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Highlights 25 

• Wastewater was used to monitor SARS-CoV-2 prevalence and genetic diversity. 26 

• SARS-CoV-2 RNA abundance and diversity reflects clinical case load and lineages. 27 

• Temporal analysis of SARS-CoV-2 in sewage tracks the effectiveness of lockdowns. 28 

• Wastewater-based epidemiology is a useful tool for pandemic response policy. 29 

• Further research is required to understand factors that affect virus quantification. 30 

Graphical Abstract 31 

 32 

Abstract 33 

SARS-CoV-2 and the resulting COVID-19 pandemic represents one of the greatest recent 34 

threats to human health, wellbeing and economic growth. Wastewater-based epidemiology 35 

(WBE) of human viruses can be a useful tool for population-scale monitoring of SARS-CoV-2 36 

prevalence and epidemiology to help prevent further spread of the disease, particularly within 37 

urban centres. Here we present a longitudinal analysis (March-July, 2020) of SARS-CoV-2 RNA 38 

prevalence in sewage across six major urban centres in the UK (total population equivalent 3 39 

million) by q(RT-)PCR and viral genome sequencing. Our results demonstrate that levels of 40 

SARS-CoV-2 RNA generally correlated with the abundance of clinical cases recorded within 41 

Municipal wastewater sampled 
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the community in large urban centres, with a marked decline in SARS-CoV-2 RNA abundance 42 

following the implementation of lockdown measures. The strength of this association was 43 

weaker in areas with lower confirmed COVID-19 case numbers. Further sequencing analysis of 44 

SARS-CoV-2 from wastewater suggested that multiple genetically distinct clusters were co-45 

circulating in the local populations covered by our sample sites, and that the genetic variants 46 

observed in wastewater reflected similar SNPs observed in contemporaneous samples from cases 47 

tested in clinical diagnostic laboratories. We demonstrate how WBE can be used for both 48 

community-level detection and tracking of SARS-CoV-2 and other virus’ prevalence, and can 49 

inform public health policy decisions. Although, greater understanding of the factors that affect 50 

SARS-CoV-2 RNA concentration in wastewater are needed for the full integration of WBE data 51 

into outbreak surveillance. In conclusion, our results lend support to the use of routine WBE for 52 

monitoring of SARS-CoV-2 and other human pathogenic viruses circulating in the population 53 

and assessment of the effectiveness of disease control measures. 54 
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1. Introduction 59 

The emergence of Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), and 60 

the resulting global Coronavirus disease 2019 (COVID-19) pandemic has had disastrous socio-61 

economic and political consequences worldwide (Chakraborty and Maity, 2020). This led to the 62 

World Health Organisation (WHO) declaring the COVID-19 pandemic a global health 63 

emergency (WHO, 2020). In response to this, many countries implemented a range of mitigation 64 

strategies to reduce the spread of disease, including social distancing, restricted movement, use 65 

of personal protection equipment, contact tracing, shielding of vulnerable populations, local or 66 



national lockdowns, and community mass testing (Cirrincione et al., 2020; Iacobucci, 2020). 67 

These measures are of particular importance in urbanised areas where the spread of disease is 68 

most likely (Zhang and Schwartz, 2020). These measures proved to be largely effective at 69 

reducing the first wave of COVID-19, albeit not completely eliminating infections (Goscé et al., 70 

2020; Jarvis et al., 2020). The occurrence of subsequent waves of COVID-19 is of 71 

significantconcern, as countries seek to learn from the effectiveness of the mitigation measures 72 

used during the first wave of infection (Aleta et al., 2020). 73 

A large proportion of SARS-CoV-2 infections are asymptomatic or result in only a mild 74 

infection (Nishiura et al., 2020). When symptoms do become apparent, this typically occurs 3-7 75 

days after infection (Arons et al., 2020) and severity can vary widely across different sectors of 76 

society, disproportionately affecting the elderly (Wang et al., 2020). Evidence points towards the 77 

fact that individuals can transmit the virus unknowingly prior to developing symptoms. 78 

Furthermore, a- and pre-symptomatic individuals pose challenges to surveillance efforts to 79 

accurately estimate the presence and extent of infection in the community. In a more practical 80 

sense,  both asymptomatic and pre-symptomatic individuals also pose a major threat to public 81 

health as they can unknowingly spread the virus to more vulnerable groups (He et al., 2020). 82 

Although mass community testing has been instigated in many countries to estimate the 83 

prevalence of COVID-19 in the population, this is costly and the demand for tests frequently 84 

exceeds the capacity of testing facilities (Barasa et al., 2020). Focussing testing solely on 85 

symptomatic cases may also fail to capture asymptomatic and pre-symptomatic infections, and 86 

may focus on populations such as those who are hospitalised, meaning that surveillance is 87 

unavailable for the wider community. In some cases, it can also be difficult to obtain 88 

nasopharyngeal swabs from high-risk parts of the community due to a range of physical, 89 

logistical or cultural issues. Wastewater-based epidemiology (WBE) detects genome fragments 90 



of SARS-CoV-2 shed in faeces and urine, and represents an alternative strategy to monitor the 91 

levels of virus circulating at population-level scales (Farkas et al., 2020; Kitajima et al., 2020; 92 

Polo et al., 2020). WBE approaches have previously been successful in evaluating the prevalence 93 

of other viral diseases (e.g. polio-, norovirus) and also for tracking the use of illicit substances, 94 

pharmaceuticals and exposure to xenobiotics (Castiglioni et al., 2014; Ozawa et al., 2019; 95 

Zuccato et al., 2008). Monitoring viruses in wastewater also allows an evaluation of the potential 96 

risk posed by the discharge of treated and untreated wastewater into the wider environment. 97 

Overall, WBE may represent a cost-effective method for determining viral prevalence at the 98 

population-level, and has been used to monitor of SARS-CoV-2 in a range of countries 99 

(Supplementary Table 1).  100 

Despite the simplicity of the approach, the quantitative recovery of viruses and viral nucleic 101 

acids from wastewater is notoriously difficult (Farkas et al., 2018a). For example, virus 102 

concentrations in wastewater can be heavily influenced by (i) dilution by rainfall and industrial 103 

inputs, (ii) the presence of compounds that may degrade the virus (e.g. detergents, pH, salt), (iii) 104 

the presence of substances that physically protect the virus (e.g. faecal matter), (iv) loss of viral 105 

RNA during long transit times through the wastewater network due to decay and sorption, (v) 106 

variable shedding rates in the community, and (vi) inhibitory substances in the wastewater that 107 

may interfere with quantitative (reverse transcription)-PCR (q(RT-)PCR ) reactions (Polo et al., 108 

