-nega-
tive. 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 (S1 Table). Such failures are known to occur in multiplex reactions,
particularly when primer concentrations are suboptimal, as reagents are utilized for the ampli-
fication of a more prevalent target, preventing the amplification of the lower copy-number tar-
get 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 amplifica-
tion cannot be definitively ruled out.

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 dis-
covery 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.

Supporting Information
S1 Table. Comparative assay results for patient-obtained sample from Timor-Leste. All
samples were tested in duplicate utilizing both real-time PCR assays (QIMR and Smith) and
results are provided as mean Ct values.
(XLSX)
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