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ARTICLE INFO ABSTRACT

Editor: Warish Ahmed Wastewater comprises multiple pathogens and offers a potential for wastewater-based surveillance (WBS) to
track the prevalence of communicable diseases. The Finnish WastPan project aimed to establish wastewater-
based pandemic preparedness for multiple pathogens (viruses, bacteria, parasites, fungi), including antimicro-
bial resistance (AMR). This article outlines WastPan’s experiences in this project, including the criteria for target
selection, sampling locations, frequency, analysis methods, and results communication. Target selection relied on
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epidemiological and microbiological evidence and practical feasibility. Within the WastPan framework, waste-
water samples were collected between 2021 and 2023 from 10 wastewater treatment plants (WWTPs) covering
40 % of Finland’s population. WWTP selection was validated for reported cases of Extended Spectrum Beta-
lactamase-producing bacterial pathogens (Escherichia coli and Klebsiella pneumoniae) from the National Infec-
tious Disease Register. The workflow included 24-h composite influent samples, with one fraction for culture-
based analysis (bacteria and fungi) and the rest of the sample was reserved for molecular analysis (viruses,
bacteria, antibiotic resistance genes, and parasites). The reproducibility of the monitoring workflow was assessed
for SARS-CoV-2 through inter-laboratory comparisons using the N2 and N1 assays. Identical protocols were
applied to same-day samples, yielding similar positivity trends in the two laboratories, but the N2 assay achieved
a significantly higher detection rate (Laboratory 1: 91.5 %; Laboratory 2: 87.4 %) than the N1 assay (76.6 %)
monitored only in Laboratory 2 (McNemar, p < 0.001 Lab 1, = 0.006 Lab 2). This result indicates that the se-
lection of monitoring primers and assays may impact monitoring sensitivity in WBS. Overall, the current study
recommends that the selection of sampling frequencies and population coverage of the monitoring should be
based on pathogen-specific epidemiological characteristics. For example, pathogens that are stable over time
may need less frequent annual sampling, while those that are occurring across regions may require reduced
sample coverage. Here, WastPan successfully piloted WBS for monitoring multiple pathogens, highlighting the
significance of one-litre community composite wastewater samples for assessing community health. The infra-
structure established for COVID-19 WBS is valuable for monitoring various pathogens. The prioritization of the
monitoring targets optimizes resource utilization. In the future legislative support in target selection, coverage
determination, and sustained funding for WBS is recomended.

1. Introduction

Wastewater-based surveillance (WBS) is an emerging approach for
monitoring many critical seasonal or emerging pathogens at the popu-
lation level (Diamond et al., 2022; Farkas et al., 2020; Keshaviah et al.,
2023; Kilaru et al., 2023). Municipal sewage comprises pathogens from
the entire community served within a single sewershed, potentially
released through various body fluids, including respiratory and nasal
secretions, saliva, urine, faeces, and skin lesions, during the various
stages of infection, i.e., symptomatic, asymptomatic, pre-symptomatic
and post-symptomatic (Ahmed et al., 2022a; Bibby et al., 2021; Mao
et al., 2020). WBS is a cost-effective approach for monitoring pathogens
at the population level, as the cost of analysis of an aetiological agent
from a wastewater sample that could provide information from a whole
population is almost equivalent to the cost of analysis of the agent in a
clinical sample (Kitajima et al., 2020; Mao et al., 2020; Tiwari et al.,
2023a). A single composite sample from a community can have an
enormous potential to inform health authorities about many diseases
that are currently not reported or for which there is no information
about circulation at the population level. Community-level WBS also has
minimal individual privacy concerns and ethical challenges (Bowes
et al., 2023; Lundy et al., 2021), and it is independent of the healthcare-
seeking behaviours of individuals and their access to healthcare
facilities.

WBS has tremendous flexibility in the selection of sampling sites,
surveillance targets, sampling frequency, sample storage for future
analysis, the selection of monitoring methods, data analysis, and data
presentation based on local needs (Ahmed et al., 2020; Bibby et al.,
2021; Farkas et al., 2020; Medema et al., 2020; Tiwari et al., 2023a).
WBS has succeeded in guiding public health policy for at least two
pathogens: poliovirus (Hovi et al., 2001; Levican et al., 2019; O’Reilly
et al., 2020; Poyry et al., 1988) and SARS-CoV-2 (Ahmed et al., 2020;
Hokajarvi et al., 2021; Islam et al., 2023; Kitajima et al., 2020; Kumar
et al., 2023; Maal-Bared et al., 2023; Medema et al., 2020). Since 2020,
the use of WBS has accelerated globally, mainly during the coronavirus
disease 2019 (COVID-19) pandemic (Ahmed et al., 2020; Hokajarvi
et al., 2021; Islam et al., 2023; Kitajima et al., 2020; Kumar et al., 2023;
Maal-Bared et al., 2023; Medema et al., 2020), as rapid, real-time
monitoring and early warning tool (Bibby et al., 2021; Farkas et al.,
2020). WBS has been done for many pathogens, such as influenza A virus
(Ahmed et al., 2023a; Boehm et al., 2022; Boehm et al., 2023), entero-
virus (Ahmed et al., 2023a; Faleye et al., 2021; Shrestha et al., 2024a),
noroviruses (Hellmér et al., 2014; Prevost et al., 2015; Santiso-Bellon
et al., 2020; Shrestha et al., 2024b), hepatitis A virus (Hellmér et al.,

2014), hepatitis E virus (Iaconelli et al., 2020), rotavirus (Santiso-Bellon
etal., 2020), adenovirus (Fong et al., 2010), dengue virus (Thakali et al.,
2022), mpox (de Jonge et al., 2022; Tiwari et al., 2022a) and antimi-
crobial resistant (AMR) pathogens and related genes (Hendriksen et al.,
2019; Karkman et al., 2020; Parnanen et al., 2019) for evaluating their
circulation at the population level. However, for many of these patho-
gens, the approach is in the early developmental stage and has mainly
focused on determining their prevalence in wastewater and optimizing
monitoring pipelines, such as sampling, concentration, nucleic acid
extraction, and enumeration (Ahmed et al., 2023a; Ahmed et al., 2023b;
Ahmed et al., 2023c; Kilaru et al., 2023; Markt et al., 2023).

