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• Presence of SARS-CoV-2 RNA and infec-
tious particleswas assessed in the Thames,
Sava and Danube rivers.

• Viral RNA was only detected in water and
sediment samples from Serbia.

• No infectious virus was recovered in any
environmental samples.

• Experiments show infectious SARS-CoV-2
was stable in river water and sediment
for < 3 days.

• Infectivity assays, not just RNA, and sedi-
ment sampling should be embedded in
pathogen risk assessments.
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The presence of SARS-CoV-2 in untreated sewage has been confirmed inmany countries but its incidence and infection
risk in contaminated waters is poorly understood. The River Thames in the UK receives untreated sewage from 57
Combined Sewer Overflows (CSOs), with many discharging dozens of times per year. This study investigated if such
discharges provide a pathway for environmental transmission of SARS-CoV-2. Samples of wastewater, surface
water, and sediment collected close to six CSOs on the River Thames were assayed over eight months for SARS-
CoV-2 RNA and infectious virus. Bivalveswere also sampled as an indicator species of viral bioaccumulation. Sediment
and water samples from the Danube and Sava rivers in Serbia, where raw sewage is also discharged in high volumes,
were assayed as a positive control. No evidence of SARS-CoV-2 RNA or infectious virus was found in UK samples, in
contrast to RNA positive samples from Serbia. Furthermore, this study shows that infectious SARS-CoV-2 inoculum
is stable in Thames water and sediment for <3 days, while SARS-CoV-2 RNA is detectable for at least seven days.
This indicates that dilution of wastewater likely limits environmental transmission, and that detection of viral RNA
alone is not an indication of pathogen spillover.
.
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1. Introduction

Early detection of the severe acute respiratory syndrome coronavirus
SARS-CoV-2 is essential to contain community outbreaks of COVID-19
(Dhama et al., 2020). While the primary route of viral transmission
eptember 2022
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between humans is via exposure to respiratory fluids carrying infectious
SARS-CoV-2 (Zhang et al., 2020; Zhou et al., 2021), evidence of faecal-
oral transmission has raised concerns regarding possible environmental
transmission to humans and wildlife through spillover from sewage
(Kitajima et al., 2020; Thakur et al., 2021; Tran et al., 2021). Numerous
studies have recorded SARS-CoV-2 in feces at up to 107 genome copies/mL
(reviewed by Jones et al. (2020)) and infectious SARS-CoV-2 has been iso-
lated from feces and urine (Sun et al., 2020; Xiao et al., 2020). Faulty sew-
erage systems have previously been linked to an earlier SARS-CoV-1
(another highly pathogenic human coronavirus) outbreak (Peiris et al.,
2003), and the presence and infectious potential of other coronaviruses in
water and sewage ranges from days to weeks (Casanova et al., 2009).
Together, these studies indicate transmission of SARS-CoV-2 via sewage is
a potential concern for SARS-CoV-2 outbreaks (Sharif et al., 2021).
Numerous reviews have discussed the possibility of SARS-CoV-2 transmis-
sion to humans from exposure to raw sewage or waters receiving untreated
or inadequately treated wastewater, however these have been based on
limited empirical evidence (Ahmed et al., 2021) and the ability of
enveloped viruses to remain infectious in wastewater is still debated
(Wurtzer et al., 2021).

Like other coronaviruses, SARS-CoV-2 RNA has been detected in waste-
water in multiple countries (reviewed by Kitajima et al. (2020)), and ge-
nome concentrations have correlated positively with the number of
human cases within the catchment (Fitzgerald et al., 2021). Wastewater
has also been used as a proxy for tracking circulating SARS-CoV-2 variants
(Amman et al., 2022), indicating that wastewater-based epidemiology is an
efficient way to monitor SARS-CoV-2 dynamics in human populations at
large scales. SARS-CoV-2 RNA has also been found in rivers, due to inade-
quate wastewater treatment or sewage spillover prior to treatment
(Guerrero-Latorre et al., 2020; Kolarević et al., 2021; Rimoldi et al.,
2020), indicating a potential route for transmission of SARS-CoV-2 to
humans and wildlife, particularly in urban areas. While one study has un-
successfully attempted to isolate infectious SARS-CoV-2 from river water
(Rimoldi et al., 2020), there is a paucity of data on infectious SARS-CoV-2
in river water in regions with high disease prevalence.

