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HIGHLIGHTS

SARS-CoV-2 major VOCs/lineages can be
tracked in wastewater (WW) over-time.
Estimations of the relative abundance of
VOCs in WW based on NGS and RT-
ddPCR correlate.

WW NGS can be used to detect and track
mutations that were not detected by clini-
cal surveillance.

WW genomic surveillance can detect dif-
ferences in viral diversity at a spatio-
temporal level, even within the same city.
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ABSTRACT

Monitoring of SARS-CoV-2 in wastewater (WW) is a promising tool for epidemiological surveillance, correlating not
only viral RNA levels with the infection dynamics within the population, but also to viral diversity. However, the com-
plex mixture of viral lineages in WW samples makes tracking of specific variants or lineages circulating in the popula-
tion a challenging task. We sequenced sewage samples of 9 WW-catchment areas within the city of Rotterdam, used
specific signature mutations from individual SARS-CoV-2 lineages to estimate their relative abundances in WW and
compared them against those observed in clinical genomic surveillance of infected individuals between September
2020 and December 2021. We showed that especially for dominant lineages, the median of the frequencies of signa-
ture mutations coincides with the occurrence of those lineages in Rotterdam's clinical genomic surveillance. This,
along with digital droplet RT-PCR targeting signature mutations of specific variants of concern (VOCs), showed that
several VOCs emerged, became dominant and were replaced by the next VOC in Rotterdam at different time points
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during the study. In addition, single nucleotide variant (SNV) analysis provided evidence that spatio-temporal clusters
can also be discerned from WW samples. We were able to detect specific SNVs in sewage, including one resulting in the
Q183H amino acid change in the Spike gene, that was not captured by clinical genomic surveillance. Our results high-
light the potential use of WW samples for genomic surveillance, increasing the set of epidemiological tools to monitor

SARS-CoV-2 diversity.

1. Introduction

Monitoring the diversity of the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) has become an essential part of public health
decision-making policies worldwide. In the Netherlands, a relatively large
proportion of SARS-CoV-2 positive samples has been sequenced to identify
circulating viral lineages, resulting in >140,000 SARS-CoV-2 genomes
(https://www.gisaid.org/; accessed on October 17, 2022). Despite this
unprecedented surveillance effort, the often incomplete identification and se-
quencing of asymptomatic, pre- and post-symptomatic cases can generate
biases in clinical genomic surveillance (Suhail et al., 2021). These biases can
be even larger in low-income community settings with systemic healthcare dis-
parities and limited access to full genome sequencing. Therefore, additional sur-
veillance and epidemiological tools would help to overcome these issues and
support data-driven policies to combat the pandemic.

Although SARS-CoV-2 primarily replicates in the upper and lower respi-
ratory tract (Rosenke et al., 2021), the virus can also replicate in the gut
(Jones et al., 2020). Viral RNA can be detected in feces of around 40 % of
infected people (Natarajan et al., 2022). As a consequence, viral RNA can
be detected in wastewater (WW) of communities where the virus is circulat-
ing. SARS-CoV-2 RNA titers in WW have been shown to be directly propor-
tional to the number of COVID-19 cases in the catchment area (de Graaf
et al., 2022; Medema et al., 2020; Reynolds et al., 2022; Wurtzer et al.,
2020), making wastewater-based surveillance a valuable monitoring tool.
Furthermore, virus genome sequencing of WW, also called “wastewater ge-
nomic surveillance”, offers the possibility to monitor SARS-CoV-2 diversity.
Given that both symptomatic and asymptomatic individuals contribute to
the viral load in sewage, WW surveillance may provide a less biased over-
view of the SARS-CoV-2 diversity circulating in a community than clinical
genomic surveillance alone. Currently, hundreds of variants/lineages
have been reported, from which some, based on transmission efficiency,
disease severity, antigenicity and prevalence are designated as either vari-
ants of concern (VOCs) or variants of interest (VOIs) (https://cov-
lineages.org/) (O'Toole et al., 2021). The continuous emergence of novel
VOGs, their spread and replacement by the next VOC, is generally associ-
ated with immune evasion induced by vaccination or previous infections
(Chang et al., 2022; Windsor et al., 2022), highlighting the importance of
continuous surveillance to anticipate potential new infection waves. Next-
generation sequencing (NGS) can identify viral lineages/variants from
WW samples, where the identified lineages or mutations often resemble
those detected in clinical settings, with the additional advantage to identify
mutations undetected by clinical genomic surveillance (Herold et al., 2021;
Izquierdo-Lara et al., 2021; Pérez-Cataluna et al., 2022). However, haplo-
type reconstruction of SARS-CoV-2 from WW by using short-read data re-
mains challenging as the samples are composed of a mixture of viral
genomes. Tracing individual signature mutations in WW can provide
valuable information on the spread of VOIs/VOCs (Farkas et al., 2020). In
general, single nucleotide variant (SNV) frequencies could be linked to
observations from clinical sequencing surveillance (Martin et al., 2020),
providing information about the circulating viral diversity and potentially
of new emerging mutations of biological and/or epidemiological relevance.
In addition to NGS, digital droplet RT-PCR (RT-ddPCR) can also be used for
the estimation of the prevalence of particular lineages or VOCs in WW
(Heijnen et al., 2021; Ho et al., 2022). Based on probe binding kinetics,
RT-ddPCR allows for accurate detection of mutations at frequencies as
low as 0.5 % or >3 copies per PCR reaction (Heijnen et al., 2021), making
it possible to detect low frequency mutations and discern between similar
sequences (Heijnen et al., 2021; Pekin et al., 2011).

