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ABSTRACT Significant effort has gone into assessing the fate and removal of vi-
ruses, bacteria, and protozoan parasites during wastewater treatment to provide
data addressing potential health risks associated with reuse options. Comparatively
less is known about the fate of parasitic worm species ova in these complex sys-
tems. It is largely assumed that these helminths settle, are removed with the sludge,
and consequently represent a relatively low risk for wastewater reuse applications.
However, helminths are a highly diverse group of organisms that display a wide
range of physical properties that complicate the application of a single treatment for
helminth reduction during wastewater treatment. Moreover, their diverse biological
and physical properties make some ova highly resistant to both disinfection (i.e.,
with chlorine or UV treatment) and physical removal (settling) through the wastewa-
ter treatment train, indicating that there may be reason to broaden the scope of our
investigations into whether parasitic worm eggs can be identified in treated waste-
water. The ubiquitous human parasitic nematode Enterobius vermicularis (pinworm)
produces small, buoyant ova. Utilizing a novel diagnostic quantitative PCR (qPCR),
this study monitored E. vermicularis presence at two full-scale wastewater treatment
plants over the course of 8 months and demonstrated incomplete physical removal
of E. vermicularis ova through tertiary treatment, with removal efficiencies approxi-
mating only 0.5 and 1.6 log10 at the two wastewater treatment plants based on
qPCR. These findings demonstrate the need for more-diverse surrogates of hel-
minthic ova to fully assess treatment performance with respect to reclaimed
wastewaters.

IMPORTANCE Helminths, despite being a diverse and environmentally resistant class
of pathogens, are often underestimated and ignored when treatment performance
at modern wastewater treatment plants is considered. A one-size-fits-all surrogate
for removal of helminth ova may be inappropriate to adequately assess risk and en-
sure public safety when treated and partially treated wastewaters are encountered.
This study argues for the use of human pinworm as a conservative indicator of the
presence of helminth ova due to its small size, buoyancy, prevalence in humans, and
environmental resistance.
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Water serves as a medium for the transmission of many species of parasitic
protozoa and helminths (1, 2). Contamination of water sources by parasites (and

other causative agents of gastrointestinal illness) often occurs when sewage containing
human waste is improperly treated (2, 3). Drinking, irrigation, recreation, and numerous
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industrial, commercial, and residential applications for water can lead to accidental
ingestion, inhalation, or exposure to infectious stages of parasites (4, 5). Many species
of nematodes and cestodes indirectly use water as a means of transmission, and
infiltration of sewage into waterways and direct reuse of treated or partially treated
sewage are common mechanisms by which parasites exploit water to complete their
life cycle (4, 6–9). Reuse options of concern may include land application of biosolids
and wastewater and additionally the use of treated or partially treated wastewater for
toilet flushing, irrigation, or clothes washing (7–11).

Within the context of treated wastewater for reuse purposes, significant effort has
gone into characterizing the risk posed to human health from viral, bacterial, and
protozoan parasites that may persist through the treatment process and remain
viable/infectious (12, 13). However, we understand very little about how treatment of
wastewater affects the viability and infectivity of the vast majority of helminths, making
it difficult to accurately assess the risk posed by these parasites in water sources
contaminated with human waste (14, 15). Surveys to determine the presence and
diversity of helminth ova in wastewater and biosolid material have been conducted,
predominantly by using microscopic examination (16, 17). These studies represent a
logical starting point for assessing the risk of helminth persistence (10, 18). A study by
Schwartzbrod and Banas (19), conducted in France, reported that 78% of activated
sludge samples analyzed by microscopy contained either parasitic nematode or ces-
tode ova. Genera that were identified included Trichuris, Capillaria, Hymenolepis, Ascaris,
and Toxocara, helminth parasites relevant to human or animal health (19). A similar
study conducted in Tunisia reported Ascaris spp., Enterobius vermicularis, Hymenolepis
nana, and Taenia spp. in raw influent and final wastewater effluent from treatment
plants utilizing various secondary and tertiary treatment processes, including acti-
vated sludge and waste stabilization ponds, processes that closely parallel wastewater
treatment approaches of many facilities in developed countries (17).

The presence of helminthic ova, particularly Ascaris lumbricoides (the traditional
reference parasite) along with its surrogate Ascaris suum, has been assayed in biosolids
and wastewater effluent by a variety of methods, including microscopic examination
and various PCR and quantitative PCR (qPCR) methods (20–23). Because Ascaris is a
ubiquitous parasite (infecting �1.4 billion people worldwide) and has a direct life cycle
that facilitates transmission by water, food, and person-to-person contact, it remains a
logical reference pathogen for worm presence in sewage sludge (24, 25). However,
parasitic worms are incredibly diverse, and the physical egg properties of the various
species of helminths that are considered relevant in a wastewater context differ greatly,
likely leading to differential removals during wastewater treatment (18), challenging
the assertion that Ascaris spp. represent the best reference helminths for evaluating
wastewater treatment removal of parasitic worm ova. Thus, it is important to under-
stand how the diversity of helminth eggs and their various physical properties affect
their removal during the wastewater treatment process.

