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The circulation of human parechoviruses (HPeVs) in the population was studied by environmental surveillance comprising of
molecular analyses of sewage samples (n = 89) that were collected from 15 different locations in the Netherlands. Samples were
taken from sewage originating from schools (n = 9) or from parts of municipalities (n = 6) during the Dutch school year 2010-
2011. At 13/15 locations HPeV1, HPeV3, or HPeV6 RNA was detected at least once; however, sequence diversity did not reflect
associations in time or place. A higher percentage of positives was observed in the samples originating from the municipalities. It
was demonstrated that HPeV circulated in the studied population to a higher extent than would be expected from the current

knowledge on infections predominating in young children.

H uman parechoviruses (HPeVs) are small, nonenveloped, sin-
gle-stranded RNA viruses belonging to the family Picorna-
viridae. Although infections with these viruses in humans are of-
ten asymptomatic (1), they can also cause mild symptoms such as
diarrhea and flu-like disease (2). Occasionally, more severe disease
outcomes such as meningitis, sepsis, and paralysis occur (3-6).
Parechovirus infections are predominantly seen in children. Espe-
cially neonates are at increased risk for more severe disease due to
their immature immune systems. HPeVs cause infections in the
central nervous system, and particularly HPeV3 but occasionally
also HPeV1 may lead to severe sequelae (3, 7, 8). The burden of
disease caused by HPeV infection is probably still underestimated.

Although HPeV infections are globally endemic throughout
the year, a different periodical occurrence of infections is observed
for the different types of HPeV. In temperate climates, HPeV3
infections are more particularly noted in summer and fall,
whereas the other types of HPeV circulate more in fall and winter
(8-10). Human parechoviruses, like other enteric viruses, are as-
sumed to be transmitted by the fecal-oral route. Upon infection,
these viruses can multiply in the gastrointestinal but also in the
respiratory tract. Infected individuals, both symptomatic and
asymptomatic, can shed these viruses in large amounts in their
feces (11) that finally might end up in the environment. Further-
more, viruses present in sewage, directly or after treatment, are
discharged onto surface waters and may spread through the water.
Subsequently, humans may be exposed to those viruses because
surface water is used as source water for the production of drink-
ing water, for recreational purposes, for irrigation of crops, and
for shellfish cultivation for human consumption.

Human parechovirus types 1 and 2, the former enteroviruses
echoviruses 22 and 23, were previously reassigned to a new picor-
navirus genus, Parechovirus (12, 13). Since then, 14 other types
(HPeV3 to -16) have been discovered (www.picornaviridae.com
/parechovirus/parechovirus.htm). The genome organization of
HPeV consists of two uncoding regions (5" end and 3’ end) and a
single open reading frame that encodes a polyprotein, cleaved to
give the individual structural (N-terminal part of the polyprotein)
and nonstructural (C-terminal part) proteins. Parechoviruses,
like most RNA viruses, have a high mutation rate due to the lack of
proofreading activity during genome replication, and also recom-
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bination events occur frequently. As a result, HPeVs show rapid
sequence changes over time (14).

