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Abstract

Background

Molecular-based surveys have indicated that Ancylostoma ceylanicum, a zoonotic hook-
worm, 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 pos-
sess a considerable degree of conservation among the species of this genus and this con-
servation can lead to the misidentification of infecting species or require additional labor for
accurate species-level determination. We have developed a novel, real-time PCR-based
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 Argen-
tina and Timor-Leste to provide further evidence of the sensitivity and species-specificity of
this assay.

Methods/Principal findings

A previously described platform for the design of primers/probe targeting non-coding 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
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the genus level as Ancylostoma spp. when analyzed using other published primer-probe
pairings. Further proof of sensitive, species-specific detection was provided using a pub-
lished, semi-nested restriction fragment length polymorphism-PCR assay that differentiates
between Ancylostoma species.

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 screen-
ing 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.

Trial registration
ANZCTR.org.au ACTRN12614000680662

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 labo-
rious 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 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 diag-
nostic tool that will facilitate the accurate mapping of disease endemicity and will aid in
the evaluation of progress of programmatic deworming efforts.

Introduction

Ancylostoma ceylanicum is the only predominantly animal-infecting hookworm species
known to successfully develop into adults within the human intestine [1]. This zoonotic spe-
cies 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. ceylani-
cum 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 transmis-
sion 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 up to eight times the volume of blood
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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 infec-
tions 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 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, sim-
plicity, 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 indistin-
guishable [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, PCR-based molecular diagnostic tests for
hookworm provide an attractive alternative to microscopy with more modest training require-
ments. 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 contamina-
tion 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 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 possi-
ble 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 diagnos-
tic 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 diagnos-
tic platform [25] will aid programmatic efforts, as accurate species-level detection and differen-
tiation of Ancylostoma ssp. is now possible.

Materials and methods
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 pub-
licly available platform, RepeatExplorer [26], following our previously established bioinformat-
ics workflow [25], and a primer-probe set was designed using the PrimerQuest online tool
(Integrated DNA Technologies, Coralville, IA) (Table 1). This candidate primer-probe pairing
then underwent further bioinformatics analysis using the Primer-BLAST tool available from
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Table 1. Primer and probe sequences for A. ceylanicum.
Parasite Forward Reverse Probe

A. ceylanicum 5-CAAATATTACTGTGCGCATTTAGC-3' 5-GCGAATATTTAGTGGGTTTACTGG-3 5'-/56-FAM CGGTGAAAG/ZEN/CTTTGCGTTATTGCGA/3IABKFQY -3
https://doi.org/10.1371/journal.pntd.0005734.t001

the National Center for Biotechnology Information (NCBI) website. Utilizing default parame-
ters, the candidate primer pair did not return any matches to off-target templates within
NCBTI’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.

Assay optimization

A concentration matrix was created to determine the optimal forward and reverse primer con-
centration as previously described [25]. All reactions were performed in 7 pl total volumes uti-
lizing 2 pl of template, 3.5 ul of TagMan 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 reac-
tions were conducted using the StepOne Plus Real-Time PCR System (Life Technologies,
Carlsbad, CA).

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 conducted using 2 pl of
A. ceylanicum genomic template at concentrations of 1 ng/ul, 100 pg/ul, 10 pg/pl, 1 pg/ul, 100
fg/ul, 10 fg/ul, 1 fg/pl, 100 ag/ul 10 ag/pl, and 1 ag/ul. In order to verify assay specificity, opti-
mized 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 ul of DNA template at concentrations of 1 ng/ul.

Mixed infection testing

A panel of six 10-fold serial dilutions of an initial 1 ng/pl stock of A. ceylanicum genomic DNA
was created. To each dilution in this panel, genomic DNA was added from both A. caninum
and A. duodenale such that the concentrations of DNA from both of these other species were
at a final concentration of 1 ng/ul 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 geno-
mic DNA from the two other Ancylostoma spp. (S1 Table).
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Selection of field-samples for inclusion in this study

Sixty-one human stool samples previously collected as part of the “Wash for Worms” interven-
tion trial in Timor-Leste (Trial registration: ACTRN12614000680662) were selected for inclu-
sion 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 Oran, 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 real-time PCR analysis of these eight samples had demon-
strated the presence of Ancylostoma ssp. DNA [28].

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 hook-
worm species in the samples obtained from both Timor-Leste and Oran, Argentina. All ampli-
fication reactions and digestions were conducted in accordance with the previously described
methodologies [23].

Real-time PCR analysis

DNA aliquots of all samples from both Timor-Leste and Oran, 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 occurred in accor-
dance with the previously described protocol [25], while A. ceylanicum testing was conducted
using the novel assay described here.

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. ceylani-
cum [25]. Employing the PrimerQuest online tool, a primer/probe pairing was identified and
oligonucleotides were synthesized. Through the analysis of a titration matrix, primer optimiza-
tion 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 amplify-
ing 2 ul of A. ceylanicum genomic DNA at a concentration of 1 ng/ul.