Removing parasitic ova from wastewater is important in water reuse to mitigate risks
associated with these pathogens. Although the behavior of bacteria, viruses, and
protozoan parasites have traditionally been the focus of disinfection processes during
wastewater treatment, numerous studies have demonstrated that helminthic ova
actually represent the pathogen class most resistant to both chemical (i.e., chlorine) and
UV disinfection processes. Brownell and Nelson (26) demonstrated that a low-pressure
(i.e., 255-nm) UV dose of 500 mJ/cm2 resulted in less than a 0.5-log10 inactivation of A.
suum ova. Remarkably, a dose as high as 4,000 mJ/cm2 yielded only an �2-log10

inactivation of A. suum ova. The UV dose required to achieve a 1-log10 inactivation of
A. suum is four times higher than the dose required to inactivate adenoviruses (26).
Moreover, free chlorine is virtually ineffective at reducing Ascaris species viability (27).
The challenges related to inactivation of Ascaris species ova demonstrate the impor-
tance of physically removing these parasites from the wastewater matrix prior to its
reuse.
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Enterobius vermicularis is a species of parasitic nematode of the family Oxyuridae
that infects humans (28). It has a direct life cycle and is transmitted when a gravid
female worm exits the anus and deposits ova on the perianal skin of an infected
individual, usually while the host is sleeping. The ova become infectious after a few
hours, and infected individuals (especially children) scratch the area and subsequently
ingest the ova, facilitating hatching and maturation of adult worms in the small
intestine (29). E. vermicularis has a high global prevalence and is not limited to tropical
regions, making it more relevant to developed nations than many traditionally studied
helminths (29, 30). The ova have a lower specific gravity than ova of A. lumbricoides,
Trichuris vulpis, Trichuris trichiura, and Ancylostoma caninum in zinc sulfate and are also
smaller than the ova of many other helminths (48 to 60 �m by 20 to 35 �m wide) (30,
31). They are also extremely “sticky,” possessing the ability to bind to various biotic or
abiotic compounds that may alter the buoyant density and, thus, removal performance
of the ova during water treatment. These properties make E. vermicularis one of the
most likely among the helminths to persist throughout the wastewater treatment
process. Moreover, studies have demonstrated that E. vermicularis ova can be aerosol-
ized; their potential for disease transmission may be increased if they are not effectively
inactivated by traditional wastewater treatment processes before the reuse of waste-
water (32). For these reasons, E. vermicularis may be a useful surrogate for assessing the
presence of helminth ova in treated or partially treated wastewater.

Our understanding of E. vermicularis occurrence through sewage treatment and in
water is limited. To date, most parasitological diagnoses both in clinics and for sewage
have relied upon microscopic identification of ova or worms (33). While microscopic
diagnosis is advantageous in clinical circumstances, it can be challenging in a waste-
water matrix due to the presence of free-living nematodes that can confound accurate
identification (33, 34). Therefore, the objective of our study was 2-fold: (i) to improve
the identification and detection of this helminth parasite in complex samples by
developing a novel quantitative PCR assay and (ii) to estimate E. vermicularis physical
removal throughout the wastewater treatment process in two full-scale tertiary treat-
ment systems to consider its usefulness as a potential surrogate for the presence of
helminths in wastewater.

RESULTS
Enterobius vermicularis 5S rDNA qPCR test development. (i) In silico analysis of

the 5S rRNA gene. The 5S rRNA gene target was selected by comparing the 5S
ribosomal gene and spacer region gene sequence available in the NCBI BLASTn
database for E. vermicularis first to the entire NCBI nucleotide collection. This was
performed to ensure limited or no cross-reactivity to any other organisms in the
wastewater. The results of this BLAST search showed that the 5S ribosomal gene
and spacer region were similar to the 5S ribosomal gene of E. vermicularis and other
parasitic worms within the phylum Nematoda. However, only the SL-1 transspling
region within the spacer region was conserved among other nematodes. Again,
using BLAST, the 5S ribosomal DNA (rDNA) region was compared to only those of
organisms within the phylum Nematoda expected in wastewater, as illustrated in
Fig. 1.

