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Abstract. Hookwormdisease causedbyNecator americanus,Ancylostomaduodenale, andAncylostomaceylanicum
affects half a billion people worldwide. The prevalence and intensity of infection of individual hookworm species are vital
for assessing morbidity and generating targeted intervention programs for their control. The present study aims to
evaluate a multiplex real-time quantitative PCR (qPCR) assay to determine the prevalence and egg intensity of all three
hookworm species and compare this with standard microscopy and published genus-based conventional and real-time
multiplex qPCRs. Performance of the diagnostic assays was evaluated using DNA extracted from 192 fecal samples
collected as part of a soil-transmitted helminth (STH) survey in northern Cambodia. The prevalence of hookworms as
detected by the multiplex hookworm qPCR of 84/192 (43.8%) was significantly higher than that using microscopy of 49/
192 (25.5%). The hookworm multiplex qPCR showed very good agreement for the detection of both N. americanus
(Kappa 0.943) and Ancylostoma spp. (Kappa 0.936) with a multiplex STH qPCR. A strong and moderate quantitative
correlation between cycle threshold and eggs per gram (EPG) feces was obtained for the hookworm qPCR for seeded
DNA egg extracts (R2 ³ 0.9004) and naturally egg-infected individuals (R2 = 0.6848), respectively. The newly developed
hookworm quantitative multiplex qPCR has the potential for application in anthelmintic efficacy trials and for monitoring
the success of mass deworming programs targeting individual species of anthroponotic and zoonotic hookworms.

INTRODUCTION

Hookworm disease, caused by blood-feeding worms re-
siding in the small intestine, affects nearly half a billion people
worldwide.1 Hookworms cause iron deficiency anemia and
malnutrition, and in pregnant women, infection is associated
with poor neonatal outcomes, including low birth weight and
increased infant mortality. In children, infection may result in
impaired physical and intellectual development.2

Three species of hookworms are capable of producing pat-
ent infections in humans: Necator americanus, Ancylostoma
duodenale, and Ancylostoma ceylanicum. All three species
have similar life cycles but have important differences in path-
ogenicity and host specificity. These differences may have
important public health implications, such as assessing the
successof interventionprograms inacommunity. For example,
A. ceylanicum, now recognized as the second most common
hookworm species in the Asia Pacific region, is a zoonotic
agent, with dogs and cats acting as primary reservoirs for hu-
man infection.3,4 Control of this hookworm necessitates a One
Health approach. The presence ofA. duodenale in a population
causes higher morbidity through increased blood loss5,6 and
results in significantly different seasonal and age-related epi-
demiology to the other species, owing to the ability of larvae to
undergo tissue hypobiosis.7,8 Moreover, hookworm species
may vary in their response to chemotherapeutic intervention9;
however, current tools do not allow us to accurately assess this
as part of chemotherapeutic efficacy trials.
Standard microscopy-based detection of hookworm eggs

in fecal samples fail to differentiate the species of hookworms

infecting humans, and are recognized to be insensitive com-
pared with both conventional4 and real-time PCR.10–12 Thus,
microscopic techniques may be inadequate for use in clinical
trials or in monitoring and evaluating programs when infec-
tion intensity is low. Real-time multiplex and multi-parallel
PCR assays for the differentiation of Ancylostoma spp. and
N. americanus have advantages over parasitologic methods
of being able to be batch processed in a high-throughput
fashion and provide estimates of infection intensity by corre-
lating average DNA concentration and egg counts.11–14 To
date, however, real-time PCR assays have not been able to
differentiate and quantitate all three species of human hook-
worms simultaneously without having to revert to conven-
tional PCR followed by DNA sequencing15 or restriction
fragment length polymorphism analysis of PCR products.16

The aim of the present study was to develop a multiplex
quantitative PCR assay for the simultaneous detection of three
species of hookworms that infect humans and to evaluate its
diagnostic performance against standard microscopy and two
published PCR assays for the detection of hookworm.11,15

METHODS

Multiplex PCR development. The multiplex quantitative
PCRassay for hookwormwasdesigned to detectN. americanus,
A. ceylanicum, A. duodenale/Ancylostoma caninum, and
Equine herpesvirus type 4 (EHV4) as an internal control. The
assay was performed using the previously published primers
and probe forN. americanus10 and EHV417 and newly designed
primers and probes for A. ceylanicum and A. duodenale/
A. caninum listed in Table 1.
Nucleotide sequences for the internal transcribed spacer 1

gene for A. ceylanicum (GenBank accession nos. DQ780009
and DQ831517) and A. duodenale (GenBank accession no.
EU344797) were obtained from GenBank and aligned using
CLUSTALW (http://www.genome.jp/tools/clustalw/). A forward
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primer (AncF), a reverse primer (AncR), an A. ceylanicum–