Classical HPeV detection methods are based on virus isolation
by cell culture, followed by virus identification by antigenic typing
methods and molecular typing. More recently, direct molecular
virus detection methods have increasingly been applied in clinical
and environmental virology studies, because of their sensitivity,
specificity, and ability to relatively rapidly detect a large group of
viruses. Many reverse transcription-PCR (RT-PCR) assays have
been described for HPeV detection that target the highly con-
served 5" untranslated region (5" UTR) (15-18). Although useful
for detection, the 5" UTR sequence does not provide enough se-
quence information to type the detected virus. The part of the
HPeV genome encoding the structural proteins, such as VP1 or
the VP3/VP1 junction, is more appropriate for typing purposes
(10, 17, 18). Because of the high sequence variability in these struc-
tural regions, it is difficult to design primers that can detect all the
HPeV types with sufficient sensitivity, and highly degenerated
primers are needed to obtain sufficient specificity. Especially in
environmental samples, where the virus concentrations are gen-
erally low and many PCR-inhibitory substances are present, sen-
sitivity of the PCR may be a complicating factor. Identification of
circulating HPeVs in the human population may help in under-
standing the epidemiology of HPeV infections, which may con-
tribute in obtaining a better understanding of the burden of
disease caused by parechoviruses. To be able to monitor the
circulation of HPeV, it is important to detect viruses from both
asymptomatic and symptomatic infected individuals. This can be
achieved by environmental surveillance for the presence of enteric
viruses in sewage. Environmental surveillance programs are fre-
quently used to monitor circulation of wild-type poliovirus (19,
20) and of vaccine-derived polioviruses (21-23). Early detection
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of poliovirus circulation is important, especially in a susceptible
population, to prevent further spread and possible new poliomy-
elitis cases. In the Netherlands, environmental poliovirus surveil-
lance is done in an area where many unvaccinated individuals, due
to religious beliefs, live close together in the so-called Bible belt
(24). The presence of poliovirus and other enteric pathogens, such
as human parechoviruses, detected in the sewage by environmen-
tal surveillance is representative of the circulation of these viruses
in the sampled population (25).

In this study, we determined which HPeV types circulated in
sewage to obtain a high coverage of a large part of the population
with a relative easy applicable and sensitive method. The detected
viruses were typed by sequence and phylogenetic analysis. The
number of positive samples obtained from the different sampling
locations, schools and municipalities, and the detected sequence
diversity were compared to each other and to the known se-
quences in GenBank. These data may contribute to a better un-
derstanding of the HPeV circulation in the Dutch population and
may also aid in developing strategies to prevent these HPeV infec-
tions.

MATERIALS AND METHODS

Sewage samples. As part of the environmental poliovirus surveillance in
the Netherlands, 1-liter grab sewage samples were taken in the Bible belt
area, where many people that have not been vaccinated against poliomy-
elitis on religious grounds live close together. In April 2010 (pilot samples)
and during the Dutch 2010-2011 school year, sewage samples were col-
lected from 15 locations, either from sewer drains with sewage directly
originating from schools where a high percentage of children with a Re-
formed upbringing attend or from sewer drains in a municipality with a
high percentage of Reformed individuals (Fig. 1). The sampling sites were
divided into two sampling routes with an interval scheme, resulting in six
complete sampling sets (April 2010 and from September 2010 until June
2011) (Table 1).

RNA extraction. Genomic material was isolated from 5 ml of raw
sewage using the NucliSens miniMAG (bioMérieux, Zaltbommel, the
Netherlands) nucleic acid isolation kit as described before (26). Viral ge-
nomes were eluted from the silica in 50 pl of elution buffer with RNase
inhibitor (Promega, Leiden, the Netherlands), and the eluate either was
used directly in the reverse transcription reaction or was stored at —70°C
until use. On samples from which no VP3/VP1 product could be ob-
tained, an additional purification and concentration step with the ex-
tracted RNA was done with the RNeasy MinElute cleanup kit (Qiagen,
Hilden, Germany) to reduce the volume and to further remove inhibitory
substances from the samples.

Detection by qPCR. Human parechovirus RNA was detected in these
sewage samples by a real-time RT-PCR method, targeting the 5" UTR of
the parechovirus genome as previously described (16). Briefly, per sam-
ple, 5 pl of undiluted, 10-fold diluted, and 100-fold diluted RNA was
added to 1.5 pg of random hexamers, and the mixture was heated at 70°C
for 5 min and chilled on ice for 5 min. Subsequently, 1 X first-strand buffer
(Invitrogen, Leek, the Netherlands), 2.5 mmol/liter of each deoxynucleo-
side triphosphate (ANTP; Roche, Almere, the Netherlands), 2.5 mmol/
liter of dithiothreitol (DTT; Roche), 4 U of RNase inhibitor (Promega),
and 100 U of Superscript II (Invitrogen) were added at room temperature
to a final volume of 20 pl. The RT reaction mixture was incubated in a
thermal incubator at 42°C for 60 min; the synthesized cDNA was either
used directly in a PCR or stored at —70°C until use.