The River Thames is the UK's second longest river, with a catchment
covering over 16,000 km2 (Richardson and Soloviev, 2021). Its Greater
London area houses about 14 million people (Whitehead et al., 2013) –
one fifth of the entire UK population – with many more visiting the area
daily, and it provides about 2/3 of London's water supplies (Greater
London Authority, 2011). The Thames supports many species of wildlife
and is also used for recreation, which brings humans, potential hosts and
animal vectors of disease into close contact. It also acts as the outlet for
57 Combined Sewer Overflows (CSOs; (Munro et al., 2019)), which release
both raw and processed sewage directly into the river. These overflows are
designed to reduce the risk of sewage flooding homes and businesses and,
although they operate throughout the year, they are used particularly dur-
ing periods of heavy rain in the winter (Richardson and Soloviev, 2021),
when SARS-CoV-2 is also at its seasonal peak in the human population
(Nichols et al., 2021). Although recent improvements to the Thames sewer-
age network have reduced sewage discharges from around 40 million
tonnes in 2011 to 18 million tonnes per year (Richardson and Soloviev,
2021), individual sewage works are still discharging 3.5 billion L of un-
treated sewage a year, with occasions during the initial pandemic in 2020
of >1 billion L being released in one day (House of Commons
Environmental Audit Committee, 2022).

CSO discharges can increase human health risks, with polluted waters
providing transmission routes for enteric pathogens, either through direct
exposure (e.g. through swimming, angling or boating) or through the con-
sumption of contaminated foods (e.g. riverine fishes and shellfish)
(Potasman et al., 2002). Although the urban Thames itself is below the
water quality standards required to merit formal bathing water status, it
is still used by many people for this purpose, as are many of the ponds
and lakes within the catchment area, including the popular Hampstead
Heath Bathing Ponds, which saw over 120,000 visitors over nine weeks
in summer 2020 (Hampstead Heath Annual Report 2020/21 www.
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cityoflondon.gov.uk, 2021). The latter were forced to close in September
2020 after a sewage surcharge, and again in October 2020 after high levels
of Enterococci were found in the water (Hampstead Heath Annual Report
2020/21 www.cityoflondon.gov.uk, 2021). Neither these ponds nor the
River Thames have thus far been tested for the presence of SARS-CoV-2.
Along with measuring bacteria in water samples to assess water quality
(e.g. Escherichia coli and intestinal enterococci; (DEFRA, 2021)), filter-
feeding bivalves are often used as indicators of water quality as they con-
centrate micro-organisms, including viruses, in their tissues (Fiorito et al.,
2019) as well as posing a potential risk to human health if ingested
(EFSA, 2019). Porcine epidemic diarrhoea virus, used as a surrogate for
SARS-CoV-2, and heat inactivated SARS-CoV-2 have recently been shown
to contaminate bivalves in laboratory trials, highlighting the importance
of testing these filter-feeders for SARS-CoV-2 in the wild, as biosensors
and possible transmission routes to other wildlife and humans (Desdouits
et al., 2021).

This study investigated whether both SARS-CoV-2 RNA and/or infec-
tious particles can be detected from running and standing surface waters
and sediments in the Thames catchment, including the river itself and the
Hampstead Heath bathing ponds. Bivalve samples were also collected adja-
cent to major CSOs, and the presence of the human gut bacteriophage
crAssphage was used as evidence of sewage contamination (Kongprajug
et al., 2019). These surveys were compared to the Sava and Danube rivers
in Serbia, which receive large quantities of raw sewage from the Serbian
capital of Belgrade (1,700,000 inhabitants): only 13 % of collected munic-
ipal wastewaters are processed before release (Ministry of Environmental
Protection, 2019). The goals of this study were (i) to test a novel methodol-
ogy for concentrating and detecting the RNA and infectious particles of
enveloped RNA viral pathogens from high volume water samples and (ii)
to evaluatewhether the Londonwaterways studied here are viable conduits
for SARS-CoV-2 transmission.