specific probe (AncCeyP), and an A. duodenale/A. caninum–

specific probe (AncDuoP) (Table 1) were designed to amplify a
target (104 bp) of both species. Equine herpesvirus type 4 was
usedasanamplificationcontrol. Anassaywasdeemeda failure
when the cycle threshold (Ct) value of the EHV PCR in the
sample was greater by two or more cycles compared with the
negative control EHV Ct value. Magnetic Induction Cycler (Bio
Molecular Systems, Sydney, Australia) was used for the am-
plification, detection, and data analysis.
Minor modifications were made to previously published

soil-transmitted helminth (STH) multiplex quantitative PCR
(qPCR) protocols.11 The qPCR was conducted in 20 μL vol-
umes containing GoTaq® Probe qPCR Mastermix (Promega,
Madison, WI), 1 μL of known quantity of EHV4, and 2 μL of
template DNA. Quantitative PCR conditions included an initial
denaturation step at 95�C for 2 minutes followed by 40 cycles
of amplification using denaturation at 95�C for 15 seconds
followed by extension at 60�C for 1 minute. The cycling
threshold was held at 0.02 units for each multiplex PCR. The
fluorescent threshold was set at 10% for N. americanus,
A. ceylanicum, and A. duodenale and 20% for EHV4. All
templates were run in duplicate.
Synthetic block gene fragments (IDT® Technologies,

Skokie, Illinois, USA) containing the DNA sequences targeted
by the PCRs for A. ceylanicum, A. duodenale, and
N. americanus were used as templates for optimization of the
singleplex and multiplex assays and as positive controls.
Nuclease-free water was used as negative control in all runs.
Optimal concentration of primer pairs and probes were initially
determined with standard curve analysis in singleplex PCR.
Concentration of primer pairs and probes that demonstrated
greatest sensitivity and highest efficiency was selected for
progression into multiplex PCR format. The Ct of serial 10-fold
dilution series of gBlock gene fragments of known DNA con-
centration of each worm target was compared in both separate
and multiplex reactions.
Assay quantification using seeded hookworm eggs.

Eggs of N. americanus (source, human; Queensland),
A. caninum (source, dogs; Vietnam), and A. ceylanicum
(source, dogs; Vietnam) were purified from 5 to 10 g stool
using sucrose gradient centrifugation and suspended in two
50 μL aliquots of 1× phosphate-buffered saline and enumer-
ated. Known quantities of eggs representing each hookworm
species were subjected to 2-fold serial dilution ranging from
15 eggs to amaximum of 3,000 eggs (limited by egg counts in
sourced fecal samples) and DNA extraction in duplicate using
the Fecal Isolate II DNA extraction kit (Bioline, London, United

Kingdom). Two microliters of DNA was added to each multi-
plex hookworm qPCR, also run in duplicate. Log10 transfor-
mations of absolute egg count for each hookworm species
were plotted against Ct values to predict the ability of the
assay to estimate absolute egg counts (in DNA extract) and
original egg intensities in EPG feces for each hookworm
species, assuming a 100% run efficiency. Absolute to original
egg counts (EPG feces) were calculated by multiplying the
absolute egg count by a factor of 4, as 250mg of fecal sample
was subjected to DNA extraction for the validation (field) study.
Assay validation. Genomic DNA isolated from faecal

samples (n = 190) sourced from a previous cross-sectional
study conducted in 20124 in Cambodia and, that was pre-
viously used to validate a multiplex STH qPCR,11 were used
to validate the current multiplex hookworm qPCR. DNA, was
extracted from these samples in July 2013, and stored
at −20�C for subsequent use. These fecal samples were pre-
viously screened using sodium nitrate flotation and the in-
tensity of hookworms in EPG feces was determined.4,18 In
addition, two A. duodenale–positive samples obtained from
the same study site in Cambodia in July 2016 were added to
the sample cohort, owing to the absence ofA. duodenaleDNA
from the 2012 sample cohort. The diagnostic parameters of the
multiplex hookworm qPCR assay were compared with 1) mi-
croscopy (sodium nitrate flotation); 2) multiplex conventional
PCR, which detects Necator spp. and Ancylostoma spp. and
differentiates genera based on amplicon size and Ancylostoma
spp. based on DNA sequence analysis15; and 3) a real-time
multiplex PCR for detection and quantification of Necator and
Ancylostomaspp.aspartofamultiplexSTHreal-timeassay.10,11

