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Abstract

:

Wastewater surveillance is a cost-effective tool for monitoring SARS-CoV-2 transmission in a community. However, challenges remain with regard to interpretating such studies, not least in how to compare SARS-CoV-2 levels between different-sized wastewater treatment plants. Viral faecal indicators, including crAssphage and pepper mild mottle virus, have been proposed as population biomarkers to normalise SARS-CoV-2 levels in wastewater. However, as these indicators exhibit variability between individuals and may not be excreted by everyone, their utility as population biomarkers may be limited. Coprostanol, meanwhile, is a bacterial metabolite of cholesterol which is excreted by all individuals. In this study, composite influent samples were collected from a large- and medium-sized wastewater treatment plant in Dublin, Ireland and SARS-CoV-2 N1, crAssphage, pepper mild mottle virus, HF183 and coprostanol levels were determined. SARS-CoV-2 N1 RNA was detected and quantified in all samples from both treatment plants. Regardless of treatment plant size, coprostanol levels exhibited the lowest variation in composite influent samples, while crAssphage exhibited the greatest variation. Moreover, the strongest correlations were observed between SARS-CoV-2 levels and national and Dublin COVID-19 cases when levels were normalised to coprostanol. This work demonstrates the usefulness of coprostanol as a population biomarker for wastewater surveillance studies.
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1. Introduction


Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is a positive sense single strand RNA respiratory virus that is the causative agent of COVID-19. Following the official declaration of the COVID-19 pandemic in March 2020, over 261 million individuals have been infected with the virus and over 5 million deaths have resulted at time of writing [1]. Disease symptoms range from fever and headaches to respiratory difficulties and pneumonia [2]. Diarrhoea may also be experienced by some individuals and SARS-CoV-2 RNA has been detected in human faeces at concentrations up to 107 RNA/g, even after presentation of a negative pharyngeal swab [3,4].



The presence of SARS-CoV-2 RNA in the stool of symptomatic and asymptomatic individuals suggested that monitoring wastewater could be a useful means to determine the extent of community transmission of SARS-CoV-2 in a population [5,6]. Wastewater surveillance offers a cost-effective means to monitor transmission, as a single wastewater sample represents the entire population of the treatment plant’s catchment. The first demonstration of wastewater surveillance to monitor SARS-CoV-2 was provided by Medema et al., who identified SARS-CoV-2 RNA in wastewater in the Netherlands prior to the first clinical cases [7]. SARS-CoV-2 RNA monitoring of wastewater has now been implemented in numerous countries to complement their national testing efforts and has also been used to identify the dominant circulating variants in wastewater treatment plant (WWTP) catchments [8,9,10,11].



Although wastewater surveillance has demonstrated its usefulness as a tool to monitor SARS-CoV-2 in communities, challenges still remain, particularly in how to meaningfully compare SARS-CoV-2 RNA levels between WWTPs of different catchment sizes. Thus, a means to normalise SARS-CoV-2 RNA to the amount of faecal material in the WWTP is required. Such a normalisation method would also benefit studies monitoring SARS-CoV-2 in wastewater on smaller scales, such as university accommodation and meat processing facilities which have seen infection outbreaks [12,13]. Studies have used the WWTP catchment population to normalise SARS-CoV-2 concentrations [14,15]. However, as catchment populations vary due to commuting workers and tourism, the de jure population (WWTP catchment population) can significantly differ from the de facto population (the population actually contributing to a WWTP). The volume of water passing through a WWTP has also been used to determine the daily SARS-CoV-2 RNA loading in a number of systems. However, as many plants receive surface water, non-faeces contaminated grey water and industrial effluent, this does not appropriately reflect how much faecal material passes through a WWTP. Additionally, variability in faecal content may be greater in smaller WWTPs compared to large plants that receive a more homogenous sample of a catchment’s faecal input which would not be captured by flow alone [16,17]. Furthermore, flow data is not always available for small WWTPs, student dormitories and meat processing facilities.