(ii) E. vermicularis assay sensitivity and specificity. The 95% limit of detection
(LOD95) of the E. vermicularis qPCR detection assay was 1.5 gene copies per reaction
(upper limit, 2.9; lower limit, 0.8). The average efficiency across 10 standard curves was
92.8% (population standard deviation [�x�] � 6.93), and the average slope of the
standard curve was �3.47 (�x� � 0.198). All reactions had correlation coefficients (R2) of
0.99 (Fig. 2, top).

The specificity of the assay for E. vermicularis was tested within the wastewater
matrix by performing 15 DNA extractions (concentrated wastewater after grit removal)
and attempting to amplify a region of E. vermicularis 5S rDNA using endpoint PCR with
primers 5S_fwd and 5S_rev (Table 1). These amplicons were cloned, sequenced, and
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analyzed using BLASTn, and all had 100% nucleotide identity to E. vermicularis 5S rDNA
(Fig. 3).

(iii) DNA extraction controls. Echinostoma caproni ova were used as a DNA
extraction control for helminthic ova. E. caproni was selected because we did not
expect to find naturally occurring E. caproni ova or larval parasites in wastewater, due
to the life history of the parasite. Furthermore, E. caproni is a digenean trematode and
thus is phylogenetically distinct from E. vermicularis, making it simple to design a
specific assay that does not cross-react with E. vermicularis. Nonetheless, to test these
assertions, 15 nonspiked post-grit removal wastewater samples from May 2015 to
September 2015 were tested for the presence of naturally occurring E. caproni using the
qPCR assay; no naturally occurring E. caproni was detected. The E. caproni primers and
probe were also tested against the E. vermicularis 5S rDNA plasmid and vice versa. No
cross-reactivity was observed between the two assays with any of the samples exam-
ined (see Fig. S1 in the supplemental material).

DNA losses were observed during the lysis and extraction process. Recoveries of
spiked E. caproni ova ranged from only 13.8% to 0.6% (Table 2), demonstrating the
robustness of helminthic ova to physical DNA extraction methods. We evaluated the
effects of freeze-thawing and proteinase K lysis methods to improve recoveries; how-
ever, we saw no improvement despite these harsh conditions (Table 3). However, the
data demonstrate that there was no difference in lysis efficacy between the influent
post-grit removal matrix and the UV-treated effluent matrix. Inhibition was detected in
only one sample, that taken on 15 June 2015 from the Bonnybrook treatment plant; the
DNA extraction for this sample was repeated, and the subsequent extraction was
uninhibited.

(iv) E. caproni assay sensitivity and determination of copy number per ovum.
The LOD95 of the E. caproni qPCR detection assay was 2.1 copies/reaction (upper limit,
5.1; lower limit, 0.9). The average efficiency across 10 standard curves was 98.6% (�x� �

3.025), and the average slope of the standard curve was �3.37 (�x� � 0.11). All reactions
had R2 of 0.99 (Fig. 2, bottom). The 28S copy number per egg was determined by
creating standard curves consisting of 1, 5, 10, and 20 ova (Fig. 4). Only embryonated
ova were selected for use in the standard curve. Embryonated ova were selected
because these stages contain developed trematode miracidia and thus should contain
roughly the same cell and copy numbers per ovum. Nonetheless, some variation in
copy number between trials was observed. The average copy number for a 10-egg
embryonated standard was 7.6 � 105 (�x� � 1.9 � 105); the maximum and minimum
values were determined based on the normally distributed 95% confidence interval
surrounding this mean. The maximum and minimum values were 1.0 �106 and 4.7 �

105, respectively.

FIG 1 Alignment of the 5S rRNA gene sequences of E. vermicularis to other helminths. The 5S amplicon region of E. vermicularis was aligned with
a number of relevant helminths, which may be present in wastewater. Black shading indicates a �50% sequence similarity to the E. vermicularis
5S rRNA sequence.
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Monitoring of wastewater effluent for E. vermicularis. E. vermicularis 5S rDNA was
detectable in wastewater influent from May 2015 until November 2015 from both
plants (Fig. 5). At Bonnybrook, the adjusted 5S rDNA genome copy numbers (normal-
ized against E. caproni recoveries in spiked samples) in the influent wastewater ranged
from as many as 41,000 copies/liter in May 2015 to 5,600 copies/liter in December 2015
(Fig. 5). Copy numbers in treated wastewater effluent, after UV disinfection, ranged
from 9,700 copies/liter to as few as 2,500 copies/liter. The Pine Creek plant samples had
between 77,000 copies/liter in May 2015 and 17,000 copies/liter in November 2015 in
influent wastewater. The amount of E. vermicularis DNA present in the effluent waste-
water was similar to that in the effluent wastewater of the Bonnybrook plant, ranging
from as many as 4,000 copies/liter in June 2015 to as few as 1,300 copies/liter in
November 2015. Four separate DNA extractions per sample were conducted to confirm
the absence of E. vermicularis DNA in the wastewater (Fig. 5). There was a significant
difference in removal of the 5S gene copies at different locations at each of the
treatment plants (Bonnybrook, � � 0.05, P � 0.0071, df � 6; Pine Creek, � � 0.05, P �

0.046, df � 5). However, there was no difference in removal between the two treatment
plants (� � 0.05, P � 0.082, df � 5) (Fig. 5). E. vermicularis ova were consistently found
in treated wastewater after grit removal at the Bonnybrook plant. In November and

FIG 2 Standard curves of the E. vermicularis and E. caproni qPCR assays. Plasmid standards were run at
50,000, 5,000, 500, 50, and 5 copies in triplicate. The standard curve is a representative of 10 curves
performed independently. Error bars represent standard deviations of the means.
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December at Pine Creek, no E. vermicularis DNA was detectable in the post-UV samples.
At Pine Creek, E. vermicularis DNA was detected in both raw and treated wastewater
from May until November. In December, E. vermicularis DNA was present in neither the
post-grit removal nor post-UV samples.

DISCUSSION

The objective of our study was to devise a quantitative diagnostic qPCR assay for E.
vermicularis, as we hypothesize that it may be a useful surrogate in assessing the
presence of helminth ova in wastewater. We then applied this assay to determine the
physical removal of ova throughout two full-scale wastewater treatment plants. We
began by designing a highly sensitive diagnostic qPCR assay specific to E. vermicularis
and confirmed the ability of this qPCR assay to detect E. vermicularis in the wastewater
environment by DNA sequencing of the amplified product. Key controls were devel-
oped to ensure the absence of PCR inhibition and to determine DNA extraction
efficiency using ova from the parasitic flatworm Echinostoma caproni, which was not
detected in either plant’s wastewater. To our knowledge, our methodology for assess-
ing DNA extraction efficiency for any parasitic ova is unique. The DNA extraction
findings demonstrate a clear need for future studies to address difficulties lysing these
robust helminth ova; especially as detection technologies for both clinical and envi-
ronmental parasitology move into molecular methods, measures must be implemented
to control and improve lysis efficacy. Additionally, we were able to successfully capture
E. vermicularis ova in a relatively small volume of wastewater (2.5 liters). However,
methodologies to cope with sampling complex matrices for rare ova should be

TABLE 1 Primer, probe, and inhibition control synthetic gene sequences

Primer, probe, or control gene
name Sequence (5=–3=)a

E. vermicularis 5S_fwd CAAACAACTGCATCACCAATAAC
E. vermicularis 5S_rev AGTGTAGAGCAATAAGCAGTAAAG
E. vermicularis 5S probe FAM-TACCAACAACACTTGCACGTCTCTTCA-IBFQ
E. caproni 28S_fwd TAGGCAATGTGGTGTTCAGG
E. caproni 28S_rev CATAGAGGGTGAAAGGCCC
E. caproni 28S probe FAM-AGGACTTAGGGTGGAGCAGTATCCC-IBFQ
Inhib Con_fwd GGTTACGTTACCGATTGTGTTAT
Inhib Con_rev GCACGGAGAAGTATTCTTGATATAG
Inhibition control probe JOE-TCGCATACTATGACCGAGACCCTGT-IBFQ
Inhibition control sequence CCAATGCAATGGCTAACACAATATTATATTTTAA

AGAATGAATATCATAAGACCATGCTAGCGTAT
GATAATGGATCTTGGACATAAGATATAGTTCT
TATGAAGAGGCAAAAAAACACGATGATGGAC
TTATCATTATTTCTATATTCTTACAAGTATTGGA
TCATAA

aFAM, 6-carboxyfluorescein; IBFQ, Iowa black fluorescent quencher; JOE, 6=-carboxy-4=,5=-dichloro-2=,7=-
dimethoxyfluorescein, succinimidyl ester.

FIG 3 Sequences of the E. vermicularis 5S rRNA gene clones, amplified from raw wastewater aligned to the E. vermicularis 5S rRNA sequence (GenBank accession
number AB221533.1).
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investigated further. Gyawali et al. (35) have worked extensively on developing and
validating rapid concentration methods for sampling hookworm ova, and these ap-
proaches should be taken up by other groups to improve the methodologies for the
detection of ova in complex matrices.

