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ABSTRACT

Wastewater-based surveillance has been commonly used as a monitoring tool for public health. Also, viruses
present in wastewater can pose a health risk. In this study, we screened enterovirus, rhinovirus, norovirus GI and
GII, pan-adenovirus, and gastroenteritis-causing adenovirus F40/41 in different wastewater sample types using
reverse transcription quantitative polymerase chain reaction and quantitative polymerase chain reaction. We
analyzed composite influent samples (N = 22), grab influent samples (N = 20), composite effluent samples (N =
78), grab effluent samples (N = 21), and activated sludge samples (N = 34) collected from six municipal
wastewater treatment plants in the Pirkanmaa region of Finland. We detected the viruses in the influent to
discover if they had the potential to be monitored using wastewater-based surveillance. In addition, we studied
viruses in effluent and activated sludge to detect viruses that persisted in treatment processes. Furthermore, all
sample types were compared to discover differences in the viral contents of different wastewater sample types.
We detected all the studied viruses in influent, while in activated sludge, we detected enterovirus, pan-
adenovirus, and adenovirus F40/41, and in effluent enterovirus, norovirus GI and GII, pan-adenovirus, and
adenovirus F40/41 were identified. In addition, the relative amount of all the viruses was the highest in the
influent. Our study also showed that composite sampling was a more representative and sensitive method for
virus monitoring in wastewater than grab sampling, as the relative amount of the viruses present in composite
samples was higher than in grab samples. Since we found abundant viruses in effluent, further studies are
required to assess their infectivity and potential health risks as environmental pollutants.

1. Introduction

Wastewater surveillance is an excellent supplementary tool for clinical
surveillance, as it can detect subclinical cases, including people with

Wastewater surveillance has become an important public health
surveillance tool used to monitor the COVID-19 pandemic globally. Both
the European Commission and the United States Centers for Disease
Control and Prevention have recommended that SARS-CoV-2 be sys-
tematically surveilled in wastewater (European Parliament, 2024;
Keshaviah et al., 2021). In addition, the influenza A virus (IAV) and
respiratory syncytial virus (RSV) have also been extensively studied in
wastewater (Ando et al., 2023; Boehm et al., 2023; Hughes et al., 2022;
Lansivaara et al., 2024a; Lehto et al., 2024; Wolfe et al., 2022) and have
been added to the national wastewater surveillance system in the United
States and Finland (Finnish Institute for Health and Welfare, 2024;
United States Centers for Disease Control and Prevention, 2024).
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mild symptoms, asymptomatic cases, and people who do not have access
to or are not willing to access healthcare. It is also cost-effective, as the
spread of a virus in a wastewater treatment plant (WWTP) catchment
area can be assessed using composite samples. Wastewater surveillance
can also be used as an early warning tool, as the spread of a virus can be
monitored in real time and deviations can be detected and reported
rapidly, allowing for timely intervention (Mao et al., 2020). For
example, for norovirus, it was reported that the peak of the amount of
the virus in wastewater occurred two weeks before the peak in clinical
cases (Hellmér et al., 2014). Furthermore, for influenza, wastewater
surveillance was reported to have a lead time of 17 days before a com-
munity outbreak (Mercier et al., 2022). In some instances, wastewater
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surveillance has shown the spread of a virus to be larger than expected,
based on clinical cases (Wu et al., 2020).

Even though wastewater treatment removes a substantial amount of
the viral load, some viruses may persist in effluent and thus become
environmental pollutants (Okoh et al., 2010) upon discharge into bodies
of water. Viruses, such as norovirus GI and GII and adenovirus, have
been found in WWTP effluent (Corpuz et al., 2020). As many enteric
viruses can cause waterborne epidemics, effluent can therefore pose a
health risk upon release into bodies of water. Indicator organisms, such
as enterococci and coliform bacteria, are typically monitored in effluent
to indicate when pathogens are likely to be present (Fong and Lipp,
2005; Okoh et al., 2010). However, bacterial indicators have been
shown to be inadequate when assessing the risk of viruses present in
water, and viruses have been found in waters deemed safe based on
bacterial indicators (Ehlers et al., 2005; Fong and Lipp, 2005). Thus,
there is a need to study the viruses present in effluent.

Activated sludge derived from the activated sludge process used in
secondary treatment at WWTPs may include viruses (Jebri et al., 2012).
However, this wastewater sample type is much less studied than influent
or effluent. Previous studies have mostly used flow cytometric quanti-
fication (Brown et al., 2015) or cell culture (Arraj et al., 2005) to detect
viruses in activated sludge instead of reverse transcription quantitative
polymerase chain reaction (RT-qPCR) or quantitative polymerase chain
reaction (qPCR), which are often used when studying influent or
effluent, as some viruses are challenging to culture. Since viruses might
affect the microbial dynamics of the activated sludge process, it is
important to study the viruses present in activated sludge (Brown et al.,
2015).