2020). In addition to these factors, the protocols used to concentrate and purify viral nucleic acids 109 

from wastewater samples can have substantial impacts on recovery, leading to underestimation 110 

of the quantities of the virus present in the wastewater system. Consequently, there is a need to 111 

better understand the factors that influence observable levels of SARS-CoV-2 in wastewater to 112 

allow validation of the approach for surveillance purposes. 113 



Largescale efforts to monitor changes in the SARS-CoV-2 genome and track its circulation at 114 

national and global scales have largely relied on the analysis of high-throughput sequencing of 115 

the SARS-CoV-2 genome in symptomatic individuals (Islam et al., 2020; Meredith et al., 2020; 116 

Plessis et al., 2021). As retrospective screening of respiratory samples has detected asymptomatic 117 

cases of COVID-19 (Meredith et al., 2020) it suggests that lineages may appear in wastewater 118 

samples prior to observation in clinical cases. Because wastewater aggregates samples from 119 

across a community/area, sequencing of SARS-CoV-2 RNA recovered from wastewater is likely 120 

to contain multiple lineages and so analysis of this data also has the potential to assess the 121 

proportions of different lineages circulating in the wider population. This potentially enables the 122 

identification of lineages that are known to be present and early warning of new lineages not 123 

previously observed in a catchment.  124 

Here, we present a 3.5-month longitudinal analysis of SARS-CoV-2 RNA prevalence and 125 

genetic diversity across six different urban centres during the imposition and gradual lifting of 126 

the first national lockdown period in the UK (March-July 2020).  The aims of this study were to 127 

(i) investigate the use of WBE for tracking SARS-CoV-2 after the implementation of national 128 

lockdown measures at six urban centres of varying size within the UK, (ii) determine the 129 

influence of environmental factors (e.g. flow) on levels of SARS-CoV-2 RNA and a human 130 

faecal marker virus (crAssphage) in wastewater, (iii) investigate the impact of wastewater 131 

treatment on the removal of SARS-CoV-2 RNA from wastewater, and (iv) assess the utility of 132 

WBE in understanding SARS-CoV-2 genetic variation through high-throughput sequencing. 133 

2. Materials and Methods 134 

All laboratory procedures were carried out in line with Public Health England/ Public Health 135 

Wales advice on the handling of samples suspected of containing SARS-CoV-2. 136 



2.1  Sampling sites and wastewater sampling  137 

Untreated influent and treated effluent wastewater were collected from six wastewater 138 

treatment plants (WWTPs) located in Wales and Northwest England. The WWTPs served urban 139 

areas in the local authority areas of Gwynedd, Cardiff, Liverpool, Manchester, the Wirral and 140 

Wrexham, with a total combined population equivalent of ~3 million people (Suplementary Fig. 141 

1). Untreated wastewater influent from the six WWTPs was sampled on a weekly basis between 142 

March and July 2020. Samples were collected in polypropylene bottles as single grab samples 143 

with the exception of the Wirral site, which was collected as a 24-hour composite sample using 144 

an autosampler. Grab samples were collected on weekdays between 08.00 and 09.00 h to ensure 145 

temporal comparability, and treated effluent also collected periodically at the same time as 146 

influent. Samples were transported on either the same day, or overnight on ice, to the laboratory, 147 

stored at 4 °C and processed within 24 h of receipt. Aliquots of wastewater samples (1.5 ml) 148 

were also frozen in polypropylene vials at -80 °C for subsequent physico-chemical analyses and 149 

extraction of pre-concentration viral nucleic acids. 150 

2.2  Wastewater physicochemical analyses  151 

Wastewater samples were pasteurised before physicochemical analysis by heating to 60 °C for 152 

90 min. Wastewater ammonium concentrations were determined colorimetrically using the 153 

salicylic acid procedure of Mulvaney (1996). Nitrate was determined colorimetrically using the 154 

vanadate procedure of Miranda et al. (2001) while molybdate-reactive phosphate (MRP) was 155 

determined according to Murphy and Riley (1962). All analysis was performed in a 96-well plate 156 

format using a PowerWave XS Microplate Spectrophotometer (BioTek Instruments Inc., 157 

Winooski, VT). Wastewater electrical conductivity (EC) was measured using a Jenway 4520 158 

conductivity meter and pH with a Hanna 209 pH meter (Hanna Instruments Ltd., Leighton 159 

Buzzard, UK). 160 



2.3 Wastewater concentration and nucleic acid extraction  161 

Duplicate samples of 50-100 mL of unpastuerised wastewater influent underwent 162 

centrifugation (10,000 g, 30 min, 4°C) and the supernatant and pellet retained. Supernatants were 163 

concentrated to 500 µL using Centriprep 50 kDa MWCO centrifugal concentrators (Merck 164 

KGaA, Germany). For wastewater effluent samples (see Supplementary Table 5), 1-2 L of each 165 

effluent was initially concentrated using tangential flow ultrafiltration with a 100 kDa PES 166 

membrane (Spectrumlabs, USA) as previously described (Farkas et al., 2018c), followed by 167 

secondary concentration using Centriprep concentrators as described above. 168 

Selected wastewater concentrates, centrifugation pellets and unconcentrated wastewater 169 

samples were spiked with approximately 4×105 genome copies (gc) of murine 170 

norovirus (MNV) as a viral RNA extraction control. Positive and negative nucleic acid control 171 

extractions of nuclease-free water with or without the same quantity of MNV spike-in were used 172 

to quantify MNV recovery by q(RT-)PCR and to check for cross-contamination during the 173 

nucleic acid extraction process or q(RT-)PCR assay setup (described in section 2.4). The MNV 174 

was cultured in BV2 cells in Dulbecco’s modified Eagle’s minimum essential medium 175 

supplemented with 2% foetal bovine serum (FBS) at 37 °C in 5% CO2 for two days. Viruses 176 

were harvested by three cycles of freeze-thawing (-20°C/+37°C) followed by centrifugation and 177 

100× dilution of the supernatant in phosphate-buffered saline pH 7.4. Aliquots of MNV stock 178 

were stored at –80°C until use. The MNV and BV2 tissue stocks were kindly provided by Prof 179 

Ian Goodfellow (University of Cambridge, UK). 180 

Nucleic acids were extracted using the NucliSENS MiniMag Nucleic Acid Purification 181 

System (BioMérieux SA, Marcy-l'Étoile, France) according to the manufacturer’s protocol as 182 

described elsewhere (Farkas et al., 2021) in a final volume of 50 (last week of March 2020) or 183 

100 µL (April-July 2020) of elution buffer. Extracted nucleic acids were stored at –80 °C prior 184 



to q(RT-)PCR quantification. The nucleic acid extractions and q(RT-)PCR assay setups were 185 

carried out in separate laboratories inside class II microbiological safety cabinets to minimise the 186 

risk of contamination. 187 

2.4  q(RT-)PCR and qPCR assays  188 

The q(RT-)PCR assays were carried out in a QuantStudio® Flex 6 Real-Time PCR System 189 