A Lightcycler 480 Probes Master kit (Roche) was used according to the
manufacturer’s instructions. In brief, an aliquot of 5 .l of the synthesized
c¢DNA was added to 15 pl of the quantitative PCR (qPCR) mixture con-
taining 1X Lightcycler 480 Probes Master (Roche), an 18 WM concentra-
tion of each primer (primers F31 and K30), and a 4 .M concentration of
the probe. The gPCR protocol was as follows: a preincubation step at 95°C
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FIG 1 Sample locations (numbers) correspond to the numbers in Table 1.
Each circle represents the types of HPeV found (color) at each location. The
number of pie parts of one color represents the number of samples in which
this HPeV type was detected over time.

for 10 min and 45 cycles of 95°C for 15 s and 50°C for 60 s (at a tempera-
ture transition rate of 2.2°C s~ "), with a cooling step at 40°C for 10 s. The
qRT-PCR assays were performed in a LightCycler 480 system (Roche),
and the LightCycler software automatically determined the cycle thresh-
old (C;) point of each qPCR. All samples were tested in triplicate, and
each run included a negative- and positive-control reaction.

Typing by nested PCR. To type the detected viruses, cDNA samples
that tested positive by the HPeV 5’ UTR PCR were subsequently amplified
by a nested PCR using primers targeting the VP3/VP1 junction region, as
described previously (18). The second-round PCR products were sepa-
rated on 2% agarose gels and visualized under UV illumination after stain-
ing with SYBR gold nucleic acid gel stain (Molecular Probes, Leiden, the
Netherlands). HPeV DNA fragments of 300 bp were purified from agarose
gels using a QIAquick PCR purification kit (Qiagen) according to the
manufacturer’s instructions. All purified PCR products were stored at
—20°C until further use.

Cloning and sequencing. The purified, nested PCR products were
cloned into a pCRII-Topo vector (Invitrogen) according to the manufac-
turer’s instructions, and the construct was subsequently transformed into
JM109 competent cells. Approximately 9 clones (minimum of 1 and max-
imum of 24 per sample) (Table 1) were randomly selected per purified
PCR product and were checked using M13 primers supplied by the man-
ufacturer (Invitrogen). Both strands were sequenced using a BigDye Ter-
minator Cycle Sequencing Ready Reaction kit (Applied Biosystems, CA).
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TABLE 1 Sample dates and locations and different types of human parechovirus detected in Dutch sewage samples”

Virus type(s) (no. of clones) detected on sampling date

2010-2011 school year

Location
no. Location 28 April 2010 28 September 2010 2 November 2010 15March 2011 12 April 2011 7 June 2011
1 Gouda (school A) - — HPeV1 (5) - — —
2 Gouda (school B) - - - - - -
Gouda (school C) HPeV3 (4) HPeV6 (7) HPeV3 (13) HPeV1 (6) HPeV6 (10) — HPeV1 (3) HPeV3
(4) HPeV6 (1)
4 Dordrecht (school) HPeV1 (4) HPeV3 (11) - - - -
5 Gorinchem HPeV3 (11) HPeV1 (12) HPeV1 (9) - - -
6 Gorinchem (school) — — - - — —
7 Leerbroek + + — — — -
Sampling date 13 April 2010 6 October 2010 16 November 2010 1 March 2011 29 March 2011 17 May 2011
8 Kesteren HPeV6 (7) HPeV3 (5) HPeV1 (8) - - HPeV1 (5)
9 Kesteren (school) + - + HPeV1 (24) - -
10 Amersfoort (school) — — HPeV6 (8) - - —
11 Opheusden + HPeV1 (6) HPeV3 (6) HPeV1 (7) HPeV1 (10)  HPeV1 (4) HPeV1 (10)
12 Veenendaal HPeV3 (10) HPeV1 (3) HPeV6 (1) — - - -
13 Veenendaal (school) + — - - - HPeV1 (10)
14 Apeldoorn (school) + - HPeV1 (2) HPeV3 (7) — - ND
15 Kootwijk - HPeV1 (6) HPeV1 (7) - + HPeV1 (4)

@ —, negative; +, 5" UTR PCR positive but negative with the VP3-VP1 PCR; ND, not done.