The selection of targets for WBS is affected by local needs, microbi-
ological evidence, and the availability of resources. Each community can
have its own special needs for monitoring a target, and local health
authorities and epidemiologists are the main end-users of WBS data.
Therefore, fulfilling their demands, i.e., regarding the types of data they
need and how they want to receive the data, can affect the selection of
surveillance targets and presentation of data, respectively. Thus, iden-
tifying the priorities and needs of public health authorities can be useful
when defining the targets for WBS. Targets with significant surveillance
gaps in clinical surveillance and those that are useful for social in-
terventions (such as announcing advisories or launching mass vaccina-
tion campaigns) might be the ones prioritized.

Finland has already used WBS for monitoring poliovirus since the
1960s (Hovi et al., 2001; Poyry et al., 1988), illicit drug use since the
2010s (Kankaanpaa et al., 2014; Kankaanpaa et al., 2016) and corona-
virus disease-2019 (COVID-19) almost from the beginning of the
pandemic (March 2020) (Pitkanen & Gunnar, 2022). WBS has been an
important management tool for determining spatial and temporal
trends, confirming slowdowns of outbreaks, providing early warning of
virus (re-)emergence, following the introduction of new variants, and
estimating the size of the population infected with COVID-19 (Tiwari
et al., 2022b). After the onset of the COVID-19 pandemic, a three-year
project named “Wastewater-based Surveillance as Pandemic Prepared-
ness Tool (WastPan)” was started in Finland (Pitkanen, 2023). Overall,
WastPan aimed to integrate WBS of communicable diseases and AMR
pathogens into national pandemic preparedness as an early warning
tool. Specifically, it aimed to (a) establish a detection and quantification
methodology for clinically relevant pathogens, including AMR patho-
gens and related genes, in community wastewater, (b) identify the
existing temporal trends and geographical distribution of communicable
pathogens, (c) examine the potential of studying the metagenome con-
tent of wastewater to reveal emerging trends in communicable disease
prevalence and (d) develop a platform to support the open sharing of
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environmental data to enable WBS (Pitkanen, 2023).

Herein, we share experiences and understanding gained during the
WastPan project, with special consideration of the expansion of WBS
beyond COVID-19 for monitoring multiple pathogens. This paper re-
ports our experiences concerning: 1) the selection of the priority targets
for monitoring; 2) the definition of sample location and sampling fre-
quency; 3) the definition of sample logistics and the analytical labora-
tories that would perform the actual work of the surveillance
programme; and 4) the communication of wastewater data to health
authorities, the public and other stakeholders. This information can be
useful for public authorities, as well as for the research community
globally, who wish to develop and expand WBS for multiple pathogens
and AMR.

2. Methodology
2.1. Selection of monitoring targets

WastPan used comprehensive criteria for selecting WBS targets
(Table 1). It used a knowledge-based approach by consulting and dis-
cussing with epidemiologists from the Infectious Disease Control and
Vaccinations Unit of the Finnish Institute for Health and Welfare (THL,
2023). This unit is responsible for the surveillance of pathogen out-
breaks in Finland. WastPan assessed the surveillance gaps in the current
system based on the opinions of epidemiologists so that WBS informa-
tion could fill such gaps and provide an extra line of evidence about the
current seasonal and emerging outbreaks of pathogens.

The subsequent criterion for target selection in WastPan involved
microbiological evidence (Gentry et al., 2023). This implies choosing
targets with adequate detectable background counts, preferably exhib-
iting seasonal and temporal variations. However, this criterion does not
apply to emerging pathogens like Candida auris. WBS can infer seasonal
and temporal variations in the occurrence of pathogens, thereby helping
authorities in preparing timely interventions (Gentry et al., 2023). This
is especially relevant for viral outbreaks with mild symptoms that follow
epidemic patterns, for which clinical testing can be infrequent. WBS aids
in comprehending their spatial and temporal trends, potentially
bridging surveillance gaps for emerging pathogens without reliable
monitoring systems.

Moreover, regarding AMR pathogens, we selected for WBS those that
are clinically the most relevant globally (Elstrgm et al., 2019; Graber
et al., 2021; Pinholt et al., 2019; Southon et al., 2020), and such

Table 1
Summary of criteria for selecting microbial targets for wastewater-based
surveillance.

Category Description

Epidemiological evidence

1 Inconsistent
surveillance

2 Actionable

Clinical cases frequently reported, but public health

surveillance currently inadequate

Surveillance of targets can guide public health actions

for mitigating the disease burden, e.g., virus infections

with mild symptoms are often not subject to clinical

testing

Microbiological evidence

3 Prevalence Not ubiquitous in large numbers, but having some

background level that is high enough to be monitored

and whose changes can easily be detected

Having some level of seasonal variation

Community acquired rather than through travelling, as

the latter is difficult to predict, so it may require a high

frequency of sampling

6  Reservoirs and Targets for which knowledge of the reservoirs and
routes sources is lacking (e.g., Enterohemorrhagic E. coli)

7  Early detection and Potential for pandemic preparedness. Targets with
warning pandemic potential are of particular interest. The

threshold of WBS detection needs to be low for very

early warning of the introduction of a pandemic agent

4 Seasonality
5 Source
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pathogens may be acquired via travel (Tiwari et al., 2024). Many of our
AMR targets have been included in the current public health surveil-
lance system. However, the current public health surveillance is based
on clinical cases, and as many AMR pathogens monitored in WBS are
majorly part of the gut microbiota providing their information on both
clinical and asymptomatic carriage in the community (Hendriksen et al.,
2019; Karkman et al., 2020; Parnanen et al., 2019). Therefore, WBS
enables preparedness for this silent pandemic, as if an AMR pathogen
increases in wastewater, there can be an increased risk of a lack of
effective medication. Furthermore, WastPan used Oxford Nanopore
metagenomics (Wu et al., 2022), and high-throughput qPCR (Karkman
et al., 2016; Lai et al.,, 2021; Majlander et al., 2021) methods for
screening potential emerging antibiotic resistance genes (ARGs) at the
population level.