A number of molecular markers have been developed as indicators of human faecal pollution that may prove useful as population biomarkers for normalising SARS-CoV-2 levels. For example, crAssphage and pepper mild mottle virus (PMMoV) are DNA and single-strand RNA viruses, respectively, that are present in high concentrations in human faeces [18,19,20]. PMMoV has been used to normalise SARS-CoV-2 levels in many wastewater surveillance studies. However, a recent study by Ahmed et al. demonstrated that crAssphage exhibited a lower coefficient of variance than PMMoV in 24-h composite wastewater samples, highlighting crAssphage as a useful normalising marker [21]. The HF183 microbial source tracking marker is a well-established molecular marker that targets the 16S gene of Bacteroides spp. specific to the human gut. This marker has been widely used to identify human faeces pollution in various environments but has shown little use as a population biomarker in SARS-CoV-2 wastewater surveillance studies [22,23,24].



As an alternative to viral and bacterial faecal markers, chemical indicators of faecal contamination may prove useful as a means to determine faecal loading in WWTPs. Faecal sterols (5β-stanols), for example, originate from the metabolism of cholesterol by gut microorganisms. Coprostanol (5β-cholestan-3β-ol) is the most abundant 5β-stanol in human faeces representing approximately 60% of the sterol content of faeces [25]. Due to its abundance and ubiquity in human faeces, coprostanol has been proposed as a population biomarker for wastewater epidemiology studies [22,26].



Currently, there is no consensus on how to accurately incorporate the population contributing to a WWTP in SARS-CoV-2 wastewater surveillance studies. Thus, the aim of this study was to assess the utility of PMMoV, crAssphage and HF183 faecal markers and coprostanol, as population biomarkers to normalise SARS-CoV-2 RNA levels to human faecal input in a large- and medium-sized WWTP.




2. Methods


2.1. Sample Sites and Sample Collection


Between October 2020 and February 2021 time-weighted (hourly) 24 h composite wastewater influent samples (n = 10) were collected from both the Ringsend and Shanganagh WWTPs using a refrigerated autosampler. Samples were stored on ice and processed within 6 h on the day of collection. Both plants receive influent from the greater Dublin area. The Ringsend WWTP is the largest WWTP in the Republic of Ireland and currently operates at a capacity of 1.98 million population equivalents, which represents approximately 40% of Ireland’s population. The Shanganagh WWTP is a medium-size plant operating at 248,000 population equivalents. The flow data (m3/day) for each WWTP on the day of sampling was obtained from Irish Water.




2.2. Composite Wastewater Influent Concentration and Nucleic Acid Extraction


Composite wastewater influent samples were concentrated using 100 kDa Centricon Plus-70 filters. Briefly, the filter devices were washed by filling with 70 mL of sterile distilled water and centrifuging at 3200× g for 5 min. 250 mL of the composite wastewater influent samples were centrifuged at 3200× g for 30 min to remove solids. The resulting supernatant was then passed through the filters in 70 mL aliquots by centrifuging at 3200× g for 15–40 min at a time. Approximately 500 µL of concentrated wastewater was recovered by inverting the filter into a collection tube and centrifuging at 1000× g for 2 min. Concentrated wastewater samples were stored at −20 °C until nucleic acid extraction.



RNA was extracted from 250 µL of concentrated wastewater using the RNeasy PowerMicrobiome Kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocols. DNA was extracted from 250 µL of concentrated wastewater using the DNeasy PowerSoil kit (Qiagen) according to the manufacturer’s guidelines. We validated this protocol using SARS-CoV-2 negative sewage spiked with heat inactivated SARS-CoV-2 and found recovery to range between 50% and 94.7%, Table S1.




2.3. qPCR Assays to Quantify SARS-CoV-2 RNA and Human Faecal Markers


All qPCR assays were performed on the Roche LightCycler 96 platform (Roche Diagnostics, Basel, Switzerland). RT-qPCR assays were conducted in 20 µL volumes using the LightCycler Multiplex RNA Virus Master (Roche Diagnostics, Basel Switzerland). For SARS-CoV-2 N1 and PMMoV assays, 5 µL and 1 µL of RNA was used in each assay, respectively. The crAssphage and HF183 markers were quantified in 20 µL reactions using the FastStart Essential DNA Probes Master and FastStart Essential DNA Green Master (Roche Diagnostics, Mannheim, Germany), respectively. For both assays 1 µL of DNA extraction (or a 10-fold dilution of the DNA extraction) was used as template. All samples, negative controls and extraction blanks were analysed in duplicate, while standards were included in triplicate in each 96-well plate. Results were expressed as gene copies (gc)/100 mL. Reaction efficiencies for each assay were determined using the E = 10(−1/slope) equation [27]. The limit of detection (LOD) was determined as the lowest concentration of DNA detected in 95% or more of replicates and the limit of quantification (LOQ) was determined as the lowest concentration of DNA quantified within 0.5 standard deviations of the log10 concentration [28]. No amplification of targets was observed in negative controls. Primer sequences, cycling conditions, LODs, LOQs and standards information are included in Table 1.




