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ABSTRACT

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) gave rise to an international public health
emergency in 3 months after its emergence in Wuhan, China. Typically for an RNA virus, random mutations
occur constantly leading to new lineages, incidental with a higher transmissibility. The highly infective alpha
lineage, firstly discovered in the UK, led to elevated mortality and morbidity rates as a consequence of Covid-19,
worldwide. Wastewater surveillance proved to be a powerful tool for early detection and subsequent monitoring
of the dynamics of SARS-CoV-2 and its variants in a defined catchment. Using a combination of sequencing and
RT-qPCR approaches, we investigated the total SARS-CoV-2 concentration and the emergence of the alpha
lineage in wastewater samples in Vienna, Austria linking it to clinical data. Based on a non-linear regression
model and occurrence of signature mutations, we conclude that the alpha variant was present in Vienna sewage
samples already in December 2020, even one month before the first clinical case was officially confirmed and
reported by the health authorities. This provides evidence that a well-designed wastewater monitoring approach
can provide a fast snapshot and may detect the circulating lineages in wastewater weeks before they are
detectable in the clinical samples. Furthermore, declining 14 days prevalence data with simultaneously
increasing SARS-CoV-2 total concentration in wastewater indicate a different shedding behavior for the alpha
variant. Overall, our results support wastewater surveillance to be a suitable approach to spot early circulating
SARS-CoV-2 lineages based on whole genome sequencing and signature mutations analysis.

1. Introduction

urine (Peng et al., 2020), resulting in a pool of viral particles from
symptomatic and asymptomatic individuals in municipal wastewater

The novel Corona virus disease 2019 (Covid-19) caused by the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was officially
declared an international public health emergency by the WHO, within
3 months after its emergence in Wuhan, China (WHO, 2020a; 2020b).
One year after the onset of the pandemic, the ongoing active cases are
still raising, counting more than 229 million confirmed cases and over
4.7 million deaths as of by September 23rd 2021 (https://covid19.who.
int/).

Although, the virus infects mainly the respiratory system, SARS-CoV-
2 RNA has been also detected in human feces (Wang et al., 2020) and
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(Sims and Kasprzyk-Hordern, 2020). Wastewater-based epidemiology
(WBE) for SARS-CoV-2 surveillance, the concept proposed by Daughton
(Daughton, 2020), enables the local authorities to have a real time
overview of the prevalent RNA viral loads and variants in a defined
sewer catchment. The approach has been successfully implemented in
many countries for early detection of SARS-CoV-2 hotspots (Ahmed
et al., 2020a; Fontenele et al., 2021; Gerrity et al., 2021; Medema et al.,
2020). The clinical data associated with the epidemiological observa-
tions suggest municipal wastewater to be a useful tool for early warning
and tracking the dissemination of SARS-CoV-2 in the community. A

Received 3 October 2021; Received in revised form 22 February 2022; Accepted 5 March 2022

Available online 6 March 2022

0043-1354/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://covid19.who.int/
https://covid19.who.int/
mailto:norbkreu@iwag.tuwien.ac.at
www.sciencedirect.com/science/journal/00431354
https://www.elsevier.com/locate/watres
https://doi.org/10.1016/j.watres.2022.118257
https://doi.org/10.1016/j.watres.2022.118257
https://doi.org/10.1016/j.watres.2022.118257
http://crossmark.crossref.org/dialog/?doi=10.1016/j.watres.2022.118257&domain=pdf
http://creativecommons.org/licenses/by/4.0/

E. Radu et al.

correlation between SARS-CoV-2 prevalence in primary sewage sludge
and epidemiological data demonstrated that viral RNA concentrations in
sewage sludge showed an increase that was not observed in the reported
tests or hospital admission data, highlighting that the sludge results may
be considered as an earlier, real-time approach regarding the infection
dynamics (Peccia et al., 2020).