Phylogenetic analysis. The obtained HPeV sequences were aligned
and clustered using BioNumerics software, version 6.6 (Applied Maths,
Kortrijk, Belgium), and compared to available sequences present in the
NCBI/GenBank database to subsequently type the detected parechovi-
ruses. Phylogenetic trees were constructed using the 256-nucleotide (nt)
sequences of the VP3-VP1 region derived from the sewage samples and all
the available sequences in the NCBI/GenBank database, using the neigh-
bor-joining (NJ) method with 1,000 bootstrap replications, as imple-
mented in the BioNumerics software. A minimum spanning tree (MST)
was estimated from the sequence data, using Prim’s algorithm, to graph-
ical illustrate the genetic diversity using the BioNumerics software. The
accession numbers of the reference strains used in the MST are shown in
Fig. 2.

Nucleotide sequence accession numbers. The nucleotide sequences
of the VP3-VP1 junction region are deposited in GenBank with accession
numbers KF434777 to KF435026.

RESULTS

In April 2010 and between 28 September 2010 and 7 June 2011,
sewage samples from the 15 different sampling points in 10 differ-
ent municipalities were collected on six occasions (89 samples in
total) and analyzed for the presence of HPeV RNA. In the respec-
tive screenings, in 67%, 47%, 60%, 20%, 13%, and 36% of the 15
samples, HPeV RNA was detected by qPCR targeting the 5" UTR
of the virus genome (Table 1). All samples were tested in triplicate
by qPCR, and the percentage of positives varied per sample loca-
tion. In general, when all three replicates were positive, the C
value was lower than for the samples for which only one of the
three replicates was positive.

On average, 9 clones were typed with conclusive typing results,
with a minimum of 1 clone and a maximum of 24 clones per
sample (Table 1), sometimes originating from several PCR prod-
ucts. Based on sequence analysis of the VP3-VP1 junction region,
HPeV types were assigned by comparing the sequence isolated
from the sewage to strains in the GenBank database (with the
highest identity score ranging from 89 to 98%) (Fig. 1 and 2).
Three different HPeV types were observed, with HPeV1 (in 20/89
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samples) being the most prevalent (Table 1). Furthermore,
HPeV3 (8/89) and HPeV6 (6/89) were detected. Nevertheless, in 8
out of the 355" UTR-positive samples typing failed, since no VP3/
VP1 PCR product could be obtained by nested PCR.

At 9 of the 15 sampling locations, sewage samples were taken
directly from schools. For the six remaining locations, sewage
originated from a part of a municipality. At three locations, sew-
age from both schools and parts of the same municipality were
sampled. No correlations between the HPeV positivity on the dif-
ferent sampling dates and HPeV types were found for these three
locations.

In sewage sampled at seven of the nine schools (78%) and at all
six municipalities (100%), HPeV RNA could be detected at least
once. As shown in Table 1, HPeV was detected generally less fre-
quently in the samples taken from the schools than in the samples
taken from the municipalities, with one exception (Gouda school
C), where on five of the six sampling dates HPeV was detected.
Interestingly, this school was the only elementary school (average
age of the children is 4 to 12 years); the other schools were high
schools (average age of the children is 13 to 18 years). The age
distributions of the sampled municipalities (total population)
were overall the same: approximately 5% 0 to 3 years, 12% 4 to 12
years, 8% 13 to 18 years, 62% 19 to 65 years, and 13% 65+ years.
Although the exact age distribution of people who discharged on
the sampled sewerage in the municipalities is not known, it can be
expected that the age distribution is more diverse than that of the
schools.

