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a b s t r a c t 

Wastewater-based epidemiology (WBE) has been shown to coincide with, or anticipate, confirmed COVID- 

19 case numbers. During periods with high test positivity rates, however, case numbers may be underre- 

ported, whereas wastewater does not suffer from this limitation. Here we investigated how the dynamics 

of new COVID-19 infections estimated based on wastewater monitoring or confirmed cases compare to 

true COVID-19 incidence dynamics. We focused on the first pandemic wave in Switzerland (February to 

April, 2020), when test positivity ranged up to 26%. SARS-CoV-2 RNA loads were determined 2–4 times 

per week in three Swiss wastewater treatment plants (Lugano, Lausanne and Zurich). Wastewater and 

case data were combined with a shedding load distribution and an infection-to-case confirmation delay 

distribution, respectively, to estimate infection incidence dynamics. Finally, the estimates were compared 

to reference incidence dynamics determined by a validated compartmental model. Incidence dynamics 

estimated based on wastewater data were found to better track the timing and shape of the reference 

infection peak compared to estimates based on confirmed cases. In contrast, case confirmations provided 

a better estimate of the subsequent decline in infections. Under a regime of high-test positivity rates, 

WBE thus provides critical information that is complementary to clinical data to monitor the pandemic 

trajectory. 

© 2021 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Wastewater-based epidemiology (WBE), a form of environmen- 

al surveillance of infectious diseases, has long been suggested 

s a sensitive tool to monitor pathogen circulation in a popula- 

ion ( Fernandez-Cassi et al., 2018 ; Hovi et al., 2012 ; Sinclair et al.,

008 ). Many pathogens, both enteric and otherwise, are excreted 

rom infected individuals into the sewage system via feces, saliva 

r other bodily fluids ( Sinclair et al., 2008 ). The principle under- 

ying WBE is that the pathogen concentrations or loads in sewage 
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re proportional to the number of infected individuals among the 

opulation contributing to the sewage, and can thus inform on 

he presence and trajectory of a disease outbreak. For example, 

orovirus concentrations in sewage were found to closely track 

he dynamics gastroenteritis cases over several years in Japan 

 Kazama et al., 2017 ). WBE can inform not only on the presence

nd dynamics of a pathogen but may also capture the emergence 

f new strains or variants before they become widespread in a 

opulation ( Bisseux et al., 2020 ; Kazama et al., 2017 ). 

WBE has received renewed attention during the COVID-19 pan- 

emic, when it was recognized that SARS-CoV-2 RNA is excreted 

n feces ( Y. Wu et al., 2020 ) and can be detected in wastewa-

er ( Ahmed et al., 2020 ; Medema et al., 2020 ; Randazzo et al.,

020 ) and sludge ( Graham et al., 2021 ; Peccia et al., 2020 ). Several
under the CC BY-NC-ND license 
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tudies have shown that the dynamics of SARS-CoV-2 RNA in raw 

astewater or sludge coincide with, or even anticipate, the dynam- 

cs of confirmed cases ( Graham et al., 2021 ; Medema et al., 2020 ;

eccia et al., 2020 ). In addition, WBE was able to capture the intro-

uction and spread of SARS-CoV-2 variants of concern ( Jahn et al., 

021 ), and identify mutations that were not captured in clinical 

amples ( Crits-Christoph et al., 2021 ). WBE may thus serve as a 

seful tool to support COVID-19 monitoring, and WBE data have 

lready been integrated into multiple national or local COVID-19 

ashboards. 

While WBE will never replace case reporting, it can be used to 

trengthen the understanding of infectious disease dynamics as it 

olds important benefits over clinical tests. Specifically, WBE cap- 

ures both symptomatic and asymptomatic virus shedders; WBE 

ata are not affected by testing capacity, strategy or compliance; 

nd WBE allows the monitoring of a large population with few 

amples. The advantages of WBE over clinical testing are partic- 

larly important when test capacity is exceeded and hence may be 

nsufficient to accurately capture case numbers. According to the 

HO, the test positivity rate should remain < 5% to confidently 

rack disease dynamics ( World Health Organization, 2020 ). Under 

egimes with a positivity rate > 5%, WBE may thus better reflect 

rue disease dynamics than clinical case numbers. 

In this study we evaluated the use of wastewater monitoring 

s a tool to track COVID-19 dynamics. We hypothesized that un- 

er high test positivity rates, wastewater provides an improved 

stimate of the dynamics of new infections (incidence dynam- 

cs) compared to confirmed case numbers. We focused on the 

rst wave of the COVID-19 pandemic in Switzerland, which lasted 

rom late February to April 2020. The test positivity rate during 

his period ranged up to 26 % (Figure S1). Wastewater was mon- 

tored 2–4 times per week in two locations (Lugano, Lausanne) 

hat were strongly affected, and one location (Zurich) that expe- 

ienced a milder wave. We did not directly evaluate SARS-CoV-2 

NA loads measured in wastewater against the number of con- 

rmed cases. Instead, we use these metrics to estimate the in- 

idence dynamics over time. This allowed us to compare both 

he wastewater- and the case number-derived incidence dynam- 

cs to reference incidence dynamics determined retrospectively by 

 compartmental (Susceptible-Exposed-Infected-Recovered; SEIR) 

odel and consistent with seroprevalence studies conducted in the 

egion ( Lemaitre et al., 2020 ). 