In this study, the objective was to compare viruses present influent,
activated sludge, and effluent to see how the amount of viruses changes
along the wastewater treatment process, and to compare grab and
composite sampling of wastewater. We studied several human patho-
genic viruses, including enterovirus, rhinovirus, norovirus, and adeno-
virus. We included respiratory and enteric viruses, as well as RNA and
DNA viruses, to test wastewater surveillance using influent for the
monitoring of a wide array of different types of viruses and to make the
results generalizable. In addition to studying pan-adenovirus, adeno-
virus F40/41 was included, as those genotypes are enteric and have been
previously found to be the most frequently detected adenovirus geno-
types in wastewater (Allayeh et al., 2022). Furthermore, we chose naked
viruses because most of the studies on wastewater surveillance have
been conducted on enveloped viruses, such as SARS-CoV-2, influenza A,
and RSV. Furthermore, effluent was studied to see if it contained viruses
as potential environmental contaminants. Activated sludge was
included as a sample type, as the viruses in it have rarely been studied
using qPCR and RT-qPCR (Jebri et al., 2012; Prado et al., 2014). In
addition, the efficacy and representativeness of the grab and composite
sampling methods were evaluated. Also, the effect of PCR inhibition on
the detection of viruses in wastewater was studied.

This study showed that enterovirus, rhinovirus, norovirus, and
adenovirus can be detected in Finnish influent, showing a possibility for
these viruses to be monitored using wastewater surveillance in Finland.
Furthermore, composite sampling was shown to be a more representa-
tive sampling method than grab sampling and should be preferred in
wastewater surveillance. In addition, effluent was shown to include all
the studied enteric viruses, in line with previous studies. Thus, effluent
may impose a risk as an environmental pollutant. Lastly, the levels of
PCR inhibition were shown to be high in wastewater, especially influent,
showing a need for the evaluation of the levels of inhibition in waste-
water studies, and the possible benefits of using inhibition removal
methodologies.
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2. Material and methods

2.1. Sampling

We took samples from six WWTPs in the Pirkanmaa region in Finland
(WWTPs A, B, C, D, E, and F). These WWTPs serve 230,000 residents and
apply conventional wastewater treatment processes (primary and sec-
ondary treatment). The population served by each WWTP and the flow
(m®/day) are reported in the supplementary file in appendix B. The
samples for the study were collected between 2016 and 2018. Samples
were collected from different steps of the wastewater treatment process
(N = 175) and included influent (N = 42) (WWTPs A and E), activated
sludge from the activated sludge process (N = 34) (WWTPs A, E, and F),
and effluent (N = 99) (all WWTPs). Influent and effluent samples were
taken simultaneously as grab samples and as 24-h composite samples to
compare the sampling methods. Activated sludge was collected as grab
samples. In grab sampling, a single sample is taken at one point in time,
whereas in composite sampling, a mixture of multiple grab samples are
taken over 24 h in 1-h time intervals. A full sample list with collection
dates is presented in Appendix A. (See Fig. 1 for the analysis pipeline)

The samples were taken directly into Falcon tubes at the collection
sites. The 24-h composite samples were taken with automatic samplers.
A sample volume of 50 ml was immediately frozen at —20 °C at the
collection sites for later analysis and transferred to the analysis labora-
tory while frozen and stored at —80 °C before analysis.

2.2. Concentration of the samples

Before the samples were concentrated, they were melted in a +4 °C
refrigerator. The samples were concentrated at +4 °C immediately after
melting using Millipore Centricon Plus-70 3kDA cutoff filters (Millipore,
Cork, Ireland). Each 50 ml sample was loaded into the filter and
centrifuged at 3500 g for 60 min. Next, the concentrate was recovered in
a collection cup attached to the filter and centrifuged at 1000 g for 2
min. The concentrate, including both the solid and liquid parts, was
collected from the collection cup into a 1.5 ml tube. If the concentrate
volume was less than 700 pl, the volume was adjusted to 700 pl with
RNAse-free molecular-grade water (Sigma-Aldrich, United States).

2.3. Nucleic acid extraction

Nucleic acids were extracted from the samples immediately after
concentration. The nucleic acid extraction was performed using a
QIAamp Viral RNA mini kit (Qiagen, Hilden, Germany) according to the
manufacturer’s protocol. The sample volume was 140 pl, and the elution
volume was 60 pl. A positive cell culture control, including adenovirus,
enterovirus, and rhinovirus, and a negative control were included in
each nucleic acid extraction. The nucleic acids were frozen in a —80 °C
freezer for later analysis.

2.4. Detection of viruses using RT-qPCR and qPCR

The viruses studied included enterovirus, rhinovirus, norovirus GI
and GII, pan-adenovirus, and adenovirus F40/41. RT-qPCR was per-
formed for enterovirus, rhinovirus, and norovirus GI and GII using the
one-step QuantiTect Probe RT-PCR assay (Qiagen, Hilden, Germany)
and qPCR was performed for pan-adenovirus and adenovirus F40/41
using the one-step Qiagen QuantiTect Probe PCR assay. The reaction
volume of the RT-qPCR and qPCR reactions was 10 pl, and the template
volume was 2 pl. The equivalent sample volume representing the
amount of original sample that was included in every qPCR reaction was
0,3 ml. The sequences and concentrations of the primers and probes
(Macrogen, Amsterdam, the Netherlands) used are shown in Table 1.
The specificity and sensitivity of the primers and probes were validated
with Quality Control for Molecular Diagnostics panels. The RT-qPCR
reaction was run using Applied Biosystems™ 7500 Real-Time PCR
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Fig. 1. Analysis pipeline for the study. Created in Biorender.