Here, we estimated the distribution of SARS-CoV-2 lineages/VOCs cir-
culating in Rotterdam, the Netherlands, based on genome sequencing and
RT-ddPCR of WW and compared this to clinical genomic surveillance
data. Additionally, we detected local and temporal patterns of circulation
for specific SNVs in the Spike gene that were minimally or not observed
in clinical genomic surveillance during the same time period. Our results
emphasize the potential role of wastewater-based genomic epidemiology,
particularly regarding the tracing of novel VOCs and specific mutations.

2. Materials and methods
2.1. Wastewater sample collection and preparation

WW samples from 9 catchment areas in Rotterdam were collected and
processed as previously described (Izquierdo-Lara et al., 2021; Medema
et al., 2020). Briefly, 100-200 mL of sewage was collected as 24-h flow-
dependent composite samples, centrifuged and the supernatant was con-
centrated with 100 kDa Centricon ultrafilters (Millipore Sigma); dengue
virus type-2 RNA was used as an internal extraction control. RNA was ex-
tracted with the Nuclisens kit (bioMérieux) and KingFisher purification sys-
tem (Thermo Fisher Scientific). RNA was screened by quantitative reverse
transcription PCR (RT-qPCR) with the N2 primer/probe set targeting the
SARS-CoV-2 nucleocapsid (N) gene and the internal control.

2.2. Amplicon-based genome sequencing of WW samples

Ilumina sequencing was performed as described previously (Izquierdo-
Lara et al., 2021) with some modifications. Amplicons were generated by
multiplex PCR using either in-house overlapping primers or the QIAseq
SARS-CoV-2 Primer Panel (QIAGEN). Amplicons were purified with 0.8 X
AMPure XP beads (Beckman Coulter) and 100 ng of DNA was used to gen-
erate each paired-end Illumina sequencing library by using the KAPA
HyperPlus library preparation kit (Roche). We used the KAPA Unique
Dual-Indexed Adapters Kit (Roche) to enable subsequent sequencing of
multiple libraries in a single Illumina MiSeq version 3 flowcell (2 x 300 -
cycles) (Illumina).

2.3. Single nucleotide variant (SNV) detection and lineage reconstruction

Read processing, reference-based alignment and variant analysis were
performed using a previously described workflow (Izquierdo-Lara et al.,
2021), set in the Galaxy EU server (Afgan et al., 2018). Briefly, FASTQ
raw reads were filtered by Fastp (Chen et al., 2018). Reads were mapped
against the Wuhan-Hu-1 strain genome (Accession number: MN908947)
(Wu et al., 2020) by using the default settings of BWA-MEM (Li, 2013).
Reads were realigned by using the leftalign utility from FreeBayes
(Garrison and Marth, 2012). Tables containing SNVs were generated with
iVar variants method (Grubaugh et al., 2019), using a Phred score > 30
and a minimum of 3 reads containing the alternative nucleotide. Variant
positions are based on the Wuhan-Hu-1 reference. Samples with <10 % of
the genome covered with =50 x were dismissed from further analysis.