. Materials and methods 

.1. Experimental approach 

We determined the concentration and daily loads of SARS-CoV- 

 RNA in longitudinal samples of raw wastewater collected from 

hree Swiss wastewater treatment plants (WWTPs). In each sam- 

le, we analyzed two SARS-CoV-2 gene targets (N1 and N2). In 

ddition, we determined virus recovery by means of an externally 

dded viral surrogate of SARS-CoV-2. Finally, we monitored the fe- 

al strength in each sample via the analysis of pepper mild mot- 

le virus (PMMoV), a plant virus that occurs in wastewater at high 

nd constant concentrations ( Kitajima et al., 2014 ; Symonds et al., 

018 ). 

.2. Sample collection and storage 

24-h composite influent samples were collected 2–4 times per 

eek between February 26 and April 30, 2020 from three Swiss 

WTPs: Lausanne (STEP de Vidy; population connected: 240 ′ 0 0 0; 

5 samples), Lugano (CDA Bioggio; population connected: 125 ′ 0 0 0; 

1 samples); and Zurich (ARA Werdhölzli: population connected: 
2 
50 ′ 0 0 0; 22 samples). After collection, the wastewater samples 

ere stored at -20 ºC for up to 5 months. 

.3. Preparation of viral surrogate stock solutions 

Three enveloped viruses were assessed as external recovery 

ontrols, namely Murine Hepatitis Virus (MHV, Coronaviridae, be- 

acoronavirus ), Pseudomonas virus �6 ( Cystoviridae, cystovirus ) and 

urine Sendai virus ( Paramyxoviridae, respirovirus ). Murine Hepati- 

is Virus strain MHV-A59 (kindly donated by Volker Thiel, Univer- 

ity of Bern) was propagated in delayed brain tumor (DBT) cells 

kindly donated by Krista Rule Wigginton, University of Michi- 

an) as described elsewhere ( Leibowitz et al., 2011 ). Five days 

ost-infection the viral particles were released from infected cells 

y three cycles of freezing/thawing. Cell supernatants were cen- 

rifuged at 30 0 0 ×g to pellet down cell debris and the supernatant 

as clarified through a 0.22 μm filter. The resulting stock solu- 

ion had a concentration of 7.8 ×10 9 genome copies (gc)/ml. Bac- 

eriophage �6 (DSMZ n º 21518, strain HER 102, Braunschweig, 

ermany) was propagated in P. syringae (DSMZ n º 21482, strain 

ER1102) according to the provider’s instructions. After propaga- 

ion, bacterial cultures were centrifuged at 80 0 0 ×g for 10 min 

nd cell debris was removed by passing the supernatant through 

 0.22 μm filter. The final stock solution had a concentration of 

.0 ×10 8 gc/ml. Finally, Sendai virus propagated in embryonated 

ggs was kindly donated by Dominique Garcin (University of 

eneva) and was used without further treatment. These solutions 

ad a concentration of 1.3 ×10 9 gc/ml. 

.4. Sample concentration and nucleic acid extraction 

Samples from Lugano and Lausanne were processed at EPFL, 

nd samples from Zurich were processed at Eawag. Prior to pro- 

essing, samples were thawed at room temperature. For each sam- 

le, two replicate aliquots of 50 ml wastewater were processed. 

he 50 ml aliquots were spiked with MHV (Lausanne or Lugano) 

r Sendai virus (Zurich) at a concentration of approximately 1 ×10 6 

c/50 ml, and were stirred for 20 minutes to ensure the homog- 

nization of the sample. Then they were pre-filtered using 2 μm 

lass fiber pre-filters (cat n º AP20 0750 0, Merck Millipore, Burling- 

on, MA, USA) placed on the top of 0.22 μm SteriCup filters (cat n º
CGVU02RE, Merck Millipore). After filtration, the filter units were 

insed with 10 ml of ultrapure water to ensure that no wastewa- 

er was retained in the dead volume. The filtrates (approximately 

0 ml) were transferred to a centrifugal filter unit with a size cut- 

ff of 100 kDa (Centricon Plus-70; cat n º UFC701008, Merck Milli- 

ore), and were centrifuged for 30 min at 30 0 0 ×g. To collect the

oncentrate, the centrifugal filter was inverted and centrifuged for 

 min at 10 0 0 ×g. The resulting viral concentrate volume ranged 

rom 180 to 300 μL. 

