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We have shown that environmental surveillance can be used to monitor SARS-CoV-2 transmission detecting virus
variants specifically circulating in England and identifying changes in virus variant predominance known to have occurred
during the COVID-19 epidemic. It is hoped that environmental surveillance can be used for the early detection of peaks in
virus transmission for public health interventions to be timely implemented.
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| 1. Introduction

A global pandemic of coronavirus disease (COVID-19) caused by a new betacoronavirus named Severe Acute
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is currently ongoing . The outbreak was first detected in Wuhan
(China) in December 2019 and spread rapidly to 213 countries/territories with 33.50 million confirmed cases and
1,004,421 deaths as of 30th September 2020 [&. While the majority of infections result in no apparent symptoms or mild
ones, some progress to acute respiratory disease, multi-organ failure, and death Bl. Respiratory transmission is the
primary route for SARS-CoV-2 infection although faecal—oral transmission is possible as high levels of viral RNA have
been detected in stool samples of a proportion of infected individuals . Studies have shown that viral RNA of titres up to
8.0 Log10 genome copies (gc)/gram of faeces can be detected in stools of infected people for prolonged periods of time,
long after the virus is no longer detected in respiratory samples BIEI7IE Correspondingly, SARS-CoV-2 RNA has been
found in wastewater samples in some countries with viral RNA loads ranging between 2.0 and 6.0 Log10 gc/L of sewage

and generally a good correlation between RNA levels and numbers of COVID-19 confirmed cases [2ILI[11][12][13][14]{15][16]
[17][18]

SARS-CoV-2 has spread very rapidly in the population resulting in a high number of people requiring hospitalization.
Consequently, many countries have been forced to implement severe lockdown measures to ensure physical distance
between people and interrupt virus transmission 22021122 These measures have largely reduced the number of
confirmed cases in several countries, but outbreaks are emerging in some areas following the ease of lockdown
measures [23. As a large proportion of the population appears to remain susceptible for SARS-CoV-2 infection [241[251(26]
[Z7] the risk of new waves of infection is high. Four successive waves were observed during the global 1918 influenza
pandemic, which lasted from February 1918 to April 1920 infecting an estimated 500 million people and causing between
17 and 50 million deaths (28, As with the influenza pandemic, the quality and length of lockdown measures will determine
its effectiveness in reducing deaths and future peaks of COVID-19 disease 29, In this context, monitoring virus spread
and understanding virus transmission patterns becomes critical. In a situation in which a high proportion of asymptomatic
infected individuals occurs, with potential to silently spread the disease, environmental surveillance (ES) could prove to be
a very useful tool to track virus circulation. A good example is poliovirus as ES has been shown to be a very sensitive
method to detect poliovirus circulation BY, even in the absence of reported paralytic polio cases B, and has helped
tracing the elimination of wild and vaccine poliovirus in some areas largely contributing to global polio eradication efforts.
Although there is some evidence of the early detection of viral RNA in sewage even before COVID-19 cases had been
reported L9IALIE2] it still remains to be determined how well virus found in sewage represents virus circulating in humans
and whether ES can help in the early detection of peaks in virus transmission for a public response to be timely effective.

Apart from establishing an alert system for virus detection by ES, phylogenetic analysis of viral RNA found in sewage 14
(28] can also help in understanding virus transmission patterns, tracing virus variants, and detecting virus importations.
Analysis of SARS-CoV-2 RNA nucleotide sequences from clinical samples reveals some level of genetic variation

including non-synonymous changes observed during the COVID-19 pandemic [B3IB4IBSI36137][38](39][40)141] Thjs includes a
relevant virus variant containing an amino acid change from aspartate (D) to glycine (G) at residue 614 in the SARS-CoV-



2 spike (S) protein, responsible for virus attachment to the Angiotensin-converting enzyme 2 (ACE2) receptor on host cells
and subsequent cell entry. This virus, named the G614 variant, has become the dominant pandemic form globally
although its biological significance is still not clear 42,