RT-qPCR (reverse transcription quantitative PCR) and WGS (whole
genome sequencing) represent the most common tools applied for SARS-
CoV-2 quantitation and identification. N-gene assay kits are imple-
mented globally for SARS-CoV-2 screening by reason of their high
specificity, sensitivity and fast results (Nalla et al., 2020). Due to the
noticeable spread of more contagious variants (Variants of Concern —
VOCs and Variants of Interest - VOIs), sequencing techniques proved to
be the most valuable strategy to provide a deep and accurate under-
standing of the new circulating lineages (Fontenele et al., 2021; Martin
et al, 2020; Rambaut et al., 2020b). The method is efficiently
carried-out worldwide (Ahmed et al., 2020a; Alygizakis et al., 2021;
Crits-Christoph et al., 2021; Popa et al., 2020), providing real-time data
essential for understanding the pandemic dynamics. In a recent study,
Fontanele and collabolators (2021) determined 263 SARS-CoV-2 SNVs
(single nucleotide variants) in wastewater samples collected from
different WWTPs (wastewater treatment plants) which have not been
identified in clinical cases by then. Interestingly, spatial and temporal
SARS-CoV-2 sequence variations were found in the wastewater samples
from each location over time (Fontenele et al., 2021).

As with any replicating virus, random mutations accumulate in
SARS-CoV-2 genome overtime, leading to new variants which poten-
tially have a higher infectivity, virulence or capability to bypass the
immune system response of its host. Computational studies based on
epidemiological data, show that mutations located in the Spike receptor
binding domain (RBD) of SARS-CoV-2 can boost its dissemination in the
human population. It is already well known that the D614G mutation,
which was firstly identified in February 2020 in Europe, enhances the
SARS-CoV-2 infectivity and alters the virus fitness (Hu et al., 2020;
Korber et al., 2020). Besides higher viral loads, the mutation doesn’t
affect the severity of the disease (Korber et al., 2020), nonetheless a
10-fold increase in the infectivity was observed compared with the
original, Wuhan-1 strain (Li et al., 2020b). Furthermore, N501Y muta-
tion presents a higher affinity to bind to the ACE2 (angio-
tensin-converting enzyme 2) receptor in human epithelial cells,
resulting in an elevated shedding value, which presumably has a role in
viral transmissibility (Khateeb et al., 2021; Luan et al., 2021). Therefore,
D614G and N501Y mutations may enhance SARS-CoV-2 shedding,
which can raise the infectivity and dissemination rates.

The present study describes the longitudinal screening of total SARS-
CoV-2 GC (genome copies) and alpha lineage occurrence in Vienna,
Austria, in the inflow sewage from the WWTP and in clinical samples
during the time period around the emergence of the alpha lineage. The
main goal of the manuscript is to report monitoring data regarding alpha
variant abundance since its emergence in wastewater and to correlate
the overall RT-qPCR signal with the epidemiological data. Alpha lineage
assessment in sewage samples started in January 2021 in parallel with
the official confirmation of the first clinical case carrying the new
variant. Based on the hypothesis that alpha variant is associated with an
increase of the viral RNA concentrations in the human stool, we presume
that the new variant was present in Vienna sewage samples already in
the middle of December 2020. To test our assumption, we correlated
epidemiological data with sequencing and RT-qPCR results of waste-
water samples for the same period.

The novelty of our approach is represented by the correlation of
different data obtained from clinical and environmental samples to trace
back the moment when SARS-CoV-2 alpha variant emerged in a defined
sewer catchment. The correlation of SARS-CoV-2 RT-qPCR and
sequencing data with the increasing trend in viral shedding compared
with the epidemiological data highlight that a well-designed waste-
water-based epidemiology may detect new variants already circulating
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before they are seen in clinic data. The present manuscript describes the
first observation regarding the alpha lineage in wastewater samples in
Vienna, Austria.

2. Materials and methods
2.1. Wastewater monitoring sampling campaigns

The wastewater from the city of Vienna (1.9 million inhabitants) is
collected in the sewerage system and further treated at the main WWTP.
Due to a well-defined sewer system with an average flow time of about 2
h and connected to a single main WWTP, wastewater-based surveillance
approach is feasible in real time. Representative 24 h flow proportional
composite samples (CVVT — constant volume variable time) of untreated
wastewater (sewage) were collected at least twice per week, directly
from the inflow of the WWTP by an automated sampler. Samples were
cooled at 4 °C during the 24-hour sampling duration directly in the
sampler and afterwards transferred to the laboratory of the WWTP.
There, the sewage samples were mixed thoroughly, transferred to sterile
1 L HDPE (High Density Poly Ethylene; Sigma Aldrich) bottles and
transported to the processing laboratory on ice in insulated boxes. The
wastewater samples were processed on the same day. During the period
of the study, 73 samples were collected in total between October 4th
2020 and May 5th 2021. Wastewater inflow rate (m3/day) and tem-
perature ( °C) were recorded on a daily basis. Total nitrogen (TN) was
determined to calculate the corresponding daily loads and further for
RT-qPCR results normalization in order to compensate for fluctuations
related to dilution effects caused by storm water events. Information
regarding sampling dates and wastewater characteristic parameters are
given in Table S1- SI.