Viral concentrates were extracted in their entirety using the Qi- 

gen RNA Viral Mini Kit (cat n º 22906, Qiagen, Valencia, CA, USA) 

ollowing the manufacturer’s protocol for higher volumes. Nucleic 

cids were eluted using 80 μl of AVE buffer. For each processed 

atch of samples, a negative extraction control using water was 

ncluded. The extracted nucleic acids were passed through a Zymo 

neStep PCR Inhibitor Removal column (cat n º D6030, Zymo Re- 

earch, Irvine, CA, USA) to remove PCR inhibitors following the 

rotocol provided by the manufacturer. 

In addition to the longitudinal samples, seven composite 

astewater samples were collected in Lausanne to test the recov- 

ry of different SARS-CoV-2 surrogates. These samples were spiked 

ith MHV, Sendai virus and �6 at a concentration of approxi- 

ately 10 6 gc/50 ml each. Samples were then concentrated and 

ucleic acids were extracted as described above. 
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.5. Quantification of SARS-CoV-2 N1 and N2 genes, viral surrogates 

nd PMMoV by RT-qPCR 

All RNA extracts of the longitudinal samples were analyzed by 

T-qPCR for four viral targets: The N1 and N2 gene targets of SARS- 

oV-2, the surrogate virus and PMMoV. All N1, N2 and MHV analy- 

es, as well as PMMoV analyses for Lugano and Lausanne were per- 

ormed at EPFL. PMMoV and Sendai virus analyses for Zurich were 

erformed at Eawag. The samples to test surrogate virus recovery 

ere analyzed at EPFL for three viral targets: MHV, Sendai virus 

nd �6. To detect the presence of SARS-CoV-2 RNA, the CDC N1 

nd N2 assays were used ( Lu et al., 2020 ). PMMoV and MHV were

nalyzed by previously reported assays ( Besselsen et al., 2002 ; 

aramoto et al., 2013 ; Zhang et al., 2006 ). The design for primers

nd probes for �6 were adapted from Gendron et al. (2010) ac- 

ording to the suggestion of Heather Bischel (University of Califor- 

ia, Davis). For Sendai virus, primers and probes were designed for 

he purpose of this project. A summary of all primers and probes 

nd the RT-qPCR protocols is given in the Supporting Information 

Table S1). 

To calibrate the different RT-qPCR assays, standard curves for 

ach viral target were generated using either double-stranded DNA 

blocks gene fragments (viral surrogates and PMMoV), or a 2019- 

CoV_N positive control plasmid (cat n º 10 0 0 6 625, SARS-CoV-2 N1 

nd N2). Both gblocks and plasmids were purchased from Inte- 

rated DNA Technologies (Coralville, IA, USA). 

RT-qPCR amplifications were performed in 25 μl reactions us- 

ng RNA UltraSense TM One-Step Quantitative RT-PCR System (cat 

 º 11732–927, Invitrogen, Carlsbad, CA, USA), amended with 4 μl 

f bovine serum albumin (2 mg/ml; cat. n º 10711454001, Sigma- 

ldrich, Buchs, Switzerland) on a Mic qPCR Cycler (Bio Molecular 

ystems, Upper Coomera, Queensland, Australia). In each RT-qPCR 

eaction, 5 μl of RNA extract or calibration standard were used. For 

MMoV, the RNA extract was diluted 1:10 prior to RT-qPCR anal- 

sis. All RT-qPCR runs included no-template controls and negative 

xtraction controls to monitor for contamination during the extrac- 

ion and amplification process. The preparation of PCR mastermix 

nd standards, as well as sample loading were performed in sep- 

rate locations to avoid contamination. Cq determination was per- 

ormed using the micPCR software (v2; Bio Molecular Systems). 

RT-qPCR limits of detection (LOD) were determined as the low- 

st concentration (N1, N2 and MHV) or the lowest standard (PM- 

oV, Sendai, �6) with a 95% or greater detection probability. The 

imit of detection (LOD) for each gene target were determined 

rom pooled standard curves (n ≥ 3) in R using the Generic qPCR 

imit of Detection (LOD) / Limit of Quantification (LOQ) calculator 

 Merkes et al., 2019 ). Samples with a measurable RT-qPCR signal < 

OD were assigned the concentration of the LOD of the respective 

ssay. Samples which yielded no detectable RT-qPCR signal were 

et to the theoretical minimal LOD (3 gc/reaction) ( Ståhlberg and 

ubista, 2014 ). 

.6. RT-qPCR inhibition 

To check for inhibition during RT-qPCR reactions, 4 μl of each 

ymo-treated RNA extract were amended with 1 μl of a synthetic 

ARS-CoV-2 RNA reference material (cat. n º EURM-019, European 

ommission, Joint Research Center, Geel, Belgium) at a concen- 

ration of approximately 10 5 gc/μL. RNA extracts were analyzed 

or the SARS-CoV-2 N1 target by the RT-qPCR protocol described 

bove, and the resulting Cq values were compared between sam- 

les. Samples were considered inhibited when Cq was > 1.5 cycles 

Recovery = 

virus m
3 
eyond the average Cq measured at a given site. All inhibition tests 

ere conducted at EPFL. 