Table 1
The names of the primers and probes of the viral targets, their oligonucleotide sequences, and the concentrations used in the PCR assays.
Name Oligonucleotide Sequence (5-3) Concentration (nM) Reference
Enterovirus forward primer CGGCCCCTGAATGCGGCTAA 900 Honkanen et al., 2013a
Enterovirus reverse primer GAAACACGGACACCCAAAGTA 900
Enterovirus probe 1 TCTGTGGCGGAACCGACTA 300
Enterovirus probe 2 TCTGCAGCGGAACCGACTA 300
Rhinovirus forward primer CYAGCCTGCGTGGC 900 Honkanen et al. (2013b)
Rhinovirus reverse primer GAAACACGGACACCCAAAGTA 900
Rhinovirus probe TCCTCCGGCCCCTGAATGYGGC 300
Norovirus GI forward primer CGYTGGATGCGNTTYCATGA 900 Krogvold et al. (2014)
Norovirus GI reverse primer CTTAGACGCCATCATCATTYAC 900
Norovirus GI probe AGATYGCGATCYCCTGTCCA 250
Norovirus GII forward primer CARGARBCNATGTTYAGRTGGATGAG 900 Krogvold et al. (2014)
Norovirus GII reverse primer TCGACGCCATCTTCATTCACA 300
Norovirus GII probe TGGGAGGGCGATCGCAATCT 300
Adenovirus forward primer CCGGCCGAGAAGGGCGTGCGCAGGTA 900 Modified from Cinek et al., (2006)
Adenovirus reverse primer CATGACTTTTGAGGTGGAYC 300
Adenovirus probe ATGGATGAGCCCACCCT 200
Adenovirus F40/41 forward primer CTCGACATGACTTTTGAGGT 900 Inhouse oligos
Adenovirus F40/41 reverse primer CCGGCCGAGAAGGGCGTGCG 900
Adenovirus F40/41 probe ATGGATGAGCCCACACTTC 250

instrument with the program—that is, for 30 min at 50 °C for reverse
transcription; 15 min at 95 °C of RT-inactivation and initial denatur-
ation; 2-step cycling, including 15 s denaturation at 94 °C and 1 min
annealing; and extension with fluorescence data collection at 60°C—and
the qPCR reaction was run in the same way but without reverse tran-
scription. The number of cycles was 50. To minimize potential inter-
assay variation, different sample types were combined in the same
runs. gPCR negative control and nucleic acid extraction negative and
positive control were included in each RT-qPCR and qPCR run. All
samples were run as triplicate reactions, and those with Ct-values below
40 were considered positive. The viruses were detected using relative
quantification, and the resulting relative amounts of the viruses were
compared using Ct-values.

2.5. PCR inhibition testing

Possible PCR inhibition present in the samples was evaluated using
the semliki forest virus (SFV), which is not present in Finnish waste-
water. Each extracted nucleic acid sample was spiked with 0.5 pl of SFV.
Molecular grade H,0 was used as an inhibition-free control, which was
also spiked with 0.5 pl of SFV. To evaluate how the inhibition affected
the PCR reactions in each sample type, the Ct-values of SFV in the

samples were compared to the Ct-value of an inhibition-free control. The
potential inhibition rate of each sample was calculated by subtracting
the Ct value of the SFV in the sample from the Ct value of the SFV in the
control (i.e., inhibition present in the sample = Ct-value of SFV in the
control — Ct-value of SFV in the sample) (Lansivaara et al., 2024a). To
evaluate the effect of inhibition, the Ct-values of the samples were
corrected for the inhibition present in the sample. Corrected Ct-value of
a sample = Ct-value of the sample + (Ct-value of SFV in the control —
Ct-value of SFV in the sample).

2.6. Statistics

All statistical analyses were performed on IBM® SPSS® software
version 28.0.1.0 (142). For the differences in the relative amounts of the
viruses, statistical significance was tested using a Mann-Whitney U test
when two groups were compared and a Kruskal-Wallis H-test when
more than two groups were compared. The null hypothesis was that
there is no difference between the relative amounts of the viruses. The
statistical significance of the differences between the positivity rates in
different sample types and viruses was tested using a Z-test and the null
hypothesis that there are no differences between the positivity rates in
different sample types and viruses.
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3. Results
3.1. Detected viruses

Almost all of the samples (94.8 %) were positive for at least one of
the viruses. Adenovirus was the most common virus in wastewater, with
adenovirus F40/41 detected in 84.6 % and pan-adenovirus in 69.7 % of
the samples (Table 2). Enterovirus was the second most detected virus,
detected in 45.1 % of the samples. Norovirus was the third most detected
virus, with the norovirus GI genogroup detected in 25.7 % and norovirus
GII detected in 14.9 % of the samples. Rhinovirus was the least detected
virus, detected in only 2.9 % of the samples.