(Applied Biosystems, USA) using primers, probes and reaction conditions described in 190 

Supplementary Table 2. SARS-CoV-2 N1 and MNV RNA were quantified using a duplex q(RT-191 

)PCR  assay or in triplex with SARS-CoV-2 E gene, as described in Farkas et al. (2021). The 192 

25 μL reaction mix contained 1×RNA Ultrasense Reaction Mix with 1 µL RNA Ultrasense 193 

Enzyme Mix (Invitrogen, USA), 12.5 pmol of the forward and the reverse primers, 6.25 pmol of 194 

the probe/probes, 0.1× ROX reference dye, 1.25 µg bovine serum albumin (BSA) and 2-5 μL of 195 

the extracted wastewater RNA, molecular grade water as a negative control or virus 196 

standards. Initially, 5 µL of extracted RNA was tested for wastewater samples. If the MNV 197 

recovery was lower than 1%, samples were retested with 2 µL sample/reaction to 198 

assess inhibition of the q(RT-)PCR assay, however this was found to be detrimental to assay 199 

sensitivity. All data-points used in the analysis came from assays of 5 µL of extracted nucleic 200 

acids. 201 

CrAssphage was used as a marker of human faecal abundance/loading in the wastewater 202 

(Farkas et al., 2019; Stachler et al., 2018). CrAssphage DNA was quantified using a singleplex 203 

qPCR as described previously (Farkas et al., 2019). The 20 µL reaction mix contained 1× KAPA 204 

Probe Force qPCR mix (KAPA Biosystems, USA) with 10 pmol of the forward, 10 pmol of the 205 

reverse primers, 5 pmol of the probe, 1 µg bovine serum albumin, and 2 µL and 4 µL of the 206 

concentrated and original wastewater nucleic acid extracts or controls.  207 



A serial dilution of DNA standards within the range of 105-100 genome copies (gc) µL-1 was used for 208 

quantification. For SARS-CoV-2, commercially available circular plasmids carrying the N gene or E gene 209 

were used (Integrated DNA Technologies Inc., Coralville, IA). Plasmid DNA concentrations were halved 210 

when setting up serial dilutions to account for ssRNA producing half the fluorescence signal of dsDNA 211 

at the same concentration. For MNV and crAssphage, custom-made, single-stranded oligo DNA 212 

sequences carrying the target region were used (Life Technologies, USA). Negative controls 213 

(molecular grade water) were included in each run. All samples, standards and controls were run 214 

in duplicate and the mean value for each extraction replicate used for further analysis. 215 

The limit of detection (LoD) and limit of quantification (LoQ) of the triplex q(RT-)PCR assays 216 

were determined previously (Farkas et al., 2021) by running wastewater samples spiked with low 217 

concentrations of SARS-CoV-2 (1-150 gc µL-1N1 CDC and 1-200 gc µL-1E Sarbeco) and MNV 218 

RNA (1-80 gc µL-1) in ten replicates. The q(RT-PCR) assay LoD (the lowest concentration where 219 

all replicates were positive) were 1.7, 3.8 and 3.1 gc µL-1 for the N gene, E gene and MNV, 220 

respectively. The LoQ (the lowest concentration where the coefficient of variance was below 221 

0.25) were 11.8, 25.1 and 32.1 gc µL-1 for the N gene, E gene and MNV, respectively. 222 

2.5 q(RT-)PCR data analysis and visualisation  223 

Data were analysed using QuantStudio™ Real-Time PCR Software, version 1.3 (Applied 224 

Biosystems, USA). The baseline (cycle threshold; Ct) was manually adjusted after each run, 225 

when necessary. Viral concentrations were expressed as mean genome copies (gc) 100 ml-
226 

1 wastewater calculated from two q(RT-)PCR duplicates of two extraction duplicates (n = 4) per 227 

sampling timepoint. Statistical analyses and data visualisation was performed in R v4.0.2 (R 228 

Core Team, 2020; Wickham, 2016). Supplementary Table 3 contains a full list of packages used 229 

in the data analysis.  230 

-



2.6 SARS-CoV-2 RNA amplicon sequencing and data processing 231 

RNA from 84 extraction duplicates from 42 time-points, plus no-template negative controls, 232 

were treated with DNase, and used to generate cDNA (NEB Luna Script). Subsequently, SARS-233 

CoV-2 cDNA underwent PCR amplification using V3 nCov-2019 primers (ARTIC) generating 234 

400 bp amplicons tiling the viral genome (Quick and Loman, 2020). Amplicon generation was 235 

followed by sequencing library construction (NEB Ultra II DNA), with equimolar pooling of 236 

samples and quantitation. Final library size was assessed on a Bioanalyser high sensitivity DNA 237 

chip, and DNA concentration determined by Qubit double-stranded DNA high sensitivity assay, 238 

and then by qPCR using the Illumina Library Quantification Kit from Kapa (KK4854) on a 239 

Roche Light Cycler LC480II according to the manufacturer's instructions. Libraries were 240 

sequenced on an Illumina MiSeq generating 2×250 bp paired end reads. An average of ca 241 

291,000 reads (ca 146 Mbp) per sample were mapped using bwa-mem against the SARS-CoV-242 

2 genome reference (MN908947.3) within the ncov2019-artic-nf v3 pipeline 243 

(https://github.com/connor-lab/ncov2019-artic-nf). SNPs and indels were identified using 244 

Varscan v2.4.4 with default settings and summary statistics for coverage and diversity were 245 

generated in R v4.0.2 (R Core Team, 2020; Wickham, 2016). Sites were filtered to remove SNPs 246 

and indels with a coverage of less than 50× and a variant frequency of less than 10% per sample. 247 

The number of SNP and indel sites were calculated per sample. 248 

The relationship between SNP and indel site frequency and the proportion of the genome with 249 

coverage at greater than 50× coverage and the log10 gc µL-1 were examined with Spearman’s 250 

correlations. An index of SNP plus indel frequency per sample was calculated by taking the 251 

number of SNP and indel sites and dividing by the proportion of the genome with coverage at 252 

greater than 50 reads. A mean SNP and indel frequency index were then calculated per pair of 253 

wastewater samples to examine the effect of the number of positive tests in the previous 7 days 254 

in the local authority area, sample date and WWTP site on the number of SNPs and indels 255 



discovered, using a general linear model using the ‘glm’ function and type II ANOVA using the 256 

R package ‘car’. A Spearman’s correlation was used to examine the relationship between the 257 

index of SNP and indel frequency and the log population equivalent served by each wastewater 258 

treatment plant. Variants at SNP and indel sites were compared to those recorded in clinical 259 

samples using the ‘cov_glue_snp_lineage’ function from R package ‘sars2pack’. 260 