2. Materials and methods

2.1. Sampling sites and sample collection

In the River Thames basin 38water and 140 sediment sampleswere col-
lected between the 14th of January and the 25th of August 2021, and tested
for the presence of SARS-CoV-2 RNA. From March 17th 2021 any samples
collected were also tested for infectious SARS-CoV-2 (n = 152). Sampling
sites on the Thames were chosen based on case load estimates, accessibility
and discharge rate (size of sewage works). The former were calculated
using openly available data obtained from the UK government COVID-19
website (https://coronavirus.data.gov.uk/details/) classified by lower tier
local authority level. Sampling sites covered 19 miles of the river, with
two sites downstream of CSOs servicing each of London's three largest sew-
age treatment works (Fig. 1): Beckton (Hammersmith Bridge and Ratcliff
Beach, Limehouse), Crossness (Putney Bridge and Deptford Creek) and
Mogden (Isleworth AIT and Kew Bridge), with the former being one of
the largest in Europe (Richardson and Soloviev, 2021). Wherever possible
sampling was carried out during or within 24 h of a sewage discharge
event from the CSOs, as determined by rower notification email alerts
from ThamesWater. Samples fromHampsteadHeathwere collected during
the summer peak of case numbers in the Thames basin on June 21st and
July 23rd 2021, from each of the three (Female, Male and Mixed) swim-
ming ponds.

From each site on the Thames, at low tide, 10 L of wastewater were col-
lected directly from discharging CSOs when possible. Where CSOs were in-
accessible (Isleworth AIT and Kew Bridge), 10 L of surface water was
collected immediately downstream of the CSO. Three samples of 250 g sur-
face sediment (top 2 cm)were collected 1m from the shore, at 0m, 5m and
10 m downstream of each CSO. Forty Asian Clam (Corbicula fluminea) sam-
ples of varying size were also collected from Isleworth AIT and Kew Bridge
and 6 water and 12 sediment samples were collected from Hampstead
Heath at the point of access to the three bathing ponds. Samples were proc-
essed on the day of collection.

https://coronavirus.data.gov.uk/details/


Fig. 1.Map of London, showing the River Thames and the seven main sampling sites, coloured by the sewage treatment works that the CSO services. The image shows an
example of the sampling effort: collecting samples from Ratcliff Beach CSO at low tide.
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In the metropolitan area of Belgrade, Serbia, an additional 17 samples
(11 sediment and 6 surface water samples) were collected from the Sava
and Danube rivers, between February 28th and April 21st 2021. These
sites receive high volumes of unprocessed wastewater and were already
found to contain SARS-CoV-2 RNA at concentrations of 5.97 × 103 to
1.32 × 104 copies/L in December 2020 (Kolarević et al., 2021). Samples
were collected from six different sites across five weeks, with two samples
collected the same week from two different sites (see supplementary
Table 1). Samples were collected using the methodology described above
for the Thames, from sites downstream of CSOs, except that only 1 L of
water was collected due to transport restrictions. Samples from Serbia
were processed within 4 days of collection (see supplementary materials
for details of Serbian sites).

For quality assurance all samples were collected in sterilised containers,
footwearwas sterilised between sites and timepoints and full PPEwas worn
at all times to avoid cross-contamination of samples. Samples were
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transported in the dark to avoid UV degradation. Sampling dates for all
sites can be seen in Fig. 2, alongside caseload data for each region.

2.2. Culture of SARS-CoV-2 and murine hepatitis virus controls

SARS-CoV-2 (SARS-CoV-2/England/IC19/2020; (McKay et al., 2020))
was provided by Professor Barclay's lab of Imperial College, London. Vero
E6 cells were used for the propagation of SARS-CoV-2 using methods de-
scribed previously (Case et al., 2020), with an amendment of Dulbecco's
Modified Eagle Medium (DMEM) high glucose with 10 % Fetal Bovine
Serum (FBS) for cell culture and viral propagation. Vero E6 cells were ob-
tained from Sigma-Aldrich (St Louis, Missouri, USA). Murine hepatitis
virus (MHV; strain: MHV-A59) and NCTC clone 1469 derivative cell line
were obtained from the American Type Culture Collection (ATCC, Manas-
sas, Virginia, USA). NCTC 1469 cells were used for propagation and infec-
tivity assays of MHV with the manufacturers' protocol using DMEM high
Jan Mar May Jul Sep