With the above scientific information in mind, we aimed at investigating whether we could detect the presence of SARS-
CoV-2 in wastewater samples from England (United Kingdom) using standard real-time quantitative reverse transcription-
polymerase chain reaction (RTqQPCR) assays as reported in different countries. Raw inlet sewage samples collected
between 14th January and 12th May 2020 were analysed. In addition, nested reverse transcription-polymerase chain
reaction (NPCR) assays specifically targeting SARS-CoV-2 sequences were designed to complement the RTgPCR
assays and provide nucleotide sequence information to confirm the association between viral sequences found in clinical
samples and those found in sewage. This could eventually help to improve the predicting value of ES for SARS-CoV-2
detection.

| 2. Detection of SARS-CoV-2 RNA in Wastewater Samples

Following concentration of raw sewage as described in Section 2.1, we tested a minimum of five replicate RNA samples
from at least two independent wastewater concentration processes for each sample. Further replicate RNAs were tested
for positive samples to obtain more accurate viral RNA guantification. SARS-CoV-2 RNA in wastewater samples was
quantified using a real-time quantitative polymerase chain reaction (RTqQPCR) assay targeting the RNA-dependent RNA
Polymerase (RARP) gene. A second RTgPCR assay targeting the envelope protein (E) gene was used for confirmation.
The E-gene RTQPCR assay was less sensitive and accurate as the limit of quantitation (LOQ) was higher. The LOQ was
32 genome copies of SARS-CoV-2 RNA per reaction for the RdRP-gene assay and 160 genome copies per reaction for
the E-gene assay as found using RNA extracted from the NIBSC virus reagent 19/304. These LOQ values correspond to
3.50 and 4.20 Log10 gc/L of sewage, respectively, when maximum concentration is achieved. As shown in Table 1,
positive RTgPCR signals were obtained for the samples from March, April, and May.

Table 1. Detection of Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) viral RNA in wastewater
concentrates by RTqPCR and nPCR.
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Wastewater samples were concentrated using a standard filtration—centrifugation method (concentration factor: 20-60x).
Mean values of log10 SARS-CoV-2 genome copy (SC2 gc)/L wastewater with standard deviations are shown. 2 Dark grey
indicates positive in at least 1/5 replicate nPCR reactions. Light grey indicates positive only after additional concentration
(up to 500x). Positive PCR results were obtained for Feb—May samples in at least two independent concentration
processes for at least two different gene targets. The January sample remained negative even after a second
concentration step.® Only 3/11 replicates gave positive RTqPCR signals with RARP target, so viral RNA quantification was
not possible.

The sample from May was only positive in 3 out of 11 replicate assays with the RdRP-gene reaction and in none of the
reactions with E-gene primers, so accurate quantification of viral RNA in this sample was not possible. However, it was
clear that there was a large reduction of SARS-CoV-2 RNA concentration in sewage between 14th April and 12th May.
Positive and negative results were independently confirmed using a second real-time PCR platform (Stratagene 3000P) in
a different NIBSC laboratory (data not shown). Integrity of process was confirmed through use of previous experience with
enteroviruses. This was demonstrated both by detection of enteroviral RNA and recovery of infectious virus in cell cultures
from all wastewater concentrates following WHO-recommended protocols as described in Materials and Methods.

3. Analysis of Nucleotide Sequence Variation among SARS-CoV-2 RNA
Sequences from Clinical Samples

Details of the number of sequences analysed by date and country are given in Table S1. The frequency of sequence
variation at each genomic nucleotide position was determined with respect to the reference Wuhan-Hu-1 strain (NCBI
accession no. MN908947) for each dataset. Figure 1 shows nucleotide positions at which sequence variation in >1% of
viral RNA sequences from England and the rest of the world were observed.
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Figure 1. Analysis of nucleotide sequence variation among SARS-CoV-2 RNA sequences from clinical samples.
Nucleotide positions at which sequence variation in >1% of viral RNA sequences from England (orange circles) or the rest
of the world (blue circles) was observed are shown. Relevant nucleotide positions contained in nPCR1 (light grey shaded
box) and nPCR2 (dark grey box) products are shown together with associated nucleotide variations (white boxes)



observing very similar frequencies as expected. The genome locations of nPCR1 and nPCR2 products are shown in
green and red boxes. The Wuhan-Hu-1 strain (NCBI accession no. MN908947) was used as reference. Whole-genome
SARS-CoV-2 sequences used in this analysis were downloaded from the GISAID database 431,