At both plants, the overall concentration of E. vermicularis 5S rDNA decreased in raw
wastewater from May 2015 to December 2015. This might be a due to physical factors
associated with the wastewater matrix or due to temporal variations in parasite

TABLE 2 Average E. caproni ovum recoveriesa

Date of sampling
(mo/day/yr) or
additional samples
after matrix spikes Plant Treatment stage

Avg
recovery
(%)

Maximum
recovery
(%)

Minimum
recovery
(%)

10/19/15 Pine Creek Post-grit removal 2.4 3.9 1.7
Post-UV 1.0 1.6 0.7

10/26/15 Bonnybrook Post-grit removal 0.9 1.5 0.7
Post-UV 1.1 1.8 0.8

11/9/15 Pine Creek Post-grit removal 1.5 2.4 1.1
Post-UV 0.8 1.4 0.6

11/9/15 Bonnybrook Post-grit removal 2.2 3.5 1.6
Post-UV 3.2 5.1 2.3

12/7/15 Pine Creek Post-grit removal 0.7 1.2 0.6
Post-UV 0.9 1.5 0.7

12/14/15 Bonnybrook Post-grit removal 0.6 1.0 0.4
Post-UV 1.6 2.5 1.2

Additional samples Pine Creek Post-grit removal 9.1 14 6.6
Post-UV 6.4 10 4.7

Pine Creek Post-grit removal 5.1 8.2 3.7
Post-UV 13 22 10

Pine Creek Post-grit removal 8.6 13 6.2
Post-UV 14 22 10

Pine Creek Post-grit removal 6.5 10 4.7
Post-UV 9.7 15 7.0

aAverage recovery is based on a 10-ovum E. caproni spike into the wastewater performed in triplicate. Maximum
and minimum recoveries are calculated based on the maximum and minimum values observed for the copy
numbers of 10 E. caproni ova in 4 replicates. These values are 1.1 � 106 and 4.7 � 106, respectively. Additional
spikes (in triplicate) were performed to better capture variation in the extraction method.

TABLE 3 Average recoveries of an E. caproni ovum matrix spiked into raw and treated
wastewatera

Method Matrix
Avg recovery
(�x�)

A Post-grit removal 3.1 (3.2)
Post-UV treatment 3.1 (1.2)

B Post-grit removal 3.5 (2.5)
Post-UV treatment 4.1 (5.1)

C Post-grit removal 2.4 (0.48)
Post-UV treatment 3.8 (0.05)

D Post-grit removal 9.1 (12)
Post-UV treatment 4.0 (0.96)

aThree replicate extractions were performed for each treatment. Four lysis methods were compared. DNA
was subsequently purified using the column purification steps in the Mo Bio PowerFecal kit. Samples (250
�l) were subjected to either 10 freeze-thaw cycles (dry ice-ethanol to 98°C) and a 1-h proteinase K
digestion (method A) or 5 freeze-thaw cycles and a 1-h proteinase K digestion (method B). In methods C
and D, samples were subjected to 10 and 5 freeze-thaw cycles, respectively.
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infection in the community. In Alberta, temperature differences in the wastewater may
range from 8 to �15°C from winter to summer, and this might influence how ova bind
to suspended solids and/or are distributed within the wastewater matrix. Seasonal
infection is also common in many parasitic infections (36), and seasonality in entero-
biasis occurrence has been noted in epidemiological studies conducted in India and
Iraq, but we are unaware of any investigations in North America (29, 37). Further
research should be conducted to understand the changes in E. vermicularis prevalences
over a longer time frame to understand these fluctuations.

Overall, we estimate a 0.5- to 1.6-log10 removal at the two treatment works. It is
important to note that our data do not account for hydraulically paired samples; the
hydraulic retention time is approximately 16 h at each plant. Thus, our samples do not
measure precisely the same body of water entering and exiting the plant (which is
further complicated by recirculation of wastewater during secondary treatment), and
the log10 removals should be considered overall estimates. While levels of removal of
any pathogen from the wastewater matrix will vary depending on a particular process
(waste stabilization ponds, reservoirs, coagulation/flocculation), most studies have
reported between a 1- and 2-log10 removal of helminth (Ascaris) ova (38, 39), which is
similar to the results reported in this study. E. vermicularis ova persisting through
primary and secondary wastewater treatments has been demonstrated in Tunisia (18)
but to our knowledge has not previously been demonstrated in North America.

Our study was unable to quantitate the number of ova directly, and we acknowl-
edge this as a limitation of the data. E. vermicularis is multicellular, and ribosomal genes
are multicopy in each cell. There are no estimates of 5S rDNA copy number or cell
number in E. vermicularis L3 larval stages. Early work on L3 larval stages of other parasitic
helminths estimates cell numbers to be around 500 (40). Estimates of the number of
ova based on DNA copy number may also be confounded by haplodiploidy in parasitic
oxyurids, a sex determination system by which males arise from haploid, unfertilized
ova and females arise from diploid, fertilized ova (28, 41). Additionally, although the
total number of cells may reach 500 in L3 parasitic nematodes, larval development in
unsporulated ova is gradual, and thus ribosomal copy numbers may vary among ova
based on their stage of development (40). These considerable knowledge gaps in the
literature should be prioritized as molecular methods for the detection of parasitic ova
become common.