The intensity of hookworm infections in EPG by sodium
nitrate flotation was plotted against Ct values for the hook-
worm multiplex qPCR to assess the quantitative ability of the
assay on field samples.
Statistical analysis. Analysis of results was performed

using Excel 2008 (Microsoft Corp., Redmond, WA). Kappa
statistics were calculated using GraphPad QuickCalcs
(GraphPad Software, La Jolla, CA) to compare hookworm
multiplex qPCR with those generated by microscopic exami-
nation and previous STH multiplex qPCR.
Ethical considerations. The field study in Cambodia4 was

approved by the National Ethics Committee for Health Re-
search, Ministry of Health, Cambodia (NECHR, #192), and
Ethics Committee of the Cantons of Basel-Stadt and Basel-
land (EKBB, #18/12). Written informed consent was obtained
from each participant before the start of the study. For par-
ticipants between the ages of 2 and 18 years, written informed
consent was obtained from the parents, legal guardian, or

TABLE 1
Primer and probe sets for the quantitative hookworm multiplex PCR

Target Primer/Probe Sequence 59 to 39 Size (bp) Gene target Conc. nM Source

Necator americanus NecF CTGTTTGTCGAAC-GGTACTTGC 101 ITS2 250 10
NecR ATAACAGCGTGCA-CATGTTGC 250
NecP Cy5-CTGTACTACG-CATTGTATAC-IBFQ 100

Ancylostoma spp. AncF CGGGAAGGTTGG-GAGTATC 104 ITS1 300 This study
AncR CGAACTTCGCACA-GCAATC 300 This study

Ancylostoma ceylanicum AncCeyP FAM-CCGTTCCTGG-GTGGC-IBFQ 100 This study
Ancylostoma duodenale AncDuoP HEX-TCGTTACTG-GGTGACGG-IBFQ 100 This study
EHV EHVFWD GATGACACTAGCG-ACTTCGA 81 gB 40 15

EHVREV CAGGGCAGAAACC-ATAGACA 40
EHVProbe ROX-TTTCGCGTGC-CTCCTCCAG-IBRQ 100

EHV = Equine herpesvirus; ITS = internal transcribed spacer 2.
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appropriate literate substitute. All participants were informed
of the study’s purpose and procedures before enrolment. All
parasitic infections diagnosed were treated as per the guide-
lines of the National Helminth Control Program of Cambodia.

RESULTS

Hookworm multiplex qPCR optimization. The optimized
primer and probe concentrations are listed in Table 1. The Ct
values versus target DNA concentrations and reaction effi-
ciencies and sensitivities obtained from serial dilutions of
N. americanus, A. ceylanicum, and A. duodenale gBlock gene
fragments (IDT® Technologies, Skokie, IL) as singleplex and
multiplex assays are shown in Figure 1. There were no ob-
served differences in reaction efficiency or sensitivity
(Figure 1) between singleplex and multiplex assays.
No cross-reaction in the qPCR assays was observed be-

tween hookworm species when singleplex and multiplex
N. americanus, A. ceylanicum, and A. duodenale assays were
assessed using gBlock gene fragments (IDT® Technologies,
Skokie, Illinois, USA) consisting of individual hookworm spe-
cies targets, or with genomic DNA templates extracted from
individual hookworm species (adult worms and egg-positive
field samples). The specificity of singleplex and multiplex as-
says were also assessed using positive control genomic DNA
fromAscaris lumbricoides,Strongyloides stercoralis, Trichuris
trichiura,Opisthorchis viverrini,Clonorchis sinensis,Haplorchis

taichui, Hymenolepis nana, Taenia saginata, Taenia solium,
Giardia duodenalis, Blastocystis hominis, Enterobius vermic-
ularis,Cryptosporidium hominis, andCryptosporidium parvum.
The PCR assays for A. ceylanicum, A. duodenale/A. caninum,
N. americanus, and EHV4 amplified products exclusively from
their corresponding DNA templates.
Quantitative ability of hookwormmultiplex qPCRassays.

The Ct values plotted against known seeded quantities of pu-
rified eggs of N. americanus, A. caninum, and A. ceylanicum
eluted in 50 μL tris EDTA buffer and the conversion formulas for
Ct to absolute egg counts (2 μL DNA/PCR assay) are shown in
Figure 2A–C. There was a strong linear correlation between Ct
values and the N. americanus, A. caninum, and A. ceylancium
log10 absolute egg counts (R2 between 0.9004 and 0.9714).
Performance of hookworm multiplex qPCR. Perfor-

mance of the hookwormmultiplex qPCRwas evaluated using
a total of 192 DNA templates extracted from previous hook-
worm surveys in Cambodia. Multiplex qPCR runs, positive
controls, and EHV4 were detected and amplified at expected
Ct values. Overall, the multiplex hookworm qPCR demon-
strated higher detection rates for hookworms compared with
microscopy- and genus-based conventional15 and real-time
multiplex PCRs (Figure 3).11

Comparisonof thehookwormmultiplexqPCRwithsodium
nitrate flotation. Table 2 shows the detection of hookworm
infection using microscopy and multiplex hookworm qPCR.
The prevalence of hookworms as detected by the multiplex