2.2. Wastewater viral concentration and RNA extraction

SARS-CoV-2 viral RNA was concentrated using a modified PEG
(Polyethylene glycol) precipitation protocol (Medema et al., 2020; Wu
et al., 2020). Thoroughly mixed 45 ml aliquots from each sample were
centrifuged at 4500 g for 30 min at 4 °C (the centrifuge was previously
cooled down to 4 °C). 40 ml of the supernatant were further added to
fresh 50 ml falcon tubes containing 100 g/L PEG 8000 (Sigma Aldrich)
and 22.5 g/L NaCl (Sigma Aldrich), followed by centrifugation at 12,
000 g for 1 h 30 min at 4 °C. The supernatant was carefully removed and
an additional centrifugation step was carried out in order to remove the
remaining liquid (12,000 g, 5 min, 4 °C). The pellet was resuspended in
400 pl molecular biology grade water (Sigma Aldrich) and 400 ul CTAB
(Hexadecyltrimethylammonium bromide; Promega) buffer. Prior to the
RNA extraction, 40 pl of Proteinase K (Promega) were added to each
tube and inverted carefully in order to obtain a homogenous suspension.
The suspension was further transferred to a tube containing disruptor
beads and run on FastPrep24 machine for 40 s at 6 m/s. Subsequently,
400 ul of each sample were used for further RNA extraction. The RNA
extraction was performed on Maxwell® RSC AS4500 (Promega) device
using Viral RNA/DNA Concentration and Extraction Kit from Waste-
water (Promega). The SARS-CoV-2 viral RNA was eluted in 100 pl TE
buffer.

2.3. RT-qPCR analysis

The quantitative assessment of SARS-CoV-2 RNA GC in wastewater
samples was performed with the ViroReal® Kit SARS-CoV-2 & SARS
(Ingenetix, Vienna, Austria) on a QuantStudio 6 Pro-instrument
(Applied Biosystems®, Thermo Fisher Scientific) targeting a highly
conserved region of the nucleocapsid protein gene (N gene). A standard
curve for absolute quantification was obtained using serial dilutions
(10! to 10° copies/reaction) of a synthetic RNA template (positive
control - PC) containing the target sequence. The reaction mixture
contains 4 pl molecular biology grade water (Thermo Fisher Scientific),
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5 ul of Master Mix (Ingenetix), 1 pl of SARS-CoV-2 Multiplex Assay Mix
(comprising the primers and the probe; Ingenetix) and 10 ul RNA tem-
plate. Thermal cycling conditions were as follow: reverse transcription
at 50 °C for 15 min, initial denaturation at 95 °C for 20 s, followed by 45
cycles at 95 °C for 5 s and 60 °C for 30 s. All RT-qPCR reactions were
performed in duplicates in a total volume of 20 pl/reaction. For each RT-
qPCR run, a standard curve containing the five dilution steps in dupli-
cate and two negative controls (molecular biology grade water was
added to the reaction mixture) were included.

2.4. RT-qPCR assay performance, primer set validation and recovery
efficiency

Assay linearity, limit of detection (LoD), inter- and intra-assay pre-
cision were assessed by Ingenetix (Vienna, Austria) (detailed informa-
tion regarding the results are given in the Supplementary Information
file). An internal positive control (IPC) was employed to estimate the
RNA extraction efficiency and to detect inhibition during RT-qPCR re-
action. Each tested sample was seeded with 1 pl IPC of known concen-
tration (6 x 10° copies/ul) prior to RNA extraction and the recovery
efficiency was calculated as follows: Recovery efficiency [%] = (IPC
recovered / IPC seeded) x 100. For each RNA extraction run, a non-
template control (NTC) was included by adding IPC (6 x 10° copies/
ul) to molecular biology grade water and further used it as reference
sample. RT-qPCR inhibition was assessed by comparing the IPC-cycle
threshold (Ct) value of the seeded wastewater sample with the IPC
non-template control Ct value. A threshold difference of <2 cycles was
indicative for no inhibition (Staley et al., 2012).