Helminth ova are incredibly resistant to UV disinfection and chlorine disinfection
(18). Two studies have demonstrated E. vermicularis’ resistance to monochromatic,
low-pressure UV irradiation (38, 39). The first study investigated survival at wavelengths
between 228 and 295 nm, using egg hatching as a proxy for viability, and found that
E. vermicularis is most sensitive to wavelengths below 240 nm but that parasite killing
is poor at higher wavelengths (38). However, determining infectivity in helminth

FIG 4 Determination of the E. caproni copy number per egg. Standards (1, 5, 10, and 20 eggs) were run
using the E. caproni qPCR assay.
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species requires an animal model. Larval worms contained within ova are typically large
enough to survive UV disinfection and establish within a host; however, often they are
unable to produce ova and reproduce inside the host. This study was unable to assess
infectivity because E. vermicularis is a human-specific parasite, and only by using a
chimpanzee infection model can infectivity be ascertained. However, it is well estab-
lished that helminths are highly resistant to most disinfection techniques, and thus,
removal of these pathogens from any water that may come into primary or secondary
contact with humans is essential to ensure minimal risk. For instance, Ascaris requires
a high UV fluence to achieve a �1-log10 pathogen inactivation (26); studies investigat-
ing disinfection efficacies of new technologies, like hydrogen peroxide coupled with a
Fenton reaction-type nanocatalyst, have shown a greater inactivation of Ascaris organ-
isms than traditional Fenton processes (42). Microwave irradiation is also effective at
achieving a 1-log10 or greater inactivation of Ascaris ova (43), and a �1-log10 inactiva-
tion of cestode Taenia taeniaeformis ova and nematode Strongyloides ratti ova has also
been demonstrated using microwaves (44). Although chemical treatment and/or UV

FIG 5 Quantity of E. vermicularis 5S rRNA in wastewater at Pine Creek (A) and Bonnybrook (B) treatment
plants. Quantity is expressed in rDNA copies/liter for Post Grit (circles) and Post UV (triangles). The copy
number has been adjusted relative to the E. caproni matrix spike. Log removal is shown in the nested pane.
A denominator of 0.1 was used to calculate the log removal for November and December due to the
absence of 5S rRNA during these months at Bonnybrook.
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disinfection may be relatively ineffective at inactivating helminthic ova in wastewater,
physical removal processes, such as microfiltration, are likely excellent treatment
options. Microfiltration (or fine ultrafiltration) is extremely efficient at removing proto-
zoan (oo)cysts (Cryptosporidium spp., Giardia spp.) and therefore would be useful for
controlling helminthic ova, especially in reuse options where treated wastewaters may
be used to irrigate food crops (45–48). Deposition of eggs on the perianal skin also
means that E. vermicularis eggs may become associated with clothing and bed linens,
where these ova may be washed into gray water through clothes washing. This suggest
that there may be not only a reuse risk associated with black water but also a reuse risk
associated with gray water (49, 50). Due to the ability of E. vermicularis ova to be
aerosolized, this might pose a risk for transmission and should be investigated (32).

Our study demonstrates that E. vermicularis is capable of escaping sedimentation
and persisting through a tertiary wastewater treatment system, which may make it an
ideal surrogate helminth for smaller, more buoyant ova. Removal efficacy is likely
dependent on differences in the physical egg properties, which lead certain species to
perform differently in the treatment environment (54, 55). Although molecular-based
methods are useful for evaluating physical removal of pathogens in wastewater, they
cannot necessarily be used to interpret UV inactivation efficiency, and consequently, we
do not know whether E. vermicularis ova remain infectious after treatment. Our study
demonstrates that E. vermicularis ova appear to be relatively persistent during tertiary
sewage treatment, compelling us to more broadly consider helminthic ova as potential
health risks for water reuse and how we might manage these risks (i.e., membrane filtration)
under certain reuse scenarios. We contend that the biological properties of E. vermicularis
make this organism an ideal surrogate helminth for evaluating treatment removal and
public health risks associated with ova in reused wastewater but emphasize that a one-
surrogate-fits-all solution for helminth ova is likely unrealistic; future research should
prioritize investigating ova with different physical properties in these complex matrices.