In five samples, two different HPeV types could be detected,
and in one sample taken at Gouda school C (7 June 2011), three
HPeV types were detected (Table 1). In addition, Fig. 2 demon-
strates the variation in HPeV sequences per location (Fig. 2A) as
well as the variation per sampling month (Fig. 2B), showing that
different HPeV1 variants and, to a lesser extent, HPeV3 variants
were present in a single sample. The detected sequence diversity
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FIG 2 Minimum spanning tree, based on the alignment of 256 nucleotides of the VP3-VP1 region of the HPeV genome, showing genetic distances between
sequence variants isolated from Dutch sewage samples and prototype strains (GenBank). The circles represent the various types and variants. Lines linking two
circles in the tree denote sequence differences between those types and variants. Pie parts indicate how many times this variant was detected. Numbers indicate
HPeV type. (A) Locations from which HPeV sequences were obtained are indicated (colored circles), as are the prototype strains of HPeV1 to -8, obtained from
GenBank (white circles), and their accession numbers. (B) Months of sampling are indicated (April 2010 and September 2010 to June 2011) (colored circles), as
are the prototype strains of HPeV1 to -8, obtained from GenBank (white circles), and their accession numbers.

was high, but also several identical HPeVs were detected. How-
ever, no obvious correlation in time and place was seen.

Although no obvious seasonal pattern was seen in our limited
data set, the samples taken in March (5/23) and April (0/7) 2011
clearly showed the lowest overall percentage of HPeV positives.
However, in 10 of the 15 samples taken in April 2010, HPeV RNA
could be detected (Table 1). HPeV3 was detected mainly in sam-
ples taken in 2010 but also once in 2011. Furthermore, the samples
taken in November 2010 showed the highest diversity of detected
HPeV sequences (Fig. 2B).

DISCUSSION
Sewage samples were molecularly analyzed for the presence of
HPeVs during the 2010-2011 school year from 15 different loca-
tions in the Bible belt in the Netherlands. The PCR-based methods
for virus detection and typing provide a useful tool to assess the
circulation of HPeV variants in a population. By environmental
surveillance, it is clearly demonstrated that several HPeV types
and variants circulated in the studied population.

Several studies reported a biennial cycle of HPeV3 infections,
with a much higher frequency of HPeV3 cases in even-numbered
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years between 2000 and 2010 and the virtual absence in interven-
ing years in Western Europe (5, 9, 17, 27). We also found HPeV3
mainly in April, September, and November 2010 (6 sampling
times) but also once in a sample taken from a school in Gouda in
2011, indicating circulation also in the odd years. Although
parechovirus infections are globally endemic throughout the year,
periodical occurrence of cases is described. For instance, in tem-
perate climates HPeV1 cases are seen particularly more in fall and
winter (9). Furthermore, a higher frequency of HPeV3 was re-
ported in summer and fall in Western Europe (8—10). We did not
observe a clear seasonal pattern in the samples taken in our study,
although in the samples taken in March and April 2011, we found
the smallest amount of positives compared to the other sampling
dates, which is to be expected according to published literature.
Several studies where age was taken into account describe
HPeV infection to be mostly restricted to children under 2 years of
age (28-31). Other studies more specifically indicate that HPeV
infections were found in young infants (<3 months), whereas
older children and adults were not infected (27, 30). Furthermore,
seroprevalence studies have shown that over 90% of children have
been infected with at least one HPeV type by the age of 2 years (29,
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32). The incidence of HPeV infections is primarily based on data
obtained from symptomatic individuals (mainly young children),
but testing both symptomatic and asymptomatic infected individ-
uals will give a more reliable indication of the prevalence of HPeV
and the circulating types. In our study, we found several HPeV
types and variants over time in sewage originating from eight high
schools (with children between approximately 12 and 19 years of
age). For sewage originating from an elementary school (with chil-
dren between approximately 4 and 12 years of age), more samples
were positive and also more HPeV types were detected, suggesting
amore prevalent human parechovirus circulation in this younger
age group. In the samples taken from the municipalities, with a
more diverse age distribution, more samples were positive for the
presence of HPeV RNA and more different types of HPeV were
found. When samples were taken from a school as well as from the
municipality, generally more samples tested positive for the mu-
nicipalities than for the school (Table 1), possibly explained by the
shedding of HPeV by the younger children in the population.
Nevertheless, more research has to be done to obtain more clarity
on the age distribution of the people shedding HPeVs.