2.2. Definition of sampling sites and sampling frequency

A high sample coverage increases the approximation of the actual
population size. However, increasing the sample coverage always comes
with the trade-off of an increased demand for resources and practical
challenges. Thus, the best option can be an informed and appropriate
selection of sample coverage (with good geographical representation),
which does not necessarily require the largest sample size. Such a se-
lection can optimize WBS at a minimal financial cost with fewer prac-
tical challenges (Andrade, 2020). As part of WastPan, we sought to
determine the appropriate sample coverage, i.e., the minimum number
of WWTPs, but with a good representation of the whole nation. WWTPs
for sample collection were selected after comprehensive consideration
of the geographical distribution of WWTPs in all 21 Wellbeing Services
Counties (i.e., administrative divisions based on hospital coverage area)
of Finland, the population size, the proximity of farming areas, and the
proximity of the international border.

WastPan collected wastewater samples from 10 WWTPs serving 44
Finnish municipalities, including densely populated areas and/or key
gateways to the nation (international airports and seaports, Helsinki,
Espoo, Turku, Oulu, Tampere, Kuopio, Rovaniemi). The selection also
included Lappeenranta, a city on the eastern border with Russia, and
small cities with notable animal farming and slaughterhouse activities
(Seinajoki, Pietarsaari), aiming for comprehensive geographical
coverage across the country. These municipalities collectively represent
40 % of Finland’s population (about 2.2 million out of the 5.5 million
total population of Finland) (Table S1).

We evaluated the WBS for coverage and frequency for ESBL-
producing E. coli and K. pneumoniae as model targets. We collected all
clinical cases of these model targets reported to the National Infectious
Diseases Register (NIDR) between January 2018 and August 2021.
Based on the municipality of residence of the ESBL-producing E. coli and
K. pneumoniae cases in the NIDR database, we compared the incidence of
ESBL cases nationwide with the incidence for the service area of: a) 28
WWTPs that are included in the national illicit drug surveillance and
were included in early SARS-CoV-2 WBS, b) the smaller-scale repre-
sentative network of 10 WWTPs proposed for WastPan and c) the WWTP
serving the capital region.

A challenge in calculating cases per service area arose because the
service areas for certain WWTPs precisely aligned with entire municipal
territories, while for others, the WWTP service areas encompassed only
parts of municipalities (Tiwari et al., 2022b). To account for the lack of
perfect overlap between the WWTP service areas and the boundaries of
the municipalities as reported in the NIDR, we adjusted the case
numbers per WWTP service area with the use of correction factors as
described earlier in detail (Tiwari et al., 2022b). The correction factors
describe the percentage of the total population living in the respective
municipalities that are serviced by the WWTP. The monthly incidence
rate in the service area of each WWTP was calculated with the following
equation:
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where I = the incidence per 100,000 inhabitants or the serviced popu-
lation, N = the monthly number of new cases notified in the NIDR, C = a
correction factor defined based on the total population of the munici-
pality and population serviced by the WWTP, with C = 1 when the entire
population of the municipality is serviced by the WWTP, and P = the
total serviced population.

In this paper, we compare the trend of ESBL-producing E. coli in
wastewater monitoring during the WastPan study years with the clinical
data trends from 2018 to 2021. We monitored ESBL-producing E. coli in
wastewater eight times per year from February 2021 to February 2023
by collecting a total of seventeen 24-h composite influent samples from
10 WastPan WWTPs. ESBL-producing Gram-negative bacteria were
selectively isolated using CHROMagarESBL (CHROMagar™, Paris,
France) with a spread-plate technique. After incubation at 37 °C for
18-24 h, presumptive E. coli isolates were confirmed based on colony
colour morphology, and some of them were confirmed with MALDI-
TOF, as reported earlier (Tiwari et al., 2022¢; Tiwari et al., 2023b).

2.3. Sampling, analysis and calculation of results

WastPan monitored 13 viruses (pathogenic and faecal indicators), six
bacteria (pathogenic and faecal indicators), eight multidrug-resistant
bacteria, clinically relevant antibiotic resistance genes (ARGSs), two
parasites, and one pathogenic fungus (Table 2). The reason for moni-
toring faecal indicator bacteria and viruses was to collect background
information on the faecal microbiota, and such targets can be also used
for normalization of the dilution of wastewater, as performed earlier
(Langeveld et al., 2023).

The project was carried out by a governmental public health labo-
ratory [Expert Microbiology Unit of the Finnish Institute for Health and
Welfare (THL)], an environmental health research group [Tampere
University (TAU)], and a zoonotic antimicrobial resistance research
group [Faculty of Veterinary Medicine at the University of Helsinki and
the Finnish Food Authority (UH)]. THL monitored faecal bacteria with
selective culture-based methods and bacteria, parasites, and viruses with
qPCR and RT-qPCR methods, depending on whether the nucleic acid
template was either DNA or RNA, respectively (Hokajarvi et al., 2013;

Table 2

Microbial targets analysed monthly in the WastPan project 2/2021-2/2023
from community wastewater in 10 Finnish cities with a national coverage of 40
% of the population (about 2.2 million out of the 5.5 million population).

Microbial group Monitoring targets

SARS-CoV-2, HCoV-0C43, HCoV-229E, Influenza A
virus, Respiratory syncytial virus (pan assay), Human
metapneumovirus, Adenovirus, Norovirus (GI and
GII), Sapovirus, Enterovirus, Rhinovirus, Pepper mild
mottle virus (PMMoV), Cross-assembly phage
(CrAssphage)

Campylobacter', Salmonella', Escherichia coli,
Enterococcus, Pseudomonas aeruginosa, Clostridium
difficile'

Escherichia coli (ESBL, CP), Staphylococcus aureus
(MR), Enterococcus species (VR), Enterobacter species
(CP), Klebsiella pneumoniae (CP), Acinetobacter
baumannii (CP), Pseudomonas aeruginosa (CP),
Citrobacter freundii (CP)

Environmental DNA targeted with high-throughput

Viruses

Bacteria

Antimicrobial-resistant
(AMR) pathogens’

Antibiotic resistance genes

(ARGS) qPCR and Oxford nanopore metagenomics
Parasites Giardia, Cryptosporidium
Fungi' Candida auris

! sampled eight times/year, SARS-CoV-2 = severe acute respiratory syndrome
coronavirus 2, HCoV = human coronavirus, ESBL = extended-spectrum beta-
lactamases, CP = carbapenemase producing, MR = methicillin resistant, VR
= vancomycin resistant, PMMoV monitoring was only started in December
2021.
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Kauppinen et al., 2019; Tiwari et al., 2018; Tiwari et al., 2022b), and
ARGs with high-throughput qPCR (Karkman et al., 2016; Majlander
et al., 2021). TAU monitored DNA viruses with qPCR methods and RNA
viruses with RT-qPCR methods (Lansivaara et al., 2023a; Lansivaara
et al.,, 2023b; Lehto et al., 2023). UH monitored clinically relevant
multidrug-resistant pathogens with selective isolation (Heljanko et al.,
2023; Heljanko et al., 2024; Tiwari et al., 2022c; Tiwari et al., 2023b),
and ARGs with Oxford Nanopore-based metagenomics approach (Wu
et al., 2022).

