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• RT-ddPCR can identify low proportions
(0.5%) of N501Y.

• Emergence of N501Y in wastewater
aligned with B.1.1.7 emergence in pa-
tients.

• Rapid and accurate monitoring of cur-
rent and future VoC signaturemutations
in wastewater is feasible.

• Monitoring VoC in sewage can be used
to support health decision-making.
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Wastewater surveillance has shown to be a valuable and efficient tool to obtain information about the trends of
COVID-19 in the community. Since the recent emergence of new variants, associated with increased transmissi-
bility and/or antibody escape (variants of concern), there is an urgent need for methods that enable specific and
timely detection and quantification of the occurrence of these variants in the community. In this study, we dem-
onstrate the use of RT-ddPCR on wastewater samples for specific detection of mutation N501Y. This assay en-
abled simultaneous enumeration of lineage B.1.351 (containing the 501Y mutation) and Wild Type (WT,
containing 501N) SARS-CoV-2 RNA. Detection of N501Y was possible in samples with mixtures of WT with
low proportions of B.1.351 (0.5%) and could accurately determine the proportion of N501Y and WT in mixtures
of SARS-CoV-2 RNA. The application to raw sewage samples from the cities of Amsterdam and Utrecht demon-
strated that this method can be applied to wastewater samples. The emergence of N501Y in Amsterdam and
Utrechtwastewater alignedwith the emergence of B.1.1.7 as causative agent of COVID-19 in the Netherlands, in-
dicating that RT-ddPCR of wastewater samples can be used to monitor the emergence of the N501Ymutation in
the community. It also indicates that RT-ddPCR could be used for sensitive and accurate monitoring of current
(like K417N, K417T, E484K, L452R) or future mutations present in SARS-CoV-2 variants of concern. Monitoring
these mutations can be used to obtain insight in the introduction and spread of VOC and support public health
decision-making regarding measures to limit viral spread or allocation of testing or vaccination.
© 2021 The Authors. Published by Elsevier B.V. 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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. This is an open access article under
1. Introduction

The first reports of gastrointestinal infection by SARS-CoV-2 and the
detection of SARS-CoV-2 RNA in the feces of 30–60% of infected
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individuals (Jones et al., 2020; Wang et al., 2020; Wölfel et al., 2020;
Xiao et al., 2020), sparked the idea that wastewater could be used to
monitor the circulation of SARS-CoV-2 at community level. Methods
for the detection of SARS-CoV-2 RNA in wastewater were developed
and deployed already in the early stage of the pandemic (Lodder and
de Roda Husman, 2020, Medema et al., 2020b,c). The concentration of
SARS-CoV-2 RNA in wastewater has shown to reflect and even precede
the trends of the newly reported cases or COVID-19 hospitalizations
(Medema et al., 2020a; Prado et al., 2021). The possibility to obtain ob-
jective information about virus circulation in a community viawastewa-
ter sampling, independent from diagnostic testing availability,
willingness and awareness (i.e. asymptomatic virus carriers), is cur-
rently being used to support public health decisions. In situations with
low SARS-CoV-2 circulation in the community, wastewater surveillance
is being used as an early warning system (Betancourt et al., 2020;
Medema et al., 2020b,c; Ahmed et al., 2021) enabling rapid and targeted
measures to limit viral spread. The added value of wastewater surveil-
lance has led to worldwide implementation of methods for SARS-CoV-
2 monitoring in sewage (Bivins et al., 2020).