SARS-CoV-2 primer set used for RT-qPCR quantification was sub-
jected to validation by whole genome sequencing based mutation
analysis for the binding sites (details in SI). The analysis revealed that
only five mutations within the binding site of any of the used primers
end probes were observed within the sequenced samples. None of the
observed mutations occurred in more than 2 samples or exceeded a
frequency of 0.1, virtually excluding a systematic bias of the applied RT-
qPCR set up in the quantification of variants occurring in the Vienna
wastewater in the considered time period (Figure S1 — SI).

Recovery efficiency of SARS-CoV-2 GC in wastewater samples
average value was 57.71% =+ 8.5%. For the RT-qPCR results, a threshold
value of 40 cycles was implemented. All tested samples were considered
positive and presented Ct values were below the cut off limit, varying
between 27 and 35 cycles (Figure S2 — SI), with an average PCR effi-
ciency of 95.51% and 101.02% for IPC and PC respectively. No PCR
inhibition was detected for any of the tested samples.

2.5. Data analysis

The raw absolute number of SARS-CoV-2 RNA GC in wastewater
inflow samples was used to calculate the final concentrations reported to
the population equivalent by applying the data normalization to total
nitrogen (TN), frequently used in WBE (Been et al., 2014; van Nuijs
et al., 2011). An estimated excreted value of 11 g TN was taken as value
excreted per person per day in wastewater (EPA, 2002). TN was
measured in the inflow wastewater samples, following the standard EN
ISO 20236:2018 and the normalized SARS-CoV-2 genome copies per TN
population equivalent (PE;;) was calculated by the following formula:

SARS — CoV — 2 copies per ml x 11g TN
g TN measured in wastewater
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where: TN - total nitrogen; PE;; — 11 g TN per population equivalent
(detailed explanation of the formula in SI — Equations S1; S2; S3).

Considering environmental factors such as rain events, temperature
fluctuations, hydraulic retention time in the sewerage system, “soft”
smooth data analysis by rbf (radial basis functions with factor 0.25)
(Myers, 1999) was implemented to closer estimate the number of
SARS-CoV-2 GC released per person for the days where no sampling was
done.

In order to be representative, as epidemiological data, the 14 days
incidence was taken into consideration. The calculated incidence num-
ber was considered as total sum of new infected persons reported in the
past 14 days and - assuming a duration of 14 days until recovery from
the COVID disease — is considered to represent the shedding duration via
stool into wastewater (Li et al., 2020a).

2.6. Whole genome sequencing and data analysis

Enriched RNA extracts from the wastewater samples were subjected
to viral whole genome sequencing as described by Popa et al. (2020). In
brief, genomic RNA was amplified using the ARTIC SARS-CoV-2 primer
set V3, applying 35 PCR cycles to cope with high Ct value samples and
sequenced on an Illumina NovaSeq 6000 sequencer in 2 x 250 bp
paired-end mode to an average of 2.6 M reads per sample. Reads were
demultiplexed, quality controlled (FastQC) (Andrews, 2010) and
adapter trimmed (bbduk) (Bushnell et al., 2017). bbmerge (Bushnell
et al., 2017) was used to correct sequences in overlapping regions of the
same mate pair. This way quality-controlled reads were mapped against
a joint human (hg38) and SARS-CoV-2 (NC_045512.2) genome using
bwa-mem. Variants were detected and quantified using the tool LoFreq
(Wilm et al., 2012), including a realignment step, using its imple-
mentation of the Viterbi algorithm. Samples with less than 40% of the
genome covered with at least 10 reads were omitted entirely. In the
remaining samples, variants with an allele frequency below 0.01 and
sites with a read coverage less than 250 reads, were excluded. The
consensus sequence was constructed using samtools mpileup and
beftools (Li, 2011) and categorized according its SARS-CoV-2 lineage
(Rambaut et al., 2020a) using the software Pangolin (github.com/-
cov-lineages/pangolin). For the quantification of the alpha lineage the
specific markers applied are depicted in Table S2 in Supplementary
Information.