Differences in nucleotide sequence frequencies at some of these common positions were noticeable indicating a different
prevalence of some sequence variants between viral sequences in England and the rest of the world. We used this
information to select genomic regions for our sequence analysis. Key nucleotide positions 2480, 2558, 3037, 14,408, and
14,805 were targeted in two nPCR products, nPCR1 and nPCR2. nPCR1 spans nucleotides 2344-3118 and nPCR2
covers nucleotides 14,342-14,913 (Figure S1). The nPCR1 product includes nucleotide variants A2480G and C2558T,
which result in amino acid changes 1559V and P585S in nsp2 protein and which are often associated between them. The
nPCR1 product also includes nucleotide C3037T, which is almost always associated with nucleotide sequence variations
C241T, C14408T, and A23403G; mapping in the leader sequence; RNA polymerase (P323L amino acid change); and
Spike protein (D614G amino acid change), respectively. This virus variant containing these four nucleotide variations,
named G614, has become the dominant pandemic virus around the world 2. The nPCR2 product includes nucleotide
variant C14408T, also part of the dominant G614 pandemic strain, and synonymous change T14805C often associated
with variation G26144T, which results in amino acid change G251V in Orf3a protein. The frequency of T14805C is 15.8%
in England versus 6.1 % in the rest of the world. Table S2 shows how nucleotide sequences at these selected five
nucleotide positions most commonly combine in SARS-CoV-2 isolates. We also show in Figure 2 how the frequency of
sequence variants at these five positions has changed during the pandemic in different countries/regions of the world.
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Figure 2. Changes in nucleotide sequence frequency at five selected SARS-CoV-2 genomic positions during the
coronavirus disease (COVID-19) pandemic. The frequencies of 2480A (blue), 2558C (orange), 3037T (grey), 14408T
(yellow), and 14805C (green) in England (A), Spain (B), Asia (C), and USA (D) are shown. Lines for nucleotides 2480 and
2554 and those for nucleotides 3037 and 14,408 mostly overlap as they correspond to associated sequence variations.
Whole-genome SARS-CoV-2 sequences used in this analysis were downloaded from the GISAID database 431,

As can be noted, differences in sequence composition at these positions were notable between clinical samples from
different countries/regions, likely reflecting differences in the circulation of different virus variants. Variants A2480G and
C2558T were present in very low proportion in Spain, Asia, and USA as compared to the proportion in England. Variant
C14480T was particularly prevalent in Spain and increase in the proportion of nucleotide variations characteristic of G614
pandemic variant was delayed in Asia with respect to the other regions analysed. Three additional nPCR assays were
designed as described in Materials and Methods and section 3.3 below.

| 4. Generation of nPCR Products for Nucleotide Sequence Analyses

Five different RNA replicates from each wastewater concentrate were initially used to generate nPCR products with the
different primer combinations shown in Figure S1. As shown in Table 1, positive RT-PCR products were obtained for all
five nPCR reactions using RNA extracted from March, April, and May wastewater concentrates. The February wastewater
concentrate only produced positive results with nPCR4 and nPCRS5 reactions, and only after an additional concentration
step to the standard 20-60x concentration procedure was performed (Table 1). The results obtained with nPCR reactions
were in good agreement with those from RTqPCR assays as the proportion of positive nPCR reactions closely matched
that of the viral RNA concentration values. nPCR assays allowed confirmation by Sanger sequencing and NGS analysis.
For all positive samples, positive nPCR results were obtained for at least two different gene targets and from RNA