The occurrence of new SARS-CoV-2 variants that have unusual num-
bers ofmutations and are associatedwith increased transmissibility, an-
tibody escape or both (“Variants of Concern”, VoC), has recently gained
attention (Altmann et al., 2021; Challen et al., 2021; Eurosurveillance-
editorial-team, 2021). Four VoC lineages are recognized since the end
of 2020 and are currently emerging worldwide and additional variants
are under consideration: Lineage B.1.1.7 (Alpha) was recognized first
through the large scale genomics initiative in the UK, lineage B.1.351
(Beta) was first recognized in South Africa, lineage P.1 (Gamma)
emerged in late 2020 in Manaus (Brazil) and lineage B.1.617.2 (Delta)
was first documented in India. These VoC's appear to spread at higher
efficiency (Davies et al., 2021; Faria et al., 2021; Volz et al., 2021). In ad-
dition, lineages Beta, Gamma and Delta appear to be partially resistant
to neutralizing antibodies from infection, vaccination, or treatment
(Bernal et al., 2021; Garcia-Beltran et al., 2021; Wang et al., 2021).
Therefore, it is of great importance to monitor the spread of these VoC
in the community to understand the dynamics of transmission of VoC
and be able to take appropriate public health protection measures. Cur-
rently, VoC surveillance is mainly done through whole genome se-
quencing of patient samples. This approach is relatively expensive,
labour intensive and time consuming and may not be achievable in
many parts of the world. Variant surveillance via wastewater could be
a more efficient and rapid method to monitor the emergence and
spread of VoC in a community. However, there are currently no vali-
dated efficient methods available to quantify the presence of different
VoC's in sewage. Sequence analysis of RNA isolated from sewage can
specifically detect and identify SARS-CoV-2 RNA sequence variation
(Izquierdo-Lara et al., 2020) and sequence analysis has the potential
to identify VoC in sewage. However, it is expected that this needs
deep sequencing efforts and intensive bioinformatics approaches to
find rare mutations in sewage samples which likely contain mixtures
of SARS-CoV-2 lineages. The limited sequence differences between
VoC and the likely presence of mixtures of sequence variants in sewage
makes it difficult to design VoC specific RT-qPCR assays for sewage. In
droplet digital RT-PCR (RT-ddPCR) the sample and reagents are
partitioned in a large number (~10.000 to 20.000) “water in oil”droplets
and PCR-reactions are performed on single molecules in individual
closed droplets. This makes it possible to detect rare mutations and to
discriminate closely related sequences on the base of probe binding ki-
netics (Pekin et al., 2011). Thismakes RT-ddPCR potentially attractive to
specifically detect the presence and proportion of mutations that are
specific to VoC's (signature mutations) in wastewater. In this study we
evaluated the use of RT-ddPCR to detect VoC signature mutations and
to determine the proportion and concentration of signature mutations
in wastewater. Mutation N501Y was selected to study the possibilities
to apply RT-ddPCR to monitor VoC signature mutations. This N501Y
mutation is present in lineages B.1.1.7, B.1.351 and P.1 and started to
2

emerge rapidly at the end of 2020. The mutation leads to an amino
acid change at position 501 in the receptor binding domain of the
spike protein. The N501Y mutation appears to influence binding of the
spike protein to the human ACE2 receptor (Liu, Zhang et al. 2021;
Rynkiewicz et al., 2021) resulting in more efficient transmission (Liu,
Liu et al. 2021). Validation was performed with RNA isolated from
wild type virus and a B.1.351 stock and the applicability of the RT-
ddPCR was studied on domestic wastewater samples from the Dutch
cities of Amsterdam and Utrecht.

2. Materials and methods

2.1. Wastewater samples

The inlet of the wastewater treatment plants of Amsterdam, serving
669,400 inhabitants, and of Utrecht, serving 267,900 inhabitants (data
Netherlands Central Bureau of Statistics) were sampled. In both cases,
this was approx. 75% of the population of the city. Composite, flow-
dependent 24 h samples were collected by the operators of the waste-
water treatment plants (WWTP) that serve the cities of Amsterdam
and Utrecht in the Netherlands. Samples were stored at 4 °C during
24 h periods of sampling as previously described (Medema et al.,
2020a,b,c). Samples were taken weekly from March 2020 to March 1
2021. RT-qPCR was applied on all samples, RT-ddPCR analysis was ap-
plied on the samples from the period November 9 2020 to March 1
2021.

2.2. SARS-CoV-2 viral RNA

Reference genomic RNA from WT SARS-CoV-2 virus (WIV04/2019)
and variants B.1.351 and B.1.1.7 containing the N501Y mutation was
isolated from cell-cultured virus at passage 3 after inoculation of pri-
mary patient sample. RNA isolation from 0,2 TCID50 cell-cultured
virus was performed by using the MagNA pure 96 (Roche diagnostics)
and the total nucleic acid isolation kit (Roche Diagnostics). The
sequence of the cell-cultured RNA was confirmed by whole-genome
sequencing performed at Erasmus University Medical Center (Rotter-
dam, The Netherlands).