3.2. Influent

All influent samples (N = 42) were positive for at least one of the
viruses (Table 2). All composite influent—wastewater samples and 85 %
of the grab influent samples were positive for F40/41 adenovirus,
making it the most detected target in influent (Table 2). Adenoviruses
detected by pan-adenovirus assay were almost as common, detected in
86.4 % of the composite influent—wastewater samples and 85 % of the
grab influent samples. Enterovirus was also frequently detected, being
found in 81.8 % of the composite influent samples and 80 % of the grab
influent samples. The norovirus GI genogroup was detected more often
than the GII genogroup, with the norovirus GI genogroup found in 50 %
of the composite influent samples and 30 % of the grab influent samples
and the GII genogroup found in 27.3 % of the composite influent sam-
ples and 20 % of the grab influent samples. Rhinovirus was found only in
13.6 % of the grab influent samples and 10 % of the composite influent
samples.

A comparison of the relative amounts of the viruses present in
various sample types showed that the highest median relative amount of
a virus was the norovirus GI genotype in both composite and grab
influent (Fig. 2). The lowest median relative amount of a virus was the
norovirus GII genotype in composite influent and rhinovirus in grab
influent. The differences in the relative amounts of the viruses in influent
were statistically significant (p < 0.001). Furthermore, the relative
amount of the viruses was higher in influent than in activated sludge (p
< 0.001) or effluent (p < 0.001).

A comparison of the composite and grab influent sampling methods
showed that the positivity rate of each viral target was higher in the
composite samples than the grab samples, but the differences were not
statistically significant (Table 2). The relative viral load of the composite
samples was higher than the relative viral load of the grab samples (p =

Table 2
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0.004).

PCR inhibition was evaluated from the samples spiking the same
amount of SFV in the samples and in the noninhibition control (molec-
ular biology grade water). The Ct-values of the samples were compared
to the Ct-value of the noninhibition control, and the inhibition is pre-
sented as the difference between the Ct-cycles. The average inhibition
was —1.9 cycles (standard deviation [SD] = 1.5) for the composite
influent and —1.3 cycles (SD = 1.3) for the grab influent.

3.3. Activated sludge samples

All activated sludge samples (N = 34) were positive for at least one of
the viruses. Adenovirus F40/41 genotypes were detected in all activated
sludge samples. The pan-adenovirus was also a commonly detected
target, as it was detected in 82.4 % of the samples. Enterovirus was
detected in 26.5 % of the samples. Neither rhinovirus nor noroviruses
were detected in any activated sludge samples. The highest relative
amount of a virus in activated sludge was adenovirus F40/41, while the
lowest relative amount of a virus was pan-adenovirus. The differences in
the relative amounts of the viruses in activated sludge were statistically
significant (p < 0.001). The average PCR inhibition was —1.1 cycles (SD
= 1.3) for activated sludge.

3.4. Comparison of influent and activated sludge

To assess the prevalence and relative loads of the viruses in the
wastewater treatment process, the composite influent and activated
sludge samples taken on the same day and from the same WWTP (N = 20
pairs) were compared (Fig. 3). Rhinovirus and norovirus GI and GII
genogroups were detected only in the influent samples. Furthermore,
the relative amounts of enterovirus, pan-adenovirus, and adenovirus
F40/41 were higher in influent compared to activated sludge (p <
0.001). When the Ct-values were corrected to account for the PCR in-
hibition, the results remained the same.

When the difference in inhibition between influent and activated
sludge was further evaluated using the influent-activated sludge pairs,
average PCR inhibition was shown to be stronger in influent than in
activated sludge (p < 0.001, Fig. 4).

3.5. Effluent

A total of 84.6 % of the composite effluent samples and 80.9 % of the
grab effluent samples were positive for at least one viral target (Table 2).
The F40/41 adenovirus genotypes were the most frequently detected

The viral targets and their frequency of detection in each sample type. The number of positive samples is given, and the percentage of positive samples among all
samples analyzed is presented in parentheses (%). The statistical significance of the differences in the detection frequencies of the targets between different sample

types is presented as p-values.