A custom-made Python script was used to associate SNVs to signature
mutations for each lineage of interest. The database containing the list of
signature mutations (Supplementary Table S3) was generated from publicly
available data (https://covariants.org/). The abundance of each lineage
was defined as described elsewhere (Rios et al., 2021), meaning that it
was calculated as the median of all unique signature mutations related to
that specific lineage (mutations not shared with other lineages in our
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database). To estimate the circulation of each lineage in whole Rotterdam's
WW, the data of all available locations in the study were pooled per time-
point. WW data was weighted based on the population size of each location
of the available samples. For the 3 nested locations, when more than one
was available, only data of the larger catchment area was taken into ac-
count. Estimation of Delta sub-lineages (AY.*) prevalence in WW was
done by using the specific signature mutations of the sub-lineages
(https://www.pango.network/summary-of-designated-ay-lineages/), pro-
vided that the Delta variant was detected in the sample. Prevalent sub-
lineages were defined as those that reach >5 % of the total clinical
sequences in Rotterdam during a particular month.

2.4. Clinical genomic surveillance

Nasopharyngeal swabs from RT-qPCR positive (Ct < 33) individuals
were used to sequence SARS-CoV-2 genomes on the Nanopore platform
(Oxford Nanopore Technologies) as previously described (Oude Munnink
et al., 2020). All generated genomes were uploaded to GISAID (Shu and
McCauley, 2017). For the whole country dataset, all the available SARS-
CoV-2 consensus genomes (105,342 sequences, genome coverage
=95 %) were retrieved from GISAID on the 6th of June 2022. This dataset
included all sequences from Rotterdam. We aligned both datasets
(Netherlands and Rotterdam) using MAFFT (https://mafft.cbrc.jp/
alignment/server). PANGO lineages (pangolin v4.0.6) (O'Toole et al.,
2021) were assigned automatically by GISAID and this information was
downloaded as metadata along with the genome sequences.

2.5. RT-ddPCR for quantitation of specific SARS-CoV-2 mutations in sewage

We have previously shown that RT-ddPCR assays can be used to simul-
taneously quantify the presence of the N501Y mutation and wild type se-
quence (assay ID dMDS731762551) (Heijnen et al., 2021). Following this
approach, we expanded this method by using assays (designed by Bio-
Rad Laboratories) that specifically target signature mutations T19R (assay
ID dMDS657809058), G339D (assay ID dMDS682550858), N856K (assay
ID dMDS900687606), LPPA24S (assay ID dMDS737327537) mutations as-
sociated with Delta, B.1.1.529 (all Omicron lineages), BA.1 and BA.2 VOCs,
respectively, to determine the frequency of these signature mutations. The
reaction conditions used for these assays were identical to the conditions
used for the N501Y specific assay (Heijnen et al., 2021). The proportion
of each targeted signature mutation in the Spike gene RNA fragments was
calculated by the QuantaSoft-Analysis software as the concentration of
the signature mutation in the RT-ddPCR reaction, divided by the sum of
the concentration of the wild type sequence and the targeted signature in
the ddPCR reaction. The 95 % confidence intervals of the proportion of
the signature mutation were calculated assuming a Poisson distribution of
RNA molecules in the droplets.

2.6. Datasets

The WW genomic surveillance dataset was obtained by sequencing a
total of 693 sewage samples taken longitudinally from those 9 locations
within Rotterdam, the Netherlands, spanning between the 16th of Septem-
ber 2020 and the 9th of December 2021 (Supplementary Table S1). Fig. 1A
shows a map of the Rotterdam WW catchments. A group of 3 catchment
areas form a cascade where upstream catchments discharge into larger
downstream catchments as follows: Katendrecht, Pretorialaan and
Pretorialaan-Zuidplein. Fig. 1B shows the temporal distribution per loca-
tion of the WW samples. Sewage samples were frequently sequenced from
the 16th of September until the 6th of August 2021. After the first detection
of Omicron BA.1 in a clinical sample from Rotterdam on the 24th of No-
vember 2021 (GISAID id: EPI_ISL_7651134), and additional set of WW sam-
ples collected between the 24th of November and 6th of December 2021
were sequenced. In addition, to assess the sensitivity of WW sequencing
to detect and estimate the prevalence of VOCs, we also determined the rel-
ative abundance of Alpha, Delta and Omicron BA.1 and BA.2 VOCs in
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Pretorialaan-Zuidplein WW by RT-ddPCR (Heijnen et al., 2021). WW sam-
ples from this location, starting from the 25th of November 2020 until the
28th of February 2022 were evaluated with RT-ddPCR, including those that
were sequenced during the same period and location (magenta and cyan
dots in Fig. 1B).