0

500

1000

1500

2000

X XX
XX X

C
opy num

ber per liter

B

eriod, in London, UK, by sewerage local authority: Beckton (green), Crossness (yel-
lgrade alone. Copy number of the N1 gene per litre of water for sampling times in
). Samples contained in boxeswere below the limit of detection. The symbols within
=no overlap, two samples= x, three samples=+, and four ormore samples= /).
al authority (e.g. fromHammersmith Bridge and Ratcliff Beach for Beckton), or mul-



Table 1
Primer and probe sequences for detection and quantification of SARS-CoV-2 (E and
N1 genes), Murine hepatitis virus (MHV), and CrAssphage by RT-qPCR.

Target Name Sequence (5′-3′)

E gene E Sarbeco F ACAGGTACGTTAATAGTTAATAGCGT
E Sarbeco R ATATTGCAGCAGTACGCACACA
E Sarbeco P [6FAM]-ACACTAGCCATCCTTACTGCGCTTCG-[BHQ1]

N1 gene N1 Forward GACCCCAAAATCAGCGAAT
N1 Reverse TCTGGTTACTGCCAGTTGAATCTG
N1 Probe [6FAM]-ACCCCGCATTACGTTTGGTGGACC[BHQ1]

MHV Forward GGAACTTCTCGTTGGGCATTATACT
Reverse ACCACAAGATTATCATTTTCACAACATA
Probe [Cyanine5]-ACATGCTACGGCTCGTGTAACCGAACTGT

[BHQ3]
CrAssphage CPQ56

Forward
CAGAAGTACAAACTCCTAAAAAACGTAGAG

CPQ65
Reverse

GATGACCAATAAACAAGCCATTAGC

CPQ65 Probe [6FAM]-AATAACGATTTACGTGATGTAAC[BHQ1]
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glucose with 10 % horse serum. All viral stocks were stored at −80 °C.
Stock viruses were quantified using the TCID50 method as described previ-
ously (Harcourt et al., 2020; Hover et al., 2016; Lei et al., 2021), and via
quantitative, reverse transcriptase, polymerase chain reaction (RT-qPCR)
as described below.

2.3. Concentration of water and validation for viral detection

To maximise the probability of detection of SARS-CoV-2 from dilute
CSO and river samples, 10 L of water samples from the Thames Basin,
and 1 L of water samples from the Danube and Sava rivers, were concen-
trated using a tangential flow ultrafiltration (TFUF) - PEG precipitation
technique for enteric viruses (Farkas et al., 2018), with one modification:
TFUF concentrate (40 mL) was eluted and precipitated using PEG 8000, in-
stead of PEG 6000. Detailed protocols are provided in the Supplementary
Material. As this method has only been validated with RNA detection for
non-enveloped viruses, for which>10% of viral RNAwas recovered across
all experiments (Farkas et al., 2018), to validate it for SARS-CoV-2 infectiv-
ity, 10 L of Milli-Q water was spiked with MHV to a final concentration of
1.5 × 104 gc/L, and run through the TFUF. MHV belongs to the same
genus as SARS-CoV-2, is structurally and morphologically similar
(Gorbalenya et al., 2020), and has been shown to have similar decay rates
in wastewater (Ahmed et al., 2020c), but it does not have the rigorous bio-
safety requirements necessary for working with infectious SARS-CoV-2. Ul-
traclean water was used for this validation to determine the specific impact
of the TFUF-PEG concentration method on viral infectivity, rather than the
effect of the specific sample type being tested. Twomillilitres of sample was
collected at the end of the process, filtered (0.22 μM) and 1.5 mL of sample
was used to carry out a TCID50 infectivity assay, as above. TCID50/mL was
converted to the expected concentration, and compared to values recovered
in spiked water. Replicate runs (n = 3) showed the concentration of MHV
after PEG precipitation to range from amaintenance of the original concen-
tration in spiked water to 160×more concentrated than spiked water (see
supplementary Table 2). While this is a large range in recovery efficiency
(0.2–80 %, as calculated in (Ahmed et al., 2020a)), this method still am-
plifies viral signal in environmental samples, enhancing the detection of in-
fectious SARS-CoV-2 above what has been attempted in previous studies
(Rimoldi et al., 2020).