The reproducibility of the monitoring workflow was confirmed by
interlaboratory comparison tests for SARS-CoV-2 as a model organism in
two laboratories with expertise in WBS of SARS-CoV-2, here named
Laboratory 1 and Laboratory 2. Samples collected from all 10 WWTPs
between 21 February 2021 and 11 December 2022 were employed for
this inter-laboratory comparison (Table S2). The samples were kept at 4
°C as soon as they arrived at the laboratory and were analysed within
24-48 h, as previously described (Hokajarvi et al., 2021; Tiwari et al.,
2022b). Both laboratories followed the same protocol for virus con-
centration in wastewater, as described earlier (Hokajarvi et al., 2021).
Briefly, samples were centrifuged after removing the particulate debris,
and the supernatant was concentrated using a Centricon® Plus-70 cen-
trifugal ultrafilter. Sterile deionized water was used as a negative pro-
cess control. Both laboratories identically extracted RNA by taking 300
pL of the concentrate and used a Chemagic Viral300 DNA/RNA
extraction kit with the Chemagic-360D instrument (Perkin-Elmer, Ger-
many) and PerkinElmer Chemagic Viral DNA/RNA 300 (Wallac Oy,
Turku, Finland). The elution volume was 50 or 60 L for both labora-
tories. Laboratory 1 used a COVID-19-positive swab sample from a
clinically diagnosed patient as a positive control, and molecular-grade
water was used as a negative control in both laboratories, as done
earlier (Tiwari et al., 2022b). Laboratory 1 used plasmid standard from
IDT (#10006625, 2019 nCoV_N Positive Control) and Laboratory 2
synthetic RNA (Codex DNA, CA, USA) with 10-fold dilution series
(1-10,000 copies/pL) for relative quantification of SARS-CoV-2 gene
copies.

RT-qPCR assays were performed using a QuantStudio 6 Flex real-
time PCR system (Applied Biosystems, ThermoFisher Scientific) in
Laboratory 1 and a QuantStudio 5 real-time PCR system (Applied Bio-
systems, ThermoFisher Scientific) in Laboratory 2, using TagMan Fast
Virus 1-Step Master Mix according to the manufacturer’s protocol
(Applied Biosystems by Thermo Fisher Scientific, Vilnius, Lithuania).
Laboratory 1 only used the US CDC N2 assay, but Laboratory 2 used both
US CDC N1 and N2 primer-probe sets (Table S3). For Laboratory 2, the
reaction mixture for the TagMan N1 and N2 assays included 6.25 pL of
the TagMan Fast Virus 1-step Master Mix, 200 nM forward primer, 200
nM reverse primer, 200 nM probe, and 5 pL template. Non-diluted and
10-fold-diluted fractions of the extracted nucleic acids of each waste-
water sample were analysed in duplicate. Laboratory 1 used mengovirus
as an internal process control for estimating the recovery efficiency, as
described earlier (Tiwari et al., 2022b).

3. Results and discussion
3.1. Selection of monitoring targets

The WastPan project comprehensively selected priority targets and
WWTPs providing wide national coverage for WBS of these pathogens in
Finland and piloted the monitoring for two years. Its targets covered a
wide range of pathogens causing respiratory diseases and gastrointes-
tinal infections, multidrug-resistant pathogens, and several ARGs
(Table 2). Comprehensive evaluation and prioritization of targets can be
the best solution when resources are limited, and mainly when there are
no clear legislative requirements and no social pressure due to pan-
demics. Many of the pathogens selected in the WastPan project had
earlier been reported in Finnish wastewater (Kauppinen et al., 2019;
Laine et al., 2011).
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Target selection for WBS is influenced by local needs, microbiolog-
ical evidence and resource availability. Each community can have its
own unique reasons for monitoring specific targets. The selection of
targets based on local health authority needs and priorities can enhance
surveillance actions and address current surveillance gaps. Information
derived from WBS of such selected targets needs to impact public health
action. For example, many viruses cause flu-like symptoms, so knowing
the circulation of pathogens in a community may help in timing the local
vaccination campaigns and selecting appropriate vaccines. Respiratory
disease is one of the major causes of morbidity and mortality in Finland
(Statistics Finland, 2021). In many cases, these epidemics are silent due
to mild symptoms, and infections rarely require clinical testing, as the
epidemics are self-limiting.

WastPan results demonstrated that not only SARS-CoV-2 but also
other respiratory viruses and AMR pathogens can be quantified for
outbreak detection purposes from wastewater (Lansivaara et al., 2023b;
Lehto et al., 2023; Tiwari et al., 2023a). Based on these promising re-
sults, Finland is currently planning to expand the national surveillance
programme to include influenza A virus and respiratory syncytial virus
(RSV) as new targets. WBS of various respiratory viruses such as SARS-
COV-2, influenza A and RSV has been carried out also elsewhere (Ahmed
et al., 2023d; Boehm et al., 2023). Boehm et al. reported various res-
piratory viruses (influenza A and B viruses, RSV A and B viruses, para-
influenza viruses, rhinoviruses, seasonal coronaviruses and
metapneumovirus) in wastewater in California, USA (Boehm et al.,
2023). The reported virus concentrations and detection rates were
concordant with viral diseases in sentinel laboratories (Boehm et al.,
2023). The surveillance infrastructure built during COVID-19 is useful
and still available for surveillance, and for the development of WBS for
multiple other pathogens in the future (Pruden et al., 2021). As there
will certainly be resource limitations, it might be best to focus on pri-
ority pathogens with pandemic potential that cause severe infections.