2.4. Quantification of Coprostanol


10 mL of each 24 h composite wastewater influent sample was extracted twice with 20 mL ethyl acetate using a 250 mL separating funnel. The solvent from the samples was removed under reduced pressure using a rotary evaporator and the residue was collected into 2 mL glass vials by re-dissolving in 1 mL of ethyl acetate. The samples were then dried under N2 gas and silylated using 100 μL N-methyl-N-trimethylsilyl-trifluoroacetamide (MSTFA) at 100 °C for 1 h before adjusting the final volume by adding 500 μL ethyl acetate. For quantification of coprostanol in the influent samples, 5 µg of testosterone was added as an internal standard. The silylated samples were analysed on the 7890B N Agilent GC system. The instrument was equipped with a HP-5MS capillary column (30 m × 0.25 mm × 0.25 μm) and a 5977A mass-selective detector. 1 µL of each sample was injected in the splitless mode; the oven temperature was initially set at 120 °C for 2 min then raised to 300 °C at 10 °C/min rate with solvent delay for 5 min. The resulting peak areas of coprostanol in the influent samples were compared to that of the internal standard to determine concentrations. Coprostanol concentrations were determined by comparing the coprostanol peak to the internal testosterone standard on the resulting chromatograms (Figure S1).




2.5. Data Analysis


The concentrations (per 100 mL) of the SARS-CoV-2 N1 marker, PMMoV, crAssphage, HF183, coprostanol and the volume flowing through each plant was used to determine the loading per day [concentration (/100 mL) × flow (m3) × (10,000)]. Daily loading per person of the SARS-CoV-2 N1 gene for each sample was calculated by dividing the daily loading by the population equivalent of the respective WWTP. The variation of SARS-CoV-2 and faecal indicator levels (gc/100 mL), SARS-CoV-2 daily loadings (gc/day) and SARS-CoV-2 daily loadings per person (gc/day/person) were determined as the coefficient of variation (CV). Official COVID-19 case data (date on which sample was confirmed positive) from the Health Protection Surveillance Centre and the Health Service Executive were obtained from COVID-19.geohive.ie. Spearman correlation analyses between the levels of N1 and N1 levels normalised to faecal indicators and new daily COVID-19 case numbers in Dublin and nationally on day 0, +/−1 day and +/−7 days relative to the sample collection date were performed using Prism9 GraphPad software. Correlations between wastewater data from both WWTPs and Dublin cases were conducted as both plants are in Dublin and their catchments had comparable SARS-CoV-2 case rates during the study period (Ringsend 549 cases per 100 K and Shanganagh 417 cases per 100 K). Correlations between wastewater and national clinical case data were conducted because the Ringsend WWTP receives wastewater from 40% of Ireland’s population, and cases in Dublin, during this period, represented 32% of national cases. A significance cut-off of p ≤ 0.05 was used for all analyses to identify statistically significant correlations.





3. Results and Discussion


3.1. SARS-CoV-2 N1 RNA Can Be Quantified in Large and Medium WWTP Influent


During the sampling period, between October 2020 and February 2021, the SARS-CoV-2 N1 RNA amplicon could be detected in composite influent wastewater samples from both WWTPs on all dates. Concentrations ranged from 1450–12,100 gc/100 mL at Ringsend. Concentrations at Shanganagh were up to 3-fold lower, 552–8540 gc/100 mL (Table 2, Figure S2a). Although monitoring concentrations of SARS-CoV-2 RNA can provide insight into the extent of circulation of the virus in a catchment, it does not include any information on the population contributing faecal matter in the catchment. Many studies reporting SARS-CoV-2 levels have taken the daily volume of water in the WWTP into account presenting daily SARS-CoV-2 loadings. Indeed, when flow was considered the loading of SARS-CoV-2 N1 RNA in Ringsend (9.24 × 1012–7.95 × 1013 gc/day) was 10-fold greater than those observed in Shanganagh (2.94 × 1011–4.48 × 1012 gc/day; Table 2, Figure S2b). Interestingly, when SARS-CoV-2 N1 gene loadings are normalised to their respective treatment plant catchment population Ringsend levels (4.67 × 106–4.02 × 107 gc/day/person) were approximately 3-fold greater than Shanganagh (1.19 × 106–1.81 × 107 gc/day/person), which is similar to the observation of SARS-CoV-2 N1 concentrations (Table 2, Figure S2c).