.7. Recovery 

Recovery was calculated as the ratio of surrogate virus recov- 

red after sample processing and the virus originally spiked into 

0 ml of unfiltered wastewater ( Eq. 1 ): 

ured per μlRNAextract × RNAextractionvolume ( 80 μl ) 

virus spiked into 50 ml of wastewater 
(1) 

.8. Determination of RNA loads 

Genome copies (gc) per reaction were converted to units of load 

gc/day) by determining the gc concentration per liter of wastewa- 

er and multiplication by the wastewater flow rate of correspond- 

ng day according to Equation 2: 

oad (gc / day) = 

C PCR × V extract / V PCR 

V sample × Q 

(2) 

Where C PCR is the template concentration (gc/reaction) deter- 

ined by RT-qPCR, V extract is the total volume of RNA extract (80 

L), V PCR is the volume of extract analyzed by RT-qPCR (5 μL), 

 sample is the volume of the wastewater sample (0.05 L), and Q is 

he wastewater flow rate on a given sampling day measured and 

rovided by the WWTPs included in this study (L/day). 

.9. Storage test 

To determine if storage at -20 °C had a detrimental effect on 

ARS-CoV-2 RNA concentrations in wastewater, a control experi- 

ent was conducted. A batch of wastewater influent from Lau- 

anne was collected and stored for a month in four different condi- 

ions: 1) unprocessed wastewater at 4 °C; 2) unprocessed wastew- 

ter at -20 °C; 3) concentrated wastewater (after ultrafiltration) at 

20 °C; and 4) Zymo-treated RNA extract at -20 °C. All tests were 

onducted in duplicate. After one month, all samples were fully 

rocessed and immediately analyzed for the N1 gene target by RT- 

PCR as described above. 

.10. Epidemiological data 

Confirmed case numbers for each WWTP catchment and test 

ositivity rates were kindly provided by the Swiss Federal Office of 

ublic Health. 

.11. Incidence estimates 

Reference infection numbers were determined by an SEIR 

odel described previously ( Lemaitre et al., 2020 ). This model is 

ased on cantonal hospitalization data, intensive care unit visits 

nd deaths, but not case numbers. This is to avoid any influence 

rom changes in test strategies and test capacity over the time pe- 

iod considered. The modeled incidence includes both symptomatic 

nd asymptomatic new infections. The model was validated against 

 seroprevalence study conducted in the region, and we therefore 

onsider it herein as the reference incidence. 

Incidence was additionally estimated based on longitudinal data 

f SARS-CoV-2 loads in wastewater and based on confirmed cases. 

oth these metrics measured at time t reflect an aggregate of in- 

ections that occurred over a time span preceding the measure- 

ent. A deconvolution of these aggregated quantities allows for 

he reconstruction of daily infections. This requires an assumption 

f the extent by which previous infections influence the aggregated 
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Fig. 1. Delay distributions for virus shedding and case confirmation. a) Shedding 

load distribution, based on the delay distribution from infection to symptom onset 

by Linton et al. (2020) , combined with the gastrointestinal viral load dynamics ac- 

cording to Benefield et al. (2020) b) Delay distribution from infection to symptom 

onset according to Linton et al. (2020) (solid line), and combined with an additional 

delay from symptom onset to case confirmation based on Bi et al. (2020) (dashed 

line). 
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uantities. This assumption is expressed by time delay-dependent 

eight ω( τ ) , where τ is the time (days) since infection. The mea- 

ured aggregated quantity A at time t can be approximated by a 

eighted sum of all infections I that occurred up to time t : 

 t ≈
∞ ∑ 

τ=0 

ω(r) l t−τ (3) 

The infections I over a time range of interest can be estimated 

ia non-negative least squares regression. As fast fluctuations in 

he number of daily infections seems unreasonable, an additional 

onstraint was added to enforce smoothness comparable to the in- 

ection numbers of the SEIR model (see Supporting Information). 

To obtain the wastewater-derived incidence, the weights of the 

econvolution, ω( τ ) , are given by the shedding load profile (SLP) 

hat describes the average amount of virus shed by a patient τ
ays after infection. The SLP can be decomposed into the relative 

hedding load probability distribution (SLD) and the absolute viral 

oad shed during the course of the disease ( L ) ( Eq. 4 ): 

LP ( τ ) = L × SLD ( τ ) (4) 

The SLD was constructed by combining the gastrointestinal vi- 

al load as a function of time after symptom onset with the time 

etween infection and symptoms. Virus shedding was modelled 

ased on data reviewed by Benefield et al. (2020) , and could be 

ell described by a gamma distribution with a mean of 6.73 days 

nd a standard deviation (sd) of 6.98 days. The time between in- 

ection and symptoms was also modeled by a gamma distribution 

ased on Linton et al. (2020) (mean = 5.3 days, sd = 3.2 days). The

onvolution of these two distributions was used as the SLD (shown 

n Fig. 1 a) with a mean = 11.73 days and an sd = 7.68 days. 