extracted from at least two different independent wastewater concentration processes. nPCR positive reactions produced
clean and clear bands following electrophoresis on agarose gels. None of the nPCR reactions with RNA from the
wastewater sample collected on 14th January 2020 and none of the multiple RNA extraction and PCR reaction negative
controls produced SARS-CoV-2 nPCR products. The RTqPCR and nPCR results are summarized in Figure 3 in the
context of epidemiological data.
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Figure 3. Detection of SARS-CoV-2 RNA in relation to COVID-19 confirmed cases. The number of daily reported new
COVID-19 cases in the catchment area covered by the sewage plant is shown as grey columns. The time points at which
1, 10, 100, 1000, and 10,000 confirmed cases where reached in the area are indicated with green vertical lines. The blue
vertical line indicates the time point of the first U.K. confirmed case, outside the sampling area. Environmental surveillance
(ES) sampling time points are shown with red arrows. Data on SARS-CoV-2 viral RNA detection is shown in boxes. The
number of daily new cases (with total accumulated cases in brackets) at each sampling date is shown. RTqPCR
quantification results obtained with the RdARP reaction are shown. The time point at which lockdown measures were
introduced is indicated in red. Source for COVID-19 cases data: https://coronavirus.data.gov.uk/.

5. Nucleotide Sequence Analysis of hPCR Products from Wastewater
Concentrates

The amount of SARS-CoV-2 nucleotide sequences obtained by Sanger analysis for each sample is shown in Table 1 and
ranged between 847 and 2376 nucleotides per wastewater concentrate. Sequences from several nPCR replicates were
generated from each concentrate. Nucleotide sequences for nPCR3, nPCR4, and nPCR5 products for all samples were
identical to those of the consensus sequence from clinical samples from England except for few nucleotide changes found
in a few nPCR replicates. Nucleotide differences and mixed bases in sequence electropherograms were observed for
nPCR1 and nPCR2 products from March and April at nucleotide positions where sequence variations had been observed
between clinical samples in England as discussed above. The nPCR products were analysed by NGS with an aim to
quantify the proportion of different nucleotides at mixed base positions. Between 82,000 and 200,000 filtered reads were
sequenced per NPCR product with >99% of reads typically mapping to SARS-CoV-2 reference sequences. An example of
the results for both Sanger and NGS analyses of nPCR1 products obtained with different RNA replicates from each
sample are shown in Figure S2. NGS quantification results were in excellent agreement with those observed in Sanger
sequence electropherograms although no mixed peaks were detected in Sanger sequences when the minor nucleotide
component was below 20%, showing the inferior sensitivity of the Sanger sequence analysis. Differences in sequence
composition were found between RNA replicates from samples from March and April reflecting the presence of virus
mixtures in both samples, 15 replicate nPCR1 and nPCR2 products were sequenced from each sewage concentrate.
Mean sequence frequency values at the five selected nucleotide positions for each month are shown in Figure 4.
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Figure 4. Nucleotide sequence variation at five selected genomic positions in SARS-CoV-2 RNA from wastewater
concentrates. Comparison of mean sequence frequency values of nucleotides 2480A, 2558C, 3037T, 14408T, and
14805C found in nPCR1 and nPCR2 products (A) are shown and compared with mean sequence frequency values in
clinical samples from England for the corresponding months (B). Error bars indicate standard error of the mean. Whole-
genome SARS-CoV-2 sequences used in this analysis were downloaded from the GISAID database [43],

Overall, the nucleotide sequence composition at all five selected nucleotide positions changed between March and April.
Viral RNA samples containing A2480G and C2558T nucleotide variations decreased between March and April. The
proportion of T at positions 3037 and 14,408, genetic markers of the G614 dominant strain, increased between March and
April. Finally, the predominant sequence at position 14,805 also switched from T in March to C in April. The same trend in
sequence composition continued in May although a similar in-depth analysis was not possible since fewer replicate
nPCRs were sequenced successfully. No mixed bases were identified by Sanger or NGS analysis in any of the nPCR
products from the RNA samples from May. Sequence results from four nPCRL1 replicates from the May sewage found an
A at nucleotide 2480 and a C at residue 2558 in all four replicates and a T at position 3037 in 3/4 of the replicates in
agreement with their predominance observed in April. A single nPCR2 product sequenced from May also contained the
nucleotide sequences of G614 dominant strain at positions 14,408 and 14,805. Few additional sequence variations were
identified in few PCR products, but none were present in more than one replicate.
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