2.4. Preparation of sediment and bivalve samples for viral detection

Sediment samples were processed using beef extract elution (as in
(Farkas et al., 2017)). Five grams of sediment were added to 15 mL of 3
% beef extract, 2 M sodium nitrate, pH 5.5. Solid matter was removed by
centrifugation at 3000 rpm for 10 min and a PEG precipitation was carried
out as above (Section 2.3; following (Farkas et al., 2018)).

The digestive tissue of bivalves was extracted following Desdouits et al.
(2021). In brief, up to 2 g of homogenised digestive tissue was incubated in
1 mL 0.2 mg/mL proteinase K solution for 60 min at 37 °C followed by
15 min at 60 °C. The liquid phase was separated by centrifugation at
3000 rpm for 10 min. Supernatant was added to an equal volume of 2×
DNA/RNA Shield and stored at −20 °C.

2.5. Detection of SARS-CoV-2 RNA and crAssphage DNA

Total DNA/RNA was extracted from water, sediment, and from bivalve
and infectivity assay eluent (see Section 2.6), using an OT-2 Liquid Han-
dling Robot (Opentron, Long Island City, New York, USA) and Quick-
DNA/RNAViralMagBead kits (ZymoResearch, Irvine, CA, USA), following
the manufacturer's protocol for DNA/RNA extraction from liquids. DNA/
RNA was eluted in a final volume of 60 μL and stored at −20 °C. SARS-
CoV-2 RNA was quantified by targeting the N1 and E genes (primer and
probe sets shown in Table 1). Detailed protocols for RT-qPCR assays are
provided in the Supplementary Information. In brief, RT-qPCR assays
were carried out on a LightCycler 480 system (Roche Life Sciences, Basel,
Switzerland). Standard curves were derived from commercial plasmid
4

controls 2019-nCoV N Positive Control and 2019-nCoV E positive controls
(IntegratedDNATechnologies, Coralville, Iowa, USA) (Freire-Paspuel et al.,
2021) and the limit of detection for SARS-CoV-2 was determined using a
curve-fitting method (as in (Klymus et al., 2020)). All reactions were con-
sidered positive if the cycle threshold was below 40 cycles (as in
(Randazzo et al., 2020)). SARS-CoV-2 viral loads were quantified as GC
by plotting the Ct value to an external standard curve built with a tenfold
serial dilution of plasmid control.

CrAssphage DNA was quantified in a selection of concentrated water
samples from each sampling site on the Thames to confirm that the sites
chosen contained human waste. CrAssphage detection in wastewater has
been highlighted as a way to improve interpretations of wastewater surveil-
lance data and detection of sewage in river water (Kongprajug et al., 2019),
particularly as SARS-CoV-2: crAssphage DNA ratios have been found to be
significantly associated with the number of positive tests per 10,000 indi-
viduals (Wilder et al., 2021). Reaction mixture concentrations and reaction
conditions were as previously described for SARS-CoV-2 with the substitu-
tion of CrAssphage specific primers and probe (Table 1) and adjustment of
annealing phase to 56 °C for 60 s.

To assess PCR inhibition from environmental samples, an internal am-
plification control was used in place of water in the qPCR mix as in Staley
et al. (2012). The internal control was an MHV plasmid designed with
primer sites complementary to the RT-qPCR primers (Table 1). All water
and bivalve samples, and one sediment sample per site and timepoint
were tested for inhibition. Five hundred target copies of MHV were added
per reaction and all samples were run alongside three no template controls
(Ahmed et al., 2020a), using the RT-qPCR assay described previously
(Besselsen et al., 2002); see Table 1 for primers and probe sets. The ex-
pected CT value for amplification of the control in uninhibited samples
was determined as the mean for all blanks, since they did not contain inhib-
itory compounds. Reactions were deemed inhibited if the CT value of the
RNA sample was greater than three standard deviations of the average
MHV CT (Staley et al., 2012).