Virus Positive Positive Positive Positive Positive Positive Influent Influent Influent grab Effluent grab
samples grab composite grab composite activated compared to compared to compared to compared to
(N=175) influent influent (N effluent effluent (N sludge (N = effluent (p- activated composite (p- composite (p-
(N = 20) =22) (N=21) =78) 34) value) sludge (p- value) value)
value)
Positive for 166 (94.9 20 (100 22 (100 %) 17 (80.9 66 (84.6 %) 34 (100 %) 0.05 - - 0.689
any of the %) %) %)
viruses
Enterovirus 79 (45.1 16 (80 %) 18 (81.8 %) 9 (42.9 %) 27 (34.6 %) 9 (26.5 %) <0.001 <0.001 0.881 0.484
%)
Rhinovirus 5 (2.9 %) 3(13.6%) 2(10 %) 0 (0 %) 0 (0 %) 0 (0 %) <0.001 0.027 0.719 -
Norovirus GI 45 (25.7 6 (30 %) 11 (50 %) 12 (57.1 16 (20.5 %) 0 (0 %) 0.006 <0.001 0.189 <0.001
%) %)
Norovirus GII 26 (14.9 4 (20 %) 6 (27.3 %) 5(23.8%) 11 (14.1 %) 0 (0 %) 0.147 0.001 0.582 0.285
%)
Pan- 122 (69.7 17 (85 %) 19 (86.4 %) 12 (57.1 46 (59 %) 28 (82.4 %) 0.017 0.689 0.897 0.881
adenovirus %) %)
Adenovirus 148 (84.6 17 (85 %) 22 (100 %) 16 (76.2 58 (74.4 %) 34 (100 %) 0.007 - 0.059 0.865
F40/41 %) %)
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Fig. 2. Box plot of the relative amounts of viruses in all positive samples at different wastewater sampling points in the wastewater treatment train and sample
collection types. The rhinovirus results included only two (composite influent) and three (grab influent) positive samples.
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Fig. 3. Differences in the relative amounts of the viruses measured as Ct-values in influent and activated sludge. Lines represent influent and activated sludge sample
pairs matched with respect to the time and location of sampling. The virus-negative samples were blotted with a Ct-value of 40 cycles. Pairs in which both samples

were negative are not included.

virus in the effluent samples. Of the composite effluent and the grab
effluent samples, 74.4 % and 76.2 %, respectively, were positive for
adenovirus F40/41. Adenoviruses detected by pan-adenovirus assay
were the second most common virus, detected in 59 % of the composite
samples and 57.1 % of the grab samples. Enterovirus was detected in
34.6 % of the composite samples and 42.9 % of the grab samples. Nor-
ovirus GI genogroup was detected more often than the GII genogroup.
Norovirus GI genogroup was found in 20.5 % of the composite influent
samples and 57.1 % of the grab influent samples. The GII genogroup was
found in 14.1 % of the composite influent samples and 23.8 % of the
grab influent samples. Rhinovirus was not detected in the effluent
samples.

Norovirus GI had the highest relative amount of all viruses in both
composite and grab effluent samples, while pan-adenovirus had the
lowest amount. The observed differences between the relative amounts
of the viruses in effluent were statistically significant (p < 0.001).

A higher number of samples were positive among the grab effluent
samples than the composite effluent samples. However, the difference
was not statistically significant (p = 0.689), nor was there a statistically
significant difference in the relative loads of the viruses between these
two sampling methods (p = 0.187).

When PCR inhibition was evaluated for the samples, the average
inhibition was found to be —0.6 cycles (SD = 1.0) for the composite
effluent and —0.7 cycles (SD = 1.3) for the grab effluent.

3.6. Comparison of influent and effluent samples

To assess the prevalence and relative loads of the viruses in the
wastewater treatment process, the composite influent and effluent
samples taken on the same day and from the same WWTP (N = 20 pairs)
were compared (Fig. 5). The relative amount of the viruses was higher in
influent than in effluent (p < 0.001). The relative amounts of enterovirus
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whereas a value > 0 means that the sample was not affected by inhibition.

(p = 0.001), pan-adenovirus (p < 0.001), and adenovirus F40/41 (p =
0.002) were higher in influent than in effluent. Rhinovirus was detected
in only two composite influent samples. There was no statistically sig-
nificant difference in the relative amount of norovirus GI genotype (p =
0.422) or norovirus GII genotype (p = 0.470) in influent compared to
effluent. However, when the Ct-values were corrected to account for the
PCR inhibition, the relative amount of norovirus GI genotype was lower
in effluent compared to influent (p = 0.008). Otherwise, the results
remained the same with PCR inhibition correction.

In addition, the extent of PCR inhibition was compared pairwise for
each time point of influent and effluent (Fig. 6). The inhibition was
stronger in the influent than in the effluent (p < 0.001).

4. Discussion
4.1. Influent

Influent from WWTPs has been used as a sample material in many
wastewater virus surveillance studies (Ahmed et al., 2020; Ando et al.,

2023; Hokajarvi et al., 2021; Lansivaara et al., 2024a, 2024b; Lehto
et al., 2024; Li et al., 2021; Ni et al., 2021). Still, most of these studies
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have been conducted on SARS-CoV-2, influenza A, and respiratory
syncytial viruses, which are all enveloped, RNA, and respiratory viruses.
In this study, we included naked viruses (both RNA and DNA viruses and
enteric as well as respiratory viruses) to study whether these viruses can
be detected in wastewater and hence potentially be monitored using
wastewater surveillance. The environmental stability of naked and
enveloped viruses on surfaces has been shown to differ significantly,
suggesting that their persistence in wastewater may also vary accord-
ingly. (Firquet et al., 2015).