2.7. Clinical/epidemiological data

SARS-CoV-2 Wuhan-1 strain and alpha lineage epidemiological data
for Vienna, Austria is updated on a daily or weekly base on the AGES
(Austrian Agency for Health and Food Safety) Dashboard (https://
covid19-dashboard.ages.at/dashboard.html) and main website (https://
www.ages.at/themen/krankheitserreger/coronavirus/sars-cov-2-var-
ianten-in-oesterreich/). Out of the publicly available data, we retrieved
the Vienna specific information and used it for downstream analysis. 14
days incidence data was taken into consideration and compared with the
SARS-CoV-2 GC in wastewater normalized to population equivalent
(PEq1;). Alpha lineage percentages in clinical samples, retrieved from
WGS data, were further used for correlation and comparability evalua-
tion with its share in the wastewater samples.

x 10% =SARS — CoV — 2 genome copies per PE;; (@)
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Statistical analysis

Statistical data analysis and plots were performed in SigmaPlot
v14.0. Non-linear regression sigmoid curve was obtained using a 3-
parameter formula (Equation S4 in SI) by applying a dynamic fitting
regression.

3. Results

3.1. SARS-CoV-2 concentration in wastewater samples and
epidemiological data

SARS-CoV-2 prevalence in wastewater presents similar fluctuations
as incidence data and an upward / downward trend is observed initially
in the sewage samples followed, after a time-lag, by the clinical active
cases per 100,000 inhabitants Fig. 1. depicts the daily SARS-CoV-2
concentrations reported to the population equivalent (PE;;) for the
period under specific investigation in this paper (whole dataset
Figure S4 — SI), the percentage of alpha variant in wastewater and the
active cases per 100,000 inhabitants.

During the study period, from October 2020 to May 2021, SARS-
CoV-2 concentration in wastewater reported to PEj; ranged from
5.01 x 107 to 1.10 x 10° GC (Fig. 1) while comparing with its preva-
lence calculated per active case, it ranged from 1 x 10! to 3.5 x 101 GC
(Fig. 2). For the same period, the incidence varied from 237 to 1121
active cases per 100,000 inhabitants with two peaks in November and
April (Data available on AGES website), corresponding the time right
before the onset of the 2nd wave (November 11th 2020) and lockdown
in the Eastern part of Austria (including Vienna) (April 1st 2021).

For 8 months from the pandemic onset, SARS-CoV-2 concentrations
in wastewater exhibit a rather similar trend as epidemiological data,
represented by the daily active cases reported to 100,000 inhabitants
(Figure S4 - SI). Starting from November 2020, the concentration of the
virus in the sewage samples showed a downward trend, along with the
number of the confirmed clinical cases (Fig. 1). On November 11th

1200
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2020, the 2nd lockdown commenced in Vienna, followed by the 3rd one
on December 26th 2020 (with a break in between of 20 days without
constraints); restrictions that are highlighted by a drop in the confirmed
active cases per 100,000 inhabitants from 1100 to less than 400 clinical
Covid-19 cases until January 2021. During this period, the incidence
ranged from 406 to 908 with a mean value of 582 active cases per day
per 100,000 persons. At the beginning of December, SARS-CoV-2 con-
centration in wastewater started to increase, while the confirmed active
cases per day continued to descend. In contrast to the epidemiological
data, SARS-CoV-2 concentration in the sewage samples continued to
increase until March 2021, with fluctuations within the same order of
magnitude. Over the study period, the average SARS-CoV-2 concentra-
tion in the wastewater samples is 3.44 x 108 GC per PE1;. After the
lockdown has terminated (February 8th 2021) a noticeable boost in the
incidence of Covid-19 cases can be observed, followed by an overlap of
SARS-CoV-2 concentration and incidence per 100,000 inhabitants at the
beginning of April 2021. Taking into account the lockdown measures
and the increasing rate of vaccinated persons, a decline in the waste-
water viral RNA can be noticed starting in April, followed by the
epidemiological data with a short delay.