2.6. SARS-CoV-2 infectivity assay

To assess the presence of infectious SARS-CoV-2 in environmental sam-
ples (n = 166), concentrated, PEG precipitated, water and sediment sam-
ples were sequentially filtered through 0.45 μM and 0.22 μM filters and a
limited dilution was performed (as described by Harcourt et al. (2020)),
with serum-free DMEM containing 8× penicillin, streptomycin and am-
photericin B. Cells were diluted to 200,000 cells/mL and 100 μL of cell sus-
pension was added to each well. If CPE were present cells were scraped and
100 μL of media and cells were added to 300 μL of DNA/RNA shield for
RNA extraction and RT-qPCR analysis (as above). Samples that were nega-
tive for SARS-CoV-2 RNA via RT-qPCR were used as controls to ensure that
the sample itself did not inhibit Vero E6 cell growth.
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2.7. Evaluating how long SARS-CoV-2 remains infectious in river water

To assess the impact of environmental samples on SARS-CoV-2 viability,
SARS-CoV-2 was spiked into water and sediment samples collected from
theHammersmith CSO on the River Thames, at three timepoints in Septem-
ber 2021. This CSO had the most regular discharge record of raw sewage
from Thames Water over the sampling period. Detailed protocols are pro-
vided in the Supplementary Material. In brief, pasteurised and
unpasteurised experiments separated the effect of abiotic and biotic factors
on virus recovery, respectively. Four thousand TCID50 of SARS-CoV-2 was
added to 1mL aliquots of pasteurised and unpasteurised samples, and incu-
bated at room temperature for 1, 2, 3 and 7 days. After incubation, samples
were vortexed, filtered through a 0.22 μM filter and serially diluted to
achieve a starting dilution of 200 TCID50/well on Vero E6 cells (Perera
et al., 2020). After 6 days incubation, TCID50/mL was determined as
above, and 100 μL of sample extracted for RT-qPCR as above.

3. Results

3.1. SARS-CoV-2 RNAwas detected in the Danube and Sava rivers but not in the
Thames

Samples from three of the six sites from the Danube and Sava rivers in
Belgrade were over the limit of detection (LoD; as quantified by Gerrity
et al. (2021)) for the N1 gene, and samples from three sites were negative.
Positive samples included one sediment sample (Site 1; from the Danube),
and two water samples (Site 4 and 5; from the Sava) (Fig. 2). No samples
were over the LoD of 100 gc/μL for the E gene. Copy numbers of the N1
gene were over the LoD (10 gc/μL) but under the limit of quantification
(80 gc/μL). This indicates concentrations of SARS-CoV-2 RNA were over
1000 gc/L in river water and 2000 gc/g in sediment. No infectious SARS-
CoV-2 was recovered from any of these samples. None of the 218 samples
collected from the Thames Basin were positive for the N1 or E gene
(Fig. 2), and no infectious SARS-CoV-2 was recovered from any of these
samples. All sites tested positive for crAssphage, with the exception of
Kew Bridge (see Fig. 1 for site locations), confirming sewage pollution.

Only one water sample (from Kew Bridge) and four sediment samples
(three from Hammersmith and one from Putney) out of 126 samples tested
were found to inhibit the qPCR assay using the internal MHV amplification
control. Twelve samples were not tested due to lack of RNA.With regard to
SARS-CoV-2 infectivity assays, out of 152 samples tested for SARS-CoV-2
infectivity, only 23 were found to inhibit Vero E6 cell growth and only
when either not diluted or diluted 1:2 (further dilutions were not inhibi-
tive). This included 10 sediment samples and 13 water samples. No
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SARS-CoV-2 RNA was detected in any of these samples, indicating that it
was not responsible for the cell death observed in these assays.

3.2. SARS-CoV-2 persists less than one week in river water

Because SARS-CoV-2 was not found in the River Thames, we evaluated
how long it could remain infectious in such an environment if there was a
contamination event (from any source). River water samples spiked with
inoculum of infectious SARS-CoV-2 showed that while RNA was relatively
stable over a week-long incubation, the ability to recover infectious virus
from the samples (TCID50; Fig. 3) declined rapidly over the first three
days with no viable virus present after one week. SARS-CoV-2 RNA recov-
ered from sediment samples was lower than that found in water, but it
too remained relatively stable over seven days (Fig. 3). In contrast, no via-
ble SARS-CoV-2 was recovered from all replicates (n = 3) of the sediment
incubations. Diluted, unspiked Hammersmith sediment and water samples
had no detectable impact on cell growth. No significant differences were
found between pasteurised (which removes the biological activity in the
samples) and unpasteurised water or sediment samples for RNA or infec-
tious virus recovery (two-way ANOVA).