To compare SARS-CoV-2 diversity, below ground (WW surveillance
dataset) with above ground data, we used clinical genomic surveillance
data from Rotterdam. This second dataset contained SARS-CoV-2 genomes
from samples acquired by 3 strategies: i) random sampling of SARS-CoV-2
cases in Rotterdam obtained from the Dutch Public Health Service (GGD)
from SARS-CoV-2 testing streets program (de Graaf et al., 2022); ii) by trac-
ing outbreaks of importance and; iii) sampling of patients and healthcare
workers from hospitals within Rotterdam. For outbreak tracing, we se-
quenced samples from cases in Rotterdam that were associated with travel-
ling from the UK after the emergence of the Alpha variant and from South-
Africa and Portugal when the Beta variant was first reported. A total of
3298 SARS-CoV-2 genomes were obtained between the 1st of September
2020 and the 28th of February 2022 (Supplementary Table S2). Fig. 1C dis-
plays the temporal distribution of the samples sequenced in our clinical ge-
nomic surveillance dataset, which are not linked to specific catchment
areas. WW NGS results were compared against Rotterdam's clinical geno-
mic surveillance dataset as a whole.

3. Results

3.1. Abundances of major circulating SARS-CoV-2 lineages in WW show similar
trends to those observed in clinical genomic surveillance

We sequenced sewage samples taken longitudinally from those 9 loca-
tions within Rotterdam (Fig. 1A, Section 2.6) The corresponding popula-
tions range from 6500 to 138,280 inhabitants and, overall, they represent
70.6 % of the city's total population (Centraal Bureau voor de Statistiek,
2021; de Graaf et al., 2022). To compare SARS-CoV-2 diversity, below
ground (WW surveillance dataset) with above ground data, we used clinical
genomic surveillance data from Rotterdam (Section 2.6). To determine the
proportion of the major lineages circulating in WW over time, we deter-
mined the relative frequencies of their unique signature mutations in
each single location by performing variant analyses. Fig. 2A shows the fre-
quencies of mutations associated to major lineages that were detected in
Heemraadsplein WW, the largest catchment area in Rotterdam. The B.1 lin-
eage emerged and became dominant quickly after the emergence of SARS-
CoV-2 at the beginning of 2020 (Rambaut et al., 2020) and this lineage is
the ancestor lineage of all currently circulating strains, including all VOIs
and VOCs. Four signature mutations define this lineage and its descendants,
including the D614G amino-acid change (A23403G) that is associated with
increased infectivity of the virus (Ozono et al., 2021). Thus, as expected, all
WW samples showed high frequency (>95 %) of these 4 mutations, illus-
trating the reliability of our method to detect SNVs in WW (Fig. 2A).

The median of the relative frequencies of all unique signature mutations
associated to a lineage was used to estimate the prevalence of the lineage
within the WW sample. We compared the estimated distribution of lineages
in each WW location with that captured by clinical surveillance in Rotterdam
(Fig. 2B and Supplementary Fig. S1). In general, relative abundances of SARS-
CoV-2 major circulating lineages showed similar trends to clinical data over
time in all WW locations. Between September 2020 and January 2021, the
major circulating lineages both in WW and in clinical surveillance were
B.1.160, B.1.177 and B.1.221. These lineages were also dominant across
Europe during the same period (https://covariants.org/). From the beginning
of January 2021, the Alpha variant emerged and increased in relative abun-
dance in all WW catchments, being first detected in Pretorialaan on the 6th
of January 2021 at 5.0 % prevalence, while its first detection through clinical
sampling in Rotterdam was on the 12th of November 2020. Alpha remained
the dominant variant for around 6 months, after which it was replaced by
Delta in the Netherlands between the end of June and beginning of July
2021. The Gamma variant was first detected in WW (Heemraadsplein) on
the 8th of February 2021, while the first clinical case (GISAID id:
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Fig. 2. Relative abundance of SARS-CoV-2 major lineages in a single WW catchment area (Heemraadsplein). A) Heatmap showing the frequency of the unique signature
mutations per lineage. B) Median of the relative frequencies of the unique signature mutations in WW samples of Heemraadsplein (red line) vs. relative abundance of the
lineage in clinical samples from Rotterdam during the same time period (gray shaded area). Plots for all locations are shown in Supplementary Fig. S1. All available data
per time-point were taken into account to perform the calculations. Clinical data is shown as 7-day rolling average (date = 3 days). (For interpretation of the references

to color in this figure legend, the reader is referred to the web version of this article.)