3. Results and Discussion 261 

3.1 Study description and q(RT-)PCR assay development 262 

We monitored the SARS-CoV-2 RNA concentration in influent wastewater at six wastewater 263 

treatment plants (WWTPs) using q(RT-)PCR over a period of 3.5 months during the imposition 264 

and gradual lifting of the first UK-wide lockdown, and compared these data to the numbers of 265 

positive clinical tests and deaths reported by the Office for National Statistics (ONS), UK 266 

Government and Public Health Wales for lower tier local authority areas within which the 267 

WWTPs were located (HM Government, 2020; Office for National Statistics, 2020; Public 268 

Health Wales, 2020). WWTPs represent a range in size (population equivalents from 40 thousand 269 

to 1.1 million) and spatial distribution (see Supplementary Fig. 1) and all implemented combined 270 

stormwater, domestic and trade wastewater collection. Influent wastewater grab samples were 271 

collected at the same time each week with the exception of The Wirral WWTP which was 272 

sampled from a 24 hour composite autosampler. Limits of detection (LoD) and quantification 273 

(LoQ) were determined as described in Farkas et al. (2021). 274 

Results for SARS-CoV-2 RNA concentrations from q(RT-)PCR quantification are displayed as 275 

unadjusted mean genome copies/ 100 ml of wastewater rather than normalised by crAssphage 276 

concentrations as factors such as extraction efficiency can vary depending on the virus used 277 

(Medema et al., 2020). Although studies suggest that 24-hour composite sampling is more 278 

representative than grab sampling, it has been shown that grab samples are accurate to within an 279 



order of magnitude (Curtis et al., 2020, Ahmed et al., 2021). Further, our previous work has 280 

shown limited diurnal variability, particularly in large wastewater catchments where transit times 281 

can be up to 24 hours and where large amounts of mixing occurs in the network (Farkas et al., 282 

2018b). Transit times may also influence observable virus quantities due to degradation of viral 283 

nucleic acids as they pass through the sewage system; however, SARS-CoV-2 RNA has been 284 

shown to be relatively stable in wastewater under environmental conditions, with a T90 of 24 or 285 

28 days at 15 or 4 °C (Ahmed et al., 2020b). 286 

We compared mean SARS-CoV-2 RNA concentrations to daily flow and influent wastewater 287 

chemistry but found no statistically significant correlations (see supplementary table 4). The 288 

highly abundant bacteriophage crAssphage was used as a human faecal marker. No correlation 289 

was found between crAssphage and SARS-CoV-2 nucleic acid concentrations (Spearman, p = 290 

0.8341). No effect on crAssphage concentration was observable from sampling week (Kruskal-291 

Wallis, p = 0.9042), but a significant effect was found between crAssphage concentration and 292 

WWTP site (Kruskal-Wallis, p = 0.01751). These data indicate that faecal loading was constant 293 

throughout the study period and that different WWTPs have different balances of human waste 294 

and industrial/ other domestic wastewater sources. 295 

3.2 Temporal trends in SARS-CoV-2 RNA concentration in wastewater and comparison to 296 

COVID-19 epidemiology 297 

For each WWTP, 64% ± 6.8 q(RT-)PCR tests (mean ± standard error (SEM), sites = 6, n = 298 

90) detected SARS-CoV-2 in influent wastewater above the LoD, with SARS-CoV-2 RNA 299 

concentrations in wastewater influent having quantities above the LoQ in 28.9% ± 2.2 of samples 300 

(see Supplementary Fig. 2). No sites showed SARS-CoV-2 concentrations in WWTP effluent 301 

above the LoQ and only one above the LoD (Wrexham, 19/05/20, n = 22, see supplementary 302 

table 5). Figure 1a shows a drop in wastewater SARS-CoV-2 RNA concentration, new positive 303 



clinical tests and COVID-19 related deaths following the imposition of the UK-wide lockdown 304 

beginning in late March 2020. A number of spikes in clinical cases can be observed without 305 

corresponding spikes in wastewater, e.g. Wrexham in late June. These can occur due to surge 306 

testing following local workplace-related outbreaks and changes in testing eligibility during the 307 

study, and highlight the inherent difficulties in comparing wastewater loads to positive tests when 308 

testing is both limited and non-random. 309 

WWTPs in Manchester, Liverpool and the Wirral showed strong correlations between SARS-310 

CoV-2 RNA concentration and daily positive tests (Fig. 1b and Supplementary Fig. 3). Negative 311 

correlations were also observed between viral concentrations in all sites and time following the 312 

implementation of national lockdown, except Cardiff, indicating these measures lowered the 313 

prevalence of the virus in local populations. The Cardiff, Gwynedd and Wrexham WWTPs did 314 

not show the same trends between viral RNA concentrations and tests/ deaths, potentially due to 315 

several different factors such as water chemistry or lower, broader peaks in SARS-CoV-2 316 

prevalence. Gwynedd is also a popular holiday destination and sees regular weekend influxes of 317 

holiday makers from other parts of the UK, which could affect WWTP SARS-CoV-2 318 

concentrations either positively (through visits from asymptomatic/ pre-symptomatic 319 

individuals) or negatively (through people commuting from rural areas outside of the WWTP 320 

catchment area). Additional factors such as transit time within the sewage network, catchment 321 

flow dynamics, and differences between local authority reporting areas for positive tests and 322 

WWTP sewershed coverage could have effects on viral RNA recovery. In contrast to the 323 

Gwynedd site, the Wirral site showed the strongest correlation between SARS-CoV-2 RNA 324 

concentrations and the number of positive clinical tests/ COVID-19 related deaths, and is of a 325 

size inbetween that of the Wrexham and Gwynedd WWTPs (see Supplemental Fig. 1), 326 

suggesting that the use of 24-hour composite sampling may improve the correlation between 327 

SARS-CoV-2 wastewater quantification and local clinical cases. 328 



Further exploration of site-specific factors and improved access to higher resolution spatial 329 

distributions of positive test locations is required to improve the accuracy of WBE in predicting 330 

COVID-19 prevalence amongst local populations as part of national monitoring programmes. 331 

Previous studies have corrected SARS-CoV-2 RNA concentration for WWTP flow (Gonzalez et 332 

al., 2020), and adjusted cases or positive tests for differences between local authority populations 333 

and WWTP catchment areas (Medema et al., 2020). Statistically, we found no benefit of 334 

correcting for these factors on Spearman correlation coefficients between WWTP SARS-CoV-2 335 

RNA concentration and positive tests/ COVID-19 related deaths (see Supplemental Fig. 3), 336 

however due to differences between WWTP sites and sewersheds, we would caution against 337 

making extensive quantitative comparisons between sites. 338 

Our data confirm that SARS-CoV-2 RNA is readily detectable in wastewater influent across 339 

a range of concentrations from <1.2 ´ 103 (<LoQ) to the highest recorded concentration of 1.5 ´ 340 