If L is known with small uncertainty, the absolute number of 

nfections can be estimated. However, although the different SLDs 

ave a comparable shape across literature, the loads L are highly 

ariable ( Han et al., 2020 ; Liu et al., 2020 ). Therefore, we applied

he SLD, which still yields an estimate that is proportional to that 

btained by using the correct but unknown SLP. 
4 
For the case number-derived incidence, ω( τ ) was defined by 

the distribution combining the delays from infection to 

symptom onset (gamma mean = 5.3 days; sd = 3.2 days), 

and from symptom onset to case confirmation (gamma 

mean = 5.5 days, sd = 3.8 days; Bi et al., 2020 ). The result-

ing delay distribution from infection to case confirmation is 

visualized in Fig. 1 b. 

.12. Data analysis 

All statistical analyses were performed in R ( R Core Team, 2016 ). 

he non-negative least-square regression for the incidence estima- 

ions was implemented with the package ‘CVXR’ ( Fu et al., 2020 ) 

nd delay distributions were computed with the R package ‘distr’ 

 Ruckdeschel and Kohl, 2014 ). 

.13. Data availability 

Data (measured RNA concentrations, flow rates and case num- 

ers) are available at http://doi.org/10.5281/zenodo.4750572. 

. Results and discussion 

.1. Method performance 

.1.1. PCR efficiency and limit of detection 

PCR efficiencies for all targets ranged from 94–111% (Table S2). 

he R 

2 of the pooled standard curves were ≥ 0.95. No amplifica- 

ion signal was measured in the non-template and negative ex- 

raction controls confirming the absence of contamination during 

ample processing. The LOD corresponded to 4.2 gc/ml wastewater 

nd 2.6 gc/ml wastewater for the SARS-CoV-2 N1 and N2 genes, 

espectively. The LODs reflect the difficulty of producing accurate 

alibration curves for SARS-CoV-2 in the low template range based 

n plasmid standards. This limitation, which was also reported by 

thers ( Chik et al., 2021 ; Gerrity et al., 2021 ) highlights the need

or improved qPCR standards and more sensitive RT-qPCR assays to 

inimize variability and false negative results in SARS-CoV-2 RNA 

uantification. The LODs of the other targets are listed in Table S2. 

.1.2. PCR inhibition 

Spiking RNA extracts with synthetic SARS-CoV-2 RNA reference 

aterial revealed minimal PCR inhibition on most samples. Specif- 

cally, with the exception of three samples from Lugano, all spiked 

NA extracts exhibited N1 Cq values that fell within or only mini- 

ally beyond 1.5 cycles of the median Cq of a given WWTP (Figure 

2). 

.1.3. Reproducibility 

We compared quantifiable N1 concentrations determined in bi- 

logical as well as in technical replicate samples (Figure S3). A 

ood correlation (r = 0.89) was obtained among biological repli- 

ates, indicating a high reproducibility of the overall processing 

ipeline. A good reproducibility was also found for technical repli- 

ates (r = 0.78). 

.1.4. Recovery 

Three enveloped viruses - MHV, Sendai virus and �6 - were 

valuated as SARS-CoV-2 surrogates to monitor virus recovery in 

ur sample processing pipeline. As a member of the Coronaviridae 

amily, MHV is the most similar to SARS-CoV-2 in terms of size 

120 nm diameter) and genome structure (single-stranded RNA). 

endai virus has a single-stranded RNA genome, but is slightly 

arger in diameter than SARS-CoV-2 (150 nm). Besides SARS-CoV-2, 

his virus may also serve as a surrogate for viruses with pandemic 

otential in the Paramyxoviridae family, such as measles virus. The 
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Fig. 2. Effect of sam ple storage over one month under different conditions on SARS- 

CoV-2 RNA concentrations (N1 gene target, gc/ml wastewater). Error bars repre- 

sent standard deviations of replicate samples. Samples stored as non-processed raw 

wastewater (WW) at 4 °C or −20 °C exhibited lower concentrations compared to 

samples stored at -20 °C as concentrate (post ultrafiltration) or RNA extracts. In- 

dices a and b denote experimental conditions yielding statistically different sample 

means. 
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ovel RT-qPCR assay developed herein was able to quantify its con- 

entration down to an LOD of 4.2 gc/ml (Table S2). Finally, �6 is 

he least similar surrogate to SARS-CoV-2. It has a smaller diameter 

85 nm) and a different genome structure (double-stranded RNA). 