We detected all the targets (enterovirus, rhinovirus, norovirus GI and
GII, pan-adenovirus, and adenovirus F40/41) in influent. Enteric viruses
were significantly more common than rhinovirus, which is a respiratory
virus. All influent samples were positive for at least one of the tested
viruses. Adenovirus was the most frequently detected target in influent
as well as in all other sample types. Adenovirus is a DNA virus known to
persist for a long time in nature and to be resistant to many different
types of stressors (Okoh et al., 2010). Adenoviruses typically cause
either respiratory or enteric infections, and the likely reason that F40/41
genotypes were detected more frequently in wastewater than
pan-adenovirus is that F40/41 genotypes cause enteric infections (do
Nascimento et al., 2022). Furthermore, in a study performed in Egypt,
adenoviruses F40/41 were shown to be the most prevalent adenovirus
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Fig. 6. Difference in the amount of inhibition between influent and effluent in
samples matched with respect to the time and location of sampling depicted
with Ct-cycles. The lower the value, the higher the inhibition. Negative value
means that the amount of the virus is lower due to inhibition, whereas a value
> 0 means that the sample was not affected by inhibition.
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genotypes in wastewater (Allayeh et al., 2022). Similar to our study,
which found pan-adenovirus in 86 % of the samples, high positivity rates
have been observed for adenovirus in multiple studies. For example, a
100 % positivity rate was noted for adenovirus in the US (Fong et al.,
2010) and Japan (Katayama et al., 2008), an 84 % positivity rate was
noted in Egypt (Elmahdy et al., 2019), and a 75 % positivity rate was
noted in Saudi Arabia (Maniah et al., 2023). For adenovirus F40/41, a
positivity rate of 79 % was reported in Northern Ireland (Reyne et al.,
2023), while in this study, all the composite influent samples were
positive for the F40/41 genotype. Boehm et al. (2023) reported rhino-
virus to be much more frequent compared to our study, as they detected
the virus in 155 of the 216 samples examined, while in our research,
rhinovirus was detected in only five of 42 influent samples. A review of
12 norovirus wastewater studies conducted by Eftim et al. (2017)
showed high positivity rates for norovirus and noted that Europe and
Asia had a higher norovirus occurrence than North America and New
Zealand. Furthermore, in Japan, all the studied influent samples were
positive for either norovirus GI or GIL In our study, the positivity rate for
norovirus GI was 50 % and for norovirus GII was 27.3 % in composite
influent.

The lower detection rates of some of the viruses in this study than in
studies performed in other countries may be explained by the fact that
some viral infections, such as enterovirus infections, have been shown to
be rarer in Finland than in many other countries (Oikarinen et al., 2014;
Vehik et al., 2019). In addition, different wastewater surveillance
studies use different methodologies, which can lead to significant dif-
ferences and make comparing studies challenging (Lansivaara et al.,
2024a). Furthermore, PCR inhibition was high in the influent samples,
which could have resulted in lower positivity rates of the viruses in this
study than in other studies. Many of the infections caused by the studied
viruses are asymptomatic or cause mild symptoms, leading to cases
being underreported in clinical surveillance. Because all the studied
viruses were detected in wastewater, wastewater surveillance could be
used to complement the data obtained from clinical surveillance.

4.2. Activated sludge

The activated sludge process uses microorganisms to degrade
organic matter and remove nutrients, mainly nitrogen (Davis, 2020).
The efficiency of the process is affected by factors that control the
abundance, activity, and diversity of bacteria, and viruses may be one of
these factors (Brown et al., 2015). Hence, the viruses in activated sludge
need to be studied, and reliable methods need to be developed for their
detection. Although qPCR is often used to study viruses present in
influent and effluent, at the time of writing this article, only two studies
were found that used qPCR to detect viruses in activated sludge (Jebri
et al., 2012; Prado et al., 2014). qPCR should be used instead of cell
culture-based methods in some instances, as some viruses, such as
adenovirus, are challenging to grow in cell cultures (Haramoto et al.,
2007).