104 gc 100 mL-1. This highlights how site-specific factors, concentration and quantification 341 

protocols, and sampling strategies can complicate quantitative comparisons between WWTPs 342 

within the same study, and when making comparisons to other international studies. There is a 343 

need to standardise SARS-CoV-2 wastewater quantification and take WWTP site identity into 344 

account when expanding WWTP monitoring programmes to national and international scales 345 

(Chik et al., 2021; Pecson et al., 2021). Nonetheless, this study demonstrates the longitudinal 346 

benefit of using WBE to monitor viral prevalence and the impact of public health interventions, 347 

particularly in the early stages of a novel disease outbreak. 348 

3.3 Effect of window size/ offset on correlations 349 

Due to shedding of SARS-CoV-2 from asymptomatic and pre-symptomatic individuals, a key 350 

driver of WBE research is the potential to detect upcoming spikes in infection in wastewater 351 

before increase in positive clinical tests. Consequently, several studies have used modelling 352 



approaches to assess if the wastewater concentration of SARS-CoV-2 preceded new spikes in 353 

clinical cases of COVID-19 (Ahmed et al., 2021b; D’Aoust et al., 2021). However, this is 354 

challenging due to variabilities in the point of an infection cycle at which a person gets tested, 355 

the severity and duration of symptoms, and the variability in viral shedding. The effect of varying 356 

the difference between the number of days between wastewater sampling and testing date and 357 

the number of days over which to sum the number of positive tests on the correlation between 358 

wastewater SARS-CoV-2 concentrations and cases was examined (Fig. 2). If only considering 359 

daily clinical testing data, the SARS-CoV-2 wastewater RNA concentration leads testing data 360 

by 2-4 days but this can be extended by approximately 1 day by using a rolling sum of positive 361 

clinical test cases over a series of days leading up to the clinical testing date being considered. It 362 

should be noted that the overall effect of varying these parameters is not large in that the 363 

correlation coefficients stay between 0.8 and 0.9 over a range of permutations. 364 

3.4 Sequencing detects mutations in the SARS-CoV-2 genome comparable to those observable 365 

in clinical cases 366 

WBE can also be used to monitor the genetic diversity SARS-CoV-2 circulating in the wider 367 

population. To this end, SARS-CoV-2 RNA was amplified using the ARTIC protocol primers in 368 

both extraction duplicates, where at least one of which showed q(RT-)PCR amplification were 369 

sequenced. In these samples, between 25–75% of the SARS-CoV-2 genome was recovered (Fig. 370 

3a), with coverage randomly distributed across the genome (Fig. 3b). This included samples that 371 

showed no amplification (8.3%) or amplification below the LoD (3.6%) of the N1 q(RT-)PCR 372 

assay (n = 84), suggesting that multi-locus amplicon sequencing based monitoring of wastewater 373 

for WBE may be of significant use in the early stages of future viral outbreaks. The proportion 374 

of the genome sequenced positively correlated with the amount of template (Spearman’s r = 375 

0.376, p = 0.0004, Fig. 3c).  376 



In total, 702 unique SNP sites and 267 indels were detectable across the 84 samples after 377 

filtering to remove sites with less than 50 reads and a variant frequency within a sample of less 378 

than 10%. The number of SNPs found correlated positively with the proportion of the genome 379 

that was sequenced (Spearman’s r = 0.581, p < 0.0001; Fig. 3d). 380 

Preliminary modelling suggests that the rate of positive tests in the source population and 381 

sampling week did not affect the mean number of SNPs and indels controlled for genome 382 

coverage (p > 0.05; Fig. 4a and b), but a reduced model suggested that there was heterogeneity 383 

among sites (X2= 11.57, df = 5, p = 0.041; Fig. 4c). The index of SNP plus indel frequency was 384 

not related to log population equivalent served by each wastewater treatment plant (Spearman’s 385 

r = 0.251, p = 0.251; Fig. 4d). This is explained by the presence of multiple viral lineages present 386 

within the sample, corresponding to the diverse infections in the population represented in the 387 

wastewater sample. A substantial fraction of the detected SNPs has previously been identified in 388 

clinical samples across the UK, and has the potential to be informative for distinguishing viral 389 

lineages (Supplementary Table 6). 390 

Multiple SARS-CoV-2 lineages can be present within a single wastewater sample. Samples 391 

have the potential to contain viruses from both symptomatic and asymptomatic individuals 392 

within the community, as SARS-CoV-2 has been detected in the faeces of both asymptomatic 393 

and symptomatic individuals (Jones et al., 2020; Tang et al., 2020). Previous studies have 394 

sequenced SARS-CoV-2 genomes from wastewater (Ahmed et al., 2020a; Izquierdo-Lara et al., 395 

n.d.; Martin et al., 2020; Nemudryi et al., 2020). We have shown not only that viral genome 396 

sequences can be recovered from wastewater samples, but that they exhibit substantial diversity 397 

across dozens of samples. Sequencing the genomes therefore has the potential to assess the 398 

diversity of viral infections in the wastewater catchment population and to identify emerging 399 

genetic variants before they are seen in clinical samples. In support of this, preliminary analysis 400 



suggests that the detected SNPs were consistent with those detected previously in clinical 401 

samples (see Supplementary Table 6). However, because the SNPs from wastewater samples are 402 

not phased across the genome, and because the genome coverage is imperfect, assigning viral 403 

lineages to samples will require a bespoke statistical framework to be developed. 404 

3.8. Use of wastewater-based epidemiology in COVID-19 and future pathogen surveillance 405 

Attempting to quantitatively link observed viral RNA concentrations to detectable cases is 406 

challenging (Medema et al., 2020). Many assumptions need to be made regarding the persistence 407 

of SARS-CoV-2 in wastewater, quantities of the virus shed in faeces and the influence of water 408 

chemistry (Ahmed et al., 2020a). 409 

Sample processing methodology can also be a substantial source of variability. Concentration 410 

method, qPCR assay design and inter-lab variation can create variation in detectable SARS-CoV-411 

2 RNA quantities (Pecson et al., 2021; Westhaus et al., 2021). Use of appropriate process controls 412 

is necessary to monitor the effects of these factors when making intra- and inter-laboratory 413 

comparisons. Choice of process control is complex as a closely related surrogate virus should be 414 

used where available and further global collaboration and co-ordination is required to widen 415 

access to WBE technologies (Polo et al., 2020). In addition to this, the effects of SARS-CoV-2 416 

on global supply chains and the need to perform WBE at scale create additional pressures where 417 

sub-optimal protocols may become necessary in the future to achieve testing scale desired for 418 

national monitoring programs. 419 

Despite the possible sources of variability mentioned above, we have demonstrated that WBE 420 

is suitable for quantitatively tracking the course of the early stages of the SARS-CoV-2 pandemic 421 

and the effects of public health interventions, even in the early stages of a novel outbreak, where 422 

lack of surge capacity prevents optimal sampling. We highlight how tiled primer array 423 

sequencing complements q(RT-)PCR based detection of SARS-CoV-2 and enhances the 424 



sensitivity and usefulness of WBE in detecting the presence of novel mutations in the SARS-425 