EPL ISL, 2145780) in Rotterdam was detected 9 days later. For the other major
variants early detection in WW was not observed. There were differences be-
tween the locations, the Gamma variant was for instance only detected in
Rozenburg, Everlo-Waalhaven and Heemraadsplein (Fig. 2B and Supplemen-
tary Fig. S1). The Lambda VOI was not detected in sewage, and only 3 Lambda
sequences were found by clinical surveillance in Rotterdam during the entire
study period. No Omicron BA.1 nor BA.2 variants were detected in WW by
NGS during the study period.

To estimate the average circulation of each variant in Rotterdam WW, we
pooled the data of all available locations per time-point. Overall, variant dy-
namics coincided with that from Rotterdam's clinical surveillance (Fig. 3).
However, there were some instances where VOCs were detected in clinical
surveillance several weeks or even months before they were detected in
WW. This is rather evident for both Alpha and Delta variants, that exhibited
discontinuous peaks in their prevalence in clinical surveillance soon after
their emergence (Figs. 2B and 3). The first detection of the Delta variant in
clinical surveillance was on the 21st of January 2021, where only 2 sequences
were detected (AY.34 sub-lineage). Then, the Delta variant was not detected
for almost 3 months. A new peak of Delta was observed between the 14th

and 25th of April 2021, belonging to AY.66 and AY.61 sub-lineages, reaching
up to 50 % prevalence (7/14 sequences) on the 16th of April in a 7-day rolling
average. During this period, the Delta variant was only detected in 2 WW lo-
cations: Bergschenhoek and Heemraadsplein, with 8.7 % and 6.1 % preva-
lence, respectively (Supplementary Fig. S1). Then, Delta was not detected in
clinical samples during the following 18 days (0/19 samples), but afterwards,
it became dominant (Supplementary Table S2). The estimated prevalence of
Delta in the combined data of Rotterdam's WW at this period peaked at
2.6 % (Fig. 3). The fact that the sequences from the 1st peak belong to a differ-
ent sub-lineage than the 2nd peak suggests that there were multiple introduc-
tions of the variant, and that the first lineages did not became established
within the population.

3.2. Earlier detection of VOCs in WW using RT-ddPCR compared to WW
sequencing

Next, we used RT-ddPCR to investigate the prevalence of Alpha, Delta,
Omicron BA.1 and BA.2 variants in WW samples from the second largest lo-
cation Pretorialaan-Zuidplein, and compared it to both clinical genomic

Fig. 1. Geographic and temporal distribution of WW and clinical samples in Rotterdam. A) Map of Rotterdam and Bergschenhoek indicating the catchment areas. B) Temporal
distribution of WW samples per location. Katendrecht, Pretorialaan and Pretorialaan-Zuidplein WWs form a cascade were an upstream catchment discharges into the next
larger downstream catchment. Green, magenta and cyan dots represent WW samples that were either sequenced, evaluated by RT-ddPCR or both, respectively.
C) Distribution over time of the number of sequenced clinical surveillance samples (blue line, left Y-axis) and number of SARS-CoV-2 positive cases per 100,000 individuals
within Rotterdam (red line, right Y-axis). Both the number of obtained sequences and the number of positive cases over time are shown as 7-day rolling averages (date +
3 days). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Comparison of the pooled relative abundance of SARS-CoV-2 variants in Rotterdam's WW (red) versus relative occurrence in Rotterdam's clinical data (blue). The
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shown as 7-day rolling average (date + 3 days). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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surveillance and WW NGS datasets. NGS and RT-ddPCR of WW showed
similar dynamics for Alpha and Delta variants (Fig. 4A). The first detection
of the BA.1 variant by RT-ddPCR in Pretorialaan-Zuidplein WW was on the
10th of December 2021, and the relative abundance of Omicron BA.1 and
BA.2 variants in WW showed similar trends to clinical genomic surveillance
(Fig. 4A). WW samples after the 6th of December 2021 were not sequenced
and therefore BA.1 or BA.2 variants were not detected by WW genomic sur-
veillance. The rapid rise of BA.1 at the end of 2021 was observed by two dif-
ferent RT-ddPCR reactions that detect the N856K or G339D mutation
(Fig. 4A), showing the robustness of the method. The former mutation is
specific for the Omicron BA.1 lineage, while G339D is present in both
BA.1 and BA.2.