The increased disparity between observed Ringsend and Shanganagh SARS-CoV-2 N1 RNA levels when flow is used to determine daily loadings highlights that this approach is not suited to analyses comparing WWTPs of different sizes. Additionally, using WWTP flow rates to estimate the population contributing faecal matter is flawed, as a catchment’s population demonstrates diurnal and weekly variations as people travel to and from work for example. This results in a variability in the daily loading of faecal matter in a WWTP which would not be reflected by flow alone, particularly when individuals commute between WWTP catchments [31]. Furthermore, WWTPs receive surface water from rivers as well as grey water and industrial effluent that do not reflect the population of the plant catchment and will thus dilute faecal matter [26]. Thus, representing SARS-CoV-2 RNA data as daily loadings does not adequately represent the contribution of faecal matter in the system. When daily flow is normalised to the catchment population of the WWTP, the disparity between Ringsend and Shanganagh SARS-CoV-2 N1 RNA levels is similar to that observed for concentration; however, such an approach does not account for the movement of people between catchments.




3.2. Faecal Indicators Are Abundant in Composite Influent


To estimate the amount of faecal material within the sewer system of the two WWTPs studied in this work, two viral faecal indicators (crAssphage and PMMoV), one bacterial faecal indicator (HF183) and coprostanol, a chemical faecal indicator, were quantified from the collected 24 h composite influent samples to assess their use as population biomarkers. All faecal indicators could be detected and quantified in the composite influent from both WWTPs on all of the sampling dates. The viral and bacterial faecal indicators were present at levels significantly higher than those of SARS-CoV-2 N1. This is to be expected, as faecal indicators are typically present in higher concentrations in wastewater than circulating pathogens [32]. In both WWTPs, crAssphage was present in the highest concentrations (1.18 × 106–1.93 × 109 gc/100 mL), followed by PMMoV (2.30 × 107–3.49 × 108 gc/100 mL) and HF183 (2.32 × 106–6.08 × 107 gc/100 mL; Figure 1). These concentrations are in agreement with other studies that have demonstrated crAssphage to be more abundant than PMMoV and HF183 in wastewater influent [32,33]. Coprostanol concentrations ranged from 16.1–105 µg/100 mL in the composite influent of both WWTPs.




3.3. Coprostanol Concentrations Exhibit Less Variability than Viral and Bacterial Faecal Indicators


For a faecal indicator to be useful as a population biomarker, it must exhibit a suitably stable signal in the collected wastewater sample. Thus, the biomarker must be excreted at a relatively stable rate per capita within the WWTP catchment area while displaying resilience to degradation in the sewer network [34]. crAssphage, in addition to exhibiting the highest concentrations in wastewater influent, also had the highest variation of the studied faecal indicators with CVs of 127% for Ringsend and 89.22% for Shanganagh (Figure 1). Variation was also high for PMMoV in Ringsend (57.49%) and Shanganagh (79.42%). Both HF183 and coprostanol demonstrated less variation than crAssphage and PMMoV. CVs of 48.74% and 51.22% were observed for HF183 in Ringsend and Shanganagh respectively. The lowest CVs, for both WWTPs, were exhibited by coprostanol, 29.94% in Ringsend and 50.36% in Shanganagh.



The higher variability of crAssphage and PMMoV compared to HF183 and coprostanol may result from these viruses being relatively more susceptible to degradation in wastewater systems; however, there are other factors that are likely contributing to the observed variability of these markers.