CoV-2 genome. Early detection of viral pathogens by q(RT-)PCR requires a suitable assay and 426 

routine monitoring of WWTPs however alternative technologies such as viral metagenomics 427 

may be more suited to initial detection of emerging and unknown pathogens (Farkas et al., 2020). 428 

Our results suggest that viral amplicon sequencing could be more sensitive than q(RT-)PCR for 429 

detection of known pathogens. In future, monitoring could be targeted towards ports of entry and 430 

major metropolitan centres to maximise the likelihood of detection (Medema et al., 2020). 431 

4. Conclusions  432 

• Our results demonstrate that levels of SARS-CoV-2 RNA in wastewater generally 433 

correlated well with the abundance of clinical COVID-19 cases recorded within the 434 

community in large urban centres.  435 

• At the population level, wastewater-based epidemiology was used to confirm the success 436 

of lockdown measures (i.e. restricted movement and human-to human contact) 437 

implemented at the national scale to control the transmission of SARS-CoV-2.  438 

• The genetic diversity of SARS-CoV-2 from wastewater suggests that multiple genetically 439 

distinct clusters were co-circulating present in the local populations, and that the genetic 440 

variants observed in wastewater reflect similar SNPs observed in samples from 441 

nasopharyngeal swabs taken contemporaneously at clinical testing centres.  442 

• A greater understanding of the factors that affect SARS-CoV-2 RNA quantification in 443 

wastewater is still required to enable the full integration of wastewater-based 444 

epidemiology data into wider outbreak surveillance programmes. 445 

• Our results lend support to the use of routine wastewater-based epidemiology to monitor 446 

SARS-CoV-2 and other human pathogenic viruses circulating in the population and to 447 

assess the effectiveness of disease control measures. 448 

 449 
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Fig. 1(a)Temporal trend of the recorded number of COVID-19 infections and deaths at six urban 688 
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centres in the UK and the corresponding levels of SARS-CoV-2 in wastewater. The coloured 689 

triangles represent levels of SARS-CoV-2 in influent wastewater, with open triangles being below 690 

LoD. Grey triangles represent the number of COVID-19 reported deaths and the solid line 691 

represents the number of COVID-19 cases reported in each study region. The dashed and dotted 692 

horizontal lines represent the assay LoQ (scaled to 1180 genome copies/ 100ml) and LoD (180 693 

genome copies/ 100 ml) respectively, scaled for a sample volume of 100 mL. The dashed vertical 694 

line represents the imposition of UK-wide lockdown measures. (b) Correlation of SARS-CoV-2 695 

RNA concentration (CoV) in influent wastewater with COVID-19 related cases and deaths at six 696 

urban centres in the UK. Pie charts represent Spearman correlation r where p < 0.05 with 697 

fullness indicating degree of correlation and colour representing positive (white) or negative 698 

(black) correlations. 699 
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 701 

 702 

Fig. 2 Effects of varying the number of days between wastewater sampling date and clinical 703 

testing date (x axis) and the number of days over which to sum cases over (y axis) on the strength 704 

of correlation between wastewater SARS-CoV-2 concentration and local authority positive tests. 705 

Quantities are shown where a false discovery rate corrected p-value was below 0.05. 706 
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 708 

 709 

Fig. 3 Coverage of the SARS-CoV-genome from reads recovered from wastewater samples. a) 710 

Frequency of the proportion of the genome sequenced at 50× depth or greater. b) Coverage 711 

across the genome, median plotted in dark grey, interquartile ranges in purple and a smoothed 712 

GAM spline in green.  c) Proportion of the genome sequenced relative to the estimated number 713 

of genome copies estimated from (RT)-qPCR. Note that sequence was obtained in several 714 

samples where the (RT)-qPCR for this locus was negative, reflecting the ability of the protocol 715 

to sequence genomes of low copy number. d) The number of SNP and indel sites detected relative 716 

to the proportion of the genome that was sequenced at 50× or higher.  717 
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 719 

 720 

Fig. 4. Comparison of the mean number of SNP/ INDELs sites divided by genome coverage to 721 

(a) positive tests in the previous 7 days in the local authority, (b) sample date, (c) WWTP site 722 

and (d) log10 population equivalent. 723 
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Supplementary Information 725 

Supplementary Results 726 

4.1 Comparison of N1 CDC and E Sarbeco SARS-CoV-2 q(RT-)PCR assays 727 

Significant correlation was found between SARS-CoV-2 RNA quantified by the N1 CDC and 728 

E Sarbeco gene markers in the same samples (Spearman’s r = 0.56, p <0.0001), however the 729 

LoD and LoQ of the E Sarbeco marker were both 2.1-fold higher than the CDC N1 assay and 730 

three times less likely to detect SARS-CoV-2 in wastewater samples (see Supplementary Fig. 2). 731 

Westhaus et al. (2021) similarly demonstrated varying sensitivity and specificity for SARS-CoV-732 

2 in commonly used q(RT)-PCR assays and so further comparison, optimisation and 733 

standardisation is required when expanding monitoring programs and making international 734 

comparisons. 735 

 736 

4.2 Detection of SARS-CoV-2 in WWTP influent suspended solids and effluent 737 

SARS-CoV-2 RNA concentrations were also determined for the pellet from the initial 738 

centrifugation step in the first three weeks of the sampling programme. Only three samples (n = 739 

18) produced quantities above the LoD and consequently, only results for SARS-CoV-2 in 740 

wastewater supernatants were considered in further analysis. It should be noted  that SARS-CoV-741 

2 has been detected in the solid phase in other studies (e.g. primary thickened sludge), however, 742 

the quantity of pelletable solids can be highly variable between samples and between treatment 743 

sites (Peccia et al., 2020; Westhaus et al., 2021). 744 

Effluent samples were collected as detailed in Supplementary Table 5 but similarly to 745 

suspended solids, above one sample (Wrexham, 19/05/20) had detectable quantities over the 746 

LoD. 747 



Supplementary Table 1. Studies reporting SARS-CoV-2 RNA concentration in wastewater influent. p/a = presence/ absence, ct = Ct values 748 

only. 749 

Site Peak  

(gc/ 100 mL) 

Reference 

Published articles in peer-reviewed journals 

Netherlands (various) 2.2 × 105 (Medema et al., 2020) 

England/ Wales (various) 1.5 × 104 This study 

USA (Montana) 105  (Nemudryi et al., 2020) 

Italy (Milan/ Rome) 5.6 × 103 (La Rosa et al., 2021) 

Australia (Brisbane) 1.2 × 101 (Ahmed et al., 2020) 