FIGURE 1. Singleplex and multiplex qPCR efficiencies. Assay optimization to compare the efficiencies of single vs. multiplex PCR assays using
gBlock gene targets for (A) Necator americanus, (B) Ancylostoma ceylanicum, and (C) Ancylostoma duodenale fragments (IDT® Technologies) as
standard curve controls. Ct = cycle threshold. This figure appears in color at www.ajtmh.org.
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qPCR of 84/192 (43.2%) was significantly higher than those
detected by microscopy of 48/192 (25.0%). Kappa statistics
showed only moderate agreement between the two di-
agnostic techniques. Thirty-six or 18.75% of hookworm-
positive samples detected by qPCR were missed by sodium
nitrate flotation and microscopy. These comprised 24/69
(34.8%) of N. americanus infections and 12/29 (41.3%) of
A. ceylanicum infections.
Kappa statistics (Table 3) show good agreement between

the hookworm multiplex qPCR and the conventional PCR for
the species of hookworms. The hookworm multiplex qPCR
identified an additional 22 fecal samples positive for hook-
worm that were missed by conventional PCR. Eight samples
(two forN. americanus and six forA. ceylanicum) were positive
by conventional PCR but missed by the hookworm multiplex
qPCR.
Comparison of the hookworm multiplex qPCR with the

multiplex STH qPCR. The hookworm multiplex qPCR
showed very good agreement (Table 3) for the detection of

bothN. americanus andAncylostoma spp. with the previously
published multiplex STH qPCR.11 The multiplex STH qPCR
failed to detect N. americanus infection in five samples, three
of which constituted mixed infections with A. ceylanicum by
the hookwormmultiplex qPCR. Themultiplex STH qPCR also
failed to detect A. ceylancium in two samples, both classified
as mixed infections with N. americanus by the multiplex
hookworm qPCR. Among the five samples positive for
N. americanus that were missed by the multiplex STH qPCR,
two were also demonstrated positive by conventional PCR.
On the other hand, the hookworm multiplex qPCR failed to

detect hookworm infection in two samples (one each for single
N. americanus and Ancylostoma spp. infections) that were
positive on themultiplex STH qPCR. The hookwormmultiplex
qPCR was superior to the multiplex STH qPCR for the de-
tection of mixed infections of hookworm genera (Figure 2).
Relationship between field-determined hookworm egg

intensities (EPG) and multiplex hookworm qPCR. Quanti-
tative results derived from N. americanus fecal egg count and
qPCR from field samples were compared to evaluate the re-
lationship between infection intensity in EPG and Ct values
(Figure 4). A moderate linear correlation between the average
N.americanuseggcountsmeasuredby fecalflotationandCtby
qPCRwas found (R2 = 0.6848). The conversion formula forCt to
egg intensities (EPG) was log10 EPG = −0.2161x + 6.61. The
correlation between the average A. ceylanicum and
A. duodenale fecal egg counts and average DNA concen-
tration could not bedetermined because of the lownumber of
egg-positive A. ceylanicum samples in this study.
On average, EPG estimates from Ct conversion formulas

derived from the field-based fecal flotations were between 4
and 8.5 times less than those obtained for the experimentally
seeded egg conversion values. The limitation of microscopy-
based EPG estimateswas particularly evident as field-derived
N. americanus intensities reduced (Table 4).

DISCUSSION

The newly developed multiplex hookworm qPCR assay was
developed and validated against a well-described set of 192
field samples previously tested for hookworm infection using
microscopy and both conventional and amultiplex STH qPCR.
The hookworm multiplex qPCR was more sensitive than so-
dium nitrate flotation–based microscopy and conventional
multiplex PCR for the detection of hookworms in stool. The
assay showed very good agreement with the recently de-
veloped STH multiplex qPCR assay for the detection and
genera-based differentiation of hookworms in human fecal
samples. In addition, themultiplex hookwormqPCRdeveloped
in this study allowed for simultaneous detection and discrimi-
nation of all three hookworm species found in human stool,
N. americanus, A. ceylanicum, and A. duodenale. The assay
proved highly specific with no cross-reactivity observed for a
range of 14 different intestinal parasites and with each other.
The advantage of this qPCR over the other published di-
agnosticmethodswas its ability to detectmixed infectionswith
different hookworm species in a field-based community survey
at a higher sensitivity than conventional genus-based multi-
plex PCR, and a marginally higher sensitivity than the STH
genus-based multiplex qPCR, making it ideal for monitor-
ing hookworm infections in low-transmission settings. In total,
two A. ceylanicum and three N. americanus infections were