PMMoV, as a single-strand RNA virus, has been suggested as a faecal indicator that is useful as a population biomarker in SARS-CoV-2 wastewater surveillance studies as it is excreted in high levels from humans and has a stable RNA signal in various environments, including in wastewater [22,35,36,37]. D’Aoust et al. also demonstrated PMMoV RNA levels to be more stable than HF183 DNA levels, although these were primary sludge analyses rather than composite influent [22]; however, PMMoV is a plant virus and not a commensal of the human gut. Thus, its prevalence and abundance in wastewater will vary based on the dietary intake of the population of the wastewater system catchment. This likely explains the high degree of variability of PMMoV observed in this study.



Similarly, crAssphage-normalised SARS-CoV-2 levels have been reported and associations between these normalised levels and clinical case numbers in New York have been described [38]. Although crAssphage infects Bacteroides spp. that are normal commensals of the human gut, the prevalence of this host in the human gut may vary within and between WWTP catchments. Indeed, it is interesting to note that our observations are counter to what was observed in a Brisbane WWTP, where the crAssphage signal was found to be more stable than the PMMoV signal [21].



Such variations may result from global differences in the prevalence and excretion of PMMoV and the commensal crAssphage and HF183 encoding Bacteroides spp. in the guts of individuals. Thus, the utility of these viral and bacterial faecal indicators as population biomarkers is not universal and may vary by country [39].



Coprostanol has been suggested as an alternative method to estimate faecal loading in sewer systems and has seen use an indicator of human faecal pollution of environmental waters [40,41]. Furthermore, unlike viral and bacterial faecal markers which are indicators for the presence of commensal intestinal bacteria and viruses, coprostanol is a direct metabolite of a human molecule, cholesterol, that is produced by all individuals [25,34]. However, few studies have looked at its variability in wastewater and to the best of our knowledge none have experimentally assessed it as a population biomarker to normalise circulating pathogens, including SARS-CoV-2 [26,42]. Of the four faecal indicators assessed in this study, coprostanol had the lowest within WWTP variation, measured as CV. A key attribute of any population biomarker is that they should exhibit little variation; thus, coprostanol may provide utility as a novel alternative to viral and bacterial population biomarkers in wastewater epidemiology studies, including those monitoring SARS-CoV-2 [43,44].



Variation in faecal indicator concentrations was typically greater in the smaller Shanganagh WWTP compared to Ringsend, except for crAssphage. Previous studies have demonstrated that there are greater variations in faecal indicator concentrations between individuals than there are between wastewater samples [25,45,46]. Ballesté et al., for example, observed the HF183 faecal indicator to vary over five orders of magnitude between individual faecal samples, whereas the marker ranged within one order of magnitude in wastewater [47]. Thus, the lower variation of faecal indicators observed in the Ringsend composite influent samples may be due to this WWTP receiving faecal matter from a larger population which is more homogenous. As coprostanol levels displayed the lowest variation of the tested faecal indicators even in the smaller Shanganagh WWTP, it may prove to be a more useful population biomarker even for smaller WWTPs or within network sites where flow is a poor proxy for population.



The high concentrations of crAssphage and PMMoV indicate their usefulness as sensitive faecal indicator population biomarkers to normalise SARS-CoV-2 as part of a wastewater surveillance programme. However, the lower within and between plant variability of HF183 and particularly, coprostanol, concentrations provide evidence that they may act as robust alternative population biomarkers to normalise SARS-CoV-2 concentrations allowing for better longitudinal and between WWTP comparisons.




3.4. Coprostanol-Normalised SARS-CoV-2 N1 Levels Correlate with National and Dublin Case Numbers


Wastewater surveillance of a pathogen’s genetic material offers a cost-effective means to monitor the extent of community transmission of a pathogen in a community. It also has the potential to predict future increases in clinical case numbers as individuals may shed the pathogen in their faeces prior to the onset of symptoms and receiving a positive test result. In the case of SARS-CoV-2, Peccia et al. observed increases in the virus’ RNA signal in wastewater preceding an increase in positive clinical results by 6 to 8 days. On the other hand, Weidhaas et al. demonstrated that declining clinical COVID-19 cases were followed by a decrease in SARS-CoV-2 RNA levels [48,49,50]. To assess if SARS-CoV-2 N1 RNA levels correlated with daily new cases (both nationally and in Dublin only), correlations between normalised and non-normalised SARS-CoV-2 N1 levels and daily new cases 0, +/−1 and +/−7 relative to the sampling day were conducted.