Surveillance Suggested Priority
Target Pathogens

Respiratory diseases SARS-Co\sSZ{IInﬂuenza,

Gastrointestinal Campylobacter,
diseases Salmonella, Giardia,
Norovirus
\ J

4 Multidrug resistant )
pathogens belonging
ESBL, CPE, VRE,
\_ Candida auris )

Poliovirus

Polio eradication (enteroviruses)

Antimicrobial
resistance
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Recently, Gentry et al. discussed the importance of the prioritization of
targets during WBS of community diseases based on epidemiological
knowledge and microbiological evidence (Gentry et al., 2023).

The WastPan project categorized communicable disease agents into
four priority groups based on expert evaluation of diseases, and trans-
mission mode of the pathogens, and the estimated level of priority to
generate epidemiological surveillance data from wastewater to support
the other available health indicators (Fig. 1). Based upon subjective
experience rather than empirical evidence, the surveillance goals and
sampling frequency requirements vary depending on the pathogen
groups (Keshaviah et al., 2021). For pandemic preparedness and absence
verification, more frequent sampling may be needed in large cities and
travel hubs (Williams et al., 2023). For long-term trend detection, less
frequent sampling with broader population coverage may suffice (Wil-
liams et al., 2023). In Finland, targets from groups 2 and 3 are notably
affected by international travelling (Fig. 1). Thus, conducting WBS for
these targets at least during peak travel months (January and August)
and tentatively also in May is proposed.

The proposed revised Urban Wastewater Treatment Directive
(UWWTD) of the European Union, Article 17, has a provision for urban
wastewater surveillance (EU Regulation 2020/741, 2022). Based on the
recast proposal, Member States are required to establish a national
system for cooperation and coordination between health authorities and
wastewater treatment authorities. The intention of the national systems
would be to identify essential public health parameters, including SARS-
CoV-2 and its variants, poliovirus, influenza virus, emerging pathogens
and any other relevant public health parameters, which are to be
monitored at least in the inlets at wastewater treatment plants (EU
Regulation 2020/741, 2022). Therefore, many of the pathogens piloted
in WastPan may potentially continue as targets for WBS in Finland and
elsewhere.

Intention of Frequency and
Surveillance Coverage

Detection of trends Once per week, the
(short-term), outbreaks largest cities (40%
& emergence population coverage)

) 2-3 times per year
Detection of trends (long- (40-60% population
term) & outbreaks coverage)
4
N\ 2-3 times per year
Detection of trends (40-60% population
(long-term) & outbreaks L coverage)

Proof of absence
(performance indicator,
trends detection)

Twice per month,
selected sites (30%
population coverage)

Fig. 1. Division of wastewater surveillance targets into four priority groups in the WastPan project and the proposal for suitable frequency and coverage of the
sampling for national surveillance purposes. The proposal is based on the stakeholder views, including the national public health authority, about the surveillance
needs and possibilities taking into account the practicalities such as logistics and presumed resource limitations. SARS-CoV-2 = Severe acute respiratory syndrome
coronavirus 2, RSV = Respiratory syncytial virus, regarding multidrug resistant pathogens belonging to ESBL and CP were targeted E. coli, K. pneumoniae, and
Citrobacter freundii, ESBL = Extended-spectrum beta-lactamases, CPE = Carbapenemase producing Enterobacterieae, VRE = Vancomycin-resistant enterococci.
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3.2. Monitoring workflow and selection of methods

The 24-h composite samples collected from each WWTP (Table S1)
were shipped in cold boxes to the respective laboratories for analysis of
the targets. WastPan used a culture-based approach for selective isola-
tion and enumeration of faecal bacterial pathogens, faecal indicator
bacteria, fungal counts, and antibiotic-resistant bacteria, evaluating
their antibiotic susceptibility, as well as for whole-genome sequencing
(Heljanko et al., 2023; Heljanko et al., 2024; Tiwari et al., 2023a).
Culture-based methods provide evidence of the prevalence of viable
targets in wastewater samples that can be grown in a selective culture
media. Culture-dependent methods are still the gold standard methods
in clinical settings across the globe, and for counting colonies of faecal
indicator microbes from water samples too (Tiwari et al., 2021). As a
limitation, culture-dependent methods cannot monitor many environ-
mental microbes. Culture-independent methods (PCR-based and meta-
genomics) overcome these culturing biases.

WastPan used molecular methods for analyzing viruses, some bac-
teria, ARG, and parasites. Regarding the laboratory workflow, water
samples were pre-centrifuged, the supernatant was used for virus anal-
ysis, and the pellet fraction was used for the analysis of bacteria, ARG,
and parasites. The qPCR/RT-qPCR methods are rapid and useful for
understanding the spatial and temporal distribution of microbial targets
and also for routine surveillance of targets in wastewater (Tiwari et al.,
2022a). These methods can be more sensitive than culture-based
methods, as they enable the measurement of both culturable and
difficult-to-culture strains, inactivated microbes, and even free nucleic
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acids in wastewater (Pitkanen et al., 2013).

WastPan used sequencing-based methods to monitor the prevalence
of different SARS-CoV-2 variants in wastewater. Monitoring of SARS-
CoV-2 variants through sequencing requires a PCR amplification step,
which increases the abundance of genes to a detectable level (Tiwari
et al.,, 2023a). In general, sequencing and metagenomics methods are
used to define phylogeny and for screening novel genes, variants, and
species. The metagenomics approach further elucidates the functional
potential of a microbial community and does not require previous in-
formation about the pathogens circulating in the community. However,
sequence-based methods can have disadvantages due to possible biases
introduced by PCR amplification, the selection of primer pairs, and also
because the results are more likely to be affected by the most frequent
species (Tiwari et al., 2023a). Moreover, both sequencing and meta-
genomics methods may be unable to detect many low-abundance or-
ganisms (Tiwari et al., 2023a).

3.3. Definition of sampling sites and sampling frequencies

The selection of WWTPs and sampling frequency was validated for
reported ESBL E. coli and K. pneumoniae cases in the NIDR in Finland
(Fig. 2). Indeed, it is essential to note that this validation was not
extended to all pathogens, and the unique epidemiology of each path-
ogen may influence the choice of sampling sites and frequencies.