India (Gujarat) 3.5 × 101 (Kumar et al., 2020) 

USA (Louisiana) 7.5 × 102 (Sherchan et al., 2020) 

Spain (Mercia) ct (Randazzo et al., 2020) 

Japan (Yamanashi Prefecture) 8.2 × 103 (Haramoto et al., 2020) 

France (Montpellier) 8 × 104 (Trottier et al., 2020) 

Brazil (Rio de Janeiro) ct (Prado et al., 2020) 

Germany (various) 2 × 103 (Westhaus et al., 2021) 

USA (Virginia) 104 (Gonzalez et al., 2020) 

Reports hosted on preprint servers 

France (Paris) 106 (Wurtzer et al., 2020) 

India (Jaipur) pa (Arora et al., 2020) 

Israel (various) ct (Bar Or et al., 2020) 

Japan (Ishikawa and Toyama) 4.4 × 103 (Hata et al., 2020) 

Spain (Ourense) ct (Balboa et al., 2020) 

Spain (Barcelona) 104 (Chavarria-Miró et al., 2020) 

Turkey (Istanbul) 1.8 × 103 (Kocamemi et al., 2020) 

USA (Massachusetts) 2.4 × 104 (Wu et al., 2020) 

USA (New York State) 1.2 × 104 (Green et al., 2020) 

 750 

 751 

752 



 Supplementary Table 2. q(RT-)PCR and qPCR assay parameters 753 

Primer/Probe  Sequence (5’-3’)  Reference  q(RT-)PCR 
parameters  

SARS-CoV-2 (N1)  

Forward primer  

GACCCCAAAATCAGCGAAAT  (Centers for Disease Control and Prevention, 2020) 55 °C – 60 min  

95 °C – 5 min  

45 cycles:  

95 °C – 15 s  

60 °C – 1 min  

65 °C – 1 min  

SARS-CoV-2 (N1)  

Reverse primer  

TCTGGTTACTGCCAGTTGAATCTG  

SARS-CoV-2 (N1)  

Probe*  

[FAM]ACCCCGCATTACGTTTGGTGGACC[MGB]  

SARS-CoV-2 (E) 

Forward primer 

ACAGGTACGTTAATAGTTAATAGCGT 

(Corman et al., 2020) 
SARS-CoV-2 (E) 

Reverse primer 

ATATTGCAGCAGTACGCACACA 

SARS-CoV-2 (E) 

Probe* 

[VIC]-ACACTAGCCATCCTTACTGCGCTTCG-[QSY] 

MNV  

Forward primer  

CCGCAGGAACGCTCAGCAG  

  

(Kitajima et al., 2010) 

MNV  

Reverse primer  

GGYTGAATGGGGACGGCCTG  

  

MNV  

Probe*  

[ABY]ATGAGTGATGGCGCA[QSY]  

  

CrAssphage_Q56   

Forward primer  

CAGAAGTACAAACTCCTAAAAAACGTAGAG  (Stachler et al., 2017) 98°C – 5 min  

40 cycles:  

95°C – 15 s  

60°C – 1 min  
CrAssphage_Q56  

CrAssphage   

Reverse primer  

GATGACCAATAAACAAGCCATTAGC  

CrAssphage_Q56  

CrAssphage   

Probe  

[FAM]AATAACGATTTACGTGATGTAAC[TAMRA]  

*Quencher was modified to be compatible with QuantStudio environment.  754 



Supplementary Table 3. R packages used in this work 755 

Package Name Reference 

corrplot (Wei and Simko, 2017) 

cowplot (Wilke, 2020) 

data.table (Dowle and Srinivasan, 2020) 

FSA (Ogle et al., 2020) 

ggpubr (Kassambara, 2020) 

ggrepel (Slowikowski, 2020) 

Hmisc (Harrell, 2020) 

plotrix (Lemon, 2006) 

rnaturalearth (South, 2017) 

rworldmap (South, 2011) 

sf (Pebesma, 2018) 

tidyverse (Wickham et al., 2019) 

zoo (Zeileis and Grothendieck, 2005) 

 756 

Supplementary Table 4. Comparison of SARS-CoV-2 with water quality parameters 757 

Water quality indicator Site effect (Kruskal-

Wallis p-value) 

Spearman’s correlation with SARS-

CoV-2 wastewater concentration ( p-

value) 

Daily flow/ population 

equivalent 

< 2.2e-16 0.1108 

NH4
+ 4.402e-05 0.8238 

MRP 0.0006494 0.1462 

pH 0.004882 0.8141 

EC 7.178e-08 0.5206 

NO3
- 0.003202 0.06433 

 758 

 759 

  760 



Supplementary Table 5. Genome copies of SARS-CoV-2 in effluent (ND = no detection). All 761 

values except one were below the LoD (1.7 gc/µl) and all were below the LoQ (11.8 gc/µl). 762 

Site 

 

Sampling Date 

 

Effluent mean SARS-CoV-2 

concentration (gc/ µL of RNA extract) 

Gwynedd 4/5/20 0.51125 

Liverpool 11/5/20 ND 

Manchester 11/5/20 ND 

The Wirral 11/5/20 ND 

Gwynedd 18/05/20 ND 

Liverpool 18/05/20 ND 

Manchester 18/05/29 0.4995 

The Wirral 18/05/20 0.492 

Wrexham 19/05/20 3.416 

Cardiff 27/05/20 1.1365 

Liverpool 26/05/20 0.687 

Manchester 26/05/20 0.857 

The Wirral 26/05/20 ND 

Cardiff 4/6/20 0.08925 

Liverpool 1/6/20 ND 

Manchester 1/6/20 0.405 

The Wirral 1/6/20 0.1385 

Wrexham 2/6/20 1.4115 

Liverpool 8/6/20 0.0965 

Manchester 8/6/20 ND 

The Wirral 8/6/20 ND 

Wrexham 9/6/20 0.198 

  763 



Supplementary Table 6. Number of unique SNP/INDEL sites per sample. Of those 764 

SNP/INDELs we report the number and percentage of sites that match the locations of  765 

SNP/INDELs found from clinical samples and have the expected variant recorded. 766 