In the Ringsend composite influent samples, N1 RNA concentrations (gc/100 mL) and daily loadings (gc/day) exhibited strong and statistically significant correlations (R2 > 0.65; p ≤ 0.05) with new daily clinical cases in Dublin on day 0 and −7 relative to the sampling date as well as to new national daily cases on day +1 relative to the sampling date (Figure 2). In the Shanganagh composite influent samples, strong and statistically significant correlations were observed only between new daily cases in Dublin on day −7 relative to sampling date and N1 RNA concentrations and daily loadings (Figure 2). The correlations between SARS-CoV-2 N1 RNA concentrations and loadings in Ringsend composite influent and daily new cases supports previous studies that have demonstrated similar relationships between wastewater surveillance and clinical case number data [35,49]. That there were fewer correlations between Shanganagh SARS-Cov-2 N1 RNA concentrations and loadings and new daily cases compared to Ringsend, however, may be a result of differences in flow characteristics, residence time within the sewer network and faecal material content between the WWTPs. Such differences make comparisons between WWTPs using only SARS-CoV-2 concentrations or loadings a flawed endeavour and further highlights the need for an appropriate population biomarker that can correct for surface water, grey water and industrial discharges that can dilute faecal matter.



In this study, however, when SARS-CoV-2 N1 RNA levels were normalised to PMMoV and crAssphage levels, correlations with new daily cases were much weaker in Ringsend and Shanganagh (Figure 2). Although previous studies have presented crAssphage and PMMoV as useful markers to normalise SARS-CoV-2 RNA concentrations, our study provides evidence that these faecal indicators may not act as universal population biomarkers [38,51]. These results corroborate our earlier findings that the high variation exhibited by these two faecal indicators make them inappropriate population biomarkers.



Interestingly, when SARS-CoV-2 was normalised to HF183 levels in Ringsend, statistically significant correlations were observed with new daily national and Dublin SARS-CoV-2 cases on day 0, −/+1 and −/+7. The opposite was observed in the Shanganagh WWTP where no correlations were observed with new daily cases when N1 RNA concentrations were normalised to HF183 (Figure 2). This result is similar to what was observed by D’Aoust et al., who noted that when SARS-CoV-2 N1 RNA levels were normalised to PMMoV, there were stronger correlations with clinical cases numbers in a WWTP in Ottawa but not in Gatineau [22].



Similarly, when normalised to coprostanol concentrations, N1 RNA levels exhibited statistically significant correlations with new national and Dublin SARS-CoV-2 cases on day 0, −/+1 and −/+7 for the Ringsend WWTP. Additionally, normalising Shanganagh SARS-CoV-2 RNA levels to coprostanol concentrations identified stronger correlations between N1 and new cases in Dublin on day 0 and +7 and national cases on day −1. Together these correlations provide further evidence that HF183 and, in particular, coprostanol show utility as alternative population biomarkers to crAssphage and PMMoV. It is interesting to note that coprostanol-normalized N1 levels highlighted a relationship between SARS-CoV-2 RNA and clinical cases numbers in both Ringsend and Shanganagh, while normalising N1 concentrations to HF183 highlighted such correlations in Ringsend only. This may be a result of the smaller size of Shanganagh compared to Ringsend, meaning it takes in faecal matter from a smaller population and as such is less homogenised. This observation coupled with coprostanol exhibiting the lowest variation of the tested faecal indicators, even in the medium size Shanganagh WWTP, suggests that coprostanol may be a superior population biomarker than crAssphage, PMMoV and HF183 even when dealing with smaller WWTPs.





4. Conclusions


To conclude, using coprostanol as a population biomarker to normalise SARS-CoV-2 N1 RNA levels would provide a way to make more meaningful comparisons of SARS-CoV-2 surveillance data between WWTP’s of difference size. Furthermore, in the absence of flow data, for example when monitoring wastewater at sites receiving waste from a small population, such as meat processing factories and university dormitories, which have been documented as sites of SARS-CoV-2 transmission, coprostanol may prove useful as a population biomarker [12,13].
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Figure 1. Dot plots showing the concentrations of HF183, crAssphage, pepper mild mottle virus (PMMoV) and coprostanol in both Ringsend and Shanganagh WWTPs. Coefficients of variation (CV) for each indicator and each WWTP are shown as percentages over each dot plot. HF183, crAssphage and PMMoV concentrations are illustrated as gc/100 mL (left Y-axis). Coprostanol levels are given as µg/100 mL (right Y-axis). 
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Figure 2. Heatmap showing correlations between normalised and non-normalised SARS-CoV-2 levels in Ringsend and Shanganagh and national and Dublin COVID-19 cases. R2 coefficients > 0.65 were considered as indicating strong correlations with a statistically significant cut-off of p < 0.05. 
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Table 1. Primers, cycling conditions, amplicon and standard information, assay parameters, Limit of Detection (LoD) and Quantification (LoQ) for the qPCR assays used in this study.
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	Target Gene
	Primer Sequence
	Cycling Conditions
	Amplicon Size (Standard)
	Slope/y-Intercept/R2
	Reaction LoD (LoQ)
	Reference