4. Discussion

Across 218 samples of CSO water, surface water, river sediment and bi-
valves collected from the Thames Basin no SARS-CoV-2RNAwas found, de-
spite the study being carried out during two periods of the highest reported
cases in London (e.g., 11,536 new cases reported on January 11th and 7641
on July 15th 2021) (https://coronavirus.data.gov.uk/details/cases), and in
a region with one of the highest country-wide SARS-CoV-2 cases through-
out the pandemic (https://coronavirus.data.gov.uk/details/cases). As
crAssphage, was found at five out of the six sites on the Thames, this con-
firmed the presence of sewage (Kongprajug et al., 2019), and highlighted
the importance of understanding SARS-CoV-2 transmission risk from
CSOs discharges, given that SARS-CoV-2 can be detected in urine and faecal
samples (Sun et al., 2020; Xiao et al., 2020). CrAssphage presence, evidence
for the detection of SARS-CoV-2 RNA in samples from the Danube and Sava
rivers in Serbia, with the samemethodology, and the lack of site level qPCR
inhibition indicates that if SARS-CoV-2 was present in the Thames, above
its limit of detection, it would have been found. From Serbia, concentra-
tions of the N1 gene from water samples collected from the Sava River in
the declining phase of the fourth COVID-19 wave, were of the same order
of magnitude as those found in December 2020 (5.97 × 103 to 1.32 ×
104 copies/L (Kolarević et al., 2021)), confirming that the method pre-
sented here can concentrate SARS-CoV-2 RNA. Further, ten times more
2 3 4 5 6 7
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ations in pasteurised and unpasteurised Hammersmith water and sediment over 7
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water was concentrated per sample from the Thames (10 L) than from
Serbia (1 L). This all indicates that while London sewage works do dis-
charge raw sewage into the Thames on a regular basis, the water intake
from storms and surface water, and the tidal nature of the Thames, is suffi-
cient to dilute SARS-CoV-2 RNA to below the limit of detection and reduce
the threat of SARS-CoV-2 environmental spillover. It is noteworthy that the
Sava and Danube rivers do not experience tides like the Thames, maybe
partly explaining the differences found here regarding the presence of
SARS-CoV-2 RNA in river systems.

Other studies have found SARS-CoV-2 RNA in river water in Ecuador
and Serbia (Guerrero-Latorre et al., 2020; Kolarević et al., 2021), which is
unsurprising given that there is far less sewage treatment in those countries.
These studies focused on water sampling, in line with standard sampling of
surface waters for environmental monitoring (e.g. for bathing water qual-
ity) (DEFRA, 2021). In contrast, the present study provides the first evi-
dence for the accumulation of high concentrations of SARS-CoV-2 RNA
(at least 2000 gc/g) in one sediment sample, where water samples from
the same site were negative. This positive sample was collected down-
stream from the largest CSO on the Danube River (Pančevo Bridge),
where there is a high dilution potential due to an average discharge of
5600 m3/s in this section of river (Kolarević et al., 2021), highlighting
the limitations of point samples from surfacewater for environmental mon-
itoring. Research suggests that high percentages of enveloped viruses (26
%) can adsorb to the solid fraction of wastewater (Ye et al., 2016), that sed-
iments may protect viruses from inactivation (Hassard et al., 2016), and
that sediments can provide a source of pathogens to the water column
(Fluke et al., 2019). Studying the presence of viruses in sediments, rather
than only in water, would provide greater insight into sites that are suscep-
tible to accumulating and harbouring potential pathogens.