Given the specificity and sensitivity of RT-ddPCR to detect single muta-
tions, even in the presence of large quantities of foreign nucleic acids and
PCR inhibitors (Heijnen et al., 2021; Pekin et al., 2011), it was also used
to determine the sensitivity of WW NGS to detect VOCs. Alpha and Delta
abundances were estimated for the same samples using NGS and RT-
ddPCR. From a total of 91 data point pairs, both methods were highly cor-
related (Spearman's R = 0.86, p-value < 0.0001) (Fig. 4B), indicating that
our NGS method to estimate the distribution of VOCs from WW is reliable.
A high correlation was still maintained, from 68 data point pairs, after all
0 %-0 % and 100 %-100 % pairs were removed (Spearman's R = 0.74,
p-value < 0.0001) (data not shown). Nonetheless, RT-ddPCR is more sensi-
tive to detect the presence of VOC circulating at a low relative abundance.
This is evident for several points where RT-ddPCR was positive (<20 %),
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while the variant was not detected through NGS data (Fig. 4B). Other exam-
ples that support the higher sensitivity of RT-ddPCR are the 2 small peaks
detected for Delta in Pretorialaan-Zuidplein WW, at 1 % and 1.3 %, during
the 19th of April and 10th of May 2021, coinciding with peaks detected
through clinical surveillance (Fig. 4A). Delta was not detected during
these time periods by NGS for this WW location. However, Delta was spo-
radically detected during this period in other catchments (Bergschenhoek
and Heemraadsplein) as mentioned in Section 3.1.

3.3. Specific mutations associated with Delta sub-lineages showed regional differ-
ences in circulation

During the circulation of the Delta VOC, multiple sub-lineages emerged,
designated as “AY.*” (Focosi et al., 2022), which could be detected in WW.
Typically, only 1 or 2 mutations differentiate one sub-lineage from another.
Only SNVs generated from reads with high quality, high coverage and >1 %
frequency were considered for the analysis. If more than one specific muta-
tion defined a sub-lineage, we used the median of these specific mutations,
provided that the Delta VOC was present in a sample, to determine the rel-
ative abundance of these sub-lineages per month per location (median of all
available samples). We analyzed WW samples from all locations, and in
some cases, the total percentage of the different Delta sub-lineages were
slightly above 100 % (Fig. 4), likely due to experimental noise of the mea-
surements. Since this effect was moderate, we did not correct these values
to avoid overcorrection and keep data processing and interpretation simple
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Fig. 5. Relative abundance of SARS-CoV-2 Delta sub-lineages circulating in the Netherlands and Rotterdam city, detected by clinical genomic surveillance (two top left
panels) and by genome sequencing of samples from 9 WW catchment areas in Rotterdam. The barplots show the fraction of the Delta sub-lineages (AY.*) in Rotterdam.
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(Rios et al., 2021). AY sub-lineages with >5 % prevalence in clinical geno-
mic surveillance were consistently detected in WW (Fig. 5). Although, for
some sub-lineages clear differences were observed between the two
datasets, as is the case for AY.126, that was already detected in June 2021
in Wolphaertsbocht and Katendrecht WW samples before its detection in
Rotterdam clinical surveillance samples in August 2021 (0.5 %). Notably,
AY.126 was circulating in the Netherlands at very low relative abundance
since June 2021 (0.04 %). In contrast, AY.9.2, that was the most prevalent
sub-lineage in the Netherlands and Rotterdam between July and August
2021 (38.8 % and 27.8 %, respectively), was only detected at low preva-
lence (0 %-7.8 %) in WW samples for all locations. Interestingly, regional
differences in the presence of some sub-lineages could be found between
WW locations (Fig. 5). For example, the AY.66 sub-lineage, defined by the
T6496C synonymous mutation, was only detected in Pretorialaan-Zuidplein
catchment area, suggesting restricted local circulation within this area. On
the other hand, during July 2021 the AY.122 sub-lineage, defined by the
G1048T (ORF1lab: K261N) mutation, was found in most WW locations ex-
cept in Bergschenhoek, which is located outside Rotterdam.