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 species-specific detection properties. Further-
more, 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. ceyla-
nicum DNA (S1 Table). Importantly, based upon the genome size of A. ceylanicum [29], and
assuming that a 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 (theoretically 5520 fg
of DNA based on A. ceylanicum’s genome size).
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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, previous testing
conducted at QIMR Berghofer demonstrated the presence of Ancylostoma ssp. 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 [25]. The identity of the 22" sample could not be determined as this
sample failed to amplify using both our A. duodenale-specific assays and the semi-nested
PCR-RFLP analysis. Two independent sequencing trials were also performed, but meaningful
results could not be obtained. These experiments exhausted the sample stock and so no further
experiments could be done to identify this sample. This subset of 22 Ancylostoma ssp.-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 pres-
ence of A. ceylanicum DNA, while the 22" sample (PCR-RFLP-negative for A. ceylanicum)
was also negative by real-time PCR, likely indicating that the Ancylostoma genus-specific assay
(QIMR) had amplified a non-duodenale, non-ceylanicum Ancylostoma target (S2 Table). Eq-
ually important, the remaining 39 Timor-Leste-derived samples that tested negative for Ancy-
lostoma spp. using the previously described genus-specific PCR assay [27] also produced a
negative result when tested using the newly described A. ceylanicum-specific diagnostic (S2
Table). Thus, negative 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. ceyla-
nicum real-time PCR assay would not amplify DNA from A. duodenale-containing field sam-
ples. For this purpose, eight additional DNA extracts from stool samples, obtained from an A.
duodenale endemic region near Oran, Argentina, were tested in duplicate. Utilizing a combi-
nation 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. ceylani-
cum within each sample (S1 Fig, S3 Table). Individual samples were then tested using the
newly described A. ceylanicum-specific PCR assay, and for all samples, in all replicates, amplifi-
cation 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 success-
fully demonstrated the species-specific nature of the A. ceylanicum PCR assay on human sam-
ples collected in the field. Table 2 summarizes the results of the various molecular approaches
used to determine the species of Ancylostoma within samples from both field studies.

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 responsi-
ble for as many as half of all human hookworm infections among the young adult population
[6]. However, despite such prevalence, zoonotic parasites are typically given little

Table 2. Results of three separate molecular assays for Ancylostoma spp. Differentiation.

Origin of samples Real-time PCR for A. duodenale Real-time PCR for A. ceylanicum Semi-nested PCR
[25] [23]
Timor-Leste (-) (+)* (Fig 1)
Oran, Argentina (+) (-) (S1 Fig)

*Twenty-one out of twenty-two samples were positive for A. ceylanicum. The identity of the species in the 22" sample could not be determined utilizing any
of the employed PCR assays or Sanger sequencing

https://doi.org/10.1371/journal.pntd.0005734.t1002
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A.
 duoden

221383 0t

~64bp ~624bp ~64bp ~64 bp

Fig 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 (Mval/BstN1 [#ER0551] and Psp1406l/Acll [#ER0942], ThermoFisher Scientific) following
the manufacturer’s suggested protocol. The Mval 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. Psp1406l
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 Fig 1, the uncut product (2" round PCR product), the Mva product (2™
round PCR product digested with Mval) and the Psp product (2" 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 (S2 Table; | = 100 base pair ladder; u = undigested
control).

https://doi.org/10.1371/journal.pntd.0005734.9001

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
[30]. 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-spe-
cific 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].
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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 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, Ancylos-
toma tubaeforme, and Uncinaria stenocephala, as well as other common veterinary intestinal
helminths would be required. Similarly, employment of this assay for the purposes of environ-
mental monitoring would require, at a minimum, testing against common free-living nema-
tode 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 inform-
ing 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.

Supporting information

S1 Fig. Ancylostoma spp. determination on field samples from Oran, Argentina using
semi-nested PCR-RFLP analysis. The testing was performed in the same manner as described
in Fig 1 (main manuscript). The banding pattern demonstrates the presence of A. duodenale in
these samples and validates the negative results from the newly described real-time PCR assay
for A. ceylanicum.

(TIF)

S1 Table. Ancylostoma spp. mixed infections and average Ct values from real-time PCR
testing for A. ceylanicum.
(XLSX)

S2 Table. Average Ct values from real-time PCR testing for A. duodenale and A. ceylani-
cum with samples from Timor-Leste. DNA extracts from Timor-Leste were tested from two
separate laboratories (QIMR, Australia and Smith College, USA) in duplicate using real-time
PCR assays specific for Ancylostoma duodenale and Ancylostoma ceylanicum. The average Ct
values from the assays are shown in this table; "-" indicates that infection was not present.

(XLSX)

$3 Table. Average Ct values from real-time PCR testing for A. duodenale and A. ceylanicum
with samples from Oran, Argentina. DNA extracts from Oran, Argentina, were tested from
two separate laboratories (Baylor College of Medicine (BCM), USA and Smith College, USA) in
duplicate using real-time PCR assays specific for A. duodenale and A. ceylanicum. The average
Ct values from the testing are shown in this table; "-" indicates that infection was not present.
(XLSX)
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