In seven wastewater samples spiked with all three surrogate 

iruses, MHV and Sendai virus exhibited similar recoveries that 

ostly ranged from 0.1–1% (Figure S4). This range corresponds 

ell to that reported by other groups using a similar processing 

ipeline ( Pecson et al., 2021 ). If determined using �6, recoveries 

ere 10- to 100-fold higher and more constant across samples. 

his confirms previous reports that recoveries depend strongly on 

he surrogate virus used ( Pecson et al., 2021 ). Despite the better 

ecovery of �6, we decided to utilize MHV or Sendai virus as re- 

overy controls in this work, due to their higher structural similar- 

ty with SARS-CoV-2. 

The recoveries in the samples from Lugano and Lausanne were 

etermined using MHV (Figure S5). Recoveries were similar for 

oth sites and mostly fell into the 0.1–1% range, with average val- 

es of 0.95% and 0.74% for Lugano and Lausanne, respectively. In 

he samples from Zurich, Sendai virus was used as the surrogate. 

ompared to Lugano and Lausanne, the recoveries were signifi- 

antly lower, with an average of 0.17% (one-way ANOVA, F = 6.82, 

 < 0.002) (Figure S5). The lower recovery is unlikely to be a re-

ult of the use of Sendai virus, since MHV and Sendai virus yielded 

imilar recoveries if assessed in the same sample (Figure S4). In- 

tead, the lower recoveries in the Zurich samples may reflect the 

igher solids content in this WWTP. Enveloped viruses partition to 

astewater solids ( Ye et al., 2016 ), and hence a higher solids con-

ent leads to a reduced recovery of the surrogate virus from the 

iquid wastewater fraction. 

.1.5. Fecal load 

The daily load of PMMoV was used as an indicator of the fe- 

al load entering the WWTP. On average, the PMMoV loads corre- 

ponded to 8.9 ×10 15 gc/day (Lugano), 3.1 ×10 16 gc/day (Lausanne) 

nd 1.8 ×10 16 gc/day (Zurich) (Figure S6). In all but five samples the 

MMoV load fell within the range of 5 ×10 15 to 5 ×10 16 gc/day. The

arrow range of the measured PMMoV loads further confirms the 

onsistency of our virus concentration and extraction process. 

.1.6. Effect of storage conditions on RNA stability 

As shown in Fig. 2 , different storage procedures exert signif- 

cantly different effects on SARS-CoV-2 RNA stability (one-way 

NOVA, F = 12.8, p < 0.001). Storing raw wastewater at 4 °C or -
5 
0 °C for a month resulted in lower concentrations of SARS-CoV- 

 RNA compared to samples stored as concentrates or RNA ex- 

racts at -20 °C (Tukey-Kramer, p < 0.02). The storage protocol 

sed herein (raw wastewater at -20 °C) had to be implemented be- 

ore storage tests could be completed, and likely led to significant 

NA decay. In future studies, wastewater samples should immedi- 

tely be concentrated or extracted prior to storage. 

.2. Longitudinal trends SARS-CoV-2 RNA loads and confirmed cases 

Concentrations of SARS-CoV-2 N1 and N2 gene targets in lon- 

itudinal samples are shown in Figure S7. The earliest detection 

f the N1 gene occurred in wastewater from Lugano on Febru- 

ry 28, 2020, four days after the first COVID-19 case was observed 

n Switzerland. This confirms earlier reports that wastewater can 

erve as a sensitive indicator for virus circulation, even during pe- 

iods of low disease prevalence ( Ahmed et al., 2021 ; La Rosa et al.,

020 ; Medema et al., 2020 ; Randazzo et al., 2020 ). 

N1 and N2 concentrations exhibited similar temporal trends, 

hough N1 concentrations were on average 3-fold higher (Fig- 

re S7). Higher concentrations of the N1 gene were also re- 

orted by others ( D’Aoust et al., 2021 ; Gerrity et al., 2021 ), though

ome studies have reported the N2 gene to yield higher results 

 Gonzalez et al., 2020 ; Medema et al., 2020 ). Given the superior 

uantification by N1 in this work, only this gene target was con- 

idered for all subsequent analyses. 

We did not normalize N1 concentrations by fecal strength 

PMMoV concentration) as suggested elsewhere ( D’Aoust et al., 

021 ; Wu et al., 2020 ), because PMMoV concentrations were sim- 

lar in all samples and were not correlated with N1 concen- 

rations (r = 0.02–0.04) (Figure S8). We also did not correct N1 

oncentrations for recovery, because there was high inter-sample 

ariation across the three surrogates tested, and it is uncertain 

hich - if any - externally added surrogate accurately mimics 

he fate of SARS-CoV-2 during sample processing ( Chik et al., 

021 ; Graham et al., 2021 ). Recovery values were strictly used 

or data quality control. Specifically, samples were excluded if 

wo criteria were simultaneously met: the recovery of a sam- 

le was > 3 × the median recovery for the site under consider- 

tion; and the concentrations measured by N1 and N2 differed 

y more than a factor 5. This led to the exclusion of one bi- 

logical replicate on three sampling days in Lugano (March 18–

9 and April 5), and both replicates for a single day in Lausanne 

March 28). 