By environmental surveillance, the abundant presence of dif-
ferent types and variants of human parechoviruses in sewage was
demonstrated, indicating that these viruses are circulating in the
studied human population. Because the clinical manifestations of
the circulating viruses were not investigated, it remains unknown
to what extent clinical symptoms are related to HPeV infection.
Interestingly, the HPeV types identified in sewage are those most
frequently identified from patients, which implies that there are
probably no additional HPeV types circulating to any great extent.
Furthermore, there is probably no great difference between types
in the level of virus shed in the feces, which could lead to masking
of the presence of clinically important viruses by viruses which
replicate more efficiently, or in particle stability, which could af-
fect the recovery of virus sequences from sewage. This suggests
that surveillance of sewage may be a useful way of analyzing HPeV
circulation. In a previous study, it was shown that environmental
poliovirus surveillance is able to identify 100 poliovirus-infected
individuals, either symptomatic or asymptomatic, in a population
of several tens of thousands of uninfected individuals if sampling
is done regularly in strategic locations (25), and this assumption of
detection might also be applicable for other picornaviruses such as
HPeV.

The main route of transmission of human parechoviruses is by
the fecal-oral route, but no other transmission routes have yet
been elucidated, and the exact role of the aquatic environment has
not yet been established. Epidemiological studies may aid in the
better understanding of possible sources of HPeV infections, but
also microbiological source tracking may give an impression of
how the HPeVs are transmitted. Although the source of HPeV
infection is hardly described, Eis-Hiibinger et al. (33) have re-
cently reported that two unlinked cases of HPeV infections with
sepsis-like disease in 2 newborns were linked to preceding infec-
tions which caused only mild disease in their older siblings, indi-
cating that these siblings were the source of infection.

As for other enteric viruses for which detection PCRs are gen-
erally more sensitive than typing PCRs, the sensitivity of the typ-
ing PCR for HPeV also remains a challenge. This is due to low but
possibly clinically relevant virus loads in water, as well as the se-
quence variability in the structural gene region used for typing,
such as VP1. Because of this high sequence variability, highly de-
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generated primers have to be used to be able to detect the different
genotypes. This influences both the sensitivity and specificity of
amplification. For HPeV, the detection RT-PCR (5" UTR) is
known to be more sensitive than the typing method based on the
VP3-VP1 region. With 20% of the 5" UTR-positive samples it was
not possible to obtain a nested VP3-VP1 PCR product, and there-
fore, the viruses in these samples could not be typed. To increase
the number of strains that can be typed, method optimization is
needed. In the current study, 1 ml of sewage was tested directly in
triplicate, but a higher volume with subsequent adjusted RNA
extraction and a larger amount of replicates may result in more
positive results.

Environmental surveillance of HPeV might aid in the under-
standing of human parechovirus-related disease. The detection of
recently emerged virus strains and changes in the circulation of
different HPeV types in often short periods provide the basis for
more focused investigations on the role of community circulation
and prevalence in the population. Our results, representing two
relative small areas in the Netherlands, should not be considered
representative for the entire Dutch population. Because three dif-
ferent types of HPeV (multiple virus lineages) were detected in
sewage, it can be concluded that environmental surveillance in
sewage samples using molecular methods is suitable to monitor
the circulation of specific human-pathogenic picornaviruses in
the population. No information on virus infectivity is obtained
with these molecular detection methods; therefore, quantification
of infectious HPeV using these methods is not possible. Because of
this and the absence of a dose-response relation for human
parechoviruses, a quantitative microbial risk assessment to assess
the potential public health risks through environmental exposure
to human parechovirus can be performed only using data ob-
tained from other organisms and therefore is still complicated.
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