2.3. Virus concentration and nucleic acid extraction

Samples were transported to the laboratory and processed as previ-
ously described (Medema et al., 2020a,b,c). In short, centrifugation was
used to pellet larger particles, viral particles were concentrated from
50 ml supernatant by ultrafiltration through Centricon® Plus-70
centrifugal ultrafilters with a cut-off of 30 or 100 kDa, dependent on
supplies (Millipore, Amsterdam, The Netherlands). RNA extraction
was also performed on ultrafiltrated PCR grade and RNAse free distilled
water (Applied Biosystems, Fisher Scientific, Landsmeer, The
Netherlands) water to use as negative controls. Approximately 2 × 104

genomic RNA copies from the murine coronavirus Mouse Hepatitis
Virus (MHV)-A59 (obtained from “Leids Universitair Medisch Cen-
trum”) was spiked to each concentrate and co-isolated during the ex-
traction procedure to monitor the possible presence of RT-PCR
inhibitors and measure the recovery efficiency of the extraction proce-
dure. Nucleic acid was extracted from the concentrate using the
magnetic extraction reagents of the Biomerieux Nuclisens kit
(Biomerieux, Amersfoort, the Netherlands) in combination with the
semi-automated KingFisher mL (Thermo Scientific, Bleiswijk, The
Netherlands) as previously described. Extracted nucleic acid was eluted
in a volume of 100 μl.

2.4. RT-qPCR for coronavirus RNA-quantification in wastewater

The N2 assay targeting a fragment of the nucleocapsid gene, as pub-
lished by US CDC (US-CDC, 2020), was used to quantify SARS-CoV-2
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RNA in the sewage samples weekly in the period from. Reagents and re-
action conditionswere as previously described (Medema et al., 2020a,b,
c). All RT-PCRswere run as technical duplicates on 5 μl extracted nucleic
acid. Duplicate RT-qPCR reactions on serial dilutions containing RT-
ddPCR calibrated (five 10-fold concentration steps containing 2.101 to
2.105 RNA copies/reaction) EURM-019 single stranded RNA (provided
by the Joint Research Centre) were used to construct calibration curves.
The average PCR efficiency, based on all weekly performed RT-qPCR ex-
periments (n = 26) presented in this paper, was 96.8% (Range:
93.2–103%; R2 0.999). These calibration curves were subsequently
used to quantify N2 in RNA extracted from the sewage samples. Spiked
MHV-A59 RNA was detected by performing a MHV-A59 specific RT-
qPCR targeting the N-gene using the primers and reaction profile de-
scribed by Raaben et al. (2007). Calibration curves for quantification
were generated by performingRT-PCR assays on dilution series of a syn-
thetic quantified gBlock gene fragment containing a partial sequence
MHV-A59 N-gene (obtained from IDT, Leuven Belgium). The recovery
efficiency was calculated by determining the ratio (%) between the
MHV-A59 RNA concentration in the spiked sewage sample with and
the concentration MHV-A59 suspension used to spike the samples.
This recovery efficiency was used as quality control to monitor the per-
formance of the RNA-isolation procedure and the possible presence of
RT-PCR inhibitors. The recovery efficiencies (Tables S1 and S2) are
used as process control (Kantor et al., 2021), only sampleswith a recov-
ery efficiency of >5% are reported in this paper. Two types of negative
controls were analyzed in every experiment: 1) RT-qPCR reactions per-
formed on PCR grade andRNAse free distilledwater and 2) and RT-qPCR
reactions performed on RNA extracted from PCR grade and RNAse free
distilled water.

2.5. qPCR for CrAssphage quantification in wastewater

A previously described, CrAssphage CPQ_064 specific PCR (Stachler
et al., 2017) was used to quantify this DNA-virus that exclusively occurs
in human intestinal tracts. Assays were performed in duplicate on 5 μl
1:10 diluted extracted nucleic acid. Quantification was performed
using qPCR assays on dilution series of a synthetic quantified gBlock
(obtained from IDT, Leuven Belgium) containing the CPQ_064 gene
fragment. The CrAssphage concentrations were used to normalize
Fig. 1. Detected copy numbers of WT and N501Y in mixtures containing
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measured viral loads to account for population dynamics and fluctuat-
ing non-human inputs (rain, industrial wastewater, groundwater) in
the sewer network (Medema et al., 2020a).