MATERIALS AND METHODS
qPCR assay design. (i) Synthesized plasmid and PCR control preparations. All control plasmids

containing helminth (Echinostoma caproni and Enterobius vermicularis) and inhibition control gene
targets (i.e., synthetic genes) were synthesized by GenScript (USA) and inserted into the puc57 vector,
which contains an ampicillin resistance gene, and the presence of the insert was confirmed by Sanger
sequencing. Plasmid preparations were rehydrated in nuclease-free water and transformed into TOP10
Escherichia coli cells, and the bacteria were plated onto LB agar containing 100 �g/ml carbenicillin.
Plasmid purification was performed using the GeneJET plasmid miniprep kit (Thermo Scientific).

(ii) Gene target selection and primer and probe design. When designing the E. vermicularis qPCR
assay, the 5S rRNA gene and spacer region (GenBank accession number AB221533.1) were selected. The
primers and probe were designed to amplify a 100-bp region overlapping the first seven nucleotides of
the SL-1 transsplicing leader sequence. Diagnostic method validation also included the development of
a comparable assay against E. caproni, a helminthic trematode parasite commonly found in small
mammals. This parasite assay acted as a control for DNA extraction recovery and PCR detection in a
spiked wastewater matrix. The 28S rRNA gene was selected for the E. caproni assay.

A PCR inhibition control was also developed and included a synthetic gene with no known homology
to any gene in the NCBI GenBank nucleotide database (Table 1). The primers and TaqMan probe for the
E. vermicularis 5S rRNA gene, E. caproni 28S rRNA gene, and the inhibition control were designed using
the real-time qPCR assay tool from IDT (USA) and are provided in Table 1.

(iii) qPCR workflow and reaction parameters. All qPCRs were performed using TaqMan Fast
advanced master mix (Life Technologies) and were carried out according to the manufacturer’s speci-
fications. Briefly, qPCR mixtures contained 200 nM forward and reverse primers (Table 1), 200 nM probe
(Table 1), 1� master mix, and 5 �l of sample DNA to a final volume of 20 �l. Reactions were run on the
ABI 7500 Fast real-time PCR system. Thermocycling parameters were as follows: there was a uracil-N-
glycosylase (UNG) hold for 2 min at 55°C, a hold step for 20 s at 95°C, initial denaturation at 94°C for 3
s, and annealing and extension at 60°C for 30 s for 40 cycles. Direct quantification of wastewater samples
was achieved by utilizing standard-curve settings on the machine’s software. Each DNA sample, including
standards and controls, was run in triplicate in the qPCR assay. Inhibition controls and extraction controls
were performed on each wastewater sample analyzed.

We adhered to PCR workflows throughout the study. All master mix components were prepared in
a clean room, and the assembly of PCRs was performed in a separate room using a QIAgility robot
(Qiagen). Thermocycling (qPCR and endpoint PCR) and all genetic downstream analyses (agarose gels,
plasmid purifications) were carried out in a separate postamplification room.

(iv) Preparation of standard curves and determining the limits of detection. All qPCRs were
quantitated against standard curves consisting of plasmid DNA from E. vermicularis and E. caproni gene
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targets. Purified plasmid DNA was quantified using the Qubit fluorometer (Thermo). Stocks of 500,000
copies per 5 �l of plasmid DNA were prepared and frozen until the time of use. These stocks were serially
diluted to final concentrations of 50,000, 5,000, 500, 50, 5, and 0.5 copies of plasmid per reaction. Each
individual standard was run in triplicate and analyzed using the ABI 7500 Fast system software,
automatically generating values for PCR efficiency, slope, and the correlation coefficient. The detection
limit with 95% confidence (LOD95) of the E. vermicularis, E. caproni, and inhibition control assays was
calculated using the probability of detection-limit of detection (POD-LOD) calculation program based on
10 replicate standard curves (51).

(v) Echinostoma caproni ovum control stocks. The E. caproni parasites were maintained in the
laboratory as previously described (52). The harvested ova were stored in Locke’s solution and counted
using a dissecting microscope into 5 or 10 egg stock suspensions containing approximately 35 �l of
Locke’s solution. Counted egg stocks were used to create genomic DNA preparations by adding the
requisite number of ova to each tube and decanting the supernatant in 10 �l of Locke’s solution. DNA
was extracted from stocks containing 1, 5, 10, and 20 ova using the DNeasy blood and tissue kit (Qiagen),
and the protocol recommended by Webster was used with one exception: eggs were not preserved in
RNAlater (Thermo) (53). Copy number per ova was determined using the E. caproni qPCR assay. By
plotting the copy numbers versus the number of ova on a standard curve and determining the equation
of this line, we were able to quantitate extraction efficiency in wastewater samples.

(vi) Inhibition control. As indicated above, inhibition controls were run for each sample. The LOD95

for the inhibition control was determined to be 24.1 copies/reaction (upper limit, 55; lower limit, 11). As
such, 500 copies of plasmid were spiked into 5 �l of each DNA extract. Inhibition was defined as a
three-cycle threshold (CT) shift in the spiked control compared to the CT number of the standard
preparation (35).