Among the three WWTPs studied, Lausanne had the highest 

umber of confirmed cases in its catchment ( Fig. 3 ). Case numbers 

ere similar in the catchments of the Lugano and Zurich WWTPs, 

ven though Zurich’s catchment encompasses approximately 3.6- 

old more inhabitants than Lugano’s, and 1.9-fold more than Lau- 

anne’s. Consequently, the N1 concentrations in the Zurich WWTP 

ere expected to be lower compared to Lugano and Lausanne, as 

onfirmed by our measurements (Figure S7). To enable a direct 

omparison among WWTPs, we converted N1 concentrations into 

nits of daily N1 load ( Eq. 2 ). This unit accounts for differences in

atchment size (via the daily wastewater flow rate), and also incor- 

orates daily variability in the wastewater flow of a given WWTP. 

Similar to data from other studies ( Gerrity et al., 2021 ; 

raham et al., 2021 ; Peccia et al., 2020 ), there was considerable 

ay-to-day variability in both the N1 loads and the number of 

onfirmed cases ( Fig. 3 ). The variability in confirmed cases is in- 

reased by the fact that Switzerland reduces testing and reporting 

n weekends. To facilitate the visualization of pandemic trends in 

astewater and case data, we therefore calculated weekly averages 

Monday - Sunday) for each data set. The corresponding results are 

hown as solid lines in Fig. 3 . As is evident, both data sets feature

 prominent peak in late March. However, the wastewater peak 
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Fig. 3. SARS-CoV-2 RNA (N1) loads and confirmed cases for the Lausanne, Lugano and Zurich WWTP catchments from February 26 until April 30, 2020. Data points represent 

wastewater data (average of technical replicates). Circles and triangles indicate biological replicates. gray bars show confirmed cases. Lines connect weekly (Monday-Sunday) 

averages of SARS-CoV-2 RNA loads or confirmed cases. 
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hape is narrow, whereas the number of confirmed cases remained 

igh for 2–3 weeks. 

Despite the similarity in confirmed case numbers in the catch- 

ent, measured SARS-CoV-2 RNA loads were higher in the Lugano 

WTP than in Zurich WWTP. There are a number of poten- 

ial methodological explanations for this, including lower virus 

ecovery in Zurich (Figure S5), reduced precision in quantifying 

ow SARS-CoV-2 RNA copy numbers (Figure S7), and our sample 

torage protocol, which in retrospect was found to be non ideal 

 Fig. 2 ). The Zurich WWTP is located in the area of lowest dis-

ase prevalence and thus had the lowest starting concentrations of 

ARS-CoV-2 RNA among the WWTPs sampled. Further decay dur- 

ng storage of the Zurich samples may have lowered the concentra- 

ions below the LOD in all but the samples taken during the peak 
f the first wave. t

6 
.3. Comparison of incidence dynamics from wastewater data, case 

umbers and SEIR models 

To assess the ability to track disease dynamics with SARS-CoV- 

 loads in wastewater and confirmed cases, both data sets were 

sed to estimate disease incidence over time (by deconvoluting 

he signals, see Materials and Methods). The resulting trends were 

ompared to the reference incidence determined by an SEIR model 

 Lemaitre et al., 2020 ). While the SEIR model reports absolute in- 

ection numbers, this determination is currently not feasible for 

astewater- or case number-derived estimates. For wastewater, es- 

imating absolute infection numbers would require a better un- 

erstanding of the magnitude of the shedding load L ( Eq. 4 ), the

ecay kinetics of SARS-CoV-2 RNA in the sewer system, and the 

rue recovery of SARS-CoV-2 in our sample processing pipeline. 
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Fig. 4. Comparison of COVID-19 incidence dynamics estimated by the SEIR model, determined based on SARS-CoV-2 RNA loads in wastewater and based on confirmed case 

numbers in the catchment. Incidence dynamics were determined by deconvolution of the wastewater loads and case numbers shown in Fig. 3 . The Zurich WWTP was not 

included in this analysis, because most wastewater samples yielded non-detectable SARS-CoV-2 RNA concentrations. A.U. = arbitrary units. 
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hese parameters are currently not available, but may become bet- 

er known in the future. For case numbers, the ratio of confirmed 

o total cases would have to be known, yet this parameter is asso- 

iated with considerable uncertainty and variability during the first 

ave of the pandemic. We therefore only compared the incidence 

ynamics, but not the absolute incidence per day. 

As shown in Fig. 4 , both wastewater- and case number-derived 

ncidence exhibited a pronounced peak in mid-March. In Lausanne, 

he wastewater-derived incidence exhibited the highest number 

f infections from March 13–15, which matches the peak of in- 

ections determined by the SEIR model. If estimated based on 

onfirmed cases, the highest number of new infections occurred 

rom March 9–11. Considering the delay distributions from infec- 

ion to case confirmation ( Fig. 1b ), this time range mainly re- 

ects cases observed from March 17–24, coinciding with Swiss- 

ide positivity rates > 10% (Figure S1). The premature timing 

f the peak may indicate that case numbers were truncated 

hen testing capacity was exceeded and positivity rates were 

igh. 