We were able to detect adenovirus and enterovirus in activated
sludge, but norovirus and rhinovirus were not detected. Moreover, in
our study, the viruses were present in a higher relative amount in
influent than in activated sludge. One potential explanation for more
viruses being found in the influent, which is predominantly liquid, and
in the activated sludge, which is more solid, is the distinct sedimentation
properties of the studied viruses in these two sample types. It is hy-
pothesized that the partitioning of viruses to the solid fraction of
wastewater compared to the liquid fraction varies between viruses based
on their properties, for example whether the viruses are enveloped or
naked. (Ye et al., 2016). In sludge samples, viruses are subjected to
prolonged exposure to the wastewater matrix compared to influent
samples, which may influence their stability and persistence in these
sample types. Similar to our study, which detected adenovirus in all
activated sludge samples, Prado et al. found that adenovirus was
abundantly present in wastewater, as it was discovered in 90 % of
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activated sludge samples (Prado et al., 2014). Still, they discovered
norovirus in 50 % of activated sludge samples, whereas in our study,
norovirus was not found in activated sludge. In addition, Jebri et al.
found enterovirus in 7.7 % of activated sludge samples, whereas our
study had a higher detection rate, since 26.5 % of the activated sludge
samples were positive for enterovirus (Jebri et al., 2012). In addition to
detecting adenovirus, we were also able to detect enterovirus. Prado
et al. were able to detect rotavirus and hepatitis A virus and Jebri et al.
were able to detect enterovirus, showing that qPCR can be used to detect
viruses in activated sludge in addition to influent and effluent. However,
as there is limited knowledge on the topic and only a few viruses have
been studied, more research on the viral contents of activated sludge is
needed. As bacteriophages are known to affect bacterial ecology (Brown
et al., 2015), they could be the next target to be studied using qPCR.

4.3. Effluent

One of the adverse effects of climate change is the decline of fresh-
water resources. One of the risk factors for freshwater is wastewater
entering water bodies. Pathogens in effluent released into bodies of
water can end up in drinking water treatment plants that use surface
water as a source of raw water. Furthermore, effluent may contaminate
groundwater sources and swimming waters. Indicator microbes, such as
coliform bacteria and enterococci, are used to evaluate the microbial
safety of effluent and swimming waters. However, these indicators have
been shown to be insufficient, as viruses have been found in water
samples shown to be pathogen-free based on indicator microbes (Ehlers
et al., 2005; Fong and Lipp, 2005; Okoh et al., 2010). Thus, it is
important to test the viral load of effluent and assess the prevalence of
viruses in the various processes of wastewater treatment.

In this study, over 80 % of the effluent samples were positive for at
least one of the viruses, and all the studied viruses, except rhinovirus,
were found in the effluent. When the relative amounts of the viruses in
influent and effluent samples taken on the same day and from the same
WWTP were compared, in most instances, there were viruses present in
effluent after treatment. For enterovirus, pan-adenovirus, and adeno-
virus F40/41 genotypes, a lower amount of viruses was observed along
the wastewater treatment train, while no statistically significant differ-
ence in the relative amount of the studied noroviruses was found. Still, it
is important to note that the PCR inhibition was stronger in the influent
samples than in the effluent samples, meaning that the difference in the
relative amount of the viruses is likely higher in these sample types.
When the results were corrected to account for the PCR inhibition, the
amount of Norovirus GI was shown to be lower in effluent compared to
influent.

Wastewater treatment has been estimated to eliminate only 50-90 %
of the viruses in wastewater when primary and secondary treatment is
used, which leads to these viruses being released into nature in dis-
charged effluent (Okoh et al., 2010). Enteric viruses, such as noroviruses
and enteroviruses, have previously been shown to be resistant to
wastewater treatment and to be present in effluent in abundance even
after UV and chlorine treatment (Simhon et al., 2019). Recreational
waters and foods contaminated by effluent are known to have caused
enteric viral infections, as enteric viruses are persistent in nature (Okoh
et al., 2010). Adenovirus and norovirus GI and GII genogroups have
previously been found in effluent at concentrations 3.5-4.5 log;o lower
than in influent using qQPCR and RT-qPCR (Wang et al., 2020). For JC
polyomavirus, wastewater treatment was shown to remove the virus
from 52 % of samples, and in the others, the amount of the virus
decreased in most cases (Rodrigues et al., 2016). Hence, our results are
in line with previous studies, as all the viruses, except rhinovirus, were
detected in effluent. As effluent and natural water contaminated with
effluent are known to be used for irrigation, this exposes the risk of
foodborne disease outbreaks of viral infections. We also tested the
presence of the viruses at drinking water treatment sampling points in
the drinking water treatment train, but the presence of viruses was very
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rare; only three samples out of 170 were positive. One groundwater
sample and one surface water sample were positive for the norovirus GII
genogroup, and one sand filtration sample was positive for enterovirus.
None of the treated drinking water samples were positive
(Supplementary file, Appendix C). It needs to be taken into account that
the detection of viruses in effluent using molecular methods does not
necessarily mean that the effluent includes infective viruses, only that
the viral genome was detected. These studies were conducted using
RT-qPCR and gPCR to detect the viruses and could not assess the
infectivity of the viruses present in the samples. To ascertain the impact
and risk related to viruses in effluent, further studies are required to
determine their infectivity.