2.6. RT-ddPCR for the N501Y mutation

Digital droplet RT-PCRwas used to quantify theN501Y and thewild-
type (WIV04/2019,WT) sequence in one single tubemultiplexmutation
assay designed by BioRad (Assay ID: dMDS731762551). This assay uses
primers that amplify an 80 bp fragment of the Spike gene including the
area containing an A to T point mutation that leads to the N501Y amino
acid change in the Spike protein (N501Y). Two probes are used to detect
PCR-amplification in the droplets: one FAM-labeled probe which per-
fectly binds to the N501Y mutation and one HEX-labeled probe which
perfectly binds to the wild-type SARS-CoV-2 sequence. The ability to
perform the PCR-assay in discrete self-contained droplets makes it pos-
sible to discriminate between droplets containing SARS-CoV-2 mutant
fragments at low frequencies in a background of wild-type fragments.
Assays were performed in 20 μl reaction volumes containing the re-
agents from the One-Step Advance RT-ddPCR for probes: 5 μl RT-
ddPCR One-Step Advanced Supermix, 2 μl Reverse Transcriptase, 1 μl
DTT (300 mM) supplemented with 1 μl Single tube mutation assay, 6
μl PCR grade and RNAse free distilled and 5 μl sample-RNA. The BioRad
QX200 droplet generator was used to partitionate sample-RNA and re-
agents in droplets. The temperature profile used for RT-ddPCR was as
follows: 60 min. 50 °C, 10 min 50 °C, 40 cycles with 30 s. 95 °C and 1
min. 55 °C followed by 10 min. 98 °C, 30 min. 4 °C and hold at 12 °C.
Samples were scanned using the QX200 system (BioRad) and analyzed
using the QuantaSoft-Analysis software (BioRad). For each sample, the
number of negative andWT or N501Y ddPCR positive droplets were re-
corded and used to determine the WT or N501Y concentrations. The
proportion of Spike gene specific RNA fragments containing the
N501Y mutation was calculated by the QuantaSoft-Analysis software
as the concentration N501Y in the ddPCR reaction, divided by the sum
of WT and N501Y concentrations in the ddPCR reaction. The 95% confi-
dence intervals in the proportion of N501Y were calculated assuming a
Poisson distribution of RNA molecules in the droplets. RT-ddPCR reac-
tions performed on PCR grade and RNAse free distilled water and RNA
extracted from PCR grade and RNAse free distilled water were used as
~600 copies WT and 2-fold dilution series of variant lineage B.1.351.

Image of Fig. 1


Fig. 2. Detected copy numbers of WT and N501Y in mixtures containing ~700 copies variant lineage B.1.351WT and 2-fold dilution series of WT.
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negative controls. RT-ddPCR performed on 500–900 genome copies
wild-type, B.1.351 and B.1.1.7 were used as positive controls.

2.7. Validation experiments

Two dilution series were analyzed to evaluate the ability of RT-
ddPCR to detectWT and theN501Y variants simultaneously inmixtures
of different concentration ratios of reference genomic RNA of SARS-
CoV-2 lineage B.1.351 and WT. The approximate concentration of RNA
from WT SARS-CoV-2 virus (Wuhan type) and variant B.1.351 was
first quantifiedusing theN2 specific RT-qPCR assay. Thefirst dilution se-
ries consisted of a stable concentration of approximately 600 RNA cop-
ies of WT, mixed with 2-fold dilutions of lineage B.1.351. The second
dilution series contained a stable concentration of approximately 700
RNA copies of variant B.1.351 mixed with 2-fold dilution series of RNA
extracted from WT virus. The average concentrations measured with
RT-ddPCR in the samples containing stable concentrations ofWT or var-
iant B.1.351 respectively were used as values, the dilution factors were
subsequently used to calculate the expected proportions ofWT and var-
iant B.1.351 in the mixed samples.
Fig. 3. The expected and detected proportion of N501Y (A) and WT (B) in
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3. Results

3.1. Method validation

To study the ability of RT-ddPCR to differentiate between 501Y and
501N sequences and to detect low concentrations of SARS-CoV-2
N501Y mutant in the background of WT RNA two dilutions series
were analyzed. For this, we isolated RNA from wild type virus and a
B.1.351 strain containing the N501Y mutation. Next a two-fold dilution
series of B.1.351 RNA was made in a stable background of WT RNA
(Fig. 1) and vice versa (Fig. 2).