(vii) Wastewater sampling. Monthly monitoring of wastewater at two municipal treatment plants
(Bonnybrook and Pine Creek facilities) in Calgary, Alberta, Canada, began in May 2015. Influent waste-
water at the Bonnybrook facility undergoes bar screening and passes through a grit chamber before
entering primary sedimentation. For the purposes of this paper, post-grit removal samples refer to the
sampling location after grit removal but before the wastewater entered the primary sedimentation tanks.
The wastewater then undergoes an aerobically activated sludge process and secondary treatment
clarification and is finally disinfected with UV (low pressure; low intensity) before being discharged to the
river. The second sampling point in the study was located after UV treatment, herein referred to as the
post-UV sample (Fig. 6). The Pine Creek wastewater treatment plant has a similar design; however, it is
a more modern plant and utilizes medium-pressure (polychromatic) UV disinfection. Water enters the
treatment plant and undergoes grit removal through fine grit screens and passes through a vortex grit
tank. Secondary treatment at Pine Creek involves subjection of water to a biological nutrient reduction
(BNR) process; it then undergoes secondary clarification and is subjected to a cloth (�200-�m) tertiary
effluent filter, before undergoing UV (medium-pressure; high-intensity) disinfection and discharge. A
post-UV sample was also collected after disinfection at this plant (Fig. 6). The samples were collected
once per month per site, with collection alternating between Bonnybrook and Pine Creek and with

FIG 6 Flow diagrams of the wastewater treatment process at Bonnybrook and Pine Creek. Water samples were collected after
grit processing and after UV disinfection.
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samples taken from water entering the plant between 9 a.m. and 11 a.m. (approaching peak flows).
Samples were shipped on ice to the University of Alberta and were processed the day after collection.
Fifty-milliliter wastewater samples were centrifuged at 2,000 � g for 30 min to concentrate and pellet the
samples. After the entire volume of wastewater was centrifuged, the supernatant was decanted down to
a final volume of 5 ml.

(viii) E. caproni extraction control validation. The wastewater samples that were used to assess
background E. caproni concentration in the wastewater were extracted by utilizing the Mo Bio Power-
Fecal DNA extraction kit according the procedure outlined above for the E. vermicularis samples.

In validating the DNA extraction method, two pretreatment steps were evaluated to improve
recoveries. The 250-�l wastewater samples were subjected to one of four pretreatment steps before
being purified through the Mo Bio PowerFecal columns. Samples were subjected to either 10 freeze-thaw
cycles (dry ice-ethanol, 98°C) and a 1-h proteinase K digestion, 5 freeze-thaw cycles and a 1-h proteinase
K digestion, or 10 or 5 freeze-thaw cycles.

(ix) Wastewater DNA extractions. DNA extractions from wastewater samples were performed using
the Mo Bio PowerFecal DNA isolation kit according to the manufacturer’s instructions, with two
modifications: 250 �l of concentrated wastewater was added to the kit, and �35 �l containing 10 E. caproni
ova was spiked into the water sample before the protocol was begun. A DNA extraction blank consisting of
PCR-grade water was also extracted. Each wastewater sample was independently extracted at least three
times to assess variability in DNA extraction efficiency (based on E. caproni spikes). In the rare case of PCR
inhibition, a determination based on the results obtained from spiked inhibition control plasmids (as defined
by a 3-CT shift) (35), an additional DNA extraction was performed. When we analyzed the qPCR data, any
replicate with a copy number below the LOD95 was excluded from subsequent analysis.

(x) E. vermicularis qPCR amplicon sequencing. To confirm that E. vermicularis was the only
amplified target in the qPCR assay, the 5S rDNA qPCR primers were used in an endpoint PCR using the
following cycling parameters: initial denaturation at 30 s at 98°C, followed by 30 cycles of denaturation
for 5 s at 98°C, annealing for 10 s at 60°C, and an extension for 15 s at 72°C, with a final extension for
5 min at 72°C. The products of this PCR were run out on a 1% agarose gel, and any bands identified were
extracted using the GeneJET gel purification kit (Thermo) and cloned using the CloneJET PCR cloning kit
(Thermo). After transformation into Top10 E. coli, single colonies were picked and their plasmid DNA was
purified, and these plasmid constructs were sequenced using the pJET1.2 primers.

DNA sequence analysis. All sequence analysis was performed using CLCbio Genomics Workbench
software (Qiagen).

Statistics. A two-tailed paired t test was used to compare the gene copy number reductions at each
treatment plant and between the two plants. Log10 removal was calculated using the following formula:
log10 removal � [log10 (post-grit removal copy number)/(post-UV treatment copy number)].
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