	SARS-CoV-2 N1
	F: GACCCCAAAATCAGCGAAAT

R: TCTGGTTACTGCCAGTTGAATCTG

Probe:

FAM-ACCCCGCATTACGTTTGGTGGACC-BHQ1
	RT (50 °C-600 s), 95 °C-30 s, 45 cycles (95 °C-5 s, 60 °C-30 s)
	73 bp

(2019-nCoV_N_Positive Control Plasmid, Integrated DNA Technologies, Coralville, IA, USA)
	−3.2177/

37.82/0.99
	5 gc/µL (5 gc/µL)
	[29]



	HF183
	F: ATCATGAGTTCACATGTCCG

R: TACCCCGCCTACTATCTAATG
	45 cycles (95 °C-5 s, 60 °C-15 s, 72 °C-20 s)
	82 bp

(HF183 Amplicon cloned into pBLUE Plasmid, linear, Addgene, Watertown, MA, USA)
	−3.4902/

40.2/1.00
	1.1 gc/µL (2.2 gc/µL)
	[30]



	crAssphage
	F: CAGAAGTACAAACTCCTAAAAAACGTAGAG

R: GATGACCAATAAACAAGCCATTAGC

Probe:

FAM-AATAACGATTTACGTGATGTAAC-MGB
	95 °C-600 s, 40 cycles (95 °C-15 s, 60 °C-60 s)
	126 bp

(gBlock, Integrated DNA Technologies, Coralville, IA, USA)
	−3.398/

37.01/1.00
	4.7 gc/µL (4.7 gc/µL)
	[19]



	PMMoV
	F: GAGTGGTTTGACCTTAACGTTTGA

R: TTGTCGGTTGCAATGCAAGT

Probe:FAM-CCTACCGAAGCAAATG-BHQ1
	RT (50 °C-600 s), 95 °C-30 s, 45 cycles (95 °C-15 s, 60 °C-60 s)
	68 bp

(gBlock, Integrated DNA Technologies, Coralville, IA, USA)
	−3.2312/

46.76/0.99
	160 gc/µL (160 gc/µL)
	[18,20]
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Table 2. The minimum, maximum and median concentrations and daily loadings of SARS-CoV-2 N1 RNA as well as the coefficients of variation (CV) for Ringsend and Shanganagh WWTPs over the sampling period of this study.






Table 2. The minimum, maximum and median concentrations and daily loadings of SARS-CoV-2 N1 RNA as well as the coefficients of variation (CV) for Ringsend and Shanganagh WWTPs over the sampling period of this study.





	
Wastewater Treatment Plant

	
SARS-CoV-2 RNA Concentration (gc/100 mL)

	
SARS-CoV-2 RNA Daily Loading (gc/day)

	
SARS-CoV-2 RNA Daily Loading Per Person (gc/day/person)




	
Median

	
Min.

	
Max.

	
CV

	
Median

	
Min.

	
Max.

	
CV

	
Median

	
Min.

	
Max.

	
CV






	
Ringsend

	
4355

	
1450

	
12,100

	
65.93%

	
2.32 × 1013

	
9.24 × 1012

	
7.95 × 1013

	
82.18%

	
1.17 × 107

	
4.67 × 106

	
4.01 × 107

	
82.24%




	
Shanganagh

	
1890

	
552

	
8540

	
99.56%

	
8.25 × 1011

	
2.94 × 1011

	
4.48 × 1012

	
107.7%

	
3.32 × 106

	
1.19 × 106

	
1.81 × 107

	
107.9%
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