The NIDR-reported incidence in the sewershed areas of the 28
WWTPs, and the 10 WastPan WWTPs align well with the national trend
in ESBL cases (Fig. 2). The 28 WWTPs were involved in illicit drug

12 2019

—=— Finland

2| [—o—28 WWTPs
10 WWTPs

—v— Helsinki

T T T T T T T T T 1§ T T
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
12

2021
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—=— Finland

2| |—e—28 WWTPs
10 WWTPs
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T T T T T T T T T T T 1
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Months

Fig. 2. The monthly incidence of NIDR-notified ESBL E. coli and K. pneumoniae cases per 100,000 population. Finland covers the entire nation, while 28 and 10
WWTPs and Helsinki represent the reported cases with their home address in the sewer catchment areas of the respective treatment plants.
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monitoring (Kankaanpaa et al., 2014; Kankaanpaa et al., 2016), and
early national SARS-CoV-2 surveillance (Tiwari et al., 2022b), sampling
from all 28 WWTPs would provide a more comprehensive representa-
tion of nationwide trends than limiting it to the 10 WastPan WWTP
areas. However, the cost and time savings of sampling only from these
10 WWTPs surpass this drawback. Focusing solely on Helsinki (Vii-
kinméki) WWTP would further compromise representativeness, but it
could be a viable option for capturing trends, especially if other choices
are unavailable. Monitoring Helsinki offers an early warning for im-
ported infectious agents, considering its significance as a major gateway
to the country, and the Viikinmaki WWTP being the largest in the Nordic
countries (Viikinmaki, 2021). Consequently, WastPan identified the
selection of 10 WWTPs including Helsinki, as the optimal and cost-
effective approach for regular surveillance of AMR and infectious
agents (Table S1).

During the four years covered in the analysis of NIDR data, ESBL
E. coli cases surpassed K. pneumoniae cases in Finland (total reported
cases = 17,201; 88.73 % E. coli and 11.27 % K. pneumoniae) (Fig. 2). The
total number of reported cases was around 400-500 per month for the
first two years (2018-2019) but dropped to around 300-400 cases
during the COVID-19 pandemic (2020—2021). The reason behind the
fewer ESBL cases during the COVID-19 period could be reduced testing
and restrictions for international travel (Tiwari et al., 2024). Many
earlier studies have reported international travel and hospitalization
abroad in AMR hotspot regions are the main sources of ESBL and CPE in
Finland and other Nordic countries (Elstrgm et al., 2019; Graber et al.,
2021; Osterblad et al., 2012; Pinholt et al., 2019; Southon et al., 2020;
Tiwari et al., 2024). The monthly trends in ESBL cases and incidence
within the catchment area of 10 WastPan WWTPs closely mirrored those
in the area of the 28 WWTPs, the nationwide trends, and to a lesser
extent, the catchment area of the Helsinki WWTP (Fig. 2).

The monthly fluctuation in ESBL cases in the NIDR clinical dataset
was moderate, with no clear seasonal patterns being observed, except
for a modest increase during the post-holiday months (August and
January), likely linked to travel patterns. Therefore, we propose sam-
pling in August and January due to the heightened incidence of ESBL
E. coli during these months in Finland. For AMR pathogens, seasonal
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sample collection might suffice, given their slower pathogenicity
changes compared to viruses, eliminating the need for monthly sampling
in Finland. ESBL E. coli is proposed as an AMR indicator for WBS due to
its high wastewater prevalence (WHO, 2015). Currently, clinical testing
provides limited evidence of its population prevalence temporal and
spatial variations.

In wastewater monitoring, out of the total of 168 samples analysed
from 10 WWTPs during 17 sampling events, the minimum, median and
maximum counts of ESBL E. coli were 12.1, 13.3 and 15.0 log10 CFU/24-
h influent flow/100000 population, respectively. From Helsinki WWTP,
all samples surpass the median value of ESBL E. coli CFU counts. At the
WWTP located in Espoo, which treats about half of the wastewater
produced in the capital area of Finland, 10 out of 16 samples surpassed
the median value among the total of 168 samples analysed in this study.
In Tampere, Oulu, and Rovaniemi, other larger cities had 8, 7, and 5
samples respectively out of 17 total samples analysed exceeded the
median value out of 168 samples (Figs. S1 and S2). This suggests that
significantly higher ESBL counts were found in major gateway cities to
Finland, potentially imported from abroad. This aligns as previously
mentioned, Nordic countries have largely imported AMR cases (Tiwari
et al., 2024).

However, over both years, August stood out with a high count (15
out of 20 samples had >168 samples median value) of ESBL E. coli
compared to other months. When combining all samples, the peak
average ESBL E. coli CFU/100,000 population per 24 h occurred in May
and July 2021, contrasting with August and September 2022 (Fig. 3).
This contrasts with our earlier assumption that January could see higher
counts due to increased international travel returning home. Neverthe-
less, the monthly fluctuations in ESBL E. coli counts within wastewater
samples showed significant variability in each WWTP (Fig. S3).

Monitoring of ESBL E. coli in wastewater provides insights into both
potential infections and the asymptomatic carriage of these bacteria
within the sewershed population’s microbiota. The WHO Tricycle Pro-
tocol recognizes ESBL E. coli as an excellent AMR indicator from a One
Health perspective (WHO, 2021).
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Fig. 3. The monthly variation in ESBL E. coli counts (Log;o CFU/day/100000 population) in wastewater samples during the WastPan study years (SD = + standard
deviation). Helsinki refers to one out of the 10 WastPan WWTPs, the Viikinmaki wastewater treatment plant, located at Helsinki.
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3.4. Interlaboratory and gene assay comparisons

Reproducible methods are important in all laboratory analysis,
including microbiological and WBS investigations. Herein, an inter-
laboratory and inter-assay comparison study was conducted for SARS-
CoV-2 RNA by considering the detection rate monitored in parallel in
Laboratory 1 using the N2 assay and Laboratory 2 using the N1 and N2
assays. Details of the RT-qPCR reactions are presented in Table S4. The
detection rate of SARS-CoV-2 between Laboratories 1 and 2 with the N2
assay (Table 3A) was concordant (McNemar test, p = 0.146), and
detection in wastewater followed similar trends to COVID-19 clinical
cases (Table S5). When comparing SARS-CoV-2 gene copies, we
observed no relationship (Pearson correlation coefficient or Pearson’s r
= —0.022, linear regression coefficient, the goodness of fit: R =
—0.0062) (Fig. 4A). Such a poor relationship can be attributed to vari-
ations in the standard materials used for the relative quantification of
genome copies. Lab 1 utilized IDT plasmid and Lab 2 employed Codex
synthetic RNA as the standard material for quantifying SARS-CoV-2
RNA. While not confirmed, potential human-induced biases, possibly
linked to staff turnover in Lab 2, cannot be dismissed, as the relatively
higher estimation of gene copies was systematically observed in the
samples analysed in a few months (Fig. 4A and B).