These results demonstrate the ability of the method to simulta-
neously detect and discriminate between the sequences of WT and
the N501Y mutation in lineage B.1.351 from a mixed sample. It also
shows that low concentrations of N501Y mutation can be detected in
the presence of WT virus RNA and vice versa. Detection of N501Y was
possible in a sample dilution containing a theoretical concentration of
only 2.7 copies of B.1.351 or WT detection in a sample containing 2.3
copies of WT suggests the feasibility for specific detection of low con-
centrations of WT and N501Y.
artificial mixtures of WT and lineage B.1.351 as detected by ddPCR.

Image of Fig. 2
Image of Fig. 3
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Comparing the measured versus expected proportion of the 2-fold
dilutions of B.1.351 (Fig. 3 A) or the diluted WT (Fig. 3B) shows the
high linear correlation between the expected proportion and detected
proportion of N501Y and WT respectively.

These results demonstrate that the assay can be used to discriminate
between WT SARS-CoV-2 RNA and variants containing the N501Y
Fig. 4. The concentration of SARS-CoV-2 N2 gene determinedwith RT-qPCR (normalized for the
26 2020 to March 8 2021 (orange circles) and the newly reported COVID-19 cases in the city p
Institute of Public Health and the Environment, data source ESRI NL COVID-19 Hub (Esri-Nede

5

mutation and simultaneous detection and quantification of these se-
quences. The specificity of the assay to detect the N501Y mutation was
confirmed on RNA from SARS-CoV-2 lineage B.1.1.7, the specificity of
the N501Y assay for RNA from B.1.1.7 and B.1.351 VOC's is demonstrated
in Supplemental Fig. S1. It is expected that the assay can be used to detect
low concentrations ofWT and N501Y and to obtain reliable insight in the
concentration of Crass-phage) inwastewater of Amsterdam (A) and Utrecht (B) from Aug
opulation (blue dots) and the 7-day moving average (blue line). COVID-19 data: National
rland, 2021). The wastewater data covered 75% of the population in both cities.

Image of Fig. 4
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proportion of N501Y inmixtures of viruses, and therefore has the potency
to collect information about the spread of variants.

3.2. SARS-CoV-2 VoC surveillance inwastewater of Amsterdam and Utrecht

Wastewater samples from the cities of Amsterdam and Utrecht were
analyzed in the period between September 2020 andMarch 2021 to eval-
uate the applicability of sewage surveillance tomonitor the emergence of
VoC's. The concentration SARS-CoV-2 in these samples was first deter-
mined using RT-qPCR and compared to COVID-19 incidence and the
emergence of N501Y was subsequently studied on the same set of
samples.

3.2.1. SARS-CoV-2 surveillance
The concentrations of SARS-CoV-2 N2 (determined with RT-qPCR

and normalized for the concentration of CrAssphage in the same
Fig. 5. Proportion of Spike gene RNA fragments containing theN501Ymutation inwastewater fr
ing Spike gene fragments divided by the total concentration of S-gene fragments (WT+N501Y
proportion of newly COVID-19 patients infectedwith N501Y containing variants (Pathogen gen
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sample) are compared with the number of newly reported cases
(Fig. 4). The results demonstrate that the concentrations of SARS-CoV-
2 RNA inwastewater reflected the trends in the newly reported positive
COVID-19 diagnostic tests in the population of these cities. Both cities
experienced a peak in COVID-19 cases in October and December 2020.