Sample Number of 

unique 

SNP/INDEL 

sites 

Number of 

sites that 

match 

locations in 

clinical 

samples 

Number of 

sites that 

match the 

expected 

SNP/INDEL 

in clinical 

samples 

Percentage 

of sites that 

match 

locations in 

clinical 

samples 

Percentage 

of matching 

sites that 

match 

expected 

base/INDEL 

from clinical 

samples 

C1WK1 15 11 5 73.33% 45.45% 

C2WK1 16 8 5 50.00% 62.50% 

D1WK1 42 18 13 42.86% 72.22% 

D2WK1 19 8 8 42.11% 100.00% 

F1WK1 13 8 8 61.54% 100.00% 

F2WK1 37 20 14 54.05% 70.00% 

L1WK1 27 15 15 55.56% 100.00% 

L2WK1 35 19 11 54.29% 57.89% 

M1WK1 17 11 8 64.71% 72.73% 

M2WK1 14 8 6 57.14% 75.00% 

T1WK1 22 14 9 63.64% 64.29% 

T2WK1 10 6 5 60.00% 83.33% 

C1WK2 26 14 9 53.85% 64.29% 

C2WK2 17 9 9 52.94% 100.00% 

D1WK2 19 11 7 57.89% 63.64% 

D2WK2 32 20 16 62.50% 80.00% 

F1WK2 20 13 7 65.00% 53.85% 

F2WK2 23 11 8 47.83% 72.73% 

L1WK2 14 9 7 64.29% 77.78% 

L2WK2 47 27 22 57.45% 81.48% 

M1WK2 29 15 9 51.72% 60.00% 

M2WK2 18 8 5 44.44% 62.50% 

T1WK2 15 11 5 73.33% 45.45% 

T2WK2 21 15 10 71.43% 66.67% 

C1WK3 14 10 8 71.43% 80.00% 

C2WK3 28 13 8 46.43% 61.54% 

D1WK3 24 13 12 54.17% 92.31% 

D2WK3 18 10 6 55.56% 60.00% 

F1WK3 16 10 7 62.50% 70.00% 

F2WK3 18 9 5 50.00% 55.56% 

L1WK3 25 17 11 68.00% 64.71% 

L2WK3 43 24 16 55.81% 66.67% 

M1WK3 17 4 4 23.53% 100.00% 



M2WK3 15 8 6 53.33% 75.00% 

T1WK3 17 9 6 52.94% 66.67% 

T2WK3 26 16 14 61.54% 87.50% 

C1WK4 18 10 7 55.56% 70.00% 

C2WK4 15 12 8 80.00% 66.67% 

D1WK4 21 11 8 52.38% 72.73% 

D2WK4 29 18 15 62.07% 83.33% 

F1WK4 27 15 13 55.56% 86.67% 

F2WK4 18 10 10 55.56% 100.00% 

L1WK4 7 3 3 42.86% 100.00% 

L2WK4 20 8 5 40.00% 62.50% 

M1WK4 20 11 10 55.00% 90.91% 

M2WK4 21 13 8 61.90% 61.54% 

T1WK4 15 9 5 60.00% 55.56% 

T2WK4 22 15 11 68.18% 73.33% 

C1WK5 23 12 10 52.17% 83.33% 

C2WK5 25 14 10 56.00% 71.43% 

D1WK5 27 14 12 51.85% 85.71% 

D2WK5 31 16 11 51.61% 68.75% 

F1WK5 30 13 9 43.33% 69.23% 

F2WK5 22 12 9 54.55% 75.00% 

L1WK5 25 16 14 64.00% 87.50% 

L2WK5 19 11 10 57.89% 90.91% 

M1WK5 19 12 8 63.16% 66.67% 

M2WK5 13 10 8 76.92% 80.00% 

T1WK5 23 12 10 52.17% 83.33% 

T2WK5 12 4 3 33.33% 75.00% 

C1WK6 22 7 5 31.82% 71.43% 

C2WK6 19 12 10 63.16% 83.33% 

D1WK6 13 6 5 46.15% 83.33% 

D2WK6 23 13 8 56.52% 61.54% 

F1WK6 22 6 5 27.27% 83.33% 

F2WK6 33 16 15 48.48% 93.75% 

L1WK6 19 11 9 57.89% 81.82% 

L2WK6 15 7 6 46.67% 85.71% 

M1WK6 23 13 12 56.52% 92.31% 

M2WK6 11 7 5 63.64% 71.43% 

T1WK6 22 10 9 45.45% 90.00% 

T2WK6 17 9 7 52.94% 77.78% 

C1WK7 11 6 6 54.55% 100.00% 

C2WK7 17 7 6 41.18% 85.71% 

D1WK7 17 8 6 47.06% 75.00% 

D2WK7 21 8 6 38.10% 75.00% 



F1WK7 20 12 10 60.00% 83.33% 

F2WK7 26 12 9 46.15% 75.00% 

L1WK7 16 13 12 81.25% 92.31% 

L2WK7 21 14 13 66.67% 92.86% 

M1WK7 16 12 8 75.00% 66.67% 

M2WK7 22 12 10 54.55% 83.33% 

T1WK7 30 16 11 53.33% 68.75% 

T2WK7 27 10 7 37.04% 70.00% 

F1WK13 23 15 11 65.22% 73.33% 

F2WK13 43 27 20 62.79% 74.07% 

G1WK13 15 11 8 73.33% 72.73% 

G2WK13 11 5 5 45.45% 100.00% 

H1WK13 8 4 4 50.00% 100.00% 

H2WK13 16 11 9 68.75% 81.82% 

T1WK13 14 5 4 35.71% 80.00% 

T2WK13 7 3 3 42.86% 100.00% 
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 769 

Supplementary Fig. 1 General (a) and specific (b) locations of wastewater treatment sites 770 

surveyed in this study and (c) the equivalent population sizes served. All WWTPs combine 771 

domestic, trade and stormwater 772 

 773 

a b  774 

Supplementary Fig. 2. Proportion of tests that were above LoQ and LoD for (a) SARS-CoV-2 775 

N1-gene q(RT-)PCR assay split by site and (b) samples assayed with both N1 and E gene 776 

markers. 777 
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 779 

Supplementary Fig. 3 Correlations of SARS-CoV-2 genome copies 100 ml-1 of wastewater with 780 

local authority daily positive tests and COVID-19 related deaths per 100,000. SARS-CoV-2 781 

wastewater concentrations were also normalised by daily flow (*) and tests/ cases adjusted to 782 

take account of differences between sewershed population equivalents and local authority 783 

populations. These corrections had no substantial effect on correlations with only Manchester 784 

seeing a slight decrease in correlation between SARS-CoV-2 wastewater concentrations and 785 

tests/ deaths when corrected for the population size mismatch.786 
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Supplementary Fig. 4. Comparisons of SARS-CoV-2 RNA wastewater concentration with 793 

daily positive tests (a), COVID-19 related deaths (b) and between tests and deaths (c). 794 
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 795 

 796 

Supplementary Fig. 5 Site-specific variation in daily wastewater flow-rate (normalised by 797 

population equivalent), chemical indicators [NH4
+, molybdate-reactive phosphate (MRP), pH, 798 

Electrical Conductivity (EC)] and a marker virus for human faecal loading (crAssphage) at six 799 

urban wastewater treatment facilities over the course of the study. Boxes are bounded on the 800 

first and third quartiles; horizontal lines denote medians. Black dots are outliers beyond the 801 

whiskers, which denote 1.5× the interquartile range. 802 
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