SARS-CoV-2 RNA was more frequently detected using the N2 assay
(Laboratory 1: 91.5 %; Laboratory 2: 87.4 %) compared to the N1 assay
(Lab 2 only, 76.6 %) (McNemar, p < 0.001 Lab 1, p = 0.006 Lab 2)
(Tables 3B and 3C). When comparing SARS-CoV-2 RNA detection in
wastewater using N1 and N2 assays with clinically reported cases, N2
assays detected the virus even when there were few clinical cases (Table
S5). The relative quantification of SARS-CoV-2 RNA was higher with the
N2 assay than with N1 assay in both laboratories (Fig. 4B and C). There
was a strong relationship between SARS-CoV-2 gene copies monitored
with N2 assay in Lab 1 and N1 assay in Lab 2 (Pearson’s r = 0.8358, the
goodness of fit: R? = 0.6956) (Fig. 4Q).

Sensitivity of the monitoring methods used for WBS is important
since the monitoring results can be used to provide an early warning of
pandemic threats and enable the monitoring of low abundance targets
(Lansivaara et al., 2023b; Tiwari et al., 2022b). Bustin et al. defined the
analytical sensitivity of a method as its ability to detect minimum
genome copies (GC) with reasonable certainty or a minimum number of
GC that can be reliably detected with a given analytical system (Bustin
et al., 2009). Variations in detection rates with the N1 and N2 assays
within the same monitoring workflow can be attributed to various fac-
tors such as genomic variability, assay sensitivity and specificity, and
mutation changes, and have been reported in many earlier studies
(Gonzalez et al., 2020; Matsumura et al., 2021; Nalla et al., 2020).

3.5. Communication of results

While communication is an important component of WBS, its
approach has not fully developed in the WBS, in comparison to the
conventional clinical-based approach (Tiwari et al., 2022b). A commu-
nication dashboard informs authorities and stakeholders promptly
about WBS results, through user-friendly data visualizations (Hill et al.,
2023; Wettstone et al., 2023).

WastPan aimed to integrate and utilize all the information produced
in the project in developing an open platform to enable future WBS
initiatives, i.e., a pandemic preparedness platform. WastPan developed a

Table 3A
Comparing SARS-CoV-2 RNA detection in Laboratories 1 and 2 with N2 assay.

Laboratory 1 (N2-assay)

Detected Not detected
Laboratory 2 (N2-assay) Detected 150 (86 %) 32 %)
Not detected 9 (5 %) 12 (7 %)

Science of the Total Environment 926 (2024) 171401

dashboard for communicating WBS data to wide stakeholders, including
communities, epidemiologists, healthcare providers, government
agencies, and others (Pitkanen, 2023). The goal is to engage stake-
holders and raise awareness about the usage of WBS (https://www.thl.fi
/episeuranta/jatevesi/wastpan/en/).

During portal development, we initially mapped existing water
supply network coverage and analysed available background data from
WWTPs at sampling times. Our dashboard reports both microbial target
loads and background wastewater characteristics, aiding public health
professionals and relevant stakeholders in interpreting results. The
dashboard offers insights into spatial and temporal variations in target
concentrations, enabling stakeholders to assess pathogen prevalence
and make informed decisions, such as regarding resource allocation and
vaccine distribution.

WastPan has prepared an open data entry and transfer interface that
can be used for monitoring and modelling epidemics and microbiolog-
ical trends. The goal is to develop an automated comparison of
wastewater-based findings with other surveillance databases, such as
NIDR. The influenza A virus (Lehto et al., 2023) and RSV (Lansivaara
et al., 2023a) were chosen as pilot microbes for the results website,
whose reports contain observation matrices of the results, followed by
treatment plant-specific graphs and, where possible, the corresponding
NIDR cases. The map view is based on each microbe and is published as
detected or not detected. All WastPan results are archived on the
WastPan website as an electronic data source after publication and will
be openly available. In addition, the results pages contain links to all
WastPan publications for more detailed analysis information. The
website has been published in both Finnish and English and is available
from: https://www.thl.fi/episeuranta/jatevesi/wastpan/en/.

3.6. Challenges in multi-target WBS monitoring

WBS has not yet been fully developed, and its use has some consid-
erable limitations and uncertainties. One of the early aims to verify the
usefulness of WBS has been to establish a reliable relationship between
wastewater data and clinical cases in sewershed communities, facili-
tating communication with epidemiologists and health authorities
(Pang et al., 2022). However, the varying shedding rates of targets in
different body fluids, such as urine, faeces, and oral secretions, and in
different infection stages (Table S6) complicate the correlation between
WBS data and clinical cases (Lowry et al., 2023). This variation is sig-
nificant, even among different targets. Thus, when using WBS for mul-
tiple targets, detecting one target while not detecting another does not
guarantee the absence of clinical cases in the sewershed for the unde-
tected target. For example, a study by Lowry et al. (Lowry et al., 2023)
demonstrated that the median concentration of influenza virus in stool
samples from infected individuals is around 5-6 log;( copies per gram
(Lowry et al., 2023). By comparison, Lee et al. (Lee et al., 2007) esti-
mated the norovirus concentration in human stool samples to range
from 8.5 to 10.5 log; ¢ copies per gram, depending on factors such as age
and diarrhoea stage (Lee et al., 2007). Therefore, to achieve equal
detection rates, influenza would require a much larger number of clin-
ical cases than norovirus in the sewershed if both have identical decay
rates in wastewater distribution systems and identical responses to
concentration stages and monitoring platforms. Furthermore, pathogens
from a wide taxonomic range and differing in physiology and
morphology may act differently during various sample processing and
analysis pipelines (Ahmed et al., 2023a; Ahmed et al., 2023d). In the
future, it is essential to consider WBS as an independent data source,
complementing the information gained from other means of public
health surveillance.