4.4. Comparison of composite and grab sampling

Wastewater can be sampled by taking a grab sample or by using a
wastewater sampler that collects a composite sample of subsamples
taken at regular intervals over a period of time, usually 24 h. Both
methods have been applied in the wastewater surveillance of viruses.
The findings of this study indicated that the positivity rate of viruses in
composite influent samples was higher than in grab influent samples;
however, the difference was not statistically significant. Additionally,
the composite samples had a higher relative amount of viruses compared
to the grab samples. The difference between composite and grab sam-
pling in influent samples may be greater than reported, as the composite
samples had a higher RT-qPCR inhibition rate compared to grab sam-
ples. Notably, one study conducted on SARS-CoV-2 did not find a sta-
tistically significant difference between grab and composite sampling
(Augusto et al., 2022). In effluent, there was no statistically significant
difference in the positivity rates or relative amount of the viruses be-
tween grab effluent samples and composite effluent samples. The find-
ings of this study indicate that composite sampling, particularly of
influent samples, is a more representative method for viral wastewater
surveillance than the grab sampling method. The method of collection
can be of particular importance for viruses that exhibit fluctuations in
amounts over the course of a day (Wilson et al., 2022).

4.5. Limitations of the study

In this study, frozen samples were used. It is important to note that
freezing can potentially degrade RNA. Significant degradation of
adenovirus, enterovirus and norovirus GI and GII has been noted, when
samples were stored for several years before analysis (Crank et al.,
2025). However, Hokajarvi et al. (2021) demonstrated that no RNA
degradation was observed for SARS-CoV-2 RNA, whereas a 1-logig
reduction in norovirus GII RNA was observed within 84 days at either
—20 °Cor —75 °C. We have tested the degradation of SARS-CoV-2 RNA,
and noted no degradation during 5 cycles of freezing and thawing of
samples. Consequently, it can be assumed that the degradation of the
viral RNA may not have been significant. However, this applies as we
determined only the relative amounts of viruses present in the samples
by evaluating the Ct values of the RT-qPCR and qPCR reactions to
mitigate the potential issue of nucleic acid degradation. It was possible
to use relative quantification in this study, as the aim was to compare
different sampling methods and sample materials as well as to see
whether the viruses could be detected in wastewater, not to analyze the
absolute number of viruses in wastewater. If the exact concentration of
viruses is determined, the effect of the degradation of viral nucleic acids
needs to be taken into account.

One challenge in virus detection in wastewater is the presence of PCR
inhibitors, which may influence the estimation of viruses in different
sample types. Wastewater includes multiple chemical and biological
compounds that can act as PCR inhibitors, which can cause issues in the
detection of viruses in wastewater (Kumblathan et al., 2022). To address
this issue, we conducted a PCR inhibition test on all samples. Our
findings revealed that the inhibition rates differed across the different
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sampling points in the wastewater treatment train. In the composite
influent samples, which had the highest inhibition of all the sample
types, the inhibition resulted in the relative amount of the viruses being
approximately 3.7 times lower than it would be in the absence of inhi-
bition. Inhibitor removal was not employed because the objective was to
investigate the differences in inhibition between the various sample
types. Consequently, the comparison of the relative virus amounts in
various sample types and sample collection methods was interpreted
with caution. Also, we accounted for the inhibition by correcting the
Ct-values of the samples with the inhibition detected in the sample. This
correction did not alter the comparison of the viral amounts between
influent and activated sludge. However, it did affect the comparison of
the viral amounts between influent and effluent. Without the inhibition
correction, there was no statistically significant difference in the relative
amount of norovirus GI between influent and effluent. When the inhi-
bition correction was used, the relative amount of norovirus GI was
lower in effluent compared to influent. Still, it is acknowledged that
samples with a low viral load might be false negative due to potential
PCR inhibition. As the detection of viruses in wastewater was shown to
be affected by inhibition, it should be monitored when PCR-based
methods are used.

5. Conclusion

The objective of this study was to assess the viral contents of different
sampling points in wastewater treatment trains and wastewater sam-
pling methods for reliable virus monitoring and the viral load of effluent
and activated sludge. We detected enterovirus, rhinovirus, norovirus,
and adenovirus in influent, activated sludge, and effluent using RT-
qPCR. We were able to detect all the studied viruses in influent,
showing a possibility for wastewater surveillance of these viruses. The
implementation of an effective and well-designed wastewater-based
viral surveillance system can supplement the data obtained from clinical
surveillance. The composite sampling of influent was found to be a more
representative sampling method than the grab sampling, as the relative
amount of viruses was higher in composite samples, showing that
composite sampling should be preferred when studying viruses in
wastewater. Effluent was shown to include all the studied enteric vi-
ruses, but not respiratory rhinovirus, which is in line with previous
research, as enteric viruses have often been found in effluent. This study
indicated the potential risk of viruses being an environmental pollutant
in effluent. However, the true risk should be further investigated using
methods that can assess the infectivity of these viruses. Adenovirus and
enterovirus were found in activated sludge. However, more research on
the viruses in activated sludge is needed, as the viruses in activated
sludge are much less studied than those in influent and effluent, and
their presence can impact the function of the activated sludge process.
Furthermore, RT-PCR inhibition was identified in the studied waste-
water sample types, indicating the necessity for an evaluation of
detection methods and the potential benefit of using an inhibitor
removal method. In addition to viruses, targets such as other pathogens,
organic micropollutants and heavy metals should be studied from
wastewater to evaluate the effects of wastewater on human health.
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