In Lugano, wastewater-based incidence estimates yielded the 

ighest infection numbers from March 10–12. This time frame 

artly overlapped with the SEIR-modelled infection peak, which 

ccurred from March 12–14. In contrast, the incidence peak de- 

ermined from confirmed cases appeared later (March 17–19) and 

iffered in shape compared to the other incidence estimates. This 

s another indication testing capacity during this period was in- 

ufficient to capture the full extent of the rise in cases during the 

eight of the first wave. 

In both locations, the decline in new infections was better cap- 

ured by case number- than by wastewater-based incidence esti- 

ates. In Lausanne, the case number-based incidence exhibited a 

low decay in new infections from mid-March to late April, sim- 

lar to the reference incidence dynamics. In contrast, the decay 

n the wastewater-based incidence was faster. In Lugano the case 

umber-derived incidence was also able to capture the tail end 

f the wave, whereas new infections based on wastewater data 

apidly dropped to the baseline. 
d

7 
Finally, the wastewater-based incidence dynamics in both loca- 

ions exhibited a second, smaller peak in April, which was driven 

y few high load measurements in each location. In Lausanne this 

eature also appeared in the corresponding case number-derived 

ncidence dynamics and thus reflects a local spike in infections. In 

ontrast, the origin of the second peak in Lugano is not evident. It 

ay stem from one or more shedders that are not permanent in- 

abitants of the Lugano WWTP catchment and were therefore not 

ncluded in the catchment-specific case numbers (e.g., commuters 

r external patients hospitalized within the catchment). The April 

eaks were not apparent in the SEIR model, which may be ex- 

lained by differences in the type of input data used to determine 

ncidence dynamics. Whereas wastewater loads and case numbers 

ere catchment-specific, the SEIR model was based on data for the 

ntire canton. Local spikes in case numbers would thus appear at- 

enuated in the reference incidence. 

. Conclusions 

Our findings demonstrate that both confirmed case numbers 

nd wastewater analysis are useful and independent metrics to es- 

imate COVID-19 infection incidence dynamics. Wastewater outper- 

ormed case numbers with respect to the timing and shape of the 

eak incidence, whereas confirmed case numbers were a better 

ndicator for incidence decline. In combination, the two metrics 

ielded complementary information on incidence dynamics that 

orrespond well to the reference dynamics determined by com- 

artmental models. 

It is important to consider that all three approaches rely on 

 number of assumptions, all of which are associated with a de- 

ree of uncertainty. For example, the SEIR model is based exclu- 

ively on data pertaining to severe COVID-19 cases (hospitaliza- 

ions, deaths), and may thus miss events among age classes that 

ave a low severity rate but normal virus shedding. Wastewater- 

erived incidence dynamics suffer from uncertainties in the accu- 

acy of the SLD. And cases-number derived estimates rely on the 

elay distribution between infection and case confirmation, which 
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ay vary with time and location. While the sources of uncertain- 

ies of these assumptions are conceptually understood, they remain 

ifficult to quantify due to the lack of reference data. It is therefore 

mportant and encouraging that despite these uncertainties, com- 

arable incidence dynamics were obtained with three independent 

pproaches. 

Differences in the incidence dynamics determined by wastew- 

ter and confirmed cases may ultimately also be exploited to in- 

orm on the duration and degree of clinical undertesting. To do so, 

owever, both incidence estimates need to be further advanced. In 

uture work, wastewater-derived estimates can be enhanced by in- 

reasing the wastewater sampling frequency to smooth out mea- 

urement outliers, developing more sensitive assays to quantify the 

iral RNA at low concentrations, better determining SARS-CoV-2 

NA recovery from wastewater, and establishing a representative 

hedding load profile. Case number-derived incidence estimates 

an be improved by taking into account variations in the delay 

istributions from symptom onset to case confirmation. In Switzer- 

and, the mean delay varied from 3 to 8 days during the first wave

 Huisman et al., 2020 ), yet herein it was held constant at 5.5 days.

Compared to the compartmental model, which relies on hospi- 

alization and deaths, WBE can determine incidence dynamics with 

 faster turnaround time (RNA loads can be measured within 24 

ours after sampling). Compared to clinical tests, an additional ad- 

antage of WBE is that a much lower number of samples is re- 

uired to determine incidence dynamics with reasonable accuracy. 

uring high positivity rate regimes, WBE can thus yield informa- 

ion on the trajectory of a pandemic that is potentially more pre- 

ise, more readily available and more economical than information 

rom clinical data. We contend that WBE should be included by 

pidemiologists and public health agencies as a useful pandemic 

onitoring tool during periods with high test positivity rates. 
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