FIGURE 2. Cycle threshold (Ct) values plotted against known
quantities of purified seeded eggs of (A) Necator americanus, (B)
Ancylostoma caninum, and (C)Ancylostoma ceylanicum. An excellent
correlation was displayed between seeded average egg counts and
average Ct measured for N. americanus, Ancylostoma duodenale/
A. caninum, and A. ceylanicum by the multiplex hookworm quantita-
tive PCR. This figure appears in color at www.ajtmh.org.
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detected by the multiplex hookworm qPCR that could not
be validated by either conventional or multiplex STH qPCR.
Although there is a potential for false-positive results, the likeli-
hood is low, given that each reaction was conducted in dupli-
cate and individual assay efficiencies were consistently greater
than95%.ThishookwormmultiplexqPCRhas thepotential asa
diagnostic tool to enable comprehensive investigation of the
epidemiology of hookworm infection in humans in regions
where A. ceylanicum and A. duodenale species may exist
sympatrically.16,19 Distinction of these two Ancylostoma spe-
cies in a community is becoming increasingly important. In the

last decade, molecular-based diagnostic surveys in the Asia
Pacifichave increasingly identifiedA.ceylanicumasanemerging
STHandzoonosis in communitieswhere free-roamingdogsand
cats act as important reservoirs for human infection.4,20,21 This
qPCR allows for accurate, simultaneous, and high-throughput
quantitative diagnosis of three hookworms, both zoonotic
and anthroponotic in community surveys, thereby allowing
targeted control programs to be implemented. This superior
ability of multiplex PCR to detect coinfections is of key im-
portance to disease burden, as individuals with multiple
parasite infections are at an elevated risk of morbidity,

FIGURE 4. Relationship betweencycle threshold (Ct) value formultiplex hookwormqPCRand fecal flotationderivedeggcounts (EPG) forNecator
americanus. Microscopy negative Ct values not displayed. A moderate-to-good correlation was displayed between average N. americanus egg
countsmeasuredby sodiumnitrate flotation and averageCtmeasuredby themultiplex hookwormqPCR. EPG=eggsper gram. This figure appears
in color at www.ajtmh.org.

FIGURE 3. Hookworm prevalence by multiplex hookworm quantitative PCR (qPCR), multiplex soil-transmitted helminth (STH) qPCR11 con-
ventional PCR,4 and sodium nitrate flotation (microscopy).18 Data presented combined for all 192 study participants, showing higher recorded
percentage prevalence across all genera and species of hookworms, including mixed species infections, by multiplex hookworm qPCR.
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especially since recent natural reports of confirmed patent
human infections with A. ceylanicum produce chronic nausea,
diarrhea, abdominal pain, melena, and hypereosinophilia.22–24

Despite the limitations associatedwith the low sensitivity of the
Kato Katz, it remains the cornerstone of monitoring national
STH control programs globally. As current global mass
deworming campaigns aimed at interrupting STH transmission
and eliminating morbidity expand, so will the reliance on more
sensitive techniques such as qPCR. The economic limitations
to qPCRare gradually being overcomeby the ability to preserve
and batch transport fecal samples at room temperature to cen-
tral national laboratories with qPCR capabilities. This negates
the need to dispatch teams of technicians and equipment to
remote regions, thereby reducing costs associated with field-
work.Further studiescomparingcostingandcost-effectiveness
analyses of conventional microscopy and qPCR as a basis for
monitoring STH control programs will prove valuable in future.
One of the primary goals of quantitative PCR is to link the

qPCR data to the presently accepted indirect measurement of
worm burden; that is, the infection intensity, measured by eggs
per gram stool (EPG). Data comparing seeded hookworm eggs
of knownquantities andCtvaluesdemonstratedexcellent fit for
N. americanus,A. duodenale, andA. ceylanicum. This provides
themultiplexhookwormqPCRtheability toconvertCt values to
EPG values for all three species of human hookworm by a
simple formula that can be applied to epidemiological studies.
Quantitative PCR Ct values to field-based microscopy

determined EPG values forN. americanus that also showed
a moderate-to-good fit. Variability in the recovery of eggs
from fecal samples subjected to fecal flotation and micro-
scopic examination, as opposed to the accuracy of the
qPCR assay, is the likely explanation of moderate to good,
as opposed to excellent Ct to EPG correlations observed.
On average, EPG estimates from Ct conversion formulas
derived from the field-based fecal flotations were between
4 and 8.5 times less than those obtained for the experi-
mentally seeded egg conversion values. The limitation of
microscopy-based EPG estimates was particularly evident
as flotation-derivedN. americanus intensities reduced. The
poor recovery of similar geohelminth parasites (ascarids,

trichurids, and strongyles) in the feces of animals using
sodium nitrate flotation has been proven in the past. For
example, O’Grady and Slocombe25 found 50% of eggs
trapped in the feces or retained in the strainer and 16–29%
of eggs retained in the flotation solution.
Despite the ability of themultiplex hookworm qPCR to have