3.4. Detection of Spike SNVs shows circulation of cryptic mutations in WW

Given the importance of the Spike gene to changes in antigenicity and
binding (Chang et al., 2022; Ding et al., 2021), we assessed the regional
and temporal patterns of mutations in the Spike in WW from all locations
and compared them to those found by clinical surveillance in Rotterdam
and in the Netherlands. For the WW samples, a total of 656 different muta-
tions were found in the Spike compared to the Wuhan-Hu-1 reference, from
these 48 mutations that were found >30 times in our WW dataset were plot-
ted for Heemraadsplein (Fig. 6A). The most prevalent Spike mutations
found in WW were associated with dominant lineages or VOCs. For exam-
ple, 23063T (N501Y) and 21618G (T19R) mutations were found frequently
during the period of dominance of the Alpha and Delta VOCs, respectively.
More interestingly, other SNVs consistently present in Rotterdam's WW
were rarely or not detected at all by clinical sampling during the same
time period. In Fig. 6B, selected SNVs were followed in WW samples for
each location (red lines) and compared to their single nucleotide polymor-
phism (SNP) frequencies in sequenced genomes from clinical samples
from Rotterdam and the Netherlands (bottom panels with blue lines). Dif-
ferences in the spatio-temporal patterns of these SNVs/SNPs were observed.
For 21572A (F4I), we observed an early detection in Wolphaertsbocht
(1.1 %), Katendrecht (95.3 %) and Rozenburg (54.3 %) WW samples on
the 19th, 26th and 28th of April 2021, respectively. In contrast, this SNP
was only detected on the 8th of June 2021 in 2 sequences by clinical surveil-
lance within Rotterdam. Nevertheless, this SNP was found at low but consis-
tent frequency (<2 %) in Dutch sequences from the 8th of March to the 27th
of June 2021. For the 22,111 T (Q183H) mutation a similar pattern was
found, where the mutation was consistently found in WW, especially at
Rozenburg where it was detected in 5 consecutive samples between the
5th and 22nd of February 2021, at frequencies ranging from 12.7 % to
100 % of the reads. Only 3 sequences harboring this mutation were found
in Rotterdam's clinical genomic surveillance dataset, where it was first de-
tected on the 17th of February 2021 (1/125 sequences during the same pe-
riod). For 22450T and 24133T synonymous mutations spatial-temporal
clusters were also observed in WW. Strikingly, the 22450T mutation was de-
tected in 7 consecutive WW samples from Rozenburg and peaked at a
33.5 % frequency. Meanwhile, this mutation was not previously found in
Rotterdam clinical sequences, nor during the 6 months after its detection
in sewage, although it was detected by clinical surveillance across the
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country at very low frequencies (<0.5 %), suggesting cryptic circulation of
viruses harboring this mutation, within Rotterdam.

4. Discussion

Wastewater genomic surveillance has the potential to be a valuable tool
in population-wide monitoring of the diversity of SARS-CoV-2, especially in
the context of emerging VOCs. Here, we show that, by using either NGS or
RT-ddPCR, it is possible to estimate the distribution of specific viral line-
ages in the population, based on the detection of their signature mutations.
Other studies support the use of WW as a monitoring tool, that reflects the
diversity trends of SARS-CoV-2 circulating in a population (Heijnen et al.,
2021; Herold et al., 2021; Pérez-Cataluna et al., 2022; Reynolds et al.,
2022; Rios et al., 2021). By using a longitudinal dataset of Rotterdam's
WW samples from different locations within the city, we were able to ob-
serve similarities and fine differences between clinical and WW surveil-
lances at a local level. Moreover, our SNV analysis provided evidence that
spatio-temporal clusters, which sometimes were not captured by clinical
genomic surveillance, can also be discerned from WW samples.

WW genomic surveillance by NGS and RT-ddPCR reflects the diversity
of circulating VOCs in the population. Both methods have advantages
that can complement each other to overcome their respective disadvan-
tages. RT-ddPCR can be used to track specific VOCs or relevant mutations
with high sensitivity in a relatively low-cost manner (Heijnen et al.,
2021). As a downside, previous knowledge of targeted signature mutations,
as well as testing and validation of the primer/probe sets are required be-
fore its use. Conversely, WW NGS allows unbiased characterization of the
viral diversity, and the possibility to detect novel or unknown lineages
and variants. However, the sensitivity of NGS to detect low prevalence var-
iants is lower than RT-ddPCR, as shown by our data. Therefore, depending
on the aims and resources of a surveillance program, one or both tools can
be used to complement clinical surveillance.