3.2.2. Emergence of the SARS-CoV-2 N501Y mutation in sewage
Analysis of the sewage samples was performed and the results are

summarized in Table S1 (Amsterdam) and Table S2 (Utrecht). The pro-
portion of N501Y to WT sequences in wastewater is determined and
comparedwith publicly available data from theDutchNational Institute
for Public Health and the Environment (RIVM). The available data is
based on surveillance of variants by sequencing a random selection of
SARS-COV-2 isolates from several hundreds of new cases in the
Netherlands every week (Table S3, “Pathogen Genomic surveillance”:
https://www.rivm.nl/coronavirus-covid-19/virus/varianten, accessed
omAmsterdam (A) and Utrecht (B) calculated as relative concentration of N501Y contain-
). Error bars are calculated assuming Poisson distribution of RNAmolecules in droplets. The
omic surveillance) are shown as (the proportional sum of lineages B.1.1.7, B.1.351 and P.1).

https://www.rivm.nl/coronavirus-covid-19/virus/varianten
Image of Fig. 5
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March 09 2021). The results of these comparisons are shown in Fig. 5A
(Amsterdam) and B (Utrecht).

The earliest detection of N501Ywas in thewastewater sample of De-
cember 8 2020 in Amsterdam and in the wastewater sample of Decem-
ber 21 2020 in Utrecht. The proportion of N501Y gradually increased to
85% on February 22 2021 in Amsterdamand 81% on February 22 2021 in
Utrecht. The total SARS-CoV-2 RNA concentrations were higher in
wastewater from Amsterdam compared to Utrecht (Tables S1 and S2),
yielding a more accurate assessment of the N501Y proportion, as indi-
cated by the error-bars.

The first detection of the British variant (lineage B.1.1.7) in patients
in the Netherlands was in the first week of December 2020. This corre-
sponds to the first detection of N501Y in wastewater from Amsterdam.
Thefirst detection of N501Y inwastewater fromUtrechtwas twoweeks
later. After the emergence of variants containing the N501Y mutation,
the increase in the proportion of this marker in wastewater follows a
trend that is comparable with the increase of N501Y containing variants
in patients. The percentage of N501Y containing variants appears to be
higher in Amsterdam wastewater in the complete period suggesting
earlier introduction in Amsterdam than in Utrecht. The introduction
and emergence of SARS-CoV-2 variants containing the N501Ymutation
in Utrecht wastewater aligns more in time with the national ‘average’
emergence as obtained through the genomic pathogen surveillance
data.

3.2.3. Comparison N2 gene RT-qPCR with S gene RT-ddPCR
For the period of Nov 9, 2020 toMar 1, 2021 concentrations of SARS-

CoV-2 RNA was measured in sewage from WWTP Amsterdam and
Utrecht with RT-qPCR directed to the N2 amplicon of the N-gene and
with RT-ddPCR as the sum of WT and N501Y sequences of the Spike
gene. Although these are two different targets and assays, we compared
the concentrations obtained in the same samples with both assays in
Fig. 6. This comparison shows that there is a linear relation between
the values measured with both methods. However, concentrations
measured with RT-qPCR are consistently higher (61% on average)
than concentrations measured with RT-ddPCR. On basis of current
knowledge of SARS-CoV-2 sequences in the Dutch population, it is un-
likely that there are other sequence variants in the populations that
were detected by RT-qPCR but missed with the RT-ddPCR assay. The
higher RT-qPCR results could be the result of targeting different gene
fragments with different assays. The different RNA-targets can have dif-
ferent degradation rates in sewage but it can also be the result of higher
expression levels of the N-gene compared to the S-gene in coronavirus
infected cells and the presence of the N-gene in every subgenomic
Fig. 6. Comparison of thewastewater concentrations of SARS-CoV-2 S-gene fragment, measured
from Amsterdam and Utrecht Nov 9 2020 – Mar 1 2021.
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mRNA (Kim et al., 2020) making it likely that higher levels of N-
sequences will be present in infected intestinal cells and eventually
may lead to higher N-sequence concentrations in sewage.
4. Discussion and conclusions