Considering the increase of SARS-CoV-2 concentration in waste-
water, following an upward trend during the same period of a steady
decrease in the clinical data, raised the question of the explanation
behind this state that was observed for 2 months (December 8th 2020
until beginning of February 2021). After excluding methodological is-
sues, the viral shedding per active case was calculated. The total load of
the SARS-CoV-2 expressed in GC per mL was multiplied with the
wastewater flow of the specific day and divided by the active cases
(recalculated from the 14 days incidence per 100,000 persons using the
actual population). The resulting number illustrates the average viral
shedding per infected person per day Fig. 2. exhibits the values calcu-
lated for each day during the discussed period, plotted versus the 14
days incidences per 100,000 inhabitants, as measure for infected per-
sons shedding the virus reported for the same day. It was expected, that
the shedding per person would remain constant, resulting in roughly
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Fig. 2. Schematic representation (smooth data) of the 14 days inci-
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water per active case (y-axis) during the study period; lockdowns and
openings are marked on the graph. Three important periods are out-
lined: at the beginning of the study (squares) when the SARS-CoV-2 GC
remain rather constant but the 14 days incidence fluctuates; the sec-
ond period highlighted by the boost of SARS-CoV-2 shedding per
person in wastewater (bullets) during the 3rd lockdown and 14 days
incidence continues to decline; last part of the study, when the viral
shedding per person stays rather constant again but active cases in-
crease (triangles).
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identical values on the Y axis independent on the clinical data. Sur-
prisingly, the numbers show a pattern that deviates from expectations
resulting in the definition of three phases.

At the beginning of our study period, SARS-CoV-2 concentration
reported to the 14 days incidence remained stable at 10!! GC, while the
14 days incidence per 100,000 inhabitants increases from approxi-
mately 400 to 800 active cases. The onset of the 2nd lockdown
(November 17th 2020) led to a decrease in the incidence but the viral
concentration shed by one infected person stayed rather stable in the
tested wastewater samples. In contrast, starting with December 2020, a
boost in the viral RNA concentration could be observed in the waste-
water that resulted in an increase in the number of GCs per active case
too. In that phase, the incidence only showed a small fluctuation, basi-
cally decreasing form 400 to 250 active cases per 14 days, until the 3rd
lockdown started (December 26th 2020). Interesting, afterwards, the 14
days incidence stabilized at around 200 active cases per 14 days for one
month and half, while the SARS-CoV-2 concentration increased three
times in the same period (from 1 x 10" to 3 x 10 GC per 14 days
incidence). After the relaxation of the restrictions, the incidence quickly
started to increase reaching 400 active cases per 14 days in one month
again. At the same time SARS-CoV-2 shedding per active case remains
stable again.

3.2. Signature mutations for alpha lineage and their frequency in
wastewater samples

Fig. 3 displays a detailed analysis based on individual mutations and
their relative abundance in the wastewater samples by revealing a
consistent and more nuanced picture. A block of around 23 mutations
which characterize the period before January 2021, but never reach
complete fixation in the population, are slowly phasing out during
January/February. In the same period around 30 mutations are slowly
emerging and reaching fixation by March 2021. All of these mutations
are signature mutations of the alpha lineage.

3.3. Percentages of alpha lineage and N501Y mutation in clinical and
wastewater samples in Vienna, Austria derived from WGS data

On January 4th 2021, the first patient was officially confirmed and
reported by the health authorities with SARS-CoV-2 alpha variant in
Vienna, Austria. Although the first case with alpha variant was detected
around Christmas time, the official confirmation from sequencing data
was necessary in order to report it as positive for the alpha lineage. The
alpha lineage increased gradually in clinical samples from 1% on 10th of
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January 2021 to 49% on 1st of February 2021, reaching 75% on 15th of
March 2021.

The atypical descending trend observed in clinical data concomitant
with the increasing tendency of the SARS-CoV-2 GC in wastewater
samples starting with Dec 8th 2021 (Fig. 1) gave rise to data interpre-
tation questions. Regression model analysis (dashed line Fig. 1) for the
alpha variant and N501Y mutation percentages obtained from
sequencing (gray area in Fig. 4) matched in both data sets from clinical
and wastewater samples for the same study period. The percentage of
alpha in wastewater samples reached almost 100% in only 10 weeks
since its first detection, while a similar share in clinical samples was
visible after 13 weeks from the first confirmed case.