Most studies have focused on the presence of SARS-CoV-2 RNA in
wastewater (reviewed by Kitajima et al. (2020)), and river water
(Guerrero-Latorre et al., 2020; Kolarević et al., 2021), but very little is
known about the potential infectivity of SARS-CoV-2 in waterways
(Ahmed et al., 2020b; Naddeo and Liu, 2020). While previous studies
have shown that SARS-CoV-2 infectivity is strongly reduced by 2 days in
wastewater (Bivins et al., 2020; Wurtzer et al., 2021) and the degree of re-
duction likely depends on wastewater chemical and or microbial composi-
tion (Wurtzer et al., 2021), SARS-CoV-2 can persist inwastewater for 7 days
(Bivins et al., 2020). This study evaluated whether the TFUF-PEG protocol
that has been established to concentrate non-enveloped enteric viruses
from river water (Farkas et al., 2018) can also be used to concentrate vi-
ruses such as SARS-CoV-2 and MHV for infectivity assays. This method
had an average recovery efficiency of 28 % of MHV, but with great varia-
tion (0.2–80 %). Other currently available methods recover 1–25 % of in-
fectious virus from more concentrated samples (e.g. sewage influent)
(reviewed by Rusiñol et al. (2020)). Consequently, although the TFUF-
PEGmethod is an improvement from studies that do not attempt concentra-
tion (e.g.(Rimoldi et al., 2020)), further development of viral concentration
methods is critically needed for highly diluted samples, such as river water.

While clinical studies of faecal material from hospitalized patients have
isolated infectious SARS-CoV-2 (Xiao et al., 2020), others have failed to do
so (e.g. (Wölfel et al., 2020)). The findings presented here add to recent ev-
idence that detected SARS-CoV-2 RNA from the natural environment does
not occur as infectious viral particles, and thus do not represent a health
hazard (Bivins et al., 2020; Rimoldi et al., 2020; Westhaus et al., 2021).
Here, experiments with river water also provide evidence of relatively
rapid degradation of SARS-CoV-2 infectivity within a few days, while
RNA remains stable for longer. This is in agreement with experiments in
wastewater, that show stable RNA concentrations (Ahmed et al., 2020c)
but declining infectivity within 7 days (Bivins et al., 2020; Wurtzer et al.,
2021). Infectivity data should therefore be embedded within risk assess-
ments of pathogen spillover, because RNA surveys can be misleading, as
suggested by Bivins et al. (2020). For SARS-CoV-2, these findings indicate
that while some viral particles may remain infectious long enough to
reach surface waters, they are unlikely to accumulate over time. However,
further work is needed to confirm that SARS-CoV-2 does not survive waters
6

and sediments during the colder winter months, when coronaviruses may
remain infectious for longer (Casanova et al., 2009), as viruses are generally
more stable at lower temperatures.

The COVID-19 pandemic has highlighted the dramatic consequences of
novel outbreaks of viral pathogens. Public health organizations such as the
Centre for Disease Control and Prevention, and theWorld Health Organisa-
tion, have therefore prioritized scientific research to enhance the ability to
rapidly identify, track and contain novel human pathogens. Although the
presence of SARS-CoV-2 RNA in raw sewage is abundant enough to be
used to monitor levels of infection in human populations, this study indi-
cates that sewage concentrations in the Thames is low enough to reduce
the threat of environmental spillover. Reduced threat does not mean, how-
ever, that the Thames is safe.While no infectious SARS-CoV-2was detected
in the Thames, 23 samples did induce cell death, which is likely due to ei-
ther chemical inhibition or the presence of other viruses that are capable
of lysing Vero E6 cells. It is also still unclear how many SARS-CoV-2 parti-
cles are needed to cause an infection in humans, so although infectious
SARS-CoV-2 was not detected, those particles might still be there, below
the limit of detection. They may also be present in non-tidal areas, where
river water is not diluted daily. What is needed is resilient and modernised
sewerages to keep rivers uncontaminated. High concentrations of SARS-
CoV-2 RNA in the Danube and Sava rivers in Serbia is concerning, espe-
cially as SARS-CoV-2 RNA has now been found in mollusc tissue (e.g.
(Polo et al., 2021)). While this study focuses on SARS-CoV-2, rivers are con-
duits of disease transmission via sewage pollution and will remain a threat
as long as water companies continue to release such extraordinary amounts
of raw sewage into natural waterways.
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