excellent quantitative abilities, limiting factors for the appli-
cation of absolute quantification of egg intensities on field-
derived samples include confounding factors such as the
degree of embryonation of hookworm eggs between time of
defecation and time of stool refrigeration or fixation. In addi-
tion, DNA sourced from fragments of dead or dying worms in
stool following natural death or anthelmintic treatment may
also falsely elevate EPG estimates.
Obtaining sufficient quantities of purified eggs for each

hookworm species (a limitation in this study) would allow a
greater number of seeded aliquots of eggs to be enumerated
by qPCR, thereby allowing the repeatability of the quantifi-
cation experiment to be established and providing stronger
confidence in theCt to EPGconversion formulas. In this study,
we were only able to subject two aliquots of eggs to DNA ex-
traction for each hookworm species. Although the current multi-
plexqPCR iscapableofdetectingall threespeciesof hookworm
in stool, only two A. duodenale–positive DNA samples were
available for inclusion in the present comparative study. Future
application of this assay to regions endemic for A. duodenale
will assist in confirming its ability to detect and quantify field-
based microscopic egg counts for this hookworm species.
The amplification conditions for the multiplex hookworm

qPCR were deliberately designed to coincide with the multi-
plex STH qPCR, capable of the additional detection and
quantitation of Ascaris and Trichuris spp. in stool11 and with a
previously published semiquantitative pentaplex qPCR for
the detection of G. duodenalis, Cryptosporidium spp., Ent-
amoeba histolytica, and Strongyloides spp. in stool.11 Future
optimization and validation of these mixed target multiplex
qPCR will allow for selection and simultaneous detection
of a range of important STH helminth and enteric protozoa,
which will facilitate tremendous flexibility for future parasite
surveys.

TABLE 3
Comparison of hookworm multiplex qPCR with multiplex STH qPCR and conventional PCR

qPCR

STH qPCR

Total agreement (%) Kappa* ± SE

cPCR

Total agreement (%) Kappa* ± SEPOS NEG POS NEG

Necator americanus POS 64 5 184 (96.84) 0.931 ± 0.028 54 15 173 (91.05) 0.798 ± 0.046
NEG 1 120 2 119

Ancylostoma ceylanicum POS 27 2 188 (98.43) 0.943 ± 0.035 21 7 177 (92.67) 0.707 ± 0.074
NEG 1 161 7 156

Ancylostoma duodenale POS 2 0 2 (100%) N/A 2 0 2 (100%) N/A
NEG 0 0 0 0

N/A = Not applicable; NEG = negative; POS = positive; qPCR = quantitative PCR; STH = soil-transmitted helminth.
* Kappa agreement level: K < 0.2, poor; 0.21–0.40, fair; 0.41–0.60, moderate; 0.61–0.80, good; 0.81–1.00, very good.

TABLE 2
Multiplex quantitative PCR and microscopy agreement statistics

Multiplex PCR (this study)

Microscopy4,18

Total agreement (%) Kappa* (agreement level) Standard error of KappaPOS NEG

Hookworm POS 48 36 156 (80.38) 0.590 (moderate) 0.056
NEG 1 107

NEG = negative; POS = positive.
* Kappa agreement level: K < 0.2, poor; 0.21–0.40, fair; 0.41–0.60, moderate; 0.61–0.80, good; 0.81–1.00, very good.
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In conclusion, this hookworm multiplex qPCR for the si-
multaneous detection of all three species of hookworm in
human stool is more sensitive and better capable of detecting
mixed hookworm species infection compared with conven-
tional microscopy and PCR-based methods. The assay’s
ability to be quantitative has the potential for use inmonitoring
the efficacy of hookworm control programs in low trans-
mission settings and determining the efficacy of anthelmintics
on individual species of hookworms, thereby directly allowing
assessment of species-specific susceptibility to drugs and
non-chemotherapeutic interventions.

Received March 31, 2018. Accepted for publication August 5, 2018.

Published online September 17, 2018.

Note: Supplemental figure appears at www.ajtmh.org.

Financial support: This study was funded by the University of Mel-
bourne Research Grant Support Scheme awarded to R. J. T.

Authors’ addresses:SzeFuiHii, DammikaSenevirathna, andRebecca
J. Traub, Faculty of Veterinary and Agricultural Sciences, University of
Melbourne, Parkville, Australia, E-mails: szefui.hii@barwonhealth.org.
au, abyekoon.senevirathna@unimelb.edu.au, and rtraub@unimelb.
edu.au. Stacey Llewellyn and James McCarthy, Clinical Tropical
Medicine Laboratory, QIMR Berghofer Medical Research Institute,
Herston, Australia, E-mails: stacey.llewellyn@qimrberghofer.edu.au
and j.mccarthy@uq.edu.au. Tawin Inpankaew, Department of Para-
sitology, Faculty of Veterinary Medicine, Kasetsart University, Bang-
kok, Thailand, E-mail: tawin.i@ku.th. Peter Odermatt, Department of
Epidemiology and Public Health, Swiss Tropical and Public Health
Institute, Basel, Switzerland, and University of Basel, Basel, Switzer-
land, E-mail: peter.odermatt@swisstph.ch. Virak Khieu and Sinoun
Muth, National Centre for Parasitology, Entomology and Malaria
Control, Phnom Penh, Cambodia, E-mails: virak.khieu@gmail.com
and sinuonm@gmail.com.