4. Discussions

This study describes the temporal quantitative analysis of SARS-CoV-
2 genome and alpha lineage in wastewater samples in Vienna, Austria.
During the study period we determined the total SARS-CoV-2 concen-
tration and alpha variant share in 73 wastewater samples collected be-
tween October 4th 2020 and May 5th 2021 from Vienna WWTP.
Further, we compared the epidemiological data, active cases per
100,000 inhabitants, with the wastewater data reported to the popula-
tion equivalent (PE;;), and based on a non-linear regression model, the
estimated date when alpha variant appeared in the sewage samples from
Vienna was assessed.

The present paper considers the TN as human biomarker to estimate
the population connected to the sewerage system (PE;;) in Vienna. One
of the first WBE studies to detect and track SARS-CoV-2 in wastewater in
Europe was conducted by Medema and collaborators in the Netherlands
(Medema et al., 2020). Since the onset of the pandemic, the wastewater
surveillance of SARS-CoV-2 became a monitoring routine worldwide.
The observed SARS-CoV-2 concentrations in untreated wastewater
ranged from 10° to 10'! GC/mL (Ahmed et al., 2020a; D*Aoust et al.,
2021; Peccia et al.,, 2020; Wurtzer et al., 2021). Similarly, in our
manuscript, the observed SARS-CoV-2 concentrations in Vienna waste-
water over the whole monitoring period (Figure S4 — SI) ranged from
3.59 x 107 in May 2021 (5.01 x 107 in April 2020) to respectively 1.10
x 10° GC/mL in March 2021.

For the first one and half month of the study (October 2020 —
November 15th 2020), a similar upward SARS-CoV-2 pattern was
observed in both wastewater samples and active clinical cases per
100,000 inhabitants. The increase in the wastewater signal fits the re-
ported clinical cases (Fig. 1). Similar results were observed by Wilton
et al. (2021), Foladori et al. (2020) and Randazzo et al. (2020). In
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Fig. 3. Graphical representation of all mutations
observed in the wastewater from Vienna until May
2021, which are detected in at least six samples, in at
least 3 consecutive timepoints, and with an allele fre-
quency of at least 0.3 in at least one sample. The top
annotation bar depicts the assigned pangolin lineage of
the consensus sequence of the respective sample. The
annotation on the righthand side depicts the observed
mutation and a categorization if this mutation is a
marker for alpha (if present in at least 90% of all ge-
nomes from GISAID as of May 20th, 2021 with the
lineage assignment alpha). Mutations which are found
to be markers exclusive for alpha are denoted as “spe-
cific”. If the marker is also associated with other line-
ages, it is denoted as “unspecific”.
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Fig. 4. Percentage of alpha lineage and N501Y mutation in clinical (black line and scatter) and wastewater (gray area) samples retrieved from WGS data and non-
linear regression model describing a dynamic fitting curve based on 3-parameter function to estimate the date when the variant emerged in Vienna sewage samples.

contrast, for the downward trend, the data correspond only for a limited
period. Interesting, by December 8th the number of infected persons
continue the decline but the SARS-CoV-2 concentration in sewage
samples started to raise again. One explanation for the resulting changes

of SARS-CoV-2 GCs per active case would be a different shedding rate by
infected individuals or different virion stability of circulating variants in
the respective period in wastewater. To elucidate the potential role of
variant specific mutations regarding the upward trend of SARS-CoV-2
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concentration, we characterized the patterns of prevailing virus variants
in the wastewater samples. The main outcome is that the mutations
present at the beginning of the study period disappear within one month
and new ones, signature mutations for alpha variant, showed up and get
fixed in the population by the end of March (Fig. 3).

Comparable to our outcome, recent studies highlight the potential
contribution of wastewater monitoring for the early detection of alpha
lineage by signature mutations (La Rosa et al., 2021; Wilton et al., 2021)
La Rosa et al. (2021). report the first evidence of VOCs identification,
based on signature mutations, in wastewater samples from Italy using
nested RT-PCR together with Sanger sequencing technique Washington
et al. (2021). describe the emergence and dynamic of the alpha lineage
in the United States in clinical samples, results which show that the
variant was already present in different states in November 2020
(Washington et al., 2021). Considering the association of D614G and
N501Y mutations with a higher viral load and transmissibility (Korber
et al., 2020; Volz et al., 2021), we presume that the different develop-
ment of the two signals (wastewater and clinical data) may correspond
with the emergence of alpha lineage. Recent studies underline our
statement that SARS-CoV-2 alpha variant presents a higher viral load in
the respiratory tract as well as in stool (Frampton et al., 2021; Kidd et al.,
2021; Rosenke et al., 2021). In accordance with our results, Wilton et al.
(2021) correlate the emergence of alpha variant with high levels of viral
RNA found in sewage samples from London (Wilton et al., 2021). The
dissemination of the alpha lineage appears to have a more accelerated
spread than SARS-CoV-2 Wuhan-1 strain in human population (Korber
et al., 2020; Volz et al., 2021; Wilton et al., 2021).