However, basic information about the pathogen excretion and sta-
bility in the wastewater systems is needed for each WBS target. For
example, in the early times after the initiation of COVID-19 pandemic,
we experimentally evaluated the persistence of SARS-CoV-2 RNA bio-
markers in wastewater under cold and freezing storage conditions and
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Fig. 4. Comparing SARS-CoV-2 RNA copies monitored via A) the N2 assay in Laboratories 1 and 2, B) N1 assay and N2 assay in Laboratory 2, and C) N2 assay in
Laboratory 1 and N1 assay in Laboratory 2, illustrating their relationships with clinically reported COVID-19 cases on the respective sampling day. The reported
clinical cases are presented as a five-day moving average. SARS-CoV-2 gene copies are normalized with the 24-h influent flow volume and adjusted per

100,000 population.

the prevalence of viral RNA in pellets or supernatant after centrifugation
of samples (Hokajarvi et al., 2021). We detected a decline in viral par-
ticles over 28 days at 4 °C but not at —20 °C or — 75 °C. Further, Crank
et al. analysed faecal routes as the primary source of SARS-CoV-2 in the

sewage system, estimating that infected individuals release different
amounts of SARS-CoV-2 via saliva, sputum, urine, and stool (Crank
et al., 2022). They estimated that infected individuals contribute about
8.05 log19 SARS-CoV-2 GC via saliva, 7.92 log; via sputum, 8.15 log;o
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Fig. 4. (continued).

Table 3B
Comparing SARS-CoV-2 RNA detection: N2 assay in Laboratory 1 versus N1
assay in Laboratory 2.

Laboratory 1 (N2-assay)

Detected Not detected
Laboratory 2 (N1-assay) Detected 95 (78 %) 0 (0 %)
Not detected 19 (16 %) 10 (8 %)

Table 3C
Comparing SARS-CoV-2 RNA detection: N1 and N2 assays in Laboratory 2.

Laboratory 2 (N2-assay)

Detected Not detected
Laboratory 2 (N1-assay) Detected 93 (66 %) 11 (8 %)
Not detected 19 (14 %) 18 (13 %)

via urine, and about 10.55 log; via stool in a day (Crank et al., 2022).
The cumulative impact of these aspects on the target concentration in
the sewage system can be substantial. However, limited longitudinal
data on the shedding rates and stability of various respiratory viruses in
human excretions complicates these assessments, as seen in previous
studies (Lowry et al., 2023).

To effectively use wastewater monitoring for outbreak detection,
long-term monitoring, the establishment of baseline levels and the
definition of outbreak thresholds are essential. The definition of an
outbreak threshold depends on the shedding rate, as high shedding rates
can result in significant peaks with only a few clinical cases, while low
shedding rates may require a larger number of cases to create noticeable
peaks (Li et al., 2023). Furthermore, data on asymptomatic cases,
vaccination effects on shedding, pathogen decay in the wastewater
distribution system, and variations in the behaviour of different micro-
bial targets are critical. The sensitivity of the monitoring method, the
presence of PCR inhibitors in wastewater and dilution effects during
weather events such as heavy rain or snowmelt should also be consid-
ered. For WBS of antimicrobial resistance (AMR) and its correlation with
clinical data, additional complexities arise due to the diversity of
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bacterial species and strains, as well as the presence of resistance genes
in mobile genetic elements (Elisabeth et al., 2021; Tiwari et al., 2022d).
These resistance genes can be transferred between environmental and
clinical bacteria and may originate from various sources, including
asymptomatic carriers and normal human microbiota (Larsson & Flach,
2022).

Managing variations in the distance between different wastewater
treatment plants and monitoring laboratories is a significant concern in
WRBS. Effective sample logistics, including proper sample transportation
and storage, are crucial to ensure the reliability and integrity of the
analytes (Ahmed et al., 2022b). Centralizing all analyses in a single
laboratory ensures uniformity and consistent procedural steps, mini-
mizing variations related to human factors, platforms, and monitoring
pipelines. However, this approach introduces variation due to varying
transportation distances for samples from different municipalities. The
establishment of standardized protocols for sample collection, including
timing, frequency, and location, is imperative to capture dynamic
changes in targets in WBS.

The normalization procedures enhance the comparability of results
across different sampling sites and times. Common normalization tech-
niques involve based on factors such as wastewater flow rates or the
abundance of faecal indicators (such as pepper mild mottle virus and
CrAssphage) (Maal-Bared et al., 2023). These normalization methods
contribute to more accurate and meaningful data interpretation,
allowing for reliable comparisons and trend analyses (Maal-Bared et al.,
2023). However, there is no universal solution regarding the best
normalization method. WastPan has experience with the superiority of
the flow normalization method over using Pepper mild mottle virus or
CrAssphage (Tiwari et al., 2022b).

4. Conclusions

This paper clearly describes how the WastPan project in Finland
selected priority microbial targets and extensive WWTP coverage for
multi-pathogen monitoring, piloting the programme for two years. The
WastPan project has demonstrated that a single composite sample from
a community has a power to reveal information about diseases that are
currently under clinical surveillance. WBS can offer insights into the
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incidence, seasonality, locality, and reservoirs of multiple pathogens.
WBS has considerable flexibility in the selection of sampling sites, sur-
veillance targets, sampling frequency, sample storage for future anal-
ysis, the selection of monitoring methods, data analysis, and data
presentation based on local needs. Comprehensive evaluation and pri-
oritization of targets can be the best solution for using limited resources.
The selection of a new target, establishment of the sampling strategy,
practical arrangement of sample shipments, selection of a sensitive and
specific monitoring assay, collection of baseline data, establishment of a
communication and action plan, as well as the threshold for action, and
integration of WBS in routine surveillance actions for public health
represent a simplified pipeline for WBS of new pathogens. Thus, WBS
provides an opportunity to monitor a wide range of pathogens, but the
selection of pathogens for inclusion in routine surveillance should align
with local epidemiological requirements. The infrastructure established
during WBS for COVID-19 can serve as a valuable resource for moni-
toring a wide array of other pathogens, making it a cost-effective
approach to gathering community-wide microbiological evidence from
wastewater.
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