This is an open-access article distributed under the terms of the
Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the
original author and source are credited.

REFERENCES

1. Forouzanfar MH et al.; GBD 2013 Risk Factors Collaborators,
2015. Global, regional, and national comparative risk assess-
ment of 79 behavioural, environmental and occupational, and
metabolic risks or clusters of risks in 188 countries, 1990–2013:
a systematic analysis for the Global Burden of Disease Study
2013. Lancet 386: 2287–2323.

2. Hotez P, Whitham M, 2014. Helminth infections: a new global
women’s health agenda. Obstet Gynecol 123: 155–160.

3. Traub RJ, 2013. Ancylostoma ceylanicum, a re-emerging
but neglected parasitic zoonosis. Int J Parasitol 43:
1009–1015.

4. Inpankaew T et al., 2014. High prevalence of Ancylostoma cey-
lanicum hookworm infections in humans, Cambodia, 2012.
Emerg Infect Dis 20: 976–982.

5. Miller TA, 1979. Hookworm infection in man. Adv Parasitol 17:
315–384.

6. Jonker FA, Calis JC, Phiri K, Brienen EA, Khoffi H, Brabin BJ,
Verweij JJ, van Hensbroek MB, van Lieshout L, 2012. Real-
time PCR demonstrates Ancylostoma duodenale is a
key factor in the etiology of severe anemia and iron de-
ficiency in Malawian pre-school children. PLoS Negl Trop
Dis 6: e1555.

7. Schad GA, Chowdhury AB, Dean CG, Kochar V, Nawalinski T,
Thomas J, Tonascia JA, 1973. Arrested development in
human hookworm infections: an adaptation to a seasonally
unfavourable external environment. Science 180:
502–504.

8. Nawalinski T, Schad GA, Chowdhury AB, 1978. Population bi-
ology of hookworms in children in rural West Bengal. I. Gen-
eral parasitological observations. Am J Trop Med Hyg 27:
1152–1161.

9. Reynoldson JA, Behnke JM, Pallant LJ, Macnish MG, Gilbert F,
Giles S, Spargo RJ, Thompson RC, 1997. Failure of pyrantel in
treatment of human hookworm infections (Ancylostoma duo-
denale) in the Kimberley region of north west Australia. Acta
Trop 68: 301–312.

10. Verweij JJ, Brienen EA, Ziem J, Yelifari L, Polderman AM, Van
Lieshout L, 2007. Simultaneous detection and quantification of
Ancylostoma duodenale, Necator americanus, and Oesopha-
gostomum bifurcum in fecal samples using multiplex real-time
PCR. Am J Trop Med Hyg 77: 685–690.

11. LlewellynS, InpankaewT,Nery SV,GrayDJ, Verweij JJ, Clements
AC, Gomes SJ, Traub R, McCarthy JS, 2016. Application of a
multiplex quantitative PCR to assess prevalence and intensity
of intestinal parasite infections in a controlled clinical trial.PLoS
Negl Trop Dis 10: e0004380.

12. Mejia R, Vicuna Y, Broncano N, Sandoval C, Vaca M, Chico M,
Cooper PJ, Nutman TB, 2013. A novel, multi-parallel, real-time
polymerase chain reaction approach for eight gastrointestinal
parasites provides improved diagnostic capabilities to
resource-limited at-risk populations. Am J Trop Med Hyg 88:
1041–1047.

13. Pilotte N, Papaiakovou M, Grant JR, Bierwert LA, Llewellyn S,
McCarthy JS, Williams SA, 2016. Improved PCR-based
detection of soil transmitted helminth infections using a
next-generation sequencing approach to assay design.PLoS
Negl Trop Dis 10: e0004578.

14. Papaiakovou M, Pilotte N, Grant JR, Traub RJ, Llewellyn S,
McCarthy JS, Krolewiecki AJ, Cimino R, Mejia R, Williams
SA, 2017. A novel, species-specific, real-time PCR assay for
the detection of the emerging zoonotic parasite Ancylos-
toma ceylanicum in human stool. PLoS Negl Trop Dis 11:
e0005734.