This research describes the first use of RT-ddPCR to specifically de-
tect and quantify SARS-CoV-2 mutations associated with VoC's in
wastewater. This assay can be used for sensitive and simultaneous de-
tection of WT and the N501Y mutation in sewage. Although more ex-
tensive research is needed to determine the limit of detection
accurately, experiments on SARS-CoV-2 RNA from lineage B.1.351
(with mutation N501Y) and WT in different proportional mixtures
demonstrated that proportions as low as 0,5% of lineage B.1.351 can
be detected in a background of 700 RNA-copies of WT SARS-CoV-2.
These experiments also demonstrated the linearity of the expected pro-
portion and the measured proportion of B.1.351 in the mixtures and
vice versa, indicating that this N501Y assay can be used to accurately de-
termine the ratio between SARS-CoV-2 genomes containing N501Y and
those containing the WT sequence. The weekly analysis of wastewater
from the cities of Amsterdam and Utrecht using RT-qPCR targeting the
N-gene (CDC N2 target) clearly demonstrated the relationship between
SARS-CoV-2 RNA levels and the Covid-19 incidence in the communities
connected to the respectiveWWTP's. N501Y containing B 1.1.7 variants
were first detected on December 82,020 in Amsterdam and two weeks
later in Utrecht. The proportion of N501Y variants in the weekly sam-
ples increased to approximately 80% on March 1, 2021.

Concentrations measured in sewage with RT-qPCR (N2 amplicon)
and RT-ddPCR (S-gene specific amplicon) showed consistently higher
concentrations measured with RT-ddPCR then RT-ddPCR. On basis of
current knowledge of SARS-CoV-2 sequences in the Dutch population,
it is unlikely that there are other sequence variants in the populations
that were detected by RT-qPCR but missed with the RT-ddPCR assay.
The higher RT-qPCR values could be the result of targeting different
gene fragments with potential differences in detected concentrations
inwastewater or the use of different detection techniques. The different
RNA-targets can have different degradation rates in sewage but it can
also be the result of higher expression levels of the N-gene compared
to the S-gene in coronavirus infected cells and the presence of the N-
gene in every subgenomic mRNA (Kim et al., 2020) making it likely
that higher levels of N-sequences will be present in infected intestinal
cells and eventually may lead to higher N-sequence concentrations in
sewage. Comparing concentrations using RT-qPCR targeting the (S-
with RT-ddPCR, and theN2 gene fragment, measuredwith RT-qPCR.Wastewater samples

Image of Fig. 6
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gene specific) RT-ddPCR fragment will give insight in the influence of
the detection technique used on the measured concentrations.

These results demonstrate the applicability of this RT-ddPCR assay to
monitor the absolute quantities and ratios of WT viral sequences and se-
quences containing the N501Ymutation. Thismakes the use of RT-ddPCR
onwastewater samples an attractive, rapid and efficientmethod to follow
the emergence of (mutations associated with) VoC's in the community,
that can generate an early warning of the emergence of VoC's on the
basis of one “population-sample” via domestic wastewater. This proof-
of-principle demonstrates the value of RT-ddPCR to detect N501Y, and
suggests RT-ddPCR can also be used for the detection of multiple signa-
ture mutations (like f.e. E484K, K417T, K417N or L452R) characteristic
for various epidemiologically or immunologically relevant VoC's. At the
onset of this study in January 2021, the threat of emergence of B 1.1.7
(the Alpha VOC) in the Netherlands was most imminent and our data
show that the emergence of this VOCwas detectable via N501Ymonitor-
ing of wastewater. In the situation of June 2021, emergence of the Beta,
Gamma or Delta variant is imminent. To use wastewater surveillance to
monitor for these VOC, specific primer/probe sets for other signaturemu-
tations are needed and under development. Whole genome sequencing
of SARS-CoV-2 from clinical samples from infected individuals is com-
monly used to identify VoC's (Tegally et al., 2021). Although whole ge-
nome sequencing has shown to be feasible to give insight in the
sequence variations of SARS-CoV-2 genomes in sewage (Izquierdo-Lara
et al., 2020) and has been used to detect mutations associated with vari-
ants of concern in wastewater (Jahn et al., 2021). This approach requires
deep sequencing and intensive bioinformatics analyses to determine the
presence ofmutations associatedwith VoC's inwastewater. An advantage
ofwhole genome sequencing ofwastewater samples is that it can provide
more extensive information about the co-occurrence of the range of mu-
tations and deletions associated with VoC. It would be valuable to com-
pare the results of RT-ddPCR with whole genome sequencing on the
same wastewater samples and on samples of the COVID-19 cases in the
population that contributes to this wastewater.
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