The result of the sigmoid regression model derived from sequencing
data indicates the first occurrence of the alpha variant in Vienna sewage
sample started around December 8th 2020. In the same period, a
decoupling of the wastewater signal and the epidemiological incidence
was observed (Fig. 1) and the average amount of GC in wastewater shed
by one infected person started to increase (Fig. 2). The modelled data
show that on December 8th the alpha lineage was present in Vienna
sewage samples in a share of about 1%. When the initial clinical case was
confirmed, the variant portion in wastewater was already at 15% (Fig. 1;
Figure S5 - SI). So within one month, the percentage increases to 15% in
order to reach 50% after another 3 weeks. At the beginning of March
2021, the SARS-CoV-2 alpha lineage gets to 90% of the total wastewater
samples tested, underlining the fast dissemination of the new variant
among the population (Table S4 - SI). Nevertheless, data interpretation
should consider different factors such as environmental conditions
(rainfall and snowfall events, temperature, pH, hydraulic retention time
in the sewers) or chemicals (disinfectants and detergents) as they may
interfere with the final SARS-CoV-2 GC reported (Polo et al., 2020).

The well-known fact that temperature variations affect the stability
of SARS-CoV-2 in wastewater led to suspicions regarding the effect of
temperature fluctuation in the Vienna sewerage system. As it is already
shown in literature, SARS-CoV-2 viral particles display different
behavior influenced by temperature in sewage samples Ahmed et al.
(2020). tested the stability of SARS-CoV-2 in untreated wastewater
samples at four different temperatures. The main outcome of their study
is that SARS-CoV-2 viral particles have an extended persistence at 4 and
15 °C, up to 27 and 20 days respectively Ahmed et al. (2020b). In
contrast, Wurtzer et al. (2021) observed no effect on SARS-CoV-2 viral
RNA detection after incubation for 24 h in a range of temperature be-
tween 4 °C and 40 °C. The authors defined a period of 7 days persistence
of total viral RNA at 4 °C (Wurtzer et al., 2021). Noteworthy, only
temperature values below 15 °C led to a slight increase in SARS-CoV-2
concentration in wastewater samples from Vienna (Figure S5 — SI). As
the flow time of the wastewater in Vienna sewerage system is rather
short (average of about two hours), a temperature effect on the decay of
the viral particles, should be rather small. Based on the combination of a
short flow time and only small fluctuations of temperature (max. dif-
ference of 7 °C; see Figure S5 — SI) in the wastewater samples during the
time period investigated, we conclude the emergence of the new variant
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being responsible for the increased wastewater signal observed and thus
the presence of alpha already well before identification in clinical
samples.

Overall, SARS-CoV-2 concentration in untreated wastewater from
Vienna was influenced mainly by the emergence of alpha lineage,
considering the association of different signature mutations with higher
viral loads and only a small effect may be attributed to fluctuations in
temperature.

5. Conclusions

Considering that for the clinical cases the results can be delayed for
few days due to the time required for symptoms to initiate and testing
capacity, WBE proves to be the fastest and advantageous method to
provide a quick snapshot of SARS-CoV-2 circulating variants in a certain
catchment.

The real number of infected persons is difficult to recalculate with
accuracy due to the shedding values which are dependent on the specific
SARS-CoV-2 variant and the constant change in lineage composition in
wastewater

Different variants may display a distinct behavior of SARS-CoV-2
concentrations in wastewater, therefore a factor of extrapolation
should be considered carefully in drawing the final conclusions.

Wastewater represents a complex matrix thus, the key parameters
that should be rigorously considered are represented by the viral con-
centration and circulating SARS-CoV-2 variants in wastewater samples,
representative samples and population normalization.
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