15. TraubRJ, InpankaewT,Sutthikornchai C, SukthanaY, Thompson
RC, 2008. PCR-based coprodiagnostic tools reveal dogs as
reservoirs of zoonotic ancylostomiasis caused byAncylostoma
ceylanicum in temple communities in Bangkok. Vet Parasitol
155: 67–73.

16. George S, Kaliappan SP, Kattula D, Roy S, Geldhof P, Kang G,
Vercruysse J, Levecke B, 2015. Identification of Ancylostoma
ceylanicum in children from a tribal community in Tamil Nadu,
India using a semi-nested PCR-RFLP tool. Trans R Soc Trop
Med Hyg 109: 283–285.

17. Lambert SB, Whiley DM, O’Neill NT, Andrews EC, Canavan FM,
BletchlyC, SiebertDJ, Sloots TP,NissenMD, 2008.Comparing
nose-throat swabs and nasopharyngeal aspirates collected
from children with symptoms for respiratory virus identification
using real-time polymerase chain reaction. Pediatrics 122:
e615–e620.

18. Inpankaew T, Schär F, Khieu V, Muth S, Dalsgaard A, Marti H,
Traub RJ, Odermatt P, 2014. Simple fecal flotation is a superior

TABLE 4
Comparing predicted intensities of Necator americanus (EPG) in field
stool samples using Ct of field-based fecal flotation predicted for-
mula log10 (EPG) = −0.2161x + 6.61, with Ct of seeded EPG con-
version formula 4 × [log10 (EPG) = −0.1844x + 6.1145]

qPCR Ct value
EPG sodium

nitrate flotation
Seeded formula
predicted EPG Flotation:PCR EPG ratio

15 2,344 8,924 1:3.8
16 1,419 5,837 1:4.1
17 864 3,817 1:4.4
18 525 2,497 1:4.8
19 319 1,633 1:5.1
20 194 1,068 1:5.5
21 118 698 1:5.9
22 72 457 1:6.4
23 44 299 1:6.8
24 27 195 1:7.4
25 16 128 1:7.9
26 10 84 1:8.5

Ct = cycle threshold; EPG=eggsper gram; qPCR=quantitativePCR. The seeded absolute
egg count in 250 mg/μL DNA extract is multiplied by a factor of 4 for conversion to EPG.

1192 HII AND OTHERS

http://www.ajtmh.org
mailto:szefui.hii@barwonhealth.org.au
mailto:szefui.hii@barwonhealth.org.au
mailto:abyekoon.senevirathna@unimelb.edu.au
mailto:rtraub@unimelb.edu.au
mailto:rtraub@unimelb.edu.au
mailto:stacey.llewellyn@qimrberghofer.edu.au
mailto:j.mccarthy@uq.edu.au
mailto:tawin.i@ku.th
mailto:peter.odermatt@swisstph.ch
mailto:virak.khieu@gmail.com
mailto:sinuonm@gmail.com
http://creativecommons.org/licenses/by/4.0/


alternative to guadruple Kato Katz smear examination for the
detection of hookworm eggs in human stool. PLoS Negl Trop
Dis 8: e3313.

19. Phosuk I, Intapan PM, Thanchomnang T, Sanpool O, Janwan
P, Laummaunwai P, Aamnart W, Morakote N, Maleewong
W, 2013. Molecular detection of Ancylostoma duodenale,
Ancylostoma ceylanicum, and Necator americanus in hu-
mans in northeastern and southern Thailand. Korean J Par-
asitol 51: 747–749.

20. Ngui R, Lim YA, Traub R, Mahmud R, Mistam MS, 2012. Epide-
miological and genetic data supporting the transmission of
Ancylostomaceylanicumamonghumananddomestic animals.
PLoS Negl Trop Dis 6: e1522.

21. Bradbury RS, Hii SF, Harrington H, Speare R, Traub R, 2017.
Ancylostoma ceylanicum hookworm in the Solomon Islands.
Emerg Infect Dis 23: 252–257.

22. Brunet J, Lemoine JP, Lefebvre N, Denis J, Pfaff AW, Abou-Bacar
A, Traub RJ, Pesson B, Candolfi E, 2015. Bloody diarrhea as-
sociated with hookworm infection in traveler returning to
France from Myanmar. Emerg Infect Dis 21: 1878–1879.

23. Speare R, Bradbury RS, Croese J, 2016. A case of Ancylostoma
ceylanicum infection occurring in an Australian soldier returned
from Solomon Islands. Korean J Parasitol 54: 533–536.

24. Hsu YC, Lin JT, 2012. Images in clinical medicine. Intestinal in-
festationwithAncylostoma ceylanicum.NEngl JMed366: e20.

25. O’GradyMR, Slocombe JO, 1980. An investigation of variables in
a fecal flotation technique. Can J Comp Med 44: 148–157.

MULTIPLEX qPCR FOR HOOKWORM SPECIES IN STOOL 1193