Although several studies reported early detection of VOCs in sewage
(Karthikeyan et al., 2022; Nag et al., 2022; Vo et al., 2022), in most cases
we did not observed this for our data. This could be related to technical rea-
sons, such as incomplete coverage of Rotterdam's population by our WW sam-
ples, or the resolution of our assays. However, these results could also be due
to the rapid and extensive Dutch COVID-19 response with regards to the se-
quencing of clinical samples and biases in clinical surveillance sampling,
such as heterogeneous testing across the population, overrepresentation of
more severe cases and a bias towards outbreaks of importance. The last can
be related to the apparent high circulation of Delta during its 2nd peak
(50 % of sequences) in April 2021. Whereas, a coinciding peak in WW was
found only for 2 locations at relatively low prevalence in Rotterdam. Puta-
tively, the high prevalence of Delta in clinical cases during its 2nd peak was
related to disproportionally sequencing outbreak samples that were antici-
pated to contain Delta, due to their possible impact on variant spread.
Hence, early detection of VOCs in sewage compared to clinical surveillance
is influenced by the amount and strategy of clinical surveillance in a country.
Understandably, the more “controlled” the pandemic is, the less patients are
sampled for genomic surveillance. Therefore, WW surveillance can help to
have an unbiased continuous monitoring of SARS-CoV-2 diversity in a low-
cost and sustainable manner, that can substitute clinical genomic surveillance
for early detection of VOCs/VOISs, helping public health responses.

WW NGS can be used to find and track mutations that are not detected by
clinical surveillance and identify regional differences. We showed that SNVs
can be linked to spatio-temporal clusters, and that WW can help for epidemi-
ological tracing of SARS-CoV-2 variants. Moreover, continuous monitoring of
mutations in the Spike gene related to possible immune-escape phenotypes is

Fig. 6. Circulation of cryptic Spike mutations in Rotterdam WW catchment areas. A) Heatmap of the SNV frequency in the WW of Heemraadsplein, showing the most
prevalent SNVs in the Spike gene for our dataset. B) Relative frequency of selected SNVs in the Spike gene in the 9 sewage locations (red lines) and in the clinical dataset
(blue lines, bottom panels). Only SNVs with a Phred score > 30, a minimum coverage of 50 X and at least 3 reads containing the alternative mutation (compared to the
reference) were plotted. The SNV/SNP relative frequencies for clinical samples from Rotterdam and the Netherlands are plotted on a lower scale (up to 10 % and 2 %, re-
spectively). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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an important part of every SARS-CoV-2 surveillance program. Illustrating this,
here we identified the Q183H amino-acid change in the Spike, that was cryp-
tically circulating in WW, with minimal representation in clinical samples.
Q183H has emerged sporadically in several lineages throughout the pandemic
and it has not been specifically linked to any lineage of the virus (<70 % prev-
alence per lineage) (https://outbreak.info/) (Gangavarapu et al., 2022). Inter-
estingly, this mutation has been reported as one of the mutations that arose
and became fixed in an immunocompromised patient after receiving
remdesivir and intravenous immunoglobulin treatments (Choi et al., 2020).
However, its impact on the antigenicity or fitness of the virus needs to be de-
termined. Recent studies from us and others have revealed that WW surveil-
lance frequently identifies mutations that are not or rarely observed in
clinical samples (Fontenele et al., 2021; Izquierdo-Lara et al., 2021; Smyth
et al., 2022). Given the major contribution of human excreta to the sewer,
the most likely explanation is that these cryptic mutations are coming from
unsampled outbreaks within the population, but the contribution of other
mammalian species cannot be ruled out (Smyth et al., 2022).

5. Conclusions

In conclusion, we have demonstrated the reliability of WW surveillance,
both by NGS and RT-ddPCR, for monitoring the rise and fall of SARS-CoV-2
variants. We were able to detect specific SNVs in sewage, including muta-
tions in the Spike gene, that were not captured by clinical genomic surveil-
lance. Our results highlight the potential use of WW samples for genomic
surveillance, allowing for comprehensive tracing of circulating lineages,
emergent VOCs, spatio-temporal clusters, and specific mutations especially
when clinical surveillance is scaled down. Our approaches have the poten-
tial to be expanded beyond SARS-CoV-2, to other viruses, that are shed in
WW, for which there is limited clinical